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SARS-CoV-2 is the most recent coronavirus which crossed the species barrier in 2019
and provoked a still ongoing and dangerous pandemic known as coronavirus disease
2019 (COVID-19). The SARS-CoV-2 infection has triggered an impressive amount of
clinical and experimental studies to identify an effective and safe therapy to stop the
pandemic spread. Hence, numerous trials and studies have scrutinized the analogies
between SARS-CoV-2 and other corona viruses or the host-virus interactions and their
similarities with immune system disorders. Still, the pathogenic mechanisms behind
SARS-CoV-2 have been partially deciphered and the current therapies have not yet
met the initial enthusiastic expectations. So far COVID-19 therapies have targeted
various pathogenic mechanisms, namely the neutralization of ACE2 receptors or SARS-
CoV-2 spike protein epitopes, the disruption of the endocytic pathways using
hydroxychloroquine, arbidol, or anti-Janus kinase inhibitors, the inhibition of RNA-
dependent RNA polymerase using nucleotide analogues such as remdesivir,
immunosuppressive drugs or molecules acting on the immune response (corticoids,
interferons, monoclonal antibodies against inflammatory cytokines, mesenchymal stem
cells) and convalescent plasma administration together with numerous drugs with
unproven effect against SARS-CoV-2 but with potential antiviral activities (antiretrovirals,
antimalarial drugs, antibiotics, etc.). Nevertheless, these therapies have been associated
with side effects and contradictory results. At the same time a specific SARS-CoV-2
vaccine is a long-term solution requiring clinical validation and important investments
together with appropriate strategies to promote the confidence in the safety of the new
vaccine. The article revises the current state of SARS-CoV-2 therapeutic options but
advises towards a more cautious and individualized treatment approach centred on the
clinical features, immune particularities, and the risk-benefit balance.
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INTRODUCTION

Coronaviruses (CoVs) are a large group of RNA viruses belonging
to the subfamily of Coronaviridae, the family Coronaviridae, order
Nidovirales. CoVs are widely spread across numerous species
including humans and display a high interspecies adaptability.
CoVs possess low pathogenicity associated with respiratory and
enteric diseases usually of mild or medium severity. Nevertheless,
three species of CoVs have been responsible for important and
severe respiratory outbreaks in humans, namely the severe acute
respiratory syndrome coronavirus (SARS-CoV) which lead to the
2002–2003 outbreak, the Midde East respiratory syndrome
coronavirus (MERS-CoV) in 2012 and the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) associated
with the ongoing pandemic also referred to as CoV disease 2019
(COVID-19) (Huang et al., 2020).

The COVID-19 outbreak started in December 2019 in Wuhan
China. It subsequently spread to other continents, so that on
January 30th the World Health Organization (WHO) issued a
warning of public health emergency of international concern. This
statement was followed by the declaration of a COVID-19
pandemic on the 11th of March 2020. Currently, COVID-19 has
been recorded in over 200 countries and territories. As of July 20th,
2020, the number of cases due to COVID-19 exceeded 14,000,000
cases and 600,000 deaths. The rapid spread and high infectivity of
SARS-CoV-2 as well as its potentially lethal and unpredictable
course has led to an extraordinary collective effort of researchers to
characterize the virus and to identify efficient treatments and
prophylactic alternatives. Hence, an impressive armamentarium of
molecules was proposed for the SARS-CoV-2 treatment in a very
short period of time and the list of molecules is still increasing.
Multiple investigational drugs with potential antiviral activity,
have been administered since the start of the outbreak either off-
label or as part of clinical studies, through programmes of
compassionate use. Nevertheless, currently, none of these
therapeutic agents proved to be efficient and completely safe.
Still, recently there has been a significant progress. As of June
2020, remdesivir, a nucleoside analogue has gained an
authorization for emergency use in hospitalized patients with
severe forms of COVID-19 in the United States and Europe,
while dexamethasone is also recommended in specific situations
and umifenovir, a-interferon, lopinavir/ritonavir, ribavirin, and
chloroquine phosphate has been added to the Guidelines for the
Diagnosis and Treatment of COVID-19 in China (Youyao and
Yizhen Chen, 2020).

The article provides a critical analysis on the current anti-
SARS-CoV-2 molecules, their specific target during the virus life
cycle and their potential role as backbones for future therapeutic
regimens if these would prove to be both efficient and safe against
COVID-19.
SARS-CoV-2 LIFE CYCLE

SARS-CoV-2 is a large, enveloped, single-stranded RNA virus
with a positive-sense. It entails 16 non-structural proteins (Nsp)
Frontiers in Pharmacology | www.frontiersin.org 2
which are essential for viral replication and 4 other structural
proteins namely the spike, membrane, envelope and nucleocapsid,
which mediate the cell invasion and immune response (Alsaadi
and Jones, 2019; Gordon et al., 2020). Certain structural proteins
are highly conserved among coronaviruses such as the Nsp12-
RNA-dependent-RNA-polymerase (RdRp) involved in viral
replication, while others such as CoV-2 Spike (S)-protein,
the main SARS-CoV-2 antigenic structure, express a limited
genetic variability.

Cell invasion includes the viral entry steps (receptor
recognition, endocytosis and viral- membrane fusion) and
post-entry steps (genomic RNA translation and replication,
virion assembly, maturation, and exocytosis). The host
immune response is initiated as soon as the type I interferon
(IFN-I) response is triggered by intracellular genomic RNA. IFN-
I release leads to the transcription of hundreds of interferon-
stimulated genes (ISGs) and to the recruitment of CD4 + T-
helper cells, further responsible for the Th1/Th2 response and
humoral immunity (Figure 1).

SARS-CoV-2 Entry Steps and Therapeutic
Targets
Receptor Recognition as a Therapeutic Target
The CoV-2 S protein is a type I transmembrane protein. It
contains two ectodomains: a receptor-binding subunit (RBD) S1
which ensures the viral biding to angiotensin-converting enzyme
2 (ACE2) receptor and a membrane-fusion subunit S2 (Wan
et al., 2020; Zhang et al., 2020; Zhou P. et al., 2020). The S1–S2
domain of the S-glycoprotein contains a “furin-like cleavage site”
which is activated by furin, an omnipresent cellular protease
(Coutard et al., 2020). Furin plays an essential role in the
activation of the S protein as well as afterwards, during its cell
membrane fusion and intercellular spreading (Hoffmann et al.,
2020a). The activation of the S1/S2 domain enables the
interaction between the S protein and ACE2 receptor followed
by the downregulation of ACE2, an ubiquitous receptor
preferentially expressed in epithelial or endothelial cells
(Harmer et al., 2002; Kuba et al., 2005; Hoffmann et al.,
2020b). ACE2 cleaves Angiotensin II (Ang II) to Angiotensin
1-7 (Ang 1-7), a vasodilatory and anti-proliferative heptapeptide.
Ang (1-7) ensures the equilibrium of the renin angiotensin
system and protects the vascular endothelia of the vital tissues
such as brain, heart, lungs, and kidneys (Crackower et al., 2002;
Harmer et al., 2002). Hence, ACE2 is at the same time a wide-
spread protective enzyme and an entry receptor for SARS-CoV-2.
ACE2 mRNA, has a higher expression in the respiratory
epithelia, mostly in the nasal and alveolar epithelial cells but
also in the epithelial cells of the salivary gland, intestinal and
renal epithelia or cardiac cells (Harmer et al., 2002; Hamming
et al., 2004; Sungnak et al., 2020). Circulating ACE2 levels are
higher in diabetic, cardiac or obese patients especially those with
organ dysfunctions or treated with angiotensin-converting
enzyme inhibitors (ACEIs) and angiotensin II receptor blockers
(ARBS) (Batlle et al., 2010; Yang et al., 2010; Fang et al., 2020;
Nicin et al., 2020). While the correlation between the outcome of
SARS and serum or tissue concentration of ACE2 or ACEIs/ARBS
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FIGURE 1 | SARS-CoV-2 life cycle and potential therapeutic targets. ISGs, interferon-stimulated genes; IL6R, Interleukin 6 receptor; TLR 7,8, Toll-like receptors 7,8;
TMPRSS, transmembrane protease serine 2 ( ); mTORC1, mammalian target of rapamycin complex 1 ( ); RLR, RIG-I-like receptors; ACE2, angiotensin converting
enzyme 2 receptor ( ); RTC, replication/transcription complex; 3CLpro, 3C-like protease; PLpro, Papain like Protease; RdRP, RNA-dependent RNA polymerase
( ); Nsp, nonstructural protein. SARS-Cov-2 life cycle and pathogenesis include: the interaction between the spike protein and ACE2 receptor on host cells (1);
clathrin-mediated endocytosis (2); the fusion of the virus with cell membranes facilitated by transmembrane protease serine 2 (TMPRSS) (3); autophagy and RNA
release in the presence of the mammalian target of rapamycin complex 1 protein (rapamycin complex 1) (mTORC1) (4); RNA translation , polyprotein synthesis and
cleavage with the help of 3C-like protease (3CLpro) and papain like protease (PLpro) (5); genomic RNA transcription catalysed by thr RNA-dependent RNA
polymerase (RdRP) in the Replication/Transcription Complex (RTC) (6); translation of viral proteins (7); assembly of viral proteins and RNA into a mature virion in the
Golgi (8) ; the virion is released by exocytosis (9). Recognition of viral RNA by endosomal RIG-I-like receptors (RLRs) and Toll-like receptors (TLRs) allows the
activation of type I interferon (IFNs) response, that up-regulates the expression of interferon-stimulated genes (ISGs) and activate the antiviral response. The
elimination of SARS-Cov2 requires a coordinated response which should include: the cytokine release, Th1/2 immunity and synthesis of neutralizing antibodies by
LB/plasma cells SARS- Cov-2 potential therapeutic targets encompass the following steps: blocking ACE2 receptors (monoclonal antibodies); TMPRSS inhibition
which prevents endosomal fusion (arbidol, hidroxyclorochine); mTORC1inhibition and the controlul of autophagy and RNA transcription (remdesivir); inhibition of
2Clpro and PLpro viral proteases involved in polyprotein fragmentation (protease inhibitors namely lopinavir, darunavir, ritonavir); Nsp-12-RdRp inhibition with an
essential role in the activity of the replicase RNA transcription complex (favipiravir, remdesivir); suppression of cytokine release (hydroxiclorochine, baricitinib), blocking
the IL6R (tocilizumab) or Th1 response (gimsilumab); blocking the virus through the administration of neutralizing antibodies from the plasma of COVID-19
convalescents.
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administration remains elusive (Albini et al., 2020; Reynolds et al.,
2020), the prognosis of patients with cardiac or pulmonary disease,
diabetes or obesity appears to be worse (Fang et al., 2020; Shi et al.,
2020b). Hence, the protection of these key groups remains a
pressing matter. Various solutions have been proposed to
address the interaction between the viral proteins and ACE2,
such as a recombinant soluble form of ACE2 (Khan et al., 2017;
Monteil et al., 2020) or cross-reactive neutralizing antibodies
active against SARS-CoV-2 RBD specific epitopes (Lan et al.,
2020; Wang C. et al., 2020; Yuan et al., 2020).

Endocytosis and TMPRSS2 as a Therapeutic Target
After the S1 subunit attaches to the cellular receptors, the virus
enters the cell through clathrin-mediated endocytosis and is then
transported to the early endosomes (Inoue et al., 2007). From
this point forward, the transmembrane protease serine 2
(TMPRSS2) cleaves the SARS-CoV-2 S protein for a second
time and facilitates cell entry and the fusion between the
endosomal membrane and the viral S2 sequence (Hoffmann
et al., 2020b). Consequently, the inhibition of TMPRSS2 could
prevent SARS-CoV-2 cellular entry and could play a potential
therapeutic role as has been already shown in other viral
respiratory syndromes and experimental models (Kawase et al.,
2012; Yamamoto et al., 2016; Hoffmann et al., 2020b).

The endocytic pathway represents a key mechanism behind
viral entry. Multiple studies have currently approached
the antiviral role of endosomal-tropic agents such as
hydroxychloroquine sulfate or umifenovir (arbidol) (Yang and
Shen, 2020). SARS-CoV-2 virions are processed through the
endo-lysosomal network, where the autophagy machinery is
involved in the delivery of the viral genome to the host cell.
The autophagy is initiated by a complex enzymatic system, also
controlled by the mammalian target of rapamycin complex 1
(mTORC1). While it is still unclear how the autophagy process
influences the replication of SARS-CoV-2 (Yang and Shen,
2020), mTORC1 is the target of various molecules such as
remdesivir, as well as of other FDA drugs which have been
approved for oncologic purposes (sirolimus) but currently
unexplored in COVID-19.

