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Abstract: The novel SARS-CoV-2 virus has quickly spread worldwide, bringing the whole world
as well as the economy to a standstill. As the world is struggling to minimize the transmission
of this devastating disease, several strategies are being actively deployed to develop therapeutic
interventions. Pharmaceutical companies and academic researchers are relentlessly working to
investigate experimental, repurposed or FDA-approved drugs on a compassionate basis and novel
biologics for SARS-CoV-2 prophylaxis and treatment. Presently, a tremendous surge of COVID-19
clinical trials are advancing through different stages. Among currently registered clinical efforts,
~86% are centered on testing small molecules or antibodies either alone or in combination with
immunomodulators. The rest ~14% of clinical efforts are aimed at evaluating vaccines and convalescent
plasma-based therapies to mitigate the disease's symptoms. This review provides a comprehensive
overview of current therapeutic modalities being evaluated against SARS-CoV-2 virus in clinical trials.
Keywords: SARS-CoV-2; coronavirus; COVID-19; remdesivir; antiviral; vaccine

1. Introduction
Coronavirus disease 2019 or COVID-19 caused by a novel human coronavirus 2019
(HCoV-19/2019-nCoV/SARS-CoV-2), was officially declared a global pandemic by the World Health
Organization (WHO) on 11 March 2020. The initial COVID-19 containing cases were first reported in the
South China seafood market in Wuhan (Hubei Province, China) in December 2019 [1]. Several studies
established that COVID-19 is highly contagious and rapidly transmits (a basic reproduction number
(R0) of ~1.5–5.2) via respiratory droplets [2–4]. Further investigation also revealed that SARS-CoV-2
remains viable and virulent in aerosol form for hours and on surfaces for days [5]. The disease has
spread rapidly across the globe, bringing the entire world economy to a standstill. The total number
of cases of COVID-19 has exceeded ~10 million globally, causing more than ~500,000 deaths as of
early July, 2020 [6]. SARS-CoV-2 was first identified in the bronchoalveolar fluid lavage samples from
patients in Wuhan Jinyintan hospital on December 30, 2019 [7]. The virus sequencing results from the
lavage samples and phylogenetic analyses showed an 86.9% conservation with bat SARS-like CoV
(bat-SL-COVZC45, MG772933.1) and confirmed it as a novel zoonotic strain of coronavirus.
SARS-CoV-2, a β-coronavirus, belongs to one of the four genera of the Coronavirinae subfamily,
namely the alpha, beta, delta, and gamma coronaviruses. Among these genera, only alpha and beta
coronaviruses are known to infect mammals. There are six coronavirus species; SARS-CoV, Middle
East Respiratory Syndrome (MERS) CoV, NL63, OC43, 229E, and HKU1 known to infect humans.
SARS-CoV, and MERS-CoV are highly pathogenic viruses which have led to two global pandemics; the
remaining four species only cause mild respiratory symptoms [8]. Further investigations showed that
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SARS-CoV-2 probably originated in bats and had 96.2% nucleotide sequence overlap with RatG13 [9],
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cholangiocytes [12], kidney proximal tubules [13] and pneumocytes [14,15]. It has been established in
multiple studies that SARS-CoV-2 utilizes the ACE2-based pathway to intrude the host cells [7,16–18].
Interestingly the spike protein of SARS-CoV-2 shows less than 75% sequence identity with SARS-CoV.
The spike protein (S) has two sub-units: S1 and S2. S1 is the top bulb region that interacts with the
ACE2 receptor and S2 is the base stalk that assists in the fusion of the viral envelope with the host
cell prior to release of the nucleocapsid [19]. The interaction mentioned above between the spike
protein and the host receptor is responsible for cross-species and human-to-human transmission.
The activation of spike protein on interaction with ACE2 is mediated by host proteases, cathepsin
B/L and a transmembrane protease serine type 2 (TMPRSS2), which cleaves the spike protein into
S1 and S2 subunits. The receptor-binding motif (RBM) in the receptor-binding domain (RBD) of the
S1 subunit interacts with the ACE2 receptor to induce a conformational change in S2 subunit from a
pre-fusion to a post-fusion state, allowing the fusion peptide to insert into the host cell membrane [20].
A recent study revealed that SARS-CoV-2 contains a polybasic (furin) cleavage site between S1 and
S2 subunits, which is different from SARS-CoV and might contribute towards its tropism and high
pathogenicity [17]. In the host cell, ORF1a and ORF1b undergo translation using host machinery to
generate polyprotein (pp) 1a and 1ab [19]. Next, pp1a and pp1ab undergo auto-proteolytic cleavage,
resulting in 15–16 non-structural proteins with specific functions. The viral enzyme, RNA dependent
RNA polymerase (RdRp) mediates the synthesis of negative sense viral genome that acts as template
for the production of new viral RNAs. Further, genes encoding the structural proteins undergo
translation in the endoplasmic reticulum (ER). All the viral structural components (S, M, N, and E
proteins), including the positive-sense RNA, are assembled as virion particles in ER-Golgi complexes
and released from cells by exocytosis [21].
2. Clinical Approaches
To date, no FDA-approved drug or vaccine is available to combat the COVID-19. However,
comprehensive research studies are in process globally to find treatments for asymptomatic and
symptomatic cases of COVID-19. Strides have been made to determine the SARS-CoV-2 origin, genome
sequence, similarities with existing SARS-CoV viruses, and structural features of the spike protein,
in hopes of identifying novel targets followed by effective new therapeutic interventions on time
to reduce transmission as well as mortality associated with COVID-19. Given the knowledge and
outcomes from previous pandemics: SARS in 2002–2004, MERS in 2012, and Ebola in 2014–2016, in
combination with scientific advancements and interdisciplinary research efforts, tremendous progress
has been made in evaluating multiple strategies to treat SARS-CoV-2 viral infection. Hence to find the
most effective SARS-CoV-2 therapy, drugs are under development to target various phases of viral
life cycle; adhesion and viral entry to host cell, endocytosis, replication, viral protease, inhibition of
cytokine storm and to reduce the freely circulating viral payload [22].
Approximately 1265 clinical trials related to COVID-19 are registered [23], including diagnostic
tests, devices, and treatment strategies against SARS-CoV-2 (Figure 2A). Some 447 clinical trials
are ongoing to evaluate novel therapeutic modalities, repurposed antivirals (lopinavir/ritonavir/
ribavirin), antimalarial (hydroxychloroquine), and anti-inflammatory drugs for treating SARS-CoV-2
infection. Also, 143 biologicals are at different stages of clinical trials, including seven vaccine
candidates (Figure 2B). This review is centered on providing an inclusive update on the aforementioned
therapeutic interventions for treating COVID-19.
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Figure 2. Clinical trials for COVID-19 treatment. (A) Distribution of COVID-19 clinical trials. Twelve
hundred and sixty-five clinical trials are registered for COVID-19, which can be classified into
hundred and sixty-five clinical trials are registered for COVID-19, which can be classified into drugs,
drugs, biologicals, diagnostic tests, devices (respiratory, oxygen therapy, etc), and others (procedures,
biologicals, diagnostic tests, devices (respiratory, oxygen therapy, etc), and others (procedures,
dietary supplements, etc). Four hundred and forty-seven drug candidates including repurposed
dietary supplements, etc). Four hundred and forty-seven drug candidates including repurposed and
and investigational are currently being tested at different stages of clinical trials for COVID-19
investigational are currently being tested at different stages of clinical trials for COVID-19 treatment.
treatment. Furthermore, the efficacy of one hundred and forty-three biologicals including vaccines,
Furthermore, the efficacy of one hundred and forty-three biologicals including vaccines, convalescent
convalescent plasma therapy, monoclonal antibodies, and stem cells is also being tested for COVID-19.
plasma therapy, monoclonal antibodies, and stem cells is also being tested for COVID-19. (B)
(B) Graphical representation of major therapies against COVID-19 based on number of clinical trials.
Graphical representation of major therapies against COVID-19 based on number of clinical trials.
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2.1. Repurposed Drugs
Approximately 1265 clinical trials related to COVID-19 are registered [23], including diagnostic
Drug repurposing (or re-tasking, reprofiling, or repositioning) is an approach to identify new
tests, devices, and treatment strategies against SARS-CoV-2 (Figure 2A). Some 447 clinical trials are
therapeutic uses of approved drugs [24]. The development of new antiviral drugs against SARS-CoV-2
ongoing to evaluate novel therapeutic modalities, repurposed antivirals (lopinavir/ritonavir/
and their utility in the clinic will require years of extensive research in addition to lengthy administrative
ribavirin), antimalarial (hydroxychloroquine), and anti-inflammatory drugs for treating SARS-CoV2 infection. Also, 143 biologicals are at different stages of clinical trials, including seven vaccine
candidates (Figure 2B). This review is centered on providing an inclusive update on the
aforementioned therapeutic interventions for treating COVID-19.
2.1. Repurposed Drugs
Drug repurposing (or re-tasking, reprofiling, or repositioning) is an approach to identify new
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approval processes. Due to the high transmission rate and mortality associated with SARS-CoV-2
infection, the hunt for an approved drug that can be repurposed to target SARS-CoV-2 is ongoing.
To screen potential candidates for repurposing, Gordon et al. utilized affinity mass spectroscopy
to identify multiple SARS-CoV-2 as well as human protein-protein interaction (PPI) targets involved in
various stages of viral replication and pathogenesis [25]. Based on chemoinformatic analyses, 66 human
target proteins have been identified from SARS-CoV-2-human interactome. These proteins can act as a
promising molecular target using the repurposed drugs-based strategy at different stages of clinical or
pre-clinical development of SARS-CoV-2 treatment.
The majority of repurposed drugs, as discussed below and summarized in Table 1, are in clinical
trials to find effective treatment against COVID-19. If successful, repurposed medicines will save
significant time and resources while making the drugs accessible to the SARS-CoV-2 infected patients
across the globe.
Table 1. Description of repurposed drugs currently in clinical trials for COVID-19.
Drug(s)