SARS-CoV-2 Post Entry Steps and
Therapeutic Targets
The viral invasion of the target cells implies genomic RNA
translation and the synthesis of polyproteins which are further
cleaved by two viral proteases, namely 3C-like protease (3CLpro)
and Papain Like protease (PLpro), in order to mature the Nsp
(Macchiagodena et al., 2020). Certain protease inhibitors
frequently used in the treatment of HIV such as lopinavir/
ritonavir have already been tested to verify their ability to
block these proteases but showed a debatable efficiency
(RECOVERY trial). Viral RNA synthesis involves two stages:
genome replication and subgenomic mRNAs transcription, both
of which mediated by the replication/transcription complex
(RTC), a membrane-bound structure encoded by the virus. Of
these two processes, Nsp12-RdRp plays a central role and is
targeted by various experimental molecules (favipiravir). The
Frontiers in Pharmacology | www.frontiersin.org 4
final stages of the viral cycle cover the viral translation of the
structural proteins, the assembly of all viral components into the
endoplasmic reticulum, the recreation of the virions in the Golgi
apparatus and their elimination through exocytosis (de Haan
and Rottier, 2005). Currently, none of these stages if targeted by
specific drugs.

Host Immune Response to SARS-CoV-2
Infection and Therapeutic Targets
SARS-CoV-2 triggers the innate immune response immediately
after the endosomal receptors recognize the viral RNA.
Consequently, Toll-like receptors 7/8 and RIG-I-like receptors
RIG-I/MDA-5 activate transcription factors and trigger a type I
IFN response. In turn, the IFN-I response stimulate infected cells
to control the early stage of the viral infection through the release
of proinflammatory cytokines and Th1 immune response
stimulation. An imbalance of the innate immune response can
potentially trigger an uncontrolled release of pro-inflammatory
cytokines which accompanies the acute respiratory distress
syndrome (ARDS) or other lethal organ failures (Chen et al.,
2010; Conti et al., 2020) quite similar to that observed in septic
patients (Li et al., 2020). Hence, the cytokine mediated storm is a
significant complication of SARS-CoV-2 and has been targeted
by various investigational monoclonal antibodies (mAbs)
(Kewan et al., 2020).

The generation of anti-nucleoprotein IgG/IgM and anti-RBD
IgG/IgM neutralizing antibody (To et al., 2020) play an
undefined role to control the infection. The transfer of these
antibodies from previously infected patients to new cases
(plasma convalescent administration) was initially seen as a
solution for severe COVID-19 cases and has been received
with enthusiasm. In March 2020, the FDA has therefore
granted the clinicians the permission to access and use
convalescent plasma for the treatment of life-threatening
SARS-CoV-2 infection. However, there is still, limited data on
the sero-conversion following the SARS-CoV-2 infection as well
as on its associated side effects, such as the risk of acute lung
injury (Liu et al., 2019).

Consequently, the synthesis of a vaccine remains the most
certain solution to ensure a direct protection against SARS-CoV-
2 infection. The development of vaccines for human use
represents a long-term solution, while other technologies and
drug targets remain to be evaluated in the following years. While
waiting for a vaccine, experimental drug therapies remain a
crucial alternative in severe forms.

Detailed below are therapeutic aspects of currently available
drugs and their action mechanism.
SARS-CoV-2 EXPERIMENTAL DRUGS

The list of experimental drugs against SARS-CoV-2 has been
continuously increasing with the emergence of new data on the
structure and pathogenic mechanisms of the new virus. Most of
the current therapeutic data has been extrapolated from the
research performed on either SARS-CoV or murine hepatitis
August 2020 | Volume 11 | Article 1224
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virus (MHV), a prototypic member of the CoV family (Fung
et al., 2020). The available therapeutic agents target the
pathogenic steps of infection (viral entry or post-entry steps)
as well as the unbalance of the immune response (Figure 1).

Drugs Targeting Viral Entry Steps
Receptor Neutralization
Currently, there have been various approaches to address ACE2-
mediated SARS-CoV-2 entry. A therapeutic strategy to be taken
into consideration is to prevent the virus/ACE2 attachment
through mAbs specifically designed against specific epitopes of
the S protein, especially the RBD-S1 unit (Sui et al., 2004;
Elshabrawy et al., 2012). This unit shares a relatively high
homology (73%) between SARS-CoV-2 and SARS-CoV,
allowing the identification of cross reactive antibodies in vitro
or in animal models (Tian et al., 2020).

Additionally, 2 other clinical trials were launched in June
2020, namely a phase 1 trial for the study of LyCOV555 and
JS016 respectively, two neutralizing IgG1 mAbs directed again
the S protein (NCT04427501, NCT04441918). It is probable that
a cocktail of mAB against different epitopes could significantly
improve the affinity and neutralizing activity and could lower the
risk of resistance mutation. Still, in this case, the use of mAb
would require an early administration so as to precede viral
replication, a step which would considerably limit their practical
use, along with the consideration for the development for specific
technologies and the high cost. Additionally, further research is
needed to clarify the potential risk related to antibody-dependent
enhancement, a form of immune enhancement accompanied by
cytokine storm which ensues as a result of prior exposure to
other viruses or coronaviruses (Cegolon et al., 2020). SARS-CoV-
2 also uses other co-receptors to infect host cells (Wang K. et al.,
2020). In this respect, meplazumab, an anti-CD147 mAb is
undergoing a clinical trial (NCT04275245) to verify its ability
to inhibit the interaction between SARS-CoV-2 spike protein
and the CD147 co-receptor.

Another therapeutic alternative would be to replete the pool
of ACE2 receptors using human recombinant soluble ACE2
enzyme (hrACE2). HrACE2 was experimentally used by
Monteil to block SARS-CoV-2 in vessel organoids and in
human kidney organoids (Monteil et al., 2020). Furthermore
rhACE2 was also used in the treatment of ARDS as an alternative
to prevent both the viral entry as well as the excessive
inflammatory response driven by the release of IL-6 (Khan
et al., 2017; Zhang et al., 2020). Nevertheless, the inhibitory
effect of rhACE2 against SARS-CoV-2 remains unknown. A pilot
study on the matter has been withdrawn (NCT04287686, China)
but another pilot trial using APN01, (a synonymous for rhACE2)
is still ongoing (NCT04335136) and is expected to report its
preliminary conclusions in September 2020. Additionally, a
recombinant bacterial derived ACE2-like enzyme named B38-
CAP will be evaluated in a randomized control trial regarding its
ability to prevent lung injury (NCT04375046). According to
previous data, the B38-CAP enzyme identified in Paenibacillus
sp. B38 and produced through bacterial engineering shares a
structural similarity to mammalian ACE2 and preserves the
Frontiers in Pharmacology | www.frontiersin.org 5
cardiac protective role of the renin-angiotensin system (Minato
et al., 2020). Nevertheless, the impact of therapies which
manipulate these receptors is unclear, as the ACE2 receptors
are prominent regulators of renin-angiotensin pathway and are
the ultimate target of multiple hypotensive drugs (Albini
et al., 2020).

Endocytosis Inhibition
Hydroxychloroquine, a Controversial Drug
The endocytic entry of SARS-CoV-2 through a clathrin-
mediated pathway as well as its fusion mechanism with the cell
membrane led to the repurposing of previously known drugs
such as cloroquine (Cq) and hydroxychloroquine (Hq).
Chloroquine phosphate, is an antimalarial drug which acts
through complex mechanisms to alter ACE2 glycosylation and
endosomal pH and which ultimately prevents the cleavage of the
S protein, and the attachment and viral fusion (Savarino et al.,
2003; Vincent et al., 2005). Cq is currently studied in multiple
clinical trials, either in monotherapy (ChiCTR2000029609) or in
combination with other drugs such as remdesivir (Wang M.
et al., 2020). Similarly, Hq sulfate (a less toxic derivate of Cq) also
displays an activity spectrum which includes coronaviruses, in
addition to its immunomodulatory potential through the
inhibition of TLR7, 8 signalling and the suppression of TNF-a
and IL6 synthesis (Picot et al., 1993; Jang et al., 2006; Bender
et al., 2020). These therapeutic molecules showed an additional
effect during both the entry and post-entry stages of SARS-CoV-
2, as was also shown in Vero E6 cells, and were included in
March 2020 in the Chinese guidelines for the management of
COVID-19 (Vincent et al., 2005; Yao et al., 2020).

Nevertheless, the clinical efficiency of Cq and Hq is still
unclear and the risk of side effects remains high, prompting a
more reserved attitude, despite the wide optimism for the
molecules (Juurlink, 2020). Thus, beginning with April 2020
numerous authors have expressed their concern regarding the
side effects of Hq, especially in association with other toxic drugs
or in high doses or for long-term use (Borba et al., 2020; Lane
et al., 2020). In a large observational study on 1,446 severely ill
patients Geleris et al, did not find a significant increase of side
effects following the standard 5-days therapeutic regimens with
Hq (Geleris et al., 2020). Nevertheless, as of June the 15th the
FDA issued a safety alert regarding the secondary arrhythmias
reported in various studies and on the 18th of June the Hq arm of
a large international study (Solidarity Trial ISRCTN83971151,
WHO) was stopped and other similar trials were withdrawn
(NCT04347512, France and NCT04371926, United States).
Finally, on July 1st the FDA cautioned against the use of Hq
and Cq in COVID-19 due to safety issues. On the other hand, the
therapeutic benefit of this regimen is still debatable. The study by
Geleris et al. did not find a statistically significant correlation
between this regimen and either intubation or death. On
a similar note, two completed studies carried in China
(NCT04261517, ChiCTR2000029868) and the preliminary data
from other trials (NCT04347993, US, NCT04381936 UK
RECOVERY Trial) (NCT04308668 US, Canada) also failed to
confirm a therapeutic or a prophylactic benefit of Hq. There are
August 2020 | Volume 11 | Article 1224
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still multiple ongoing studies which could shed more light on the
matter, including NCT04315948-DisCoVeRy trial France,
ChiCTR2000029803-China , NCT04334148-US , and
NCT04304053-Spain. Overall, the antimalarial drugs Hq and
Cq recently promoted in various clinical trials and initially
considered as a promising option in COVID-19 have since
became more and more debated (Shamshirian et al., 2020; Tu
et al., 2020).

Other Pharmacologic Molecules
Chlorpromazine, a drug not yet used in the treatment of
coronaviruses despite experimental results (Yang and Shen,
2020) is able to inhibit clathrin-dependent endocytosis.
Baricitinib, an anti-Janus kinase inhibitor used as an anti-
inflammatory drug in rheumatoid arthritis could regulate
clarthrin-mediated endoctytosis and inhibit the release of
cytokines (Richardson et al., 2020; Stebbing et al., 2020). In
this respect, baricitinib entered in May a phase 3 of a clinical trial
on the treatment of symptomatic COVID-19 in combination
with either Lopinavir/Ritonavir (NCT04320277) or remdesivir
(NCT04401579). Also, ruxolitinib, another anti-Janus kinase
inhibitor is an immunomodulator currently approved by the
FDA for treatment of polycythemia vera is currently studied in a
Phase 3 clinical trial in patients with COVID-19–associated
cytokine storm (NCT04362137, RUXOVID). Despite the anti-
inflammatory effect (Yeleswaram et al., 2020), the side effects and
safety profile of ruloxitinib are still unclear (Gaspari et al., 2020).

Endosomal fusion can be enzymatically inhibited by certain
molecules through mechanisms which are not well understood.
Such an example is umifenovir (arbidol), a broad-spectrum
antiviral agent used in the treatment of COVID-19 patients
across China, Russia, as well as in studies performed in Iran or
India (IRCT20151227025726N15), with controversial efficiency
(Deng et al., 2020; Lian et al., 2020). Other antivirals with a
similar action mechanism are as tamifene and nafmostat,
approved by FDA for other non-viral indications. Additionally,
camostat mesylate, a protease inhibitor approved by the FDA in
the treatment of chronic pancreatitis can also block the cellular
entry of SARS-CoV-2 by inhibiting ACE2 and TMPRSS2
(Hoffmann et al., 2020b) (ongoing trial NCT04321096).

Drugs Targeting Post-Entry Steps
SARS-CoV-2 RNA polymerase (Nsp12-RdRp) mediates the
replicase/transcription complex (RTC) activity and catalyzes
RNA-templated RNA synthesis (Wu et al., 2020a). Therefore
RdRp, a key enzyme of RNA viruses with a pivotal role in viral
replication and mutagenesis becomes a target for the design of
anti SARS-CoV-2 drugs. Among these, two investigational
nucleosidic analogues, namely favipiravir and remdesivir are
currently in clinical studies, yet can be obtained through a
compassionate programme. Favipiravir is an inhibitor of RdRp
with a wide antiviral spectrum, approved for manufacture and
sale in Japan and used against influenza viruses. Favipiravir
displays an in vitro activity against SARS-CoV-2 and has
currently entered numerous studies against SARS-CoV-2 in
China and Japan, (ChiCTR2000030254, ChiCTR2000029544 and
Frontiers in Pharmacology | www.frontiersin.org 6
ChiCTR2000029600) (Coomes and Haghbayan, 2020).
Remdesivir is an adenosine analogue which also controls
mTORC1 signalling and has a wide spectrum against
coronaviruses including resistant strains (Sheahan et al., 2017;
Agostini et al., 2018). Remdesivir has shown in vitro activity
against SARS-CoV-2 in combination with chloroquine (Wang M.
et al., 2020) or in monotherapy, as part of a 10-day intravenous
treatment inCOVID-19 patientswith severe pneumonia (Adaptive
COVID-19 Treatment Trial ACTT-NCT04280705) (Beigel et al.,
2020). Moreover, the intravenous use of remdesivir on a
compassionate-use basis to patients with SARS-CoV-2 infection
receiving oxygen support, has been associated with a clinical
improvement in 68% of patients, according to a study published
in April by Grein et al. (2020). Still, the afore-mentioned study
lacked a randomized group and did not control for the viral load,
aspects which have stemmed various discussions. The authors have
since acknowledged some errors regarding their conclusions and
have corrected their article. A large Phase 3 trial has been launched
byGilead to investigate the role of safety andefficiencyof remdesivir
administered for 5 or10days in patientswith severeCOVID-19and
pneumonia (NCT04292899). The partial results of these study
published in May could not assess the real benefit of remdesivir
(Goldman et al., 2020). Furthermore, another study from April
2020 by Wang et al. (NCT04257656) failed to provide convincing
evidence regarding a significant clinical or antiviral effect of
intravenous remdesivir in critical patients (Wang Y. et al., 2020).
Nevertheless, the recent results from the phase 3 SIMPLE trial in
hospitalized patients with moderate COVID-19 pneumonia
recommends the use of Remdesivir early in the course of the
disease. Additionally, the preliminary data analysis of the ACTT
trial prompted an emergency use authorization (EUA) for
remdesivir in the US. At the same time, the ACTT trial also
enabled the authorization of remdesivir in Europe, beginning
with June 2020, for patients with pneumonia requiring
supplemental oxygen.