Antiviral Activity

Lopinavir/ritonavir

Coronavirus protease (CLpro) inhibitor
i. Acidification of endosomes/lysosomes
ii. Impair glycosylation of angiotensin
converting enzyme 2 (ACE2)
i. Endosome acidification
ii. Immunomodulatory
i. Interference with virus trafficking
ii. Blocks trimerization of spike
(S) glycoprotein
Serine protease (TMPRSS2) inhibitor
Serine protease (TMPRSS2) inhibitor
Inhibition of cytokine production
Inhibition of viral RNA synthesis
RNA-dependent RNA polymerase
(RdRp) inhibitor
Neuraminidase inhibitor
HIV protease inhibitor/ CYP3A inhibitor
Selective inhibitor nuclear export (SINE)
Inhibition of nuclear importin
(IMPα/β) transporter
Prevent respiratory tract infection
i. RdRp inhibitor
ii. Immunomodulatory

Chloroquine/
hydroxy-chloroquine
Azithromycin
Arbidol
Camostat mesylate
Nafamostat mesylate
Nitazoxanide
Clevudine
Favipiravir
Oseltamivir
Darunavir/cobicistat
Selinexor
Ivermectin
Carrimycin
Ribavirin
Immunomodulators
Baricitinib
Ruxolitinib
Fingolimod
Aviptadil
Thalidomide
Tocilizumab
Bevacizumab
Eculizumab
Interferons

Janus kinase (JAK1 and JAK2) inhibitor
Janus kinase inhibitor
Anti-inflammatory
(sphingosine-1-phosphate receptor subtype
1 modulatory)
i. Broncho- and vasodilation
ii. Anti-inflammatory
Anti-inflammatory
IL-6 antagonist
Vascular endothelial growth factor
(VEGF) inhibitor
Complement protein C5 inhibitor
Immune activation against virus

Number of Clinical
Trials

Reference

18

[26,27]

117

[28–30]

34

[31]
[32]

3

[33]
[34]

3
2
5
1

[35]
[36]
[37]
[38,39]

7

[40]

4
1
2

[41]
[42]
[43]

12

[44]

1

[45]

2

[46,47]

6
8

[48]
[49]

1

[50]

2

[51]

2
18

[52]
[53]

2

[54]

3
18

[55]
[56,57]