Remdesivir is thus the second major drug against COVID-19
with promising results according to the studies provided by
Gilead, but which still awaits a definite confirmation. An
inhalatory administration of remdesivir is going expected to
be evaluated in a clinical trial beginning with August 2020,
while other multiple clinical trials are examining the
intravenous administration of remdesivir (WHO Solidarity
trial, DisCoVeRy trial-France, ACTT-II-US).

Other nucleosidic analogues were recently disproved by clinical
studies. These include ribavirin (ChiCTR200002938) and protease
inhibitors targeting PLpro and 3CLpro, such as darunavir/
ritonavir (Phase 3 NCT04252274) and lopinavir/ritonavir
(Phase 3 NCT04251871, NCT04255017, ChiCTR2000029539
NCT04252274, ChiCTR2000029308, NCT04295551). Moreover,
the latter studies on protease inhibitors received negative reviews
evenbefore the ending of these studies (Cao et al., 2020;Meyer et al.,
2020). The translation of certain non-structural proteins can be
inhibited by antibiotics targeting ribosome protein synthesis, such
as the group of cyclines (Wu et al., 2020a), as well as macrolides
(azithromycin) who also inhibit cytochrome P450. Nevertheless,
there are no convincing clinical trials on this matter. Furthermore,
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the administration of azithromycin also poses multiple
cardiovascular risks (Ray et al., 2012) and the optimistic results
published by Gautret et colab (Gautret et al., 2020) on the
association between Hq and azithromycin (NCR04321278) have
been questioned by the International Society of antimicrobial
chemotherapy on April 3rd 2020 (Voss, 2020).

Therapies Which Target Host Antiviral
Defence
Interferons
The pathogenesis and the outcome ofCOVID-19 are closely related
to the host immune response. The viral RNA recognition by the
intracellular receptors activates IFN-I signalling pathways involved
in the regulation of the inflammatory and antiviral response. A
delayed or attenuated IFN-I response has been recorded in SARS-
CoV-2 infections complicated with systemic inflammatory
response and acute respiratory distress syndrome (ARDS) (Li
et al., 2020; Jose and Manuel, 2020; Prompetchara et al., 2020).
The induction of IFNs and the transcription of the interferon
stimulated genes (ISGs) triggers specific antiviral pathways which
directly target the viral transcriptome and proteome activity. The
interaction between the ISGs and viral RNA has been better
explored in other viral infections (Goraya et al., 2020) but has
been less documented in SARS-CoV-2 infection. Recently, Ziegler
et al. proved that ACE2 SARS-CoV-2 receptor is an ISG found in
human airway epithelial cells. The authors have thus identified a
surprising alternative which allows the virus to hijack the innate
immunity to attenuate the immune response and to entry the
human cells (Ziegler et al., 2020). Currently, it is not well
understood how the virus triggers an IFN-type I response, not
howit influences thepathogenesisofCOVID-19. In this respect, it is
unclear whether is stimulates a protective response similar to
MERS-CoV (Fung et al., 2020) or an excessive inflammatory
response (Channappanavar et al., 2016; Channappanavar et al.,
2019) as seen in SARS-CoV-infected mice. It is possible that IFN-
type I response plays a protective role in the initial phase of the
infectionbut later contributes to the “cytokine storm’’ eitherdirectly
or through the induction of other cytokines, as was proved during
the MERS infection (Channappanavar et al., 2019). Hence, IFN
therapy could play a pivotal role in COVID-19 clinical
improvement and viral load lasting according to a recent study
(NCT04276688) (Hung et al., 2020). Still, the previous study was
disputed as a result of the patient selection criteria and the timing of
IFN administration. Additionally, the control group received
protease inhibitors, known to display a limited efficacy (Gandhi,
2020). Another notable issue on the subject is the type of IFNwhich
efficiently inhibits SARS-CoV-2. On this matter, even though
IFNb1 displays an anti-inflammatory role on the pulmonary
endothelia, it does not appear to reduce the mortality of ARDS
(Ranieri et al., 2020).

Data from ongoing studies (Table 1) is expected to clarify the
best timing, best IFN and best benefit compared with other
molecules directed against SARS-CoV-2. In the meantime, IFN-
based therapies in SARS-CoV-2 administered through aerosols
(Sallard et al., 2020) (ChiCTR2000029638) or subcutaneously
(IFNb1b-NCT04276688/IFNb1a-NCT04315948) should be
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closely supervised and require a very careful interpretation.
Presently, various types of IFN are currently investigated in over
52 clinical trials in COVID-19 patients according to the
Cochrane database.

Monoclonal Antibodies
SARS-CoV-2 is one of the most potent viruses to initiate the sepsis
cascade and to induce pulmonary lesions with the development of
ARDS (Lin et al., 2018; Shi et al., 2020a). The upregulation of pro-
inflammatory cytokines and especially of IL-6 was observed in all
severe forms, correlated with the incidence of the plasma viral load
(Chen et al., 2020) or other endogenic factors such as diabetes,
cardiovascular disease or their associated treatments (Qu et al.,
2014). Antiinflammatory and immunosuppressive drugs acting in
monotherapy or in combination could potentially alleviate
pulmonary inflammation and could be indicated in severe
TABLE 1 | Interferon therapy in clinical evaluation in SARS-CoV-2 infection (July
20, 2020).

Biological treatment Study identifier number,
locations

IFN-beta, cholchicine, rivaroxaban, aspirin NCT04331899, Canada
IFN-beta, remdesivir, chloroquine,
hydroxychloroquine, lopinavir/ritonavir

ISRCTN83971151
(Solidarity), WHO, multi-
country clinical trial

IFN-beta1a, hydroxychloroquine, lopinavir/ritonavir,
remdesivir

NCT04315948
(DisCoVeRy), multi-centre
(Europe)

IFN-beta1a NCT04385095, UK
IFN-beta1a, lopinavir, ritonavir, hydroxychloroquine NCT04350671 (IB1aIC),

Iran
IFN-beta1a, lopinavir, ritonavir, hydroxychloroquine NCT04350684 (UAIIC), Iran
IFN-beta1b, hydroxychloroquine NCT04350281, Hong Kong
IFN-alfa (aerosols), lopinavir/ritonavir, traditional
Chinese medicines

NCT04251871, China

Recombinant human IFN-alpha1b ChiCTR2000030480,
China

IFN-alpha aerosol inhalation, lopinavir ChiCTR2000030535, China
IFN-alpha, ribavirin, lopinavir/ritonavir ChiCTR2000029387, China
IFN-alpha atomization, lopinavir/ritonavir, favipiravir ChiCTR2000029600, China
IFN-alpha, traditional Chinese medicine ChiCTR2000029756, China
IFN-alpha aerosol/lopinavir/ritonavir ChiCTR2000031196, China
IFN-alpha2b, tocilizumab, losartan, remdesivir,
hydroxychloroquine + combinations,
methylprednisolone, convalescent serum

NCT04349410 (FMTVDM),
SUA

Recombinant human IFN-alpha 1b ChiCTR2000030922,
China

Recombinant human IFN-alpha-1b (nasal drops)/
thymosin alpha 1

NCT04320238, China

PegIFN-a2b atomization, arbidol hydrochloride NCT04254874, China
Long-acting IFN-alpha2a plus ribavirin ChiCTR2000030922, China
PegIFN-lambda-1a NCT04331899, SUA
PegIFN-lambda1a NCT04354259 (ILIAD),

Canada
PegIFN-lambda1a NCT04344600,

(PROTECT), SUA
HeberFERON (recombinant IFN-a2b and IFN-g,
Heberon alfa (IFN-alfa2b)

RPCEC00000307, Cuba
August 2020
Resources: U.S. National Library of Medicine https://clinicaltrials.gov, International Clinical
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respiratory forms such as ARDS. Such examples include
tocilizumab, a humanized IgG1 anti IL-6 receptor mAb
commonly used in the treatment of rheumatoid arthritis and also
approved in the treatment of cytokine release syndrome.
Toci l izumab has already reached multiple Phase 2
(NCT04317092, NCT04315480) and phase 3 trials (COVACTA,
NCT04320615) and preliminary data are encouraging (Xu et al.,
2020). InChina, tocilizumabhas already beenapproved inCOVID-
19critical patientswith severe respiratory failure.OthermAbwhich
couldmediate the releaseof cytokines inpatientswith severe/critical
COVID-19 lung injury include the anti-IL6 receptor mAbs
sarilumab and siltuximab (NCT04324073, NCT04315298,
NCT04329650) or ant i -VEGFA mAb bevac izumab
(NCT04275414). Gimsilumab, a human monoclonal antibody
targeting Granulocyte Macrophage-Colony Stimulating Factor
(GM-CSF) is the most recent monoclonal antibody proposed for
the treatment of COVID-19 and will be assessed through the US
BREATHclinical trial for theARDS inducedbySARS-CoV2 (Zhou
Y. et al., 2020). GM-CSF is a myelopoietic growth factor with an
immunomodulatory role for which it is used in autoimmune
diseases. Although GM-CSF plays a central role to coordinate the
cytokines which intervene in the inflammatory tissue distruction
(Bhattacharya et al., 2015), there is no data to support that this
process also occursduring the SARS-CoV-2 inflammatory reaction.
Taking into account the complex role of GM-CSF (Zhan et al.,
2019), therapeutic trials on GM-CSF require a solid theoretic basis
and unfortunately preliminary results are not expected in a close
future. The same argument can be made with other clinical trials
using immunomodulatory drugswith scarcedataon their efficiency
in viral or autoimunediseases, such as thalidomide (NCT04273529,
NCT04273581) or fingolimod (NCT04280588). Additionally,
experimental data on the efficiency of these molecules in COVID-
19 are missing.

Anti-Inflammatory Drugs
Data on anti-inflammatory drugs has been contradictory in what
concerns their immunosuppressant effect such is the case of
corticosteroids or their potential to increase the ACE2 expression
such is the case of ibuprofen. Nevertheless, ciclesonide, an
inhalatory corticosteroid, has been experimentally shown to
suppress SARS-CoV-2 growth and host inflammation in the
lungs and some published cases has confirmed this aspect
(Iwabuchi et al., 2020; Matsuyama et al., 2020). Recent studies
have advocated for the therapeutic benefit of corticosteroids in
critically ill adults with COVID-19 (Horby et al., 2020; Wu et al.,
2020b). The investigators of a large clinical trial supported by the
Oxford University (UK RECOVERY trial NCT04381936) have
reported a positive effect of intravenous dexamethasone
administration in the treatment of COVID-19. The study showed
that a 10-day treatment with low doses of dexamethasone (6 mg/
day) reduced the mortality in patients who required oxygen
support. Still, the authors underlined that this positive effect was
not recorded in patients who did not require oxygen. This
observation additionally highlights the need to adapt the
treatment to the dynamic nature of COVID-19 and to adopt
differential strategies between the early viral invasion stage and
the late stage dominated by a strong inflammatory response.
Frontiers in Pharmacology | www.frontiersin.org 8
Cell Therapy
The pathogenicity of coronaviruses is highly correlated with the
immune dysregulation and the inflammatory response that is
triggered by viral particles in the respiratory tract (Channappanavar
and Perlman, 2017; Huang et al., 2020). Hence, various authors have
proposed the therapeutic use of mesenchymal stem cells (MSC)
known for their broad immunomodulatory and multipotent
differentiating features.
TABLE 2 | Cellular therapies in clinical evaluation in SARS-Cov2 infection (July
20, 2020).