2.1.1. Lopinavir/Ritonavir
The combination of anti-retroviral drugs, lopinavir and ritonavir (LPVr), is approved by the FDA
(Kaletra®) for human immunodeficiency virus (HIV)-1 treatment in adults and pediatric patients
since 2000 [26]. Lopinavir and ritonavir are potent inhibitors of HIV-1 protease (Figure 3). Ritonavir
is a cytochrome P450 inhibitor that increases the bioavailability of lopinavir when administered in
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combination. The coronavirus protease (CLpro) cleaves the polyproteins into non-structural proteins
essential for viral replication, hence makes it an attractive target for antiviral therapy [58]. Lopinavir
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using LPVr in comparison to the standard care. Presumably, the results from on-going clinical trials
(18) centered on dose optimization and treatment duration will provide more insights into the clinical
efficacy of LPVr against SARS-CoV-2.
2.1.2. Chloroquine/Hydroxychloroquine
Chloroquine (CQ), an antimalarial and amoebicidal drug, was first approved by the FDA in
1949 [67]. A derivative of CQ; hydroxychloroquine (HCQ) shows a superior safety profile and is
approved for treatment of rheumatoid arthritis, malaria and systemic lupus erythematosus [68].
Mechanistically, CQ and HCQ acts by inhibiting the heme polymerase enzyme in trophozoites resulting
in accumulation of toxic heme that causes parasite death [69]. As a repurposed drug, the antiviral
activities of CQ have been reported against multiple coronavirus strains, including HCoV-229E [70],
SARS-CoV [71], and MERS-CoV [62] in vitro. A study in pregnant mice infected with HCoV-O43 and
treated with CQ (5 mg/kg), reported 88% survival rate for newborn mice in comparison to 20% survival
rate of untreated mice six days post infection [72]. Similarly, a recent study confirmed the EC50 of 1.13
µM and EC90 of 6.9 µM for CQ against SARS-CoV-2 in vitro [73]. The antiviral activity of CQ and HCQ
was compared in vitro and CQ was found to be more effective at a low dose (EC50 = 2.71 µM) than
HCQ (EC50 = 4.51 µM) [74]. The antiviral activity of CQ is due to acidification of endosomes/lysosomes
that interferes with fusion, replication, and release of the SARS-CoV virus from the host cells [75,76].
Besides, CQ is known to impair the glycosylation of ACE2 enzyme, which further prevents the entry
of virus in the host cells [71]. Based on these promising studies, the efficacy of HCQ and CQ is
being evaluated in 117 clinical trials for COVID-19. The preliminary results from a clinical trial in
100 patients indicated the optimal efficacy of CQ in comparison to the control group [77]. Similarly,
HCQ was reported to be partially effective in a clinical trial conducted in 62 patients, where 80.6% of
patients showed improvement in pneumonia [78]. On March 28, 2020, the FDA granted emergency use
authorization (EUA) to hydroxychloroquine sulfate and chloroquine phosphate to treat hospitalized
patients of COVID-19. A later clinical trial with 368 COVID-19 patients in US veterans’ hospitals
concluded that use of HCQ either with or without azithromycin did not reduce the risk of mechanical
ventilation, but rather increased overall mortality [79].
However, recent results from a clinical trial (NCT04323527) that evaluated clinical safety of CQ at
a lower (total 2.7 g CQ in 10 days) and a higher dose (total 12 g CQ in 10 days) in COVID-19 patients
noticed QT-interval prolongation (a heart rhythm abnormality) and high mortality rate (39%) in the
higher dose arm of the trial [80]. Recently, multiple observational studies reported QT prolongation
on use of HCQ or CQ in COVID-19 patients, and combination with azithromycin increased the
risk of sudden cardiac death and severe QT prolongation [81,82]. Recently, three large scale clinical
trials evaluating the efficacy of HCQ for COVID-19, including RECOVERY, SOLIDARITY-WHO, or
ORCHID-NIH were suspended due to lack of efficacy in preliminary results [28]. Hence, based on the
new evidence, FDA revoked the EUA on June 15, 2020 as results from multiple studies failed to prove
the potential efficacy of HCQ for treatment of COVID-19. Further results from another clinical trial
(NCT04322123) conducted in 667 patients reported that HCQ with or without azithromycin did not
improve the clinical status of COVID-19 patients after 15 days in comparison to standard care and
resulted in prolongation of QT interval [29]. Additional concerns have been raised regarding bias in
the reported studies and papers have been retracted from prestigious journals [30]. Hence, complete
results from on-going clinical trials are essential to establish the clinical efficacy and toxic effects of
HCQ in COVID-19 patients.
2.1.3. Azithromycin
Azithromycin is a broad-spectrum antibiotic and is used for the treatment of myriads of bacterial
infections like sinusitis, pneumonia, pharyngitis, urethritis, and cervicitis. Azithromycin binds with
the 50S ribosomal subunit of 23S rRNA and results in the inhibition of bacterial protein synthesis [83].
Interestingly, azithromycin shows antiviral effect against Zika, Rhinovirus, Ebola, and H1N1 influenza
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viruses in vitro [84]. In line with this, azithromycin demonstrated an EC50 of 2.12 µM against
SARS-CoV-2 in vitro [85]. The synergistic effect of azithromycin (10 µM) was assessed in combination
with HCQ (2 µM) in vero E6 cells to inhibit SARS-CoV-2 replication [31]. Although a precise antiviral
mechanism of azithromycin still needs to be explored, it is plausible that the accumulation results
in endosome acidification that further blocks the viral genome's release. In addition, azithromycin
induces anti-inflammatory response by inhibition of STAT1 and NF-κB pathways [32] and protects
against Zika virus infection via interferon upregulation [86].
Azithromycin was also used as an adjuvant therapy in combination with HCQ in a non-randomized
clinical trial to prevent secondary bacterial infections in COVID-19 patients [87]. Also, the safety and
efficacy of azithromycin, combined with HCQ are being evaluated in 34 clinical trials. Preliminary
results have raised concerns regarding the use of azithromycin in combination with HCQ due to severe
QT prolongation and ventricular arrhythmia noted during clinical trial studies [81,82,88].
2.1.4. Arbidol
Arbidol (ARB), also known as umifenovir, is a broad-spectrum antiviral drug [89]. ARB is an
indole derivative and is commercially available in Russia and China for the treatment of influenza
and respiratory viral infections [90]. ARB is effective against a range of viruses: Ebola, poliovirus
type 3, herpes, and Tacaribe virus both in vitro [91] and in vivo [90] at micromolar concentrations.
A recent study reported an EC50 of 4.11 µM for ARB against SARS-CoV-2, which can be achieved in
serum at a clinically approved dose (200 mg, three times a day) [92]. ARB acts directly on the virus
and also inhibits the viral replication indirectly via host; hence the dual mechanism contributes to
its broad-spectrum antiviral activity. Multiple mechanisms have been proposed for ARB, including
interaction with aromatic residues in the viral glycoprotein to prevent fusion with the host cell [93],
interference with viral intracellular trafficking [94], and stabilization of influenza virus hemagglutinin
(HA) to inhibit confirmation change necessary for virus-host fusion [95]. In a recent simulation study,
ARB was reported to block the trimerization of the spike glycoprotein (S) of SARS-CoV-2, required for
fusion with host ACE2 receptor and leads to the less virulent form of SARS-CoV-2 [33].
Currently, three clinical trials centered on ARB treatment for COVID-19 are ongoing. In a
randomized controlled study, ARB monotherapy (n = 35) showed slight activity as compared to the
standard supportive care (n = 17) in COVID-19 patients [27]. On the contrary, a retrospective cohort
study demonstrated the improvement in viral clearance in ARB treated group (n = 49) [96]. Another
study determined that the combination of LPVr and ARB could be beneficial in the early stages of the
infection as compared to monotherapies [97]. The safety and efficacy of ARB were also compared
against LPVr in COVID-19 patients, where ARB treated group (n = 16) showed no viral loads after
14 days of treatment, however, 44.1% of patients in LPVr group (n = 32) tested positive [34]. Although
the results are promising for combination and monotherapy, caution needs to be exercised for its broad
clinical application as design and sample size of the studies are not robust. This highlights the need for
large-scale randomized clinical trials.
2.1.5. Serine Protease Inhibitors
Camostat mesylate (Foipan®), a serine protease inhibitor, has been approved in Japan for treating
chronic pancreatitis and esophagitis since January 2006 [98]. Multiple promising studies establish that
both cysteine protease cathepsin B and L (CatB/L) as well as TMPRSS2 are essential for the priming
of S protein of SARS-CoV-2, Ebola, and MERS-CoV viruses in order to facilitate the fusion with host
cells [99–101]. Recently, camostat mesylate was tested successfully to inhibit TMPRSS2 protease in vitro
and blocks the entry of SARS-CoV-2 into the cells [99]. However, novel SARS-CoV-2 also utilizes
CatB/L proteases for S priming, similar to SARS-CoV, and complete blockade of virus uptake is not
attained with camostat mesylate. TMPRSS2 is an attractive target for therapeutic intervention against
SARS-CoV-2 transmission and inhibition of TMPRSS2 did not impact the survival or development in
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a knockout mouse model [35]. The efficacy of camostat mesylate is being evaluated in three clinical
trials for COVID-19 treatment.
Nafamostat mesylate is another serine protease inhibitor approved in Japan for treating pancreatitis
since 1986 [102]. It acts as an anticoagulant [103] and has been shown to improve the disseminated
intravascular coagulation associated with hematological disorders [104]. Another study examined
that nafamostat mesylate moderately inhibited the membrane fusion of MERS-CoV in a dual spilt
protein (DSP) based cell-cell fusion assay at a 10-time lower concentration than camostat mesylate [36].
Nafamostat mesylate is hypothesized to inhibit the TMPRSS2 protease. Hence, two clinical trials
(phase 2/3) are underway to evaluate its safety and efficacy for COVID-19 treatment.
In addition to small molecules, protein-based serine protease inhibitors have also been reported to
be effective against viral infections. Serpins, including serp-1 and serp-2 are derived from myxomavirus
and exhibit immunomodulatory effects [105]. Serp-1 also improved the survival of mice infected with
an unrelated virus-like mouse-adapted Zaire ebolavirus and murine γ-herpes virus 68 [106]. Recently,
SERPINA1 (α1-antitrypsin or α1-AT) was identified to prevent the SARS-CoV-2 infection in vitro
by specifically inhibiting the serine protease TMPRSS2 essential for the entry of virus [107]. α1-AT
showed an IC50 of ~2mg/mL and comparable efficacy with camostat mesylate without any cytotoxic
effects [108]. Hence α1-AT, an FDA approved drug, can be repurposed as a potential therapeutic
intervention for COVID-19 treatment.
2.1.6. Low Dose Heparins
Heparins are the most widely used anticoagulants that are clinically approved for prevention
of pulmonary embolism, venous thrombosis as well as treatment of disseminated intravascular
coagulopathies (DIC) [109]. Recently, a retrospective study reported a significant increase in D-dimer,
fibrin degradation products, and features of DIC in 71.4% COVID-19 non-survivors [110]. Hence,
alteration in the hematopoietic system is directly correlated with the severity of COVID-19 infection [111].
Further, the use of a low molecular weight heparin reduced mortality and improved the D-dimer levels
in COVID-19 patients after 28 days [112]. In addition to its anticoagulant effect, heparin has pleiotropic
effects including anti-inflammatory, anti-angiogenesis, antiviral, and anti-tumor [113]. Heparin is
negatively charged glycosaminoglycan that insulates the cytokines to prevent their interaction with
receptors and thus curtail the inflammatory response. Similarly, due to the polyanionic nature, heparin
interacts with several positively charged proteins and prevents the entry of herpes simplex virus by
competing for the cell surface glycoproteins [114]. Heparin (100 µg/mL) was also noted to inhibit
the SARS-CoV infection by 50% in vero cells [115]. Recently, a computational study confirmed the
interaction of heparin with basic amino acid patches on the surface of RBD on S1 subunit on spike protein
of SARS-CoV-2, indicating the possibility of repurposing heparin for treatment of COVID-19 [116].
2.1.7. Other Drugs
Nitazoxanide (Alinia®) is an FDA approved anti-protozoal drug. Both, nitazoxanide and its active
metabolite tiazoxanide, possess broad-spectrum antiviral properties [117]. Nitazoxanide was found to
be efficacious against Ebola in vitro [118] and influenza virus in a phase 2/3 clinical trial [119]. It also
showed activity against MERS, SARS-CoV and other strains of HCoVs in vitro [37]. Its broad-spectrum
activity is due to the interference with host immune response by inhibition of cytokine production [120].
Currently, it is being evaluated in five clinical trials for COVID-19 treatment.
Clevudine is a pyrimidine analog that exhibits antiviral efficacy by inhibiting the synthesis of
the viral genome and has been approved for the treatment of a hepatitis B virus (HBV) in South
Korea [38,39]. Currently, the safety and efficacy of clevudine are being examined in a phase 2 clinical
trial. Favipiravir (T-705), a purine analog, is an inhibitor of RdRp approved in Japan for the treatment
of influenza since 2014 [40]. T-705 showed potency against the Ebola virus in an in vivo model [121] as
well as RNA viruses like rhinovirus or poliovirus [122]. Recent results from a clinical trial reported no
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significant improvement in T-705 treated group as compared to arbidol in COVID-19 patients [123].
To date, the safety and efficacy of T-705 are being evaluated in seven clinical trials against COVID-19.
Oseltamivir is a nucleoside analog and neuraminidase inhibitor that has been approved by the
FDA for prophylaxis and treatment of influenza since 1999 [41,64]. Oseltamivir is also in clinical
trials for COVID-19 treatment. So far, it did not show efficacy against SARS-CoV-2 in in vitro studies.
Additionally, Oseltamivir was tested on few COVID-19 patients in China and no benefits were
reported [124].
Darunavir/cobicistat (800 mg/150 mg) is an anti-HIV drug which has been approved by the FDA
since 2015 [125]. Darunavir is a HIV protease inhibitor and cobicistat is a CYP3A inhibitor that improves
the pharmacokinetic properties of darunavir [42]. Although a recent study shows darunavir’s low
efficacy to inhibit SARS-CoV-2 in vitro [126], a clinical trial based on darunavir/cobicistat combination
has been initiated in COVID-19 patients. Similarly, the combination of emtricitabine and tenofovir
disoproxil, approved by the FDA in 2004, is another anti-HIV combination being tested for COVID-19
treatment [127].
Selinexor is the first selective inhibitor of nuclear export (SINE) approved for the treatment
of myeloma by the FDA in 2019 [43]. Selinexor reversibly inhibits the nuclear transporter protein:
exportin 1, also known as chromosome region maintenance 1 (CRM1), that blocks the export of mRNAs
to the cytoplasm. SINE compounds have been extensively explored as a therapeutic intervention
for multiple cancers [128] as well as viral infections [129]. Inhibition of CRM1 interferes with viral
replication and protein synthesis that result in decreased viral activity. Antiviral efficiency of SINE
compounds has been reported against HIV [130], influenza [131], Dengu [132], and Venezuelan equine
encephalitis [133], just to name a few. Based on the aforementioned applications, 2 clinical trials are
ongoing to test the efficacy and safety of selinexor for COVID-19.
Ivermectin, a broad-spectrum antiprotozoal drug, was approved by the FDA in 1996. Ivermectin
also exhibits a broad-spectrum in vitro antiviral activity by blocking nuclear importin transporter
(IMPα/β) [44] that inhibits the nucleo-cytoplasmic shuttling of the viral proteins [134]. Recently,
ivermectin showed efficacy against SARS-CoV-2 (IC50 2 µM) in vitro [135] and has been hypothesized
to show a synergistic effect in combination with HCQ [136]. MedinCell is developing a long-acting
formulation of ivermectin for treatment of COVID-19 and 12 clinical trials are ongoing to test the
efficacy of ivermectin against COVID-19.
Similarly, carrimycin, a macrolide antibiotic developed in China, is effective against gram-positive
bacteria [45] and the efficacy is also being evaluated for the treatment of COVID-19. Ribavirin is
another antiviral, approved for chronic hepatitis C infection by the FDA. Ribavirin is a guanosine
analog, which acts as a direct antiviral via inhibiting the RdRp enzyme and destabilizing the viral RNA
by interfering with natural guanosine and RNA capping. It also indirectly modulates the immune
response by altering the expression of cytokines [137]. There are multiple studies reporting the efficacy
of ribavirin against SARS-CoV [138] and MERS-CoV [139] in combination with corticosteroids. In a
molecular docking study, ribavirin demonstrated binding to the RdRp of SARS-CoV-2 virus [46].
When tested in vitro in vero E6 cells, ribavirin showed an EC50 higher than 500 µM [64]. Besides, in a
retrospective study, a combination of IFN-α and lopinavir/ritonavir with ribavirin was associated with
favorable outcomes in COVID-19 patients [47]. Furthermore, the efficacy of ribavirin in combination
with other anti-viral for COVID-19 is being tested in two randomized clinical trials.
2.2. Immunomodulators
The COVID-19 is associated with the stimulation of a cytokine storm that leads to elevation in
inflammatory cytokines like interleukin (IL)-6, IL-2, IL-7, granulocyte colony-stimulating factor (GCSF),
tumor necrosis factor-α (TNF-α) and monocyte chemoattractant protein 1 (MCP-1) in severely ill
COVID-19 patients [124]. The inflammatory response elicited by COVID-19 results in acute respiratory
distress syndrome (ARDS) and is responsible for high mortality rate. Hence, modulation of immune
responses is another strategy to manage the severity of infection in COVID-19 patients. Several
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immunosuppressant drugs (Table 1) are being repurposed for treatment of COVID-19 patients and
their efficacy is being evaluated in multiple clinical trials.
2.2.1. Janus Kinase (JAK) Inhibitors
JAK is a janus kinase signal transducer which activates the transcription (JAK-STAT) signaling
pathway that engages cytokines, interferons, and growth hormones to regulate the gene expression
and cellular pathways [140]. Activation of JAK/STAT pathway induces the synthesis of inflammatory
cytokines involved in autoimmune disorders, cancer, bacterial as well as viral infections [141].
Baricitinib is a JAK inhibitor that has been approved by the FDA for rheumatoid arthritis (RA)
treatment. Baricitinib specifically inhibits JAK1 and JAK2, and results in the reduction of cytokines (IL-6)
and immunoglobulins in the plasma of RA patients. Baricitinib also inhibits the numb associated kinase
(NAK) that regulates clathrin-mediated endocytosis [142]. Recently, baricitinib has been hypothesized
to exhibit direct antiviral activities by preventing the entry of the SARS-CoV-2 virus via inhibition
of endocytosis pathway [48]. Hence, baricitinib is being evaluated for COVID-19 treatment in six
clinical trials.
Ruxolitinib, a JAK inhibitor, was the first therapy approved in the US for myelofibrosis
treatment [49]. Ruxolitinib has been repurposed for treating hospitalized COVID-19 patients to
improve the survival by ameliorating the lung injury due to cytokine storm [143]. Eight clinical trials
are ongoing for evaluating the efficacy of ruxolitinib to avert ARDS in COVID-19 patients.
2.2.2. Fingolimod
Fingolimod is a small molecule modulator of sphingosine-1-phosphate receptor subtype 1 and
has been approved for treatment of multiple sclerosis by the FDA [50]. Fingolimod induces the
release of lymphocytes from the lymphoid organs and reduces the inflammatory response [144].
Currently, fingolimod is in a phase 2 clinical trial to regulate the immune response in severely infected
COVID-19 patients.
2.2.3. Aviptadil
Aviptadil, a combination of synthetic vasoactive intestinal polypeptide (VIP) (~28 amino acids)
and phentolamine, is approved in Europe for the treatment of erectile dysfunction [51]. The VIP is a
neuropeptide mostly present in the lungs and nasal mucosa. Aviptadil elicits potent bronchodilation,
vasodilation, and anti-inflammatory effects, useful for management of respiratory disorders, such as
asthma, cystic fibrosis, sarcoidosis, and pulmonary arterial hypertension (PAH) [145]. Based on the
bronchodilatory and anti-inflammatory effects, intravenous aviptadil is being evaluated in two phase 2
clinical trials for the management of ARDS associated with COVID-19.
2.2.4. Thalidomide
Thalidomide, in combination with glucocorticoid, was reported to successfully treat a COVID-19
patient in China [146]. Since the withdrawal of thalidomide from the market due to teratogenic effects,
it has been repurposed as an anti-cancer and anti-inflammatory drug [147]. It improved the survival of
BALB/c mice after exposure to H1N1 virus by reducing the cytokine levels (IL-6, TNF-α) [52]. Similarly,
reduced cytokine levels were observed in the patient that recovered from COVID-19 after treatment
with the combination of thalidomide and glucocorticoid. These promising results warranted the
initiation of two phase 2 clinical trials to test the efficacy of thalidomide for treatment of COVID-19.
2.2.5. Monoclonal Antibodies (mAbs)
About 24 clinical trials are ongoing where the efficacy of different monoclonal antibodies is
being tested for treatment of COVID-19. The elevated levels of cytokines IL-7, IL-10, IL-6, and
IFN-α are indicative of severe inflammatory response and cytokine storm in COVID-19 patients [148].
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Among these, IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF) are the key
cytokines responsible for this dysregulated inflammatory response. Hence mAbs targeting IL-6
receptors (tocilizumab and sarilumab) and GM-CSF (lenzilumab, an investigational drug) have been
repurposed for treating COVID-19 patients.
Tocilizumab, an IL-6 receptor antagonist, is indicated for rheumatoid arthritis [149] and cytokine
release syndrome [150]. In a recent study, tocilizumab was reported to significantly improve the
clinical outcome in critical COVID-19 patients (n = 19), with all patients showing improvement
within 15 days [53]. Similarly, positive outcomes with tocilizumab therapy were reported in another
retrospective study in COVID-19 patients [150]. In addition, 18 clinical trials are ongoing to test the
safety and efficacy of tocilizumab for the treatment of COVID-19. Moreover, sarilumab, which is the
second IL-6 receptor antagonist, approved for the treatment of RA [151], also entered a phase 3 clinical
trial for COVID-19.
Bevacizumab is a vascular endothelial growth factor (VEGF) inhibitor approved for the treatment
of tumors like colorectal and glioblastoma by the FDA [152]. VEGF induces angiogenesis and
bronchodilation, enhances vascular permeability, and promotes tumor growth [153]. The role of VEGF
in lung injury or ARDS is controversial, but a recent study reported that high VEGF levels were
responsible for fat embolism-induced ARDS [54]. Bevacizumab’s efficacy is being evaluated in two
phase 2/3 clinical trials for treating ARDS in critical COVID-19 patients.
Eculizumab, approved for the treatment of paroxysmal nocturnal hemoglobinuria, targets the
complement protein C5 to regulate inflammatory response [55]. 3 clinical trials are ongoing to test
eculizumab for COVID-19 treatment.
2.2.6. Interferons
Type I interferons (IFN-1: IFNα and IFNβ), also known as viral IFNs, are cytokines, which trigger
antiviral immune responses. IFNs have been approved for the treatment of multiple sclerosis [154].
IFN-1 activates the production of interferon-stimulated genes (ISG) that mediates signaling and
immunomodulation [155]. IFN-1 treatment was studied against SARS-CoV with or without antiviral
drugs in vitro and in SARS-CoV patients [156]. Furthermore, IFNβ has been reported to be more
effective in comparison to IFNα against SARS-CoV [157] and MERS-CoV [158]. A recent study indicated
that SARS-CoV-2 is sensitive to IFN-1 pretreatment as it lacks the ORF3b and has a modified ORF6 that
is required to inhibit IFN-1 [159]. Recently, IFNα2b showed efficacy in reducing SARS-CoV-2 viral
load when used prophylactically via inhalation [160]. The IFN-1 therapy is suggested only for the
early stages of the infection as excessive activation via IFN-1 might contribute to a cytokine storm [56].
A retrospective study stated that treatment of COVID-19 patients with IFNα2b reduced the viral
load and levels of inflammatory cytokine IL-6 with or without arbidol [57]. Recently, the results of
a phase 2 randomized clinical trial indicate expedited clinical improvement in COVID-19 patients
with early symptoms after treatment with IFNβ1b in combination with lopinavir/ritonavir/ribavirin in
comparison to only lopinavir/ritonavir/ribavirin group [161].
IFNλ, type III interferon, is another cytokine that exhibits antiviral activity at epithelial surfaces
and prevents excessive systemic inflammatory response [162]. The safety and efficacy of pegylated
IFNλ are being tested in a phase 2 clinical trial (NCT02765802) for the treatment of hepatitis. IFNλ
therapies are in clinical trials for a myriad of disorders and their efficacy either alone or in combination
with antivirals is also being tested for COVID-19 in 18 clinical trials.
2.3. Investigational Drugs
2.3.1. Remdesivir
Remdesivir (RDV or GS-5734), an adenosine nucleotide analog (Table 2) and an investigational
drug for treatment of Ebola virus, acts by inhibiting the RdRp enzyme essential for replication of
RNA viruses [163]. The phase 2 clinical trial results of RDV for the treatment of Ebola virus were
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not promising [164]. However, it has shown efficacy against coronavirus strains like HCoV-NL63,
MERS-CoV, bat-CoV, as well as SARS-CoV-2 in human airway epithelial cells in vitro [165]. Besides,
RDV was reported to be effective for prophylaxis as well as treatment of SARS-CoV infection in a
mouse model. RDV has also shown efficacy in mice [166] and non-human primate models (rhesus
macaque) of MERS-CoV [167] and SARS-CoV-2 [168].
A recent study found that the triphosphate form of RDV can potentially compete with ATP
and after incorporation in the RNA sequence at position (I), it inhibits the RNA synthesis at (I + 3)
position [169]. In initial screenings of drugs against SARS-CoV-2, RDV inhibited the virus in vitro at
low micromolar concentrations with EC50 of 0.77 µM [73]. A cohort study reported that 68% of severe
COVID-19 patients (n = 53) showed clinical improvement after 10 days of treatment with RDV [170].
Based on the evidence, the efficacy of RDV is being tested for COVID-19 treatment in 10 phase 2/3
clinical trials. Recently, promising results from a randomized clinical trial of RDV were reported, where
patients receiving (n = 158) RDV showed faster clinical improvement in comparison to the placebo
group [171]. Based on these results, the FDA issued an EUA to remdesivir (GS-5834TM) for treatment
of severe COVID-19 patients on May 1st, 2020.
2.3.2. Tradipitant
Tradipitant, an inhibitor of neurokinin-1 (NK1) receptor, is being investigated in phase 2/3 clinical
trials for acute dermatitis, gastroparesis, and motion sickness. NK1 acts as a receptor for neuropeptide
substance P and plays a role in neuroinflammatory disorders. In addition to CNS, NK1 receptor is also
present in the gastrointestinal tract, skin, and lungs [172]. One study reported the role of NK1 receptor
in exacerbating inflammatory response in rat lungs after infection with a respiratory syncytial virus
(RSV) [173]. Hence, tradipitant is being evaluated in a phase 3 clinical trial to minimize the neurogenic
inflammation in the lungs of COVID-19 patients.
Table 2. List of investigational drugs currently being tested for COVID-19.
Drugs