Biological product Study identifier number,
country

Allogeneic adult MSC of expanded adipose tissue NCT04366323, Spain
Allogenic and expanded adipose tissue-derived MSC NCT04416139, Mexico
Adipose-derived MSC (HB-adMSCs) NCT04348435, SUA
Autologous adipose-derived MSC (HB-adMSCs) NCT04349631, SUA
Allogenic pooled olfactory mucosa-derived MSC NCT04382547, Belarus
Placental MSC exosomes ISRCTN33578935,

Germany
Umbilical cord-derived MSC NCT04333368, France
Umbilical cord-derived MSC NCT04366271, Spain
Umbilical cord-derived MSC (hucMSCs) ChiCTR2000030300,

China
Umbilical cord-derived MSC (UC-MSC) NCT04355728, SUA
Human umbilical cord-derived MSC ChiCTR2000030116,

China
Human umbilical cord-derived MSC (UC-MSCs) NCT04269525, China
Umbilical cord blood mononuclear cells ChiCTR2000029572,

China
Human embryonic-stem cells derived M cells
(CAStem)

NCT04331613, China

Human embryonic- stem cells derived M cells
(CAStem)

ChiCTR2000031139,
China

Wharton’s Jelly MSC (derived from cord tissue of
newborns)

NCT04313322, Jordan

Human amniotic fluid NCT04319731, SUA
MSC (remestemcel-L) NCT04371393, SUA
MSC NCT04366063, Iran
MSC NCT04361942,

COVID_MSV, Spain
MSC ChiCTR2000030020,

China
MSC NCT04252118, China
MSC NCT04339660 (iunie),

China
MultiStem® Therapy NCT04367077,

MACoVIA, SUA
MSC (called PLX-PAD) NCT04389450 (140),

SUA
MSC in combination with ruxolitinib ChiCTR2000029580,

China
Allogeneic human dental pulp derived-stem cells NCT04336254, China
Natural Killer Cells NCT04280224, China
FT516 (pluripotent stem cell derived NK cells) NCT04363346, SUA
CYNK-001 (Natural Killer cells derived from human
placental CD34+ cells)

NCT04365101, SUA

M1 (type I macrophage) inhibition therapy ChiCTR2000029431,
China
August 2020 |
Mesenchymal stem cells, MSC.
Resources: U.S. National Library of Medicine https://clinicaltrials.gov, International Clinical
Trials Registry Platform (ICTRP) https://www.who.int/ictrp/en/, Cochrane database
(https://covid-nma.com/treatment_mapping/), Chinese Clinical Trial Registry (http://
www.chictr.org).
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MSC migrate towards the affected lung tissue and induce the
release of antimicrobial peptides such as LL37 (Krasnodembskaya
et al., 2010), which in turn attenuate the inflammation andpromote
the regeneration of damaged cell (Shi et al., 2018). MSC are cells
with a marked functional plasticity, which can either promote or
inhibit the immune response depending on the local inflammatory
status (Spaeth et al., 2008). Currently, MSC have been successfully
used for immune disorder therapy and graft-versus-host disease
(Aggarwal and Pittenger, 2005). Even though the impact of MSC
therapy on the outcome and mortality of ARDS varies and is still
unclear (Cruz and Rocco, 2019), MSC are still considered a
promising candidate in the study of SARS-CoV-2 associated
ARDS (Table 2). According to Leng et al. (2020) the intravenous
administration of MSC in patients with severe COVID-19
pneumonia shifts the immune response from a Th1 to a Th2
response, controls the inflammatory cytokines and modifies the
active status of dendritic cells andmacrophages. In a clinical setting,
this translates to an attenuation of the respiratory failure after 2–4
days (Qu et al., 2020). The administration ofMSCproved safe, with
no side effects even for doses exceeding 3 times the normal dose
(Bellingan et al., 2019; Qu et al., 2020). Despite these encouraging
advances, no statistically significant benefit was reported for MSC
treatment, probably also due to the heterogenous selection criteria
of these studies. The administration of MSC through a
Frontiers in Pharmacology | www.frontiersin.org 9
compassionate use program, could be beneficial for critical cases
of COVID-19 and could shed more light on the role of MSC.

Convalescent Plasma
Antibodies from convalescent plasma of COVID-19 patients can
favour clinical remission and help reach temporary immunity
(Rogers et al., 2020; Zhou and Zhao, 2020). Currently WHO
ICTRP and Clinical Trials.gov database has recorded 51 studies
onconvalescentplasma, (Recovery,NCT04381936,NCT04373460,
ISRCTN50189673, NCT04348656, etc. There are several caveats to
this alternative, mostly related to the variable humoral response
(Wu F. et al., 2020) or to the absence of certain information
regarding the effective dosing size or the administration regimen,
aswell as the side effects.Convalescentplasmahasalreadybeenused
in critical COVID-19 patients through compassionate care
programmes and as of April 2020, this treatment is considered an
“emergency investigational new drug” authorized by FDA in
clinical trials. The benefits of convalescent plasma have been
reported in small COVID-19 study groups only, so that presently
there is only limited data on this therapy (Bloch et al., 2020). Side
effects of this treatment could exclude critical patients from the
clinical trials (Li et al., 2011). In this case the high risk of transfusion
associated circulatory overload restricts or even contraindicates the
administration of plasma in ARDS or in cardiac patients,
TABLE 3 | SARS-CoV-2 candidate vaccines in clinical evaluation (July 20, 2020).

Vaccine, sponsor/enrollment age Study identifier number (phase, country/
estimated first results)

Vector-based vaccines
ChAdOx1 nCoV-19 (Oxford University); genetically altered adenovirus expressing the SARS-CoV-2 spike protein/18 to
55 years

ISRCTN89951424 (ph 3, Brazil)/July,
2021NCT04324606 (ph 1-2, United Kingdom)/
May, 2021

Ad5-nCoV (Beijing Institute of Biotechnology, CanSino Biologics Inc); adenovirus type-5 vectored vaccine expressing
SARS-CoV-2 full-length spike protein/18 to 60 years

NCT04341389 (ph 2, China)/January,
2021NCT04313127 (ph 1, China)/December,
2020

Gam-COVID-Vac (Gamaleya Research Institute, Health Ministry of the Russian Federation); adenoviral-based vaccine/
18 to 60 years

NCT04436471 (ph 1, Russian Federation/
August, 2020

Gam-COVID-Vac Lyo (Gamaleya Research Institute, Health Ministry of the Russian Federation/Accellena Research);
lyophilizate adenoviral-based vaccine/18 to 60 years

NCT04437875 (Phase 1-2, Russian Federation/
August, 2020

LV-SMENP-DC vaccine (Shenzhen Geno-Immune Medical Institute); lentiviral vector system (NHP/TYF) expressing viral
proteins and immune modulatory genes to modify dendritic cells (DCs) and to activate T cells/6 months to 80 years

NCT04276896
(DC vaccine + LV-SMENP-DC) (ph 1-2, China)/
July, 2023

SARS-CoV-2 aAPC Vaccine (Shenzhen Geno-Immune Medical Institute); NHP/TYF expressing viral proteins and
modified artificial antigen-presenting cell (APC) to reactivate T cells/6 months to 80 years

NCT04299724 (ph 1, China)
/July, 2023

Nucleic acid vaccines
mRNA-1273 (NIAID); lipid nanoparticle (LNP)-encapsulated mRNA-based vaccine encoding full-length, spike protein of
SARS-CoV-2/18 to 99 years

NCT04283461 (ph 1, SUA)
/November, 2021

mRNA-1273 (mRNA-1273 + Placebo) (Moderna TX Inc, Biomedical Advanced Research and Development Authority);
two dose levels of mRNA-1273 versus placebo/18 years and older

NCT04405076 (ph 2-3, SUA)
/March, 2021

BNT162, (BioNTech Pharmaceuticals GmbH); Dose-Escalation Trial of four RNA vaccine candidates combined with a
lipid nanoparticle formulation (LNP) (different dosing regimens)/18 to 55 years

NCT04380701 (ph 1-2, Germany)
/August, 2020

BNT162 (BioNTech, Pfizer); LNP-mRNAs (different dosing regimens)/18 to 85 years NCT04368728 (ph 1-2, SUA, Germany)/June,
2021

INO-4800 + electroporation using CELLECTRA 2000 (Inovio Pharmaceuticals, CEPI);DNA plasmid encoding S protein
delivered by electroporation with CELLECTRA® 2000)/intradermal DNA vaccine/18 years and older

NCT04336410 (ph 1 SUA, ph 2 USA)/July 2021

INO-4800 +electroporation using CELLECTRA 2000 (International Vaccine Institute, CEPI, Inovio Pharmaceuticals)/19
to 64 Year

NCT04447781 (ph1-2, Republic of Korea)/
February 2022

GX-19 (Genexine,Inc); DNA vaccine expressing SARS-CoV-2 S-protein antigen/18 to 50 Years NCT04445389 (ph1-2, Republic of Korea/
March, 2021
Resources: U.S. National Library of Medicine https://clinicaltrials.gov International Clinical Trials Registry Platform (ICTRP)/ https://www.isrctn.com/.
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highlighting the need for well-documented RCTs on the matter
(Food andDrugAdministration (CBER), 2018; Rygård et al., 2018).
In this respect, a recent assessment on the administration of
convalescent plasma in COVID-19 patients has raised a series of
question marks related to its safety and efficacy (Piechotta
et al., 2020).
VACCINES

The rapid spread of the COVID-19 pandemic has prompted the
development of technological platforms adapted to this new
Frontiers in Pharmacology | www.frontiersin.org 10
pathogen and which could be employed to manufacture a safe
and efficient vaccine. Currently, theWorld Health Organisation’s
draft landscape of COVID-19 vaccines has recorded over 100
SARS-CoV-2 candidate vaccines worldwide. Most of these
candidate vaccines are undergoing preclinical evaluation, while
19 have already reached clinical evaluation. Of these, 14 vaccines
are specifically based on the S protein (Table 3).

The production of a SARS-CoV-2 vaccine has met major
obstacles since the beginning such as the absence of clear data on
the immune response elicited by SARS-CoV-2 and the notable
side effects observed in SARS-CoV andMERS vaccine candidates
(Bolles et al., 2011; Tseng et al., 2012; Agrawal et al., 2016).
TABLE 4 | Drags targeting SARS-CoV-2 and host immunity included in the article.

Therapeutic target Drug and article reference Drugs related studies

Receptor
recognition (ACE2,
CD147 receptors)

Human recombinant soluble form of ACE2 (Khan et al., 2017; Monteil et al.,
2020; Monteil et al., 2020).

NCT04335136, NCT04375046 NCT04287686 (withdrawn)

Meplazumab (mAb antiCD147 receptor) (Wang K. et al., 2020) NCT04275245
Clathrin-mediated
endocytosis

Hydroxychloroquine (Hq) sulphate (Picot et al., 1993; Jang et al., 2006; Bender
et al., 2020) and Chloroquine phosphate (Savarino et al., 2003; Vincent et al.,
2005)
*multiple targets: clathrin-mediated endocytosis, endosomal Ph, TLR7/8, IFN
response, and proinflammatory cytokines release)
Controversial results: (Borba et al., 2020; Lane et al., 2020; Shamshirian et al.,
2020; Tu et al., 2020)

-ongoing studies NCT04315948, DisCoVeRy trial,
NCT04304053 ChiCTR2000029803, NCT04334148,
ChiCTR2000029609-

-discontinued study: Hq arm of Solidarity trial
-withdrawn: NCT04347512, NCT04371926

Baricitinib (Richardson et al., 2020; Stebbing et al., 2020)
Ruxolitinib (Gaspari et al., 2020; Yeleswaram et al., 2020)

NCT04320277, NCT04401579 NCT04362137

Endosomal fusion Umifenovir (Deng et al., 2020; Lian et al., 2020) IRCT20151227025726N15
Camostat mesylate (Kawase et al., 2012; Yamamoto et al., 2016; Hoffmann
et al., 2020b)
* multiple targets: TMPRSS2, endosomal fusion

NCT04321096

Viral synthesis Protease inhibitors: lopinavir/darunavir/ritonavir
(3CLpro, PLpro)

RECOVERY trial, NCT04251871, NCT04255017,
ChiCTR2000029539 NCT04252274, NCT04295551,
ChiCTR2000029308, NCT04252274

Remdesivir * (Sheahan et al., 2017; Agostini et al., 2018; Beigel et al., 2020;
Goldman et al., 2020; Grein et al., 2020; Wang M. et al., 2020; Wu et al.,
2020a; Wang Y. et al., 2020)
*multiple targets: viral autophagy, mTORC1, Nsp12-RdRp, replicase/
transcription complex –RTC

Trial ACTT-NCT04280705 si ACTT-II, NCT04292899
NCT04257656, SIMPLE trial, WHO Solidarity trial, DisCoVeRy
trial

Favipiravir/target: Nsp12-RdRp) (Coomes and Haghbayan, 2020) ChiCTR2000030254, ChiCTR2000029544
ChiCTR2000029600

Cytokine response,
Th1 response

IFN administration (Hung et al., 2020)
Controversial results (Gandhi, 2020)

See Table 1

Ruxolitinib (anti-Janus kinase inhibitor) (Gaspari et al., 2020; Yeleswaram et al.,
2020)

NCT04362137

IL-6 production Tocilizumab (Xu et al., 2020). (Anti IL-6 mAb) NCT04317092, NCT04315480 COVACTA, NCT04320615
Sarilumab and siltuximab (Anti IL-6 mAb) NCT04324073, NCT04315298, NCT04329650

VEGFA Bevacizumab (anti-VEGFA mAb) NCT04275414
GM-CSF Gimsilumab (Zhou Y. et al., 2020) (anti GM-CSF mAb) BREATH clinical trial
Inflammatory
response

Corticosteroids (Horby et al., 2020; Wu et al., 2020b). UK RECOVERY trial NCT04381936

Immuno-modulatoy
activity

Mesenchymal stem cells (Shi et al., 2018; Leng et al., 2020)/
*multiple targets:inflammatory cytokines, Th2 response, regeneration of
damaged cell

See Table 2

Thalidomide NCT04273529, NCT04273581
Fingolimod NCT04280588

Neutralizing
antibodies

Convalescent plasma (Rogers et al., 2020; Zhou and Zhao, 2020) NCT04381936, NCT04373460, ISRCTN50189673,
NCT04348656

mAb (Sui et al., 2004; Elshabrawy et al., 2012); neutralizing IgG1 monoclonal
antibody (mAb) directed against the spike protein of SARS-CoV-2 (LY-CoV555)
JS016

NCT04427501, NCT04441918

-cross-reactive neutralizing antibodies against SARS-CoV-2 RBD specific
epitopes (Lan et al., 2020; Wang C. et al., 2020; Yuan et al., 2020)

See Table 3
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Additionally, a decreasing confidence of the general population
in the vaccination effort can become a major obstacle for the
development of a efficient vaccination programme.

Listed below are the types of vaccines against COVID-19
which have passed preclinical testing and have entered the
clinical setting:

a. Vector-Based Vaccines induce a predominant cytotoxic T
lymphocyte (CTL) response, and display a high efficiency.
Their response is additionally amplified through the adjuvant
vector. However, the “pre-existing’’ immunity to the vector
could influence the development of an immune response and
represents a disadvantage (ex: Ad5-nCoV by CanSino,
ChAdOx1 nCoV-19 by Oxford). Recently, the researchers
from Oxford Vaccine Trial Group reported the preliminary
results of a phase I/II randomized controlled trial on ChAdOx1
nCoV-19 vaccine. This data confirms its immunogenicity and
safety as well as its ability to induce humoral and cellular
immunity, paving its entry into phase II/III studies (Folegatti
et al., 2020).

b. Nucleic Acid Vaccine also trigger a predominant CTL
response. The associated immune response is satisfactory,
the manufacturing process is simple but there could be
obstacles regarding vaccine delivery. Multiple transport
systems have been tested such as lipid nanoparticles,
plasmids or vectors. The administration of certain vaccines
is performed through electroporation (ex: INO-4800 by
Inovio, Mrna-1273 by Moderna).

c. Inactivated Vaccines induce a protective B cell response, yet
this appears to be modest and requires booster shots. These
vaccines are safe but expensive, difficult to produce in large
quantities and require a well controlled environment during
their manufacture (ex. Coronavac by Sinovac).

d. Protein-Based Subunit Vaccines trigger a humoral response
by using peptide fragments of the S protein (S1 or RBD
subunit). In order to obtain an adequate immune response,
these peptides need to be coupled to adjuvants which in turn
require an additional follow-up for potential side-effects (ex:
NVX-CoV2373 by Novavax).

e. Non-SpecificVaccines.BCG, thevaccine againstMycobacterium
tuberculosis is the non-specific vaccine which has receivedmost
attention in the SARS-CoV-2 infection due to its ability to boost
the immunity against SARS-CoV-2. BCG is currently
investigated in multiple randomized trials across the globe,
many of which have reached phase 3 or 4 and have begun the
recruitment of volunteers. Clinical trials will evaluate the non-
specific immune response elicited by BCG and its benefit on
lowering the incidence of COVID-19 in the vaccinated general
population (NCT04328441), in children (NCT04327206) or in
health care workers exposed to SARS-CoV-2 (NCT04379336,
NCT0432720 6 , NCT043 48370 , NCT0432 7206 ,
NCT04348370). Of the vaccines currently undergoing
preclinical studies AAVCOVID-by AveXis is a distinctive
gene-based vaccine candidate which deserves a separate
mention. AAVCOVID is an experimental gene-vaccine which
expresses SARS-nCoV-2 Spike antigens delivered through a
vector already used in ophthalmology (adeno-associated viral
Frontiers in Pharmacology | www.frontiersin.org 11
vectors/AAV), which differs from the human adenoviral vector.
TheAAV technology has already been used in gene therapy and
is more advantageous due to its availability, safety profile and
immunogenic response without the risk of pre-existing
immunity. AAV vaccines are responsible for strong antibody
responses and high T cell memory responses.

On a side note, while a highly immunogenic and safe vaccine
is the most desirable strategy to prevent the pandemic extension,
one should not forget that the immune response to the vaccine
can be variable, short or incomplete and that the vulnerable
groups do not always respond to antigenic stimulation. Large
studies are therefore needed to verify the safety and efficiency
and further efforts are needed to boost the confidence of the
population in vaccination practices and in the healthcare system.
CONCLUSION

The current therapeutic options in COVID-19 combine a diverse
armamentarium of drugs targeting both the virus and the
immune response to avert this unexpected and extremely
dangerous pandemic (Table 4). The number of experimental
molecules proposed against SARS-CoV-2 is continually rising in
an attempt to offer short-term solutions, especially for patients
with a severe disease (Tu et al., 2020). As a result, it has become
clearer that these options should be weighted with responsibility
and should be tailored to the complex pathogenic context of
COVID-19. Thus, molecules which could be beneficial in a
certain stage of the disease could be devastating in another.
Hence, the best treatment option appears to be a molecule which
would restrict viral entry and to impede an unpredictable
immune response. On the long-term, this would be ensured
only by the production of a vaccine, while on the short-term the
best treatment option requires further in-depth studies on the
cellular invasion and immune dysregulation.

Despite the barriers which impede the development of a rapid
treatment, current therapeutic approaches represent a stepping
stone for the handling of future epidemics. The SARS-CoV-2
infection proved once again that viruses leave a very short
window of opportunity, far too short for adequate antiviral
options. This unfortunate prospect is now even more relevant
and further similar scenarios can occur at any time with other
types of pathogens, potentially reaching a global scale as in the
case of SARS-CoV-2. Hence, this also serves as a brutal warning
that our current therapeutic agents are insufficient against
infectious agents and that non-etiologic medications could
potentially play an important role in the future.
AUTHOR CONTRIBUTIONS

SI and DI contributed equally to the acquisition, analysis, and
critical revision of the article; the authors have given their
consent for the publication and agree to be responsible for the
accuracy and integrity of the article.
August 2020 | Volume 11 | Article 1224

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Iacob and Iacob SARS-CoV-2 Treatment Approaches
REFERENCES
Aggarwal, S., and Pittenger, M. F. (2005). Human mesenchymal stem cells

modulate allogeneic immune cell responses. Blood 105 (4), 1815–1822. doi:
10.1182/blood-2004-04-1559

Agostini, M. L., Andres, E. L., Sims, A. C., Graham, R. L., Sheahan, T. P., Lu, X.,
et al. (2018). Coronavirus Susceptibility to the Antiviral Remdesivir (GS-5734)
Is Mediated by the Viral Polymerase and the Proofreading Exoribonuclease.
MBio 9 (2), e00221-18. doi: 10.1128/mBio.00221-18

Agrawal, A. S., Tao, X., Algaissi, A., Garron, T., Narayanan, K., Peng, B.-H., et al.
(2016). Immunization with inactivated Middle East Respiratory Syndrome
coronavirus vaccine leads to lung immunopathology on challenge with live
virus. Hum. Vaccine Immunother. 12 (9), 2351–2356. doi: 10.1080/
21645515.2016.1177688

Albini, A., Di Guardo, G., Noonan, D. M., and Lombardo, M. (2020). The SARS-
CoV-2 receptor, ACE-2, is expressed on many different cell types: implications
for ACE-inhibitor- and angiotensin II receptor blocker-based cardiovascular
therapies.1. Intern. Emerg. Med. 1 19, 1–8. doi: 10.1007/s11739-020-02364-6

Alsaadi, E. A. J., and Jones, I. M. (2019). Membrane binding proteins of
coronaviruses. Future Virol. 14 (4), 275–286. doi: 10.2217/fvl-2018-0144

Batlle, D., Jose Soler, M., and Ye, M. (2010). ACE2 and diabetes: ACE of ACEs?
Diabetes 59 (12), 2994–2996. doi: 10.2337/db10-1205

Beigel, J. H., Tomashek, K. M., Dodd, L. E., Mehta, A. K., Zingman, B. S., Kalil, A.
C., et al. (2020). Remdesivir for the Treatment of Covid-19 — Preliminary
Report. N. Engl. J. Med. 4 (2), 93–107. doi: 10.4049/immunohorizons.2000002

Bellingan, G., Jacono, F., Bannard-Smith, J., Brealey, D., Meyer, N., Thickett, D.,
et al. (2019). Primary Analysis of a Phase 1/2 Study to Assess MultiStem® Cell
Therapy, a Regenerative Advanced Therapy Medicinal Product (ATMP), in
Acute Respiratory Distress Syndrome (MUST-ARDS). In: B14 LATE
BREAKING CLINICAL TRIALS (American Thoracic Society), A7353–
A7353. doi: 10.1164/ajrccm-conference.2019.199.1_MeetingAbstracts.A7353

Bender, A. T., Tzvetkov, E., Pereira, A., Wu, Y., Kasar, S., Przetak, M. M., et al.
(2020). TLR7 and TLR8 Differentially Activate the IRF and NF-kB Pathways in
Specific Cell Types to Promote Inflammation. ImmunoHorizons 4 (2), 93–107.
doi: 10.4049/IMMUNOHORIZONS.2000002

Bhattacharya, P., Thiruppathi, M., Elshabrawy, H. A., Alharshawi, K., Kumar, P., and
Prabhakar, B. S. (2015). GM-CSF: An immune modulatory cytokine that can
suppress autoimmunity. Cytokine 75 (2), 261–271. doi: 10.1016/j.cyto.2015.05.030

Bloch, E. M., Shoham, S., Casadevall, A., Sachais, B. S., Shaz, B., Winters, J. L., et al.
(2020). Deployment of convalescent plasma for the prevention and treatment
of COVID-19. J. Clin. Invest. 130 (6), 2757–2765. doi: 10.1172/JCI138745

Bolles, M., Deming, D., Long, K., Agnihothram, S., Whitmore, A., Ferris, M., et al.
(2011). A double-inactivated severe acute respiratory syndrome coronavirus
vaccine provides incomplete protection in mice and induces increased
eosinophilic proinflammatory pulmonary response upon challenge. J. Virol.
85 (23), 12201–12215. doi: 10.1128/JVI.06048-11

Borba, M. G. S., Val, F. F. A., Sampaio, V. S., Alexandre, M. A. A., Melo, G. C.,
Brito, M., et al. (2020). Effect of High vs Low Doses of Chloroquine
Diphosphate as Adjunctive Therapy for Patients Hospitalized With Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Infection: A
Randomized Clinical Trial. JAMA Netw. Open 3 (4), e208857. doi: 10.1001/
jamanetworkopen.2020.8857

Cao, B., Wang, Y., Wen, D., Liu, W., Wang, J., Fan, G., et al. (2020). A Trial of
Lopinavir-Ritonavir in Adults Hospitalized with Severe Covid-19. N. Engl. J.
Med 382 (19), 1787–1789. doi: 10.1056/NEJMoa2001282

Cegolon, L., Pichierri, J., Mastrangelo, G., Cinquetti, S., Sotgiu, G., Bellizzi, S., et al.
(2020). Hypothesis to explain the severe form of COVID-19 in Northern Italy.
BMJ Glob. Heal. 5 (6), e002564. doi: 10.1136/bmjgh-2020-002564

Channappanavar, R., and Perlman, S. (2017). Pathogenic human coronavirus
infections: causes and consequences of cytokine storm and immunopathology.
Semin. Immunopathol. 39 (5), 529–539. doi: 10.1007/s00281-017-0629-x

Channappanavar, R., Fehr, A. R., Vijay, R., Mack, M., Zhao, J., Meyerholz, D. K.,
et al. (2016). Dysregulated Type I Interferon and Inflammatory Monocyte-
Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice.
Cell Host. Microbe 19 (2), 181–193. doi: 10.1016/j.chom.2016.01.007

Channappanavar, R., Fehr, A. R., Zheng, J., Wohlford-Lenane, C., Abrahante, J. E.,
Mack, M., et al. (2019). IFN-I response timing relative to virus replication
Frontiers in Pharmacology | www.frontiersin.org 12
determines MERS coronavirus infection outcomes. J. Clin. Invest. 129 (9),
3625–3639. doi: 10.1172/JCI126363

Chen, X., Zhao, B., Qu, Y., Chen, Y., Xiong, J., Feng, Y., et al. (2020). Detectable
serum SARS-CoV-2 viral load (RNAaemia) is closely associated with
drastically elevated interleukin 6 (IL-6) level in critically ill COVID-19
patients. Clin. Infect. Dis. 17, ciaa449. doi: 10.1101/2020.02.29.20029520

Chen, J., Lau, Y. F., Lamirande, E. W., Paddock, C. D., Bartlett, J. H., Zaki, S. R.,
et al. (2010). Cellular immune responses to severe acute respiratory syndrome
coronavirus (SARS-CoV) infection in senescent BALB/c mice: CD4+ T cells
are important in control of SARS-CoV infection. J. Virol. 84 (3), 1289–1301.
doi: 10.1128/JVI.01281-09