Antiviral Activity

Number of Clinical Trials

Reference

Remdesivir
Tradipitant

RdRp inhibitor
Neurokinin-1 (NK1) antagonist
Human immunodeficiency virus-1
(HIV-1) protease inhibitor
i. Genetically modified natural killer
(NK) cells
ii. Enhances cytotoxic response
against SARS-CoV-2
Immune check point and prevents
hyperinflammation
Tumor necrosis factor
(TNF) inhibitor
Angiopoietin-2 antibody
C-C chemokine receptor type 5
(CCR5) antibody

10
1

[171]
[173]

1

[174]

1

[175]

1

[176,177]

1

-

1

[178]

2

[179]

ASC09 or TMC 310911

FT516

CD24Fc
XPro1595
LY3127804
Leronlimab

2.3.3. ASC09 (TMC 310911)
ASC09 or TMC 310911 is an investigational HIV-1 protease inhibitor (PI) and has been reported to
be effective against multiple PI resistant HIV strains [174]. The efficacy has also been established in
HIV patients in a phase 2 clinical trial [180] and currently it is being tested in a phase 3 clinical trial for
COVID-19 treatment.
2.3.4. FT516
FT516 is the first natural killer cell (NK) based cancer immunotherapy developed by Fate
Therapeutics (La Jolla, CA, USA). FT516 is a genetically engineered NK cell-expressing high-affinity
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non-cleavable CD16 Fc receptor, derived from modified induced pluripotent stem cells (iPSC) that
exhibits superior efficacy against tumor cells via antibody-dependent cellular cytotoxicity (ADCC)
pathway. NK cells are essential for ADCC mediated immune response where they can recognize
and eliminate the antibody (IgG) coated virus-infected cells. Hence FT516 can result in enhanced
NK-mediated immune response against SARS-CoV-2 infection [175] via anti-COVID-IgG antibodies.
It is currently being tested in a phase 1 clinical trial for hospitalized COVID-19 patients with hypoxia.
2.3.5. CD24Fc
CD24Fc is an immunomodulator currently being evaluated in a phase 2/3 clinical trial
(NCT02663622) for graft versus host disease in patients after the transplant of hematopoietic stem cells.
CD24Fc acts as an immune checkpoint for inflammatory response mediated by damage-associated
molecular patterns (DAMP) activated during viral infections [176]. A recent study found that CD24Fc
improved survival and ameliorated lung damage in simian immunodeficiency virus (SIV)-infected
rhesus monkey [177]. Hence CD24Fc is being tested as an immunomodulator drug in COVID-19
patients in a phase 3 clinical trial (NCT04317040).
2.3.6. Others
XPro1595, a TNF inhibitor, is being investigated for the treatment of Alzheimer's disease in a
phase 1 study (NCT03943264). Since TNF is an inflammatory cytokine, whose levels are elevated
in COVID-19, it is being tested for management of pulmonary complications in COVID-19 patients
in a phase 2 clinical trial. LY3127804 is an antibody against angiopoietin-2 and is being tested in a
phase 1 clinical trial for the treatment of solid metastatic tumors. Angiopoietin 2, an inflammatory
cytokine, plays a pathological role in inflammation and lung injury associated with pneumonia [178].
Hence, the efficacy of LY3127804 is being evaluated in COVID-19 patients with pneumonia in a phase
2 clinical trial.
Leronlimab or PRO 140 is an investigational C-C chemokine receptor type 5 (CCR5) antibody
found to be efficacious in a phase 3 clinical trial for the treatment of R5 HIV patients [181]. A recent study
reported that leronlimab reduced the inflammation, plasma viremia levels, and T cell lymphocytopenia
via blocking the CCL5/RANTES-CCR5 pathway in COVID-19 patients [179]. Two clinical trials (phase
2b/3) are on-going to test the efficacy of leronlimab for the treatment of COVID-19.
2.4. Convalescent Plasma Therapy (CPT)
In CPT, donated blood from the patients who have fully recovered from the COVID-19 is used as
a treatment for patients still battling the illness, since recovered patients have developed antibodies
against SARS-CoV-2 infection [182]. Here, the blood collected from the COVID-19 patients after
14 days of recovery undergoes apheresis to separate plasma containing neutralizing antibodies against
SARS-CoV-2 and anti-inflammatory cytokines, defensins, pentraxins, or clotting factors [183]. CPT has
been widely used for post-exposure prophylaxis or treatment during previous outbreaks [184,185].
Based on the previous success, CPT has been used extensively for the treatment of COVID-19 patients
and is known to be the most effective strategy for prevention and treatment in early stages of the
infection [186].
Although the SARS-CoV-2 vaccine will ultimately be the first preventative choice, CPT can be
used for now to provide immediate short-term immunity to patients until vaccines are developed and
approved for use. In addition to direct neutralization of the virus by anti-SARS-CoV-2 antibodies,
CPT provides enhanced protection via complement activation, ADCC, or phagocytosis [186]. In a case
report, convalescent plasma with an antibody titer of 1:1000 (400 mL) improved the clinical symptoms
of 5 severely infected COVID-19 patients [187]. Another study showed improvement in symptoms of
COVID-19 patients within three days of administering convalescent plasma with an antibody titer of
1:650 or more (200 mL) [188]. A recent systematic review, including five studies on the use of CPTs in
COVID-19 patients, concluded it as a safe and effective therapeutic intervention that reduced the patient
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mortality rate [189]. However, CPT based treatment requires further optimization, including timing to
start the therapy, plasma volume, minimum antibody titer, impact of concomitant use of antivirals and
corticosteroids, just to name a few, for its broader clinical utility. In addition, certain associated risks
like allergic transfusion, viral transmission, circulatory overload, and transfusion-related acute lung
injury need to be studied in large-scale clinical trials [190]. To date, 69 clinical trials are registered to
evaluate the efficacy of CPT in COVID-19 patients.
2.5. SARS-CoV-2 Vaccine Candidates
The rapid development of a vaccine against SARS-CoV-2 is imperative to achieve herd immunity
without suffering high mortalities due to multiple waves of infection. The world has witnessed an
unprecedented and accelerated vaccine development at a pace never before seen in modern medicine.
The first vaccine candidate (mRNA1273, Moderna, Cambridge, MA, USA) against SARS-CoV-2 entered
clinical trials on March 16, 2020, only two months after the genome sequence of the novel SARS-CoV-2
virus was published on January 11, 2020 [191]. The landscape of COVID-19 vaccines, published by the
WHO on May 5, 2020, reported that more than 100 vaccine candidates are at the pre-clinical stages and
seven candidates are in clinical trials. The vaccine candidates registered by the National Institutes of
Health (NIH) (clinicaltrials.gov) are discussed below (Figure 4) and summarized in Table 3.
It is notable that there are currently a large number of highly experimental vaccination approaches
under development that utilize non-traditional methods to express immunizing antigens in patients.
These emerging approaches include directly administering mRNAs to cause antigen expression in vivo,
as well as introduction of antigen-presenting viruses and DNA constructs. It remains to be seen if these
novel approaches will have the same efficacy and strong safety as has been found with traditional
protein antigen- and attenuated viral vaccines.
2.5.1. mRNA-Based Vaccines
mRNA-1273, developed by Moderna, is a lipid nanoparticle (LNP) delivered mRNA encoding the
S-2P antigen of SARS-CoV-2 S glycoprotein consisting of S1-S2 cleavage site [192]. As explained in the
introduction, the S protein interacts with the human ACE2 enzyme and is essential for viral entry in the
host via endocytosis, making it an attractive target for vaccine development [16]. The mRNA coding for
the S-protein is transcribed in vitro and contains 5’ methylation and 3’ poly-A chain in the untranslated
regions at 5’- and 3’-ends to enhance its stability and promote translation inside the cytoplasm [193].
The mRNA is encapsulated in LNPs to overcome the limitations like poor stability, low cellular uptake,
and to reduce the toxicity and immunogenicity [194]. mRNA-1273-loaded LNPs are administered
intramuscularly and undergo uptake into local myocytes via endocytosis to release mRNA in the
cytoplasm where it undergoes translation to form the S protein. The translated S protein is then secreted
outside the cells and activates both the cellular and humoral immune response resulting in active
immunization against the SARS-CoV-2 virus [195]. mRNA-based vaccines exhibit several advantages
over traditional approaches, including low risk of mutagenesis [196], high potency resulting in one or
two immunizations [197], high translation efficacy due to structural modifications [198], and rapid
large-scale production. Recently the interim results of a phase 1 dose range study (NCT04283461) were
published where two vaccinations of either 25 µg, 100 µg, or 250 µg, administered 28 days apart, were
tested in healthy adults [199]. The study reported a significant increase in anti-IgG antibody against
S-2P subunit after 14 days and showed dose-dependent increase in the antibody response. Based on
these results, a phase 3 study (NCT04470427) to evaluate the efficacy, safety and, immunogenicity of
the mRNA-1273 vaccine has been initiated.