Conti, P., Ronconi, G., Caraffa, A., Gallenga, C., Ross, R., Frydas, I., et al. (2020).
Induction of pro-inflammatory cytokines (IL-1 and IL-6) and lung
inflammation by Coronavirus-19 (COVI-19 or SARS-CoV-2): anti-
inflammatory strategies. J. Biol. Regul. Homeost. Agents 34 (2), 1. doi:
10.23812/CONTI-E

Coomes, E. A., and Haghbayan, H. (2020). Favipiravir, an antiviral for COVID-
19? J. Antimicrob. Chemother. 75 (7), 2013–2014. doi: 10.1093/jac/dkaa171

Coutard, B., Valle, C., de Lamballerie, X., Canard, B., Seidah, N. G., and Decroly, E.
(2020). The spike glycoprotein of the new coronavirus 2019-nCoV contains a
furin-like cleavage site absent in CoV of the same clade. Antiviral Res. 176,
104742. doi: 10.1016/j.antiviral.2020.104742

Crackower, M. A., Sarao, R., Oudit, G. Y., Yagil, C., Kozieradzki, I., Scanga, S. E.,
et al. (2002). Angiotensin-converting enzyme 2 is an essential regulator of heart
function. Nature 417 (6891), 822–828. doi: 10.1038/nature00786

Cruz, F. F., and Rocco, P. R. M. (2019). Cell therapy for acute respiratory distress
syndrome patients: the START study. J. Thorac. Dis. 11 (Suppl 9), S1329–
S1332. doi: 10.21037/jtd.2019.04.22

de Haan, C. A. M., and Rottier, P. J. M. (2005). Molecular Interactions in the
Assembly of Coronaviruses Adv. Virus Res. 64, 165–230. doi: 10.1016/S0065-
3527(05)64006-7

Deng, L., Li, C., Zeng, Q., Liu, X., Li, X., Zhang, H., et al. (2020). Arbidol combined
with LPV/r versus LPV/r alone against Corona Virus Disease 2019: A
retrospective cohort study. J. Infect. 81 (1), e1–5. doi: 10.1016/j.jinf.2020.03.002

Elshabrawy, H. A., Coughlin, M. M., Baker, S. C., and Prabhakar, B. S. (2012).
Human Monoclonal Antibodies against Highly Conserved HR1 and HR2
Domains of the SARS-CoV Spike Protein Are More Broadly Neutralizing. Pyrc
K, editor. PloS One 7 (11), e50366. doi: 10.1371/journal.pone.0050366

Fang, L., Karakiulakis, G., and Roth, M. (2020). Are patients with hypertension
and diabetes mellitus at increased risk for COVID-19 infection? Lancet Respir.
Med. 8 (4), e21. doi: 10.1016/S2213-2600(20)30116-8

FoodandDrugAdministration (CBER). (2018). Fatalities Reported toFDAFollowing
Blood Collection and Transfusion: Annual Summary for FY2018.Cent. Biol. Eval.
Res. 1–17.

Folegatti, P. M., Ewer, K. J., Aley, P. K., Angus, B., Becker, S., Belij-Rammerstorfer,
S., et al. (2020). Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine
against SARS-CoV-2: a preliminary report of a phase 1/2, single-blind,
randomised controlled trial. Lancet. doi: 10.1016/S0140-6736(20)31604-4

Fung, S.-Y., Yuen, K.-S., Ye, Z.-W., Chan, C.-P., and Jin, D.-Y. (2020). A tug-of-
war between severe acute respiratory syndrome coronavirus 2 and host
antiviral defence: lessons from other pathogenic viruses. Emerg. Microbes
Infect. 9 (1), 558–570. doi: 10.1080/22221751.2020.1736644

Gandhi, R. T. (2020). Combination Therapy for COVID-19. NEJM J. Watch 2020.
doi: 10.1056/NEJM-JW.NA51564

Gaspari, V., Zengarini, C., Greco, S., Vangeli, V., and Mastroianni, A. Side effects
of ruxolitinib in patients with SARS-CoV-2 infection: Two case reports. Int. J.
Antimicrob. Agents 56 (2), 106023. doi: 10.1016/J.IJANTIMICAG.2020.106023

Gautret, P., Lagier, J.-C., Parola, P., Hoang, V. T., Meddeb, L., Mailhe, M., et al.
(2020). Hydroxychloroquine and azithromycin as a treatment of COVID-19:
results of an open-label non-randomized clinical trial. Int. J. Antimicrob.
Agents 56 (1), 105949. doi: 10.1016/j.ijantimicag.2020.105949

Geleris, J., Sun, Y., Platt, J., Zucker, J., Baldwin, M., Hripcsak, G., et al. (2020).
Observational Study of Hydroxychloroquine in Hospitalized Patients with
Covid-19. N. Engl. J. Med. 382 (25), 2411–2418. doi: 10.1056/NEJMoa2012410

Goldman, J. D., Lye, D. C. B., Hui, D. S., Marks, K. M., Bruno, R., Montejano, R.,
et al. (2020). Remdesivir for 5 or 10 Days in Patients with Severe Covid-19.
N. Engl. J. Med. 27, NEJMoa2015301. doi: 10.1056/NEJMoa2015301
August 2020 | Volume 11 | Article 1224

https://doi.org/10.1182/blood-2004-04-1559
https://doi.org/10.1128/mBio.00221-18
https://doi.org/10.1080/21645515.2016.1177688
https://doi.org/10.1080/21645515.2016.1177688
https://doi.org/10.1007/s11739-020-02364-6
https://doi.org/10.2217/fvl-2018-0144
https://doi.org/10.2337/db10-1205
https://doi.org/10.4049/immunohorizons.2000002
https://doi.org/10.1164/ajrccm-conference.2019.199.1_MeetingAbstracts.A7353
https://doi.org/ 10.4049/IMMUNOHORIZONS.2000002
https://doi.org/10.1016/j.cyto.2015.05.030
https://doi.org/10.1172/JCI138745
https://doi.org/10.1128/JVI.06048-11
https://doi.org/10.1001/jamanetworkopen.2020.8857
https://doi.org/10.1001/jamanetworkopen.2020.8857
https://doi.org/10.1056/NEJMoa2001282
https://doi.org/10.1136/bmjgh-2020-002564
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1016/j.chom.2016.01.007
https://doi.org/10.1172/JCI126363
https://doi.org/10.1101/2020.02.29.20029520
https://doi.org/10.1128/JVI.01281-09
https://doi.org/10.23812/CONTI-E
https://doi.org/10.1093/jac/dkaa171
https://doi.org/10.1016/j.antiviral.2020.104742
https://doi.org/10.1038/nature00786
https://doi.org/10.21037/jtd.2019.04.22
https://doi.org/10.1016/S0065-3527(05)64006-7
https://doi.org/10.1016/S0065-3527(05)64006-7
https://doi.org/10.1016/j.jinf.2020.03.002
https://doi.org/10.1371/journal.pone.0050366
https://doi.org/10.1016/S2213-2600(20)30116-8
https://doi.org/10.1016/S0140-6736(20)31604-4

https://doi.org/10.1080/22221751.2020.1736644
https://doi.org/10.1056/NEJM-JW.NA51564
https://doi.org/10.1016/J.IJANTIMICAG.2020.106023
https://doi.org/10.1016/j.ijantimicag.2020.105949
https://doi.org/10.1056/NEJMoa2012410
https://doi.org/10.1056/NEJMoa2015301
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Iacob and Iacob SARS-CoV-2 Treatment Approaches
Goraya, M. U., Zaighum, F., Sajjad, N., Anjum, F. R., and Sakhawat, I. (2020).
Rahman S ur. Web of interferon stimulated antiviral factors to control the
influenza A viruses replication. Microb. Pathog. 139, 103919. doi: 10.1016/
J.MICPATH.2019.103919

Gordon, D. E., Jang, G. M., Bouhaddou, M., Xu, J., Obernier, K., O’meara, M. J.,
et al. (2020). A SARS-CoV-2-Human Protein-Protein Interaction Map Reveals
Drug Targets and Potential Drug-Repurposing. Nature 583 (7816), 459–468.
doi: 10.1101/2020.03.22.002386

Grein, J., Ohmagari, N., Shin, D., Diaz, G., Asperges, E., Castagna, A., et al. (2020).
Compassionate Use of Remdesivir for Patients with Severe Covid-19.N. Engl. J.
Med. 382 (24), 2327–2336. doi: 10.1056/NEJMoa2007016

Hamming, I., Timens, W., Bulthuis, M. L. C., Lely, A. T., Navis, G. J., and van
Goor, H. (2004). Tissue distribution of ACE2 protein, the functional receptor
for SARS coronavirus. A first step in understanding SARS pathogenesis.
J. Pathol. 203 (2), 631–637. doi: 10.1002/path.1570

Harmer, D., Gilbert, M., Borman, R., and Clark, K. L. (2002). Quantitative mRNA
expression profiling of ACE 2, a novel homologue of angiotensin converting
enzyme. FEBS Lett. 532 (1–2), 107–110. doi: 10.1016/S0014-5793(02)03640-2

Hoffmann, M., Kleine-Weber, H., and Pöhlmann, S. (2020a). A Multibasic Cleavage
Site in the Spike Protein of SARS-CoV-2 Is Essential for Infection of Human Lung
Cells. Mol. Cell. 78 (4), 779–784.e5. doi: 10.1016/j.molcel.2020.04.022

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen, S.,
et al. (2020b). SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell. 181 (2), 271–280.e8. doi:
10.1016/J.CELL.2020.02.052

Horby, P., Lim, W. S., Emberson, J., Mafham, M., Bell, J., Linsell, L., et al. (2020).
Dexamethasone in Hospitalized Patients with COVID-19: Preliminary Report.
N. Engl. J. Med. 17, 10.1056. doi: 10.1056/NEJMoa2021436

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet
(London England) 395 (10223), 497–506. doi: 10.1016/S0140-6736(20)30183-5

Hung, I. F.-N., Lung, K.-C., Tso, E. Y.-K., Liu, R., Chung, T. W.-H., Chu, M.-Y.,
et al. (2020). Triple combination of interferon beta-1b, lopinavir-ritonavir, and
ribavirin in the treatment of patients admitted to hospital with COVID-19: an
open-label, randomised, phase 2 trial. Lancet (London England) 395 (10238),
1695–1704. doi: 10.1016/S0140-6736(20)31042-4

Inoue, Y., Tanaka, N., Tanaka, Y., Inoue, S., Morita, K., Zhuang, M., et al. (2007).
Clathrin-dependent entry of severe acute respiratory syndrome coronavirus
into target cells expressing ACE2 with the cytoplasmic tail deleted. J. Virol. 81
(16), 8722–8729. doi: 10.1128/JVI.00253-07

Iwabuchi, K., Yoshie, K., Kurakami, Y., Takahashi, K., Kato, Y., and Morishima, T.
(2020). Therapeutic potential of ciclesonide inahalation for COVID-19
pneumonia: Report of three cases. J. Infect. Chemother. 26 (6), 625–632. doi:
10.1016/j.jiac.2020.04.007

Jang, C. H., Choi, J. H., Byun, M. S., and Jue, D. M. (2006). Chloroquine inhibits
production of TNF-alpha, IL-1beta and IL-6 from lipopolysaccharide-
stimulated human monocytes/macrophages by different modes. Rheumatol.
(Oxford) 45 (6), 703–710. doi: 10.1093/RHEUMATOLOGY/KEI282

Jose, R. J., and Manuel, A. (2020). COVID-19 cytokine storm: the interplay
between inflammation and coagulation. Lancet Respir. Med. 8 (6), e46–e47.
doi: 10.1016/S2213-2600(20)30216-2

Juurlink, D. N. (2020). Safety considerations with chloroquine, hydroxychloroquine
and azithromycin in the management of SARS-CoV-2 infection. CMAJ 192 (17),
E4540–E453. doi: 10.1503/cmaj.200528

Kawase, M., Shirato, K., van der Hoek, L., Taguchi, F., and Matsuyama, S. (2012).
Simultaneous treatment of human bronchial epithelial cells with serine and
cysteine protease inhibitors prevents severe acute respiratory syndrome
coronavirus entry. J. Virol. 86 (12), 6537–6545. doi: 10.1128/JVI.00094-12

Kewan, T., Covut, F., Al–Jaghbeer, M. J., Rose, L., Gopalakrishna, K. V., and Akbik, B.
(2020). Tocilizumab for treatment of patients with severe COVID–19: A
retrospective cohort study.E. Clin.Med., 100418. doi: 10.1016/j.eclinm.2020.100418

Khan, A., Benthin, C., Zeno, B., Albertson, T. E., Boyd, J., Christie, J. D., et al.
(2017). A pilot clinical trial of recombinant human angiotensin-converting
enzyme 2 in acute respiratory distress syndrome. Crit. Care 21 (1), 234. doi:
10.1186/s13054-017-1823-x

Krasnodembskaya, A., Song, Y., Fang, X., Gupta, N., Serikov, V., Lee, J.-W., et al.
(2010). Antibacterial effect of human mesenchymal stem cells is mediated in
Frontiers in Pharmacology | www.frontiersin.org 13
part from secretion of the antimicrobial peptide LL-37. Stem Cells 28 (12),
2229–2238. doi: 10.1002/stem.544

Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F., Guan, B., et al. (2005). A crucial role of
angiotensin converting enzyme 2 (ACE2) in SARS coronavirus–induced lung
injury. Nat. Med. 11 (8), 875–879. doi: 10.1038/nm1267

Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., et al. (2020). Structure of the SARS-
CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature
581, 215–220. doi: 10.1038/s41586-020-2180-5

Lane, J. C.,Weaver, J., Kostka, K., Duarte-Salles, T., Abrahao,M. T. F., Alghoul, H., et al.
(2020). Safety of hydroxychloroquine, alone and in combinationwith azithromycin,
in light of rapid wide-spread use for COVID-19: a multinational, network cohort
and self-controlled case series study. medRxiv. 2020.04.08.20054551. doi: 10.1101/
2020.04.08.20054551

Leng, Z., Zhu, R., Hou,W., Feng, Y., Yang, Y., Han, Q., et al. (2020). Transplantation of
ACE2- Mesenchymal Stem Cells Improves the Outcome of Patients with COVID-
19 Pneumonia. Aging Dis. 11 (2), 216. doi: 10.14336/AD.2020.0228

Li, H., Liu, L., Zhang, D., Xu, J., Dai, H., Tang, N., et al. (2020). SARS-CoV-2 and
viral sepsis: observations and hypotheses. Lancet 395 (10235), 1517–1520. doi:
10.1016/S0140-6736(20)30920-X

Li, G., Rachmale, S., Kojicic, M., Shahjehan, K., Malinchoc, M., Kor, D. J., et al.
(2011). Incidence and transfusion risk factors for transfusion-associated
circulatory overload among medical intensive care unit patients. Transfusion
51 (2), 338. doi: 10.1111/j.1537-2995.2010.02816.x

Lian, N., Xie, H., Lin, S., Huang, J., Zhao, J., and Lin, Q. (2020). Umifenovir
treatment is not associated with improved outcomes in patients with
coronavirus disease 2019: a retrospective study. Clin. Microbiol. Infect. 26
(7), 917–921. doi: 10.1016/j.cmi.2020.04.026

Lin, G.-L., McGinley, J. P., Drysdale, S. B., and Pollard, A. J. (2018). Epidemiology
and Immune Pathogenesis of Viral Sepsis. Front. Immunol. 9, 2147. doi:
10.3389/fimmu.2018.02147

Liu, L., Wei, Q., Lin, Q., Fang, J., Wang, H., Kwok, H., et al. (2019). Anti–spike IgG
causes severe acute lung injury by skewing macrophage responses during acute
SARS-CoV infection. JCI Insight 4 (4), e123158. doi: 10.1172/jci.insight.123158

Macchiagodena, M., Pagliai, M., and Procacci, P. (2020). Inhibition of the Main
Protease 3CL Pro of the Coronavirus Disease 19 via Structure-Based Ligand
Design and Molecular Modeling. arXiv.org arXiv2002.09937v2. doi: 10.1016/
j.cplett.2020.137489

Matsuyama, S., Kawase, M., Nao, N., Shirato, K., Ujike, M., Kamitani, W., et al.
(2020). The inhaled corticosteroid ciclesonide blocks coronavirus RNA
replication by targeting viral NSP15. bioRxiv. 2020.03.11.987016. doi:
10.1101/2020.03.11.987016

Meyer, S., Bojkova, D., Cinati, J., Damme, E.V., Buyck, C., Loock, M.V., et al.
(2020). Lack of Antiviral Activity of Darunavir against SARS-CoV-2. medRxiv.
2020.04.03.20052548. doi: 10.1016/j.ijid.2020.05.085

Minato, T., Nirasawa, S., Sato, T., Yamaguchi, T., Hoshizaki, M., Inagaki, T., et al.
(2020). B38-CAP is a bacteria-derived ACE2-like enzyme that suppresses
hypertension and cardiac dysfunction. Nat. Commun. 11 (1), 1058. doi:
10.1038/s41467-020-14867-z

Monteil, V., Kwon, H., Prado, P., Hagelkrüys, A., Wimmer, R. A., Stahl, M., et al.
(2020). Inhibition of SARS-CoV-2 Infections in Engineered Human Tissues
Using Clinical-Grade Soluble Human ACE2. Cell 181 (4), 905–913.e7. doi:
10.1016/j.cell.2020.04.004

Nicin, L., Abplanalp,W. T., Mellentin, H., Kattih, B., Tombor, L., John, D., et al. (2020).
Cell type-specific expression of the putative SARS-CoV-2 receptor ACE2 in human
hearts. Eur. Heart J. 41 (19), 1804–1806. doi: 10.1093/eurheartj/ehaa311

Picot, S., Peyron, F., Donadille, A., Vuillez, J. P., Barbe, G., and Ambroise-Thomas, P.
(1993). Chloroquine-induced inhibition of the production of TNF, but not of IL-
6, is affected by disruption of iron metabolism. Immunology 80 (1), 127.

Piechotta, V., Chai, K. L., Valk, S. J., Doree, C., Monsef, I., Wood, E. M., et al.
(2020). Convalescent plasma or hyperimmune immunoglobulin for people
with COVID-19: a living systematic review. Cochrane Database Syst. Rev. 7,
CD013600. doi: 10.1002/14651858.CD013600.pub2

Prompetchara, E., Ketloy, C., and Palaga, T. (2020). Immune Responses in COVID-19
and Potential Vaccines: Lessons Learned From SARS and MERS Epidemic. Asian
Pacific J. Allergy Immunol. 38 (1), 1–9. doi: 10.12932/AP-200220-0772

Qu, D., Liu, J., Lau, C. W., and Huang, Y. (2014). IL-6 in diabetes and cardiovascular
complications. Br. J. Pharmacol. 171 (15), 3595–3603. doi: 10.1111/bph.12713
August 2020 | Volume 11 | Article 1224

https://doi.org/10.1016/J.MICPATH.2019.103919
https://doi.org/10.1016/J.MICPATH.2019.103919
https://doi.org/10.1101/2020.03.22.002386
https://doi.org/10.1056/NEJMoa2007016
https://doi.org/10.1002/path.1570
https://doi.org/10.1016/S0014-5793(02)03640-2
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/J.CELL.2020.02.052
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)31042-4
https://doi.org/10.1128/JVI.00253-07
https://doi.org/10.1016/j.jiac.2020.04.007
https://doi.org/10.1093/RHEUMATOLOGY/KEI282
https://doi.org/10.1016/S2213-2600(20)30216-2
https://doi.org/10.1503/cmaj.200528
https://doi.org/10.1128/JVI.00094-12
https://doi.org/10.1016/j.eclinm.2020.100418
https://doi.org/10.1186/s13054-017-1823-x
https://doi.org/10.1002/stem.544
https://doi.org/10.1038/nm1267
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1101/2020.04.08.20054551
https://doi.org/10.1101/2020.04.08.20054551
https://doi.org/10.14336/AD.2020.0228
https://doi.org/10.1016/S0140-6736(20)30920-X
https://doi.org/10.1111/j.1537-2995.2010.02816.x
https://doi.org/10.1016/j.cmi.2020.04.026
https://doi.org/10.3389/fimmu.2018.02147
https://doi.org/10.1172/jci.insight.123158
https://doi.org/10.1016/j.cplett.2020.137489
https://doi.org/10.1016/j.cplett.2020.137489
https://doi.org/10.1101/2020.03.11.987016
https://doi.org/10.1016/j.ijid.2020.05.085
https://doi.org/10.1038/s41467-020-14867-z
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1093/eurheartj/ehaa311
https://doi.org/10.1002/14651858.CD013600.pub2
https://doi.org/10.12932/AP-200220-0772
https://doi.org/10.1111/bph.12713
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Iacob and Iacob SARS-CoV-2 Treatment Approaches
Qu, W., Wang, Z., Hare, J. M., Bu, G., Mallea, J. M., Pascual, J. M., et al. (2020).
Cell-based therapy to reduce mortality from COVID -19: Systematic review
and meta-analysis of human studies on acute respiratory distress syndrome.
Stem Cells Transl. Med. sctm.20-0146. doi: 10.1002/sctm.20-0146

Ranieri, V. M., Pettilä, V., Karvonen, M. K., Jalkanen, J., Nightingale, P., Brealey, D.,
et al. (2020). Effect of Intravenous Interferon b-1a on Death and Days Free From
Mechanical Ventilation Among Patients With Moderate to Severe Acute
RespiratoryDistress Syndrome. JAMA 323 (8), 725. doi: 10.1001/jama.2019.22525

Ray, W. A., Murray, K. T., Hall, K., Arbogast, P. G., and Stein, C. M. (2012).
Azithromycin and the Risk of Cardiovascular Death. N. Engl. J. Med. 366 (20),
1881. doi: 10.1056/NEJMoa1003833

Reynolds, H. R., Adhikari, S., Pulgarin, C., Troxel, A. B., Iturrate, E., Johnson, S. B.,
et al. (2020). Renin–Angiotensin–Aldosterone System Inhibitors and Risk of
Covid-19. N. Engl. J. Med. 382 (25), 2441–2448. doi: 10.1056/NEJMoa2008975

Richardson, P., Griffin, I., Tucker, C., Smith, D., Oechsle, O., Phelan, A., et al.
(2020). Baricitinib as potential treatment for 2019-nCoV acute respiratory
disease. Lancet (London England) 395 (10223), e30–e31. doi: 10.1016/S0140-
6736(20)30304-4

Rogers, T. F., Zhao, F., Huang, D., Beutler, N., Burns, A., He, W., et al. (2020).
Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from
disease in a small animal model. Science eabc7520. doi: 10.1126/
science.abc7520

Rygård, S. L., Holst, L. B., and Perner, A. (2018). Blood Product Administration in
the Critical Care and Perioperative Settings. Crit. Care Clin. 34 (2), 299–311.
doi: 10.1016/j.ccc.2017.12.005

Sallard, E., Lescure, F.-X., Yazdanpanah, Y., Mentre, F., and Peiffer-Smadja, N.
(2020). Type 1 interferons as a potential treatment against COVID-19.
Antiviral Res. 178, 104791. doi: 10.1016/j.antiviral.2020.104791

Savarino, A., Boelaert, J. R., Cassone, A., Majori, G., and Cauda, R. (2003). Effects
of chloroquine on viral infections: an old drug against today’s diseases? Lancet
Infect. Dis. 3 (11), 722–727. doi: 10.1016/S1473-3099(03)00806-5

Shamshirian, A., Hessami, A., Heydari, K., Alizadeh-Navaei, R., Ebrahimzadeh, M. A.,
YIP, G. W., et al. (2020). Hydroxychloroquine Versus COVID-19: A Periodic
Systematic Review and Meta-Analysis. medRxiv. 2020.04.14.20065276. doi:
10.1101/2020.04.14.20065276

Sheahan, T. P., Sims, A. C., Graham, R. L., Menachery, V. D., Gralinski, L., Case JB,
L. S., et al. (2017). Broad-spectrum Antiviral GS-5734 Inhibits Both Epidemic
and Zoonotic Coronaviruses. Sci. Transl. Med. 9 (396), 1–25. doi: 10.1126/
SCITRANSLMED.AAL3653

Shi, Y., Wang, Y., Li, Q., Liu, K., Hou, J., Shao, C., et al. (2018). Immunoregulatory
mechanisms of mesenchymal stem and stromal cells in inflammatory diseases.
Nat. Rev. Nephrol. 14 (8), 493–507. doi: 10.1038/s41581-018-0023-5

Shi, Y., Wang, Y., Shao, C., Huang, J., Gan, J., Huang, X., et al. (2020a). COVID-19
infection: the perspectives on immune responses. Cell Death Differ. 1–4. doi:
10.1038/s41418-020-0530-3

Shi, Y., Yu, X., Zhao, H., Wang, H., Zhao, R., and Sheng, J. (2020b). Host
susceptibility to severe COVID-19 and establishment of a host risk score:
findings of 487 cases outside Wuhan. Crit. Care 24 (1), 108. doi: 10.1186/
s13054-020-2833-7

Spaeth, E., Klopp, A., Dembinski, J., Andreeff, M., and Marini, F. (2008).
Inflammation and tumor microenvironments: defining the migratory
itinerary of mesenchymal stem cells. Gene Ther. 15 (10), 730–738. doi:
10.1038/gt.2008.39

Stebbing, J., Phelan, A., Griffin, I., Tucker, C., Oechsle, O., Smith, D., et al. (2020).
COVID-19: combining antiviral and anti-inflammatory treatments. Lancet
Infect. Dis. 20 (4), 400–402. doi: 10.1016/S1473-3099(20)30132-8

Sui, J., Li, W., Murakami, A., Tamin, A., Matthews, L. J., Wong, S. K., et al. (2004).
Potent neutralization of severe acute respiratory syndrome (SARS) coronavirus
by a human mAb to S1 protein that blocks receptor association. Proc. Natl.
Acad. Sci. 101 (8), 2536–2541. doi: 10.1073/pnas.0307140101