SARS-CoV-2 virus was published on January 11, 2020 [191]. The landscape of COVID-19 vaccines,
published by the WHO on May 5, 2020, reported that more than 100 vaccine candidates are at the
pre-clinical stages and seven candidates are in clinical trials. The vaccine candidates registered by the
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(Ad5)
encoding
the
full-length
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of
nCoV COVID-19 is a replication defective adenovirus 5 vector (Ad5) encoding the full-length
SARS-CoV-2
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(v)
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antigen-presenting
cells
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subcutaneous injection. Furthermore, T cells activated using the modified dendritic cells are also

administered via intravenous infusion.

BNT162 is another mRNA-based vaccine developed by Pfizer (NY, USA) and BioNTech (Mainz,
Germany). BioNTech has expertise in developing mRNA-based platform/therapeutics for the treatment
of cancer, rare genetic disorders, and infectious diseases. In collaboration with Pfizer, they have
developed four mRNA vaccine candidates against the SARS-CoV-2 infection. These candidates are
based on versatile mRNA therapeutics’ platform; optimized unmodified mRNA (uRNA), nucleoside
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modified mRNA (modRNA), and self-amplifying RNA (saRNA). All the mRNA vaccine candidates
encode for either the full S-protein or RBD domain of the S1 subunit, which interacts with the ACE2
enzyme and is encapsulated in LNPs for improved intracellular delivery. In prior studies, saRNAs
derived from alphaviruses contain two ORFs, where one encodes for the enzyme replicase, RdRp and
another for the target antigen [200]. Hence, a saRNA results in multiple copies of target antigenic RNA
mediated by replicase and was reported to induce robust immunogenic response at a much lower
dose against influenza in vivo [201]. Recently, a large-scale phase 1/2 clinical trial (NCT04368728) to
evaluate the safety, immunogenicity, optimum dose, and efficacy of mRNA-based vaccine candidates
was completed. The preliminary results from the study indicated superior tolerability profile and
T-cell response against RBD as well as other parts of spike protein by BNT162b2, a modRNA based
vaccine, at 30 µg dose in a two-dose regimen [202]. Although the complete results of the study are yet
to be published, however, a phase 2/3 clinical trial is currently being planned to test the efficacy of
BNT162b2 in up to 30,000 participants globally.
Table 3. Description of SARS-COV-2 vaccine candidates currently in clinical trials.
Vaccine
mRNA1273

Antiviral Activity

Clinical Trial

Reference

mRNA based vaccine candidate encoding for
complete S protein of SARS-CoV-2
Delivery platform: lipid nanoparticles (LNP)
4 mRNA-based vaccine candidates
encoding either

NCT04470427
Phase 3
Status: Recruiting

[192,199]

NCT04368728
Phase 1/2
Status: Active, Not
Recruiting

[201,202]

NCT04400838
Phase 2/3
Status: Recruiting

[203,204]

NCT04299724
Phase 1
Status: Recruiting

[205,206]

NCT04276896
Phase 1/2
Status: Recruiting

-

BNT162
-

full length S glycoprotein of SARS-CoV-2
Receptor binding domain (RBD) of S1
subunit of mRNA modifications:
optimized unmodified mRNA (uRNA),
nucleoside modified mRNA (modRNA) and,
self ampliflying RNA (saRNA)
Delivery platform: LNPs
Chimpanzee adenovirus vector encoding S
glycoprotein of SARS-CoV-2

ChAdOx1 nCoV-19

Artificial antigen-presenting cells (aAPC)
modified using lentivirus vector to express
COVID-19 aAPC

-

multiple fragments of SARS-CoV proteins
immunomodulatory genes

i. Genetically modified dendritic cells (DCs) via
lentivirus vector to express
Synthetic Minigene
Vaccine or
LV-SMENP-DC

-

SARS-CoV-2 minigenes (SMEN)
Immunomodulatory genes

ii. Cytotoxic T cells (CTCs) developed against
modified DCs
Ad5-nCoV COVID-19

Replication defective adenovirus 5 vector (Ad5)
encoding full length S protein of
SARS-coV-2 virus

INO 4800

Plasmid DNA encoding SARS-CoV-2 proteins
Delivery platform: Cellectra® (electroporation)

NCT04398147
Phase 2
Status: Active, Not
Recruiting
NCT04336410
Phase 1
Status: Recruiting
NCT04447781
Phase I/IIa
Status: Not yet recruiting

[207]

[208]