Sungnak, W., Huang, N., Bécavin, C., Berg, M., Lung, H., and Network, B. (2020).
SARS-CoV-2 Entry Genes Are Most Highly Expressed in Nasal Goblet and
Ciliated Cells within Human Airways. Nat. Med. 26, 681–687. doi: 10.1038/
s41591-020-0868-6

Tian, X., Li, C., Huang, A., Xia, S., Lu, S., Shi, Z., et al. (2020). Potent binding of
2019 novel coronavirus spike protein by a SARS coronavirus-specific human
monoclonal antibody. Emerg. Microbes. Infect. 9 (1), 382–385. doi: 10.1080/
22221751.2020.1729069
Frontiers in Pharmacology | www.frontiersin.org 14
To, K. K.-W., Tsang, O. T.-Y., Leung, W.-S., Tam, A. R., Wu, T.-C., Lung, D. C.,
et al. (2020). Temporal profiles of viral load in posterior oropharyngeal saliva
samples and serum antibody responses during infection by SARS-CoV-2: an
observational cohort study. Lancet Infect. Dis. 20 (5), 565–574. doi: 10.1016/
S1473-3099(20)30196-1

Tseng, C.-T., Sbrana, E., Iwata-Yoshikawa, N., Newman, P. C., Garron, T., Atmar,
R. L., et al. (2012). Immunization with SARS Coronavirus Vaccines Leads to
Pulmonary Immunopathology on Challenge with the SARS Virus. PloS One 7
(4). doi: 10.1371/JOURNAL.PONE.0035421

Tu, Y.-F., Chien, C.-S., Yarmishyn, A. A., Lin, Y.-Y., Luo, Y.-H., Lin, Y.-T., et al.
(2020). A Review of SARS-CoV-2 and the Ongoing Clinical Trials. Int. J. Mol.
Sci. 21 (7), 2657. doi: 10.3390/ijms21072657

Vincent, M. J., Bergeron, E., Benjannet, S., Erickson, B. R., Rollin, P. E., Ksiazek,
T. G., et al. (2005). Chloroquine is a potent inhibitor of SARS coronavirus
infection and spread. Virol. J. 2 (1), 69. doi: 10.1186/1743-422X-2-69

Voss, A. (2020). Statement on IJAA paper | International Society of Antimicrobial
Chemotherapy (International Society of Antimicrobial Chemotherapy (ISAC)).
Available from: https://www.isac.world/news-and-publications/official-isac-
statement

Wan, Y., Shang, J., Graham, R., Baric, R. S., and Li, F. (2020). Receptor Recognition
by the Novel Coronavirus from Wuhan: an Analysis Based on Decade-Long
Structural Studies of SARS Coronavirus. J. Virol. 94 (7), e00127-20. doi:
10.1128/JVI.00127-20

Wang, K., Chen, W., Zhou, Y.-S., Lian, J.-Q., Zhang, Z., Du, P., et al. (2020). SARS-
CoV-2 invades host cells via a novel route: CD147-spike protein. doi: 10.1101/
2020.03.14.988345

Wang, C., Li,W.,Drabek,D.,Okba,N.M.A., vanHaperen, R., Osterhaus, A.D.M. E.,
et al. (2020).Ahumanmonoclonal antibodyblocking SARS-CoV-2 infection.Nat.
Commun. 11 (1), 2251. doi: 10.1038/s41467-020-16256-y

Wang, M., Cao, R., Zhang, L., Yang, X., Liu, J., Xu, M., et al. (2020). Remdesivir and
chloroquine effectively inhibit the recently emerged novel coronavirus (2019-
nCoV) in vitro. Cell Res. 30 (3), 269–271. doi: 10.1038/s41422-020-0282-0

Wang, Y., Zhang, D., Du, G., Du, R., Zhao, J., Jin, Y., et al. (2020). Remdesivir in
adults with severe COVID-19: a randomised, double-blind, placebo-controlled,
multicentre trial. Lancet 04.08.20054551. doi: 10.1016/S0140-6736(20)31022-9

Wu, C., Liu, Y., Yang, Y., Zhang, P., Zhong, W., Wang, Y., et al. (2020a). Analysis of
therapeutic targets for SARS-CoV-2 and discovery of potential drugs by
computational methods. Acta Pharm. Sin. B. 10 (5), 766–788. doi: 10.1016/
j.apsb.2020.02.008

Wu, C., Chen, X., Cai, Y., Xia, J., Zhou, X., Xu, S., et al. (2020b). Risk Factors
Associated With Acute Respiratory Distress Syndrome and Death in Patients
With Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA Intern.
Med. 180 (7), 934. doi: 10.1001/jamainternmed.2020.0994

Wu, F.,Wang,A., Liu,M.,Wang,Q., Chen, J., Xia, S., et al. (2020).Neutralizing antibody
responses to SARS-CoV-2 in a COVID-19 recovered patient cohort and their
implications.medRxiv 2020.03.30.20047365. doi: 10.1101/2020.03.30.20047365

Xu, X., Han, M., Li, T., Sun, W., Wang, D., Fu, B., et al. (2020). Effective treatment
of severe COVID-19 patients with tocilizumab. Proc. Natl. Acad. Sci. 117 (20),
10970–10975. doi: 10.1073/PNAS.2005615117

Yamamoto, M., Matsuyama, S., Li, X., Takeda, M., Kawaguchi, Y., Inoue, J.-I., et al.
(2016). Identification of Nafamostat as a Potent Inhibitor of Middle East
Respiratory Syndrome Coronavirus S Protein-Mediated Membrane Fusion
Using the Split-Protein-Based Cell-Cell Fusion Assay. Antimicrob. Agents
Chemother. 60 (11), 6532–6539. doi: 10.1128/AAC.01043-16

Yang, N., and Shen, H.-M. (2020). Targeting the Endocytic Pathway and
Autophagy Process as a Novel Therapeutic Strategy in COVID-19. Int. J.
Biol. Sci. 16 (10), 1724–1731. doi: 10.7150/ijbs.45498

Yang, J.-K., Lin, S.-S., Ji, X.-J., and Guo, L.-M. (2010). Binding of SARS
coronavirus to its receptor damages islets and causes acute diabetes. Acta
Diabetol. 47 (3), 193–199. doi: 10.1007/s00592-009-0109-4

Yao, X., Ye, F., Zhang, M., Cui, C., Huang, B., Niu, P., et al. (2020). In Vitro
Antiviral Activity and Projection of Optimized Dosing Design of
Hydroxychloroquine for the Treatment of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. 71 (15), 732–739.
doi: 10.1093/cid/ciaa237

Yeleswaram, S., Smith, P., Burn, T., Covington, M., Juvekar, A., Li, Y., et al. (2020).
Inhibition of cytokine signaling by ruxolitinib and implications for COVID-19
treatment. Clin. Immunol. 218, 108517. doi: 10.1016/j.clim.2020.108517
August 2020 | Volume 11 | Article 1224

https://doi.org/10.1002/sctm.20-0146
https://doi.org/10.1001/jama.2019.22525
https://doi.org/10.1056/NEJMoa1003833
https://doi.org/10.1056/NEJMoa2008975
https://doi.org/10.1016/S0140-6736(20)30304-4
https://doi.org/10.1016/S0140-6736(20)30304-4
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1126/science.abc7520
https://doi.org/10.1016/j.ccc.2017.12.005
https://doi.org/10.1016/j.antiviral.2020.104791
https://doi.org/10.1016/S1473-3099(03)00806-5
https://doi.org/10.1101/2020.04.14.20065276
https://doi.org/10.1126/SCITRANSLMED.AAL3653
https://doi.org/10.1126/SCITRANSLMED.AAL3653
https://doi.org/10.1038/s41581-018-0023-5
https://doi.org/10.1038/s41418-020-0530-3
https://doi.org/10.1186/s13054-020-2833-7
https://doi.org/10.1186/s13054-020-2833-7
https://doi.org/10.1038/gt.2008.39
https://doi.org/10.1016/S1473-3099(20)30132-8
https://doi.org/10.1073/pnas.0307140101
https://doi.org/10.1038/s41591-020-0868-6
https://doi.org/10.1038/s41591-020-0868-6
https://doi.org/10.1080/22221751.2020.1729069
https://doi.org/10.1080/22221751.2020.1729069
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1371/JOURNAL.PONE.0035421
https://doi.org/10.3390/ijms21072657
https://doi.org/10.1186/1743-422X-2-69
https://www.isac.world/news-and-publications/official-isac-statement
https://www.isac.world/news-and-publications/official-isac-statement
https://doi.org/10.1128/JVI.00127-20
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1101/2020.03.14.988345
https://doi.org/10.1038/s41467-020-16256-y
https://doi.org/10.1038/s41422-020-0282-0
https://doi.org/10.1016/S0140-6736(20)31022-9
https://doi.org/10.1016/j.apsb.2020.02.008
https://doi.org/10.1016/j.apsb.2020.02.008
https://doi.org/10.1001/jamainternmed.2020.0994
https://doi.org/10.1101/2020.03.30.20047365
https://doi.org/10.1073/PNAS.2005615117
https://doi.org/10.1128/AAC.01043-16
https://doi.org/10.7150/ijbs.45498
https://doi.org/10.1007/s00592-009-0109-4
https://doi.org/10.1093/cid/ciaa237
https://doi.org/10.1016/j.clim.2020.108517
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Iacob and Iacob SARS-CoV-2 Treatment Approaches
Youyao, X. U., and Yizhen Chen, X. T. (2020). Guidelines for the diagnosis and
treatment of coronavirus disease 2019 (COVID-19) in China. Glob. Heal. Med.
2 (2), 66–72. doi: 10.35772/ghm.2020.01015

Yuan, M., Wu, N. C., Zhu, X., Lee, C.-C. D., So, R. T. Y., Lv, H., et al. (2020). A
highly conserved cryptic epitope in the receptor binding domains of SARS-
CoV-2 and SARS-CoV. Science 368 (6491), 630–633. doi: 10.1126/
science.abb7269

Zhan, Y., Lew, A. M., and Chopin, M. (2019). The Pleiotropic Effects of the GM-
CSF Rheostat on Myeloid Cell Differentiation and Function: More Than a
Numbers Game. Front. Immunol. 10, 2679. doi: 10.3389/fimmu.2019.02679

Zhang, H., Penninger, J. M., Li, Y., Zhong, N., and Slutsky, A. S. (2020).
Angiotensin-converting enzyme 2 (ACE2) as a SARS-CoV-2 receptor:
molecular mechanisms and potential therapeutic target. Intensive Care Med.
46 (4), 586–590. doi: 10.1007/s00134-020-05985-9

Zhou, G., and Zhao, Q. (2020). Perspectives on therapeutic neutralizing antibodies
against the Novel Coronavirus SARS-CoV-2. Int. J. Biol. Sci. 16 (10), 1718. doi:
10.7150/ijbs.45123

Zhou, P., Yang, X.-L., Wang, X.-G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579 (7798), 270–273. doi: 10.1038/s41586-020-2012-7
Frontiers in Pharmacology | www.frontiersin.org 15
Zhou, Y., Fu, B., Zheng, X., Wang, D., Zhao, C., qi, Y., et al. (2020). Aberrant
pathogenic GM-CSF+ T cells and inflammatory CD14+CD16+ monocytes in
severe pulmonary syndrome patients of a new coronavirus. bioRxiv.
2020.02.12.945576. doi: 10.1101/2020.02.12.945576

Ziegler, C. G. K., Allon, S. J., Nyquist, S. K., Mbano, I., Miao, V. N., Cao, Y.,
et al. (2020). SARS-CoV-2 Receptor ACE2 is an Interferon-Stimulated
Gene in Human Airway Epithelial Cells and Is Enriched in Specific Cell
Subsets Across Tissues. Cell 181 (5), 1016–1035.e19. doi: 10.2139/
ssrn.3555145

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Iacob and Iacob. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
August 2020 | Volume 11 | Article 1224

https://doi.org/10.35772/ghm.2020.01015
https://doi.org/10.1126/science.abb7269
https://doi.org/10.1126/science.abb7269
https://doi.org/10.3389/fimmu.2019.02679
https://doi.org/10.1007/s00134-020-05985-9
https://doi.org/10.7150/ijbs.45123
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1101/2020.02.12.945576
https://doi.org/10.2139/ssrn.3555145
https://doi.org/10.2139/ssrn.3555145
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	SARS-CoV-2 Treatment Approaches: Numerous Options, No Certainty for a Versatile Virus
	Introduction 
	SARS-COV-2 Life Cycle
	SARS-CoV-2 Entry Steps and Therapeutic Targets
	Receptor Recognition as a Therapeutic Target
	Endocytosis and TMPRSS2 as a Therapeutic Target

	SARS-CoV-2 Post Entry Steps and Therapeutic Targets
	Host Immune Response to SARS-CoV-2 Infection and Therapeutic Targets

	SARS-COV-2 Experimental Drugs
	Drugs Targeting Viral Entry Steps
	Receptor Neutralization
	Endocytosis Inhibition
	Hydroxychloroquine, a Controversial Drug
	Other Pharmacologic Molecules


	Drugs Targeting Post-Entry Steps
	Therapies Which Target Host Antiviral Defence
	Interferons
	Monoclonal Antibodies
	Anti-Inflammatory Drugs
	Cell Therapy
	Convalescent Plasma


	Vaccines
	Conclusion
	Author Contributions 
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