2.5.2. INO 4800 DNA Vaccine
INO 4800, developed by Inovio (Plymouth, PA, USA), consists of a plasmid DNA coding for
SARS-CoV-2 proteins and is administered intradermally via electroporation. Cellectra®, a smart
device developed by Inovio, uses electroporation that creates transient pores in the skin to allow the
penetration of DNA vaccine [209]. The safety and efficacy of Cellectra®as a delivery platform for
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a DNA vaccine or immunization via an intramuscular or intradermal route were established in an
open label study in healthy volunteers [210]. Plasmids, similar to virus, utilize host cell machinery to
express the antigenic proteins in the cytoplasm, resulting in activation of both cellular and humoral
immune response [211]. Recently, the results of a phase 1 study (NCT04336410) were announced by
Inovio, where 94% of the enrolled adults showed an immunological response, T-cell mediated as well
as humoral, against SARS-CoV-2 at both the 1.0 mg and 2.0 mg dose administered twice at 4 weeks
interval without any severe adverse effects [208]. Further, the company is planning a phase 3 study to
evaluate the efficacy of INO 4800 against SARS-CoV-2. INO 4800 is the only vaccine candidate stable
at room temperature for one year and hence, will fast-track the mass immunization when approved by
the FDA.
2.5.3. ChAdOx1 nCoV-19 Vaccine
ChAdOx1, a chimpanzee adenovirus vector derived from Y25 isolate of chimpanzee adenovirus,
has shown a low immunologic response in human serum samples [212]. In a recent report, ChAdOx1
MERS capable of expressing the S protein of MERS-CoV was found to be safe and tolerated even at a
high dose of 5 × 1010 viral particles with minimum side effects in a phase 1 clinical trial [213]. It has
also been reported to be effective as a vector to provide immunization against hepatitis B virus in
mice [203]. Similarly, ChAdOX1 nCoV-19 encodes the S glycoprotein of novel SARS-CoV-2. The safety,
efficacy, and immunogenicity of ChAdOX1 nCoV-19 was evaluated in healthy adults at a dose of
5 × 1010 viral particles (NCT04324606) [204]. The results from the study demonstrated that a single
dose of vaccine elicited the anti-spike IgG response after 28 days which boosted with a second dose.
Further, administration of the vaccine also induced cell-mediated immune response and showed an
acceptable safety profile. Currently, the efficacy of ChAdOX1 nCoV-19 is being evaluated in a large
scale phase 3 clinical trial (NCT04400838) against COVID-19.
2.5.4. COVID-19 Artificial Antigen-Presenting Cells (aAPC) Vaccine
aAPC are superior to dendritic cells for activating the cytotoxic T-cells against the specific
antigen [214]. This approach is extensively being explored for cancer immunotherapy [215]. COVID-19
aAPC vaccine, developed by China’s Shenzhen Geno-Immune Medical Institute (GIMI), utilizes
lentivirus vector to introduce gene fragments coding different SARS-CoV-2 proteins as well as
immunomodulatory genes into the aAPC and hence, activates the immune system upon subcutaneous
injection. Lentivirus vectors (LVs) are capable of invading the host genome of non-dividing cells
and guide the production of encoded genes [216]. LVs have been extensively used to modify the
immune cells for cancer immunotherapy [205] as well as hematopoietic stem cells (HSC) for genetic
disorders [206]. The safety and efficacy of COVID-19 aAPC vaccine are being tested in a phase 1 clinical
trial (NCT04299724) in COVID-19 positive and healthy volunteers.
2.5.5. Synthetic Minigene Vaccine
Synthetic minigene vaccine is another vaccine candidate, developed at GIMI (Shenzhen, China)
by genetically modifying the dendritic cells (DCs) to express SARS-COV-2 minigenes (SMEN) as well
as immunomodulatory genes using a lentivirus vector and production of antigen specific cytotoxic T
cells (CTLs) on exposure to modified DCs (Figure 4). The combination vaccine (5 × 106 LV-DC vaccine
subcutaneous injection + 1 × 108 CTLs intravenous infusion) is being tested in COVID-19 patients in a
phase 1/2 clinical trial (NCT04276896).
2.5.6. Ad5-nCoV COVID-19 Vaccine
Ad5-nCoV COVID-19 vaccine utilizes a recombinant replication defective adenovirus 5 vector
(Ad5) which encodes for the full S-glycoprotein of SARS-CoV-2. Ad5 vector has been extensively
studied for gene therapy-based applications and safety has been established in multiple clinical
trials [217]. However, in a phase 2 study, the Ad5-based HIV vaccine did not prevent the HIV infection
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in male subjects [218]. The safety and tolerance of Ad5-EBOV, another Ad5 based vaccine against Ebola,
was established in clinical trials [219] and was later approved in China. The results of the first-in-human
clinical trial (NCT04313127) to determine the safety, tolerability and immunogenicity of Ad5-nCoV
COVID-19 vaccine were published on May 22, 2020. The study conducted at three different doses
reported a peak of neutralizing antibodies at 28 days post-vaccination and T-cell mediated response
within 14 days in healthy adults [207]. Based on these results, another phase 2 study (NCT04341389)
reported significant immune response and safety at a dose of 5 × 105 viral particles [220]. Hence, a
large-scale phase 3 study is being planned to test the effectiveness of the vaccine.
2.6. Mesenchymal Stem Cell (MSC) Therapy
MSCs are multipotent cells capable of division and differentiation and are derived from either
blood, umbilical cord, bone marrow, or adipose tissue to be used for regenerative or immunomodulatory
purposes in a wide range of disorders like hematopoietic stem cell transplantation for B cell malignancies
and genetic disorders [221]. MSCs have been found to be efficacious in alleviating the ARDS in severe
COVID-19 patients [222]. Besides, another study reported that 7 COVID-19 patients treated with
MSCs showed significant improvement in symptoms within 2 days of treatment, while increase in
lymphocytes, decrease in cytokine-secreting immune cells and TNFα was observed after 3–5 days [223].
Further studies revealed that MSCs lacked ACE2 and TMPRSS2, which are essential for entry of
SARS-CoV-2, indicating that MSCs are immune to infection. After intravenous administration, MSCs
are known to accumulate in lungs where they can proliferate and reduce the lung injury, while
protecting the alveolar epithelial cells. In addition to stem cell activity, MSCs can also act as an
immunosuppressant in the presence of an inflammatory environment [224]. Currently, the efficacy of
MSCs therapy is being tested in 15 clinical trials to treat COVID-19 patients.
3. Emerging Therapeutics
In addition to the on-going clinical trials, several therapeutic strategies are currently being
explored or tested at pre-clinical stages to combat SARS-CoV-2. Microneedle arrays (MNAs) based on
water-soluble polymers have been established as a minimally invasive approach for intra-cutaneous
delivery of vaccines [225,226]. Recently safety and immunogenicity of microneedle array (MNA)
delivered mRNA encoding spike glycoprotein’s S1 subunit of SARS-CoV-2 and MERS-CoV was
established in a mice model [227]. The codon for S1 subunit of SARS-CoV-2 and MERS-CoV was
fused with a sequence of a foldon domain from bacteriophage T4 fibritin [228,229] to mimic the native
trimeric structural arrangement of the virus. Further, the sequences were integrated with RS09, a
toll-like receptor-4 agonist (TLR4), to augment the activation of the inflammatory response [230].
The study reported a significant antibody response in mice after 6 weeks of vaccination.
Goal et al, tested the efficacy of PiCoVacc, an inactivated SARS-CoV-2 virus-based vaccine, in
Wister rats, BALB/C mice, and rhesus macaques [231]. PiCoVacc was derived from the CN2 strain of
SARS-CoV-2 collected from lavage samples of patients from China. The peak titers were detected in
mice 6 weeks post-immunization at >100 µg/mL and >200 µg/mL for IgG antibodies against RBD and
spike protein, respectively. Similar results were observed in Wistar rats. Further, three doses were
administered intramuscularly in macaques at 0, 7, and 14 days, and antibodies reached peak at week 3.
In a challenge study where 106 TCID50 of SARS-CoV-2 CN1 strain were administered intratracheally,
vaccinated macaques showed minimal histopathological changes in the lungs in comparison to the
control group. Moreover, macaques that received a higher dose (6 µg) showed undetectable viral loads
after 7 days. The safety of PiCoVacc was also established in macaques via multiple endpoints including
biochemical, hematological and histopathological analysis.
4. Conclusions
In the present review, we provide a thorough overview of the current therapeutic modalities
being tested in clinical trials for COVID-19 treatment. The contribution from the scientific community,
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pharmaceutical sector, healthcare agencies and governments across the globe, as well as the WHO, has
been unprecedented in accelerating possible COVID-19 therapies, especially vaccine candidates to
clinical trials. Among the therapeutic interventions discussed here, the WHO selected four of the most
promising approaches to test in clinical trials at a global scale with participations from over 100 countries
to determine the efficacy for treatment of COVID-19. The candidates, selected based on the promising
data, include remdesivir, lopinavir/ritonavir, INFβ1a and chloroquine/ hydroxychloroquine, are being
tested using the same standardized protocol across the global facilities to gather concrete evidence to
tackle the pandemic. However, due to lack of efficacy in preliminary studies, treatment arms including
lopinavir/ritonavir and chloroquine/ hydroxychloroquine were discontinued recently. In addition to
the current therapies in clinical trials, there are a plethora of novel therapeutic modalities at multiple
stages of development. However, even with today’s technological advances and resources, one novel
strain of virus has brought the world to a standstill, indicating that we are far away from ready to
handle a pandemic of this scale. By catching the global healthcare system unaware and unprepared,
this pandemic has brought spotlight to the value of drug repurposing and the need for novel and
faster approaches in drug development, bringing the researchers and policy makers together to better
prepare for future outbreaks.
Author Contributions: R.B. and S.M. conceived the idea and wrote the complete manuscript. Editing and
reviewing were done by A.G., X.Z., T.P.R., J.E.M. Further, R.B., S.M., A.G., X.Z., T.P.R., and J.E.M. finalized the
content. All authors have read and agreed to the published version of the manuscript.
Funding: The work in R.B. lab was supported by St. Baldrick Foundation Jack’s Pack – We Still Have His Back- a St.
Baldrick’s Hero Fund, Charles H. Hood Foundation Child Health Research Award, NIH R01 (1R01CA241194-01A1
and 1R01HL147028-01A1) grant.
Acknowledgments: We thank Tripat Kaur Oberoi (Gilead) for suggestions. The figures were created using
biorender.com.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

3.

4.

5.

6.

7.
8.

Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; et al. A new
coronavirus associated with human respiratory disease in China. Nature 2020, 579, 265–269. [CrossRef]
[PubMed]
Li, Q.; Guan, X.; Wu, P.; Wang, X.; Zhou, L.; Tong, Y.; Ren, R.; Leung, K.S.M.; Lau, E.H.Y.; Wong, J.Y.; et al.
Early Transmission Dynamics in Wuhan, China, of Novel Coronavirus-Infected Pneumonia. N. Engl. J. Med.
2020, 382, 1199–1207. [CrossRef] [PubMed]
Sanche, S.; Lin, Y.T.; Xu, C.; Romero-Severson, E.; Hengartner, N.; Ke, R. High Contagiousness and Rapid
Spread of Severe Acute Respiratory Syndrome Coronavirus 2. Emerg. Infect. Dis. 2020, 26, 1470–1477.
[CrossRef] [PubMed]
Wu, J.T.; Leung, K.; Bushman, M.; Kishore, N.; Niehus, R.; de Salazar, P.M.; Cowling, B.J.; Lipsitch, M.;
Leung, G.M. Estimating clinical severity of COVID-19 from the transmission dynamics in Wuhan, China.
Nat. Med. 2020, 26, 506–510. [CrossRef]
van Doremalen, N.; Bushmaker, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Tamin, A.;
Harcourt, J.L.; Thornburg, N.J.; Gerber, S.I.; et al. Aerosol and Surface Stability of SARS-CoV-2 as Compared
with SARS-CoV-1. N. Engl. J. Med. 2020, 382, 1564–1567. [CrossRef]
WHO. WHO-Coronavirus Disease 2019 (COVID-19): Situation Report—164. Available online: https://www.who.
int/docs/default-source/ coronaviruse/situation-reports/20200702-covid-19-sitrep-164.pdf?sfvrsn=ac074f58_2
(accessed on 28 July 2020).
Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel
Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef]
Cui, J.; Li, F.; Shi, Z.L. Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 2019, 17,
181–192. [CrossRef]

Pharmaceuticals 2020, 13, 188

9.

10.
11.

12.

13.
14.

15.

16.

17.
18.
19.
20.

21.
22.
23.
24.
25.

26.
27.

28.
29.

30.

21 of 32

Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al.
A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273.
[CrossRef]
Zhang, T.; Wu, Q.; Zhang, Z. Probable Pangolin Origin of SARS-CoV-2 Associated with the COVID-19
Outbreak. Curr. Biol. 2020, 30, 1578. [CrossRef]
Sungnak, W.; Huang, N.; Becavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-Lopez, C.; Maatz, H.;
Reichart, D.; Sampaziotis, F.; et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells
together with innate immune genes. Nat. Med. 2020, 26, 681–687. [CrossRef]
Zhao, B.; Ni, C.; Gao, R.; Wang, Y.; Yang, L.; Wei, J.; Lv, T.; Liang, J.; Zhang, Q.; Xu, W.; et al. Recapitulation of
SARS-CoV-2 infection and cholangiocyte damage with human liver ductal organoids. Protein Cell 2020, 1–5.
[CrossRef] [PubMed]
Qi, F.; Qian, S.; Zhang, S.; Zhang, Z. Single cell RNA sequencing of 13 human tissues identify cell types and
receptors of human coronaviruses. Biochem. Biophys. Res. Commun. 2020, 526, 135–140. [CrossRef] [PubMed]
Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.;
Luzuriaga, K.; Greenough, T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS
coronavirus. Nature 2003, 426, 450–454. [CrossRef] [PubMed]
Qian, Z.; Travanty, E.A.; Oko, L.; Edeen, K.; Berglund, A.; Wang, J.; Ito, Y.; Holmes, K.V.; Mason, R.J. Innate
immune response of human alveolar type II cells infected with severe acute respiratory syndrome-coronavirus.
Am. J. Respir. Cell Mol. Biol. 2013, 48, 742–748. [CrossRef] [PubMed]
Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of
the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215–220.
[CrossRef] [PubMed]
Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity
of the SARS-CoV-2 Spike Glycoprotein. Cell 2020, 181, 281–292.e6. [CrossRef]
Wan, Y.; Shang, J.; Graham, R.; Baric, R.S.; Li, F. Receptor Recognition by the Novel Coronavirus from Wuhan:
An Analysis Based on Decade-Long Structural Studies of SARS Coronavirus. J. Virol. 2020, 94. [CrossRef]
Masters, P.S. The molecular biology of coronaviruses. Adv. Virus Res. 2006, 66, 193–292. [CrossRef]
Sainz, B., Jr.; Rausch, J.M.; Gallaher, W.R.; Garry, R.F.; Wimley, W.C. Identification and characterization of
the putative fusion peptide of the severe acute respiratory syndrome-associated coronavirus spike protein.
J. Virol. 2005, 79, 7195–7206. [CrossRef]
Fung, T.S.; Liu, D.X. Human Coronavirus: Host-Pathogen Interaction. Annu. Rev. Microbiol. 2019, 73,
529–557. [CrossRef]
Al-Tawfiq, J.A. Asymptomatic coronavirus infection: MERS-CoV and SARS-CoV-2 (COVID-19). Travel Med.
Infect. Dis. 2020, 35, 101608. [CrossRef] [PubMed]
NIH. Available online: https://clinicaltrials.gov/ (accessed on 21 July 2020).
Ashburn, T.T.; Thor, K.B. Drug repositioning: Identifying and developing new uses for existing drugs.
Nat. Rev. Drug Discov. 2004, 3, 673–683. [CrossRef] [PubMed]
Gordon, D.E.; Jang, G.M.; Bouhaddou, M.; Xu, J.; Obernier, K.; O'Meara, M.J.; Guo, J.Z.; Swaney, D.L.;
Tummino, T.A.; Huttenhain, R.; et al. A SARS-CoV-2-Human Protein-Protein Interaction Map Reveals Drug
Targets and Potential Drug-Repurposing. bioRxiv 2020, 002386. [CrossRef]
Croxtall, J.D.; Perry, C.M. Lopinavir/Ritonavir: A review of its use in the management of HIV-1 infection.
Drugs 2010, 70, 1885–1915. [CrossRef]
Li, Y.; Xie, Z.; Lin, W.; Cai, W.; Wen, C.; Guan, Y.; Mo, X.; Wang, J.; Wang, Y.; Peng, P.; et al. An exploratory
randomized controlled study on the efficacy and safety of lopinavir/ritonavir or arbidol treating adult
patients hospitalized with mild/moderate COVID-19 (ELACOI). medRxiv 2020. [CrossRef]
Hernandez, A.V.; Roman, Y.M.; Pasupuleti, V.; Barboza, J.J.; White, C.M. Update Alert: Hydroxychloroquine
or Chloroquine for the Treatment or Prophylaxis of COVID-19. Ann. Intern. Med. 2020. [CrossRef]
Cavalcanti, A.B.; Zampieri, F.G.; Rosa, R.G.; Azevedo, L.C.P.; Veiga, V.C.; Avezum, A.; Damiani, L.P.;
Marcadenti, A.; Kawano-Dourado, L.; Lisboa, T.; et al. Hydroxychloroquine with or without Azithromycin
in Mild-to-Moderate Covid-19. N. Engl. J. Med. 2020. [CrossRef]
Funck-Brentano, C.; Nguyen, L.S.; Salem, J.E. Retraction and republication: Cardiac toxicity of
hydroxychloroquine in COVID-19. Lancet 2020, 396, e2–e3. [CrossRef]

Pharmaceuticals 2020, 13, 188

31.

32.

33.
34.
35.
36.

37.
38.
39.

40.
41.
42.
43.
44.

45.
46.

47.

48.
49.
50.
51.
52.
53.

22 of 32

Andreani, J.; Le Bideau, M.; Duflot, I.; Jardot, P.; Rolland, C.; Boxberger, M.; Wurtz, N.; Rolain, J.M.; Colson, P.;
La Scola, B.; et al. In vitro testing of combined hydroxychloroquine and azithromycin on SARS-CoV-2 shows
synergistic effect. Microb. Pathog. 2020, 145, 104228. [CrossRef]
Haydar, D.; Cory, T.J.; Birket, S.E.; Murphy, B.S.; Pennypacker, K.R.; Sinai, A.P.; Feola, D.J. Azithromycin
Polarizes Macrophages to an M2 Phenotype via Inhibition of the STAT1 and NF-kappaB Signaling Pathways.
J. Immunol. 2019, 203, 1021–1030. [CrossRef]
Vankadari, N. Arbidol: A potential antiviral drug for the treatment of SARS-CoV-2 by blocking trimerization
of the spike glycoprotein. Int. J. Antimicrob. Agents 2020, 105998. [CrossRef] [PubMed]
Zhu, Z.; Lu, Z.; Xu, T.; Chen, C.; Yang, G.; Zha, T.; Lu, J.; Xue, Y. Arbidol monotherapy is superior to
lopinavir/ritonavir in treating COVID-19. J. Infect. 2020, 81, e21–e23. [CrossRef] [PubMed]
Kim, T.S.; Heinlein, C.; Hackman, R.C.; Nelson, P.S. Phenotypic analysis of mice lacking the Tmprss2-encoded
protease. Mol. Cell. Biol. 2006, 26, 965–975. [CrossRef] [PubMed]
Yamamoto, M.; Matsuyama, S.; Li, X.; Takeda, M.; Kawaguchi, Y.; Inoue, J.I.; Matsuda, Z. 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. 2016,
60, 6532–6539. [CrossRef]
Rossignol, J.F. Nitazoxanide, a new drug candidate for the treatment of Middle East respiratory syndrome
coronavirus. J. Infect. Public Health 2016, 9, 227–230. [CrossRef]
Hui, C.K.; Lau, G.K. Clevudine for the treatment of chronic hepatitis B virus infection. Expert Opin. Investig.
Drugs 2005, 14, 1277–1284. [CrossRef]
Jang, J.H.; Kim, J.W.; Jeong, S.H.; Myung, H.J.; Kim, H.S.; Park, Y.S.; Lee, S.H.; Hwang, J.H.; Kim, N.; Lee, D.H.
Clevudine for chronic hepatitis B: Antiviral response, predictors of response, and development of myopathy.
J. Viral Hepat. 2011, 18, 84–90. [CrossRef]
Furuta, Y.; Komeno, T.; Nakamura, T. Favipiravir (T-705), a broad spectrum inhibitor of viral RNA polymerase.
Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2017, 93, 449–463. [CrossRef]
Whitley, R.J.; Hayden, F.G.; Reisinger, K.S.; Young, N.; Dutkowski, R.; Ipe, D.; Mills, R.G.; Ward, P. Oral
oseltamivir treatment of influenza in children. Pediatr. Infect. Dis. J. 2001, 20, 127–133. [CrossRef]
Deeks, E.D. Cobicistat: A review of its use as a pharmacokinetic enhancer of atazanavir and darunavir in
patients with HIV-1 infection. Drugs 2014, 74, 195–206. [CrossRef]
Syed, Y.Y. Selinexor: First Global Approval. Drugs 2019, 79, 1485–1494. [CrossRef] [PubMed]
Wagstaff, K.M.; Sivakumaran, H.; Heaton, S.M.; Harrich, D.; Jans, D.A. Ivermectin is a specific inhibitor of
importin alpha/beta-mediated nuclear import able to inhibit replication of HIV-1 and dengue virus. Biochem. J.
2012, 443, 851–856. [CrossRef] [PubMed]
Wang, Y.; Jiang, Y.; Zhao, X.; Weiqing, H.E. Use of Carrimycin in Mycobacterium Tuberculosis Infection
Resistance. U.S. Patent 20,190,001,160, 3 January 2019.
Elfiky, A.A. Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and Tenofovir against SARS-CoV-2 RNA
dependent RNA polymerase (RdRp): A molecular docking study. Life Sci. 2020, 253, 117592. [CrossRef]
[PubMed]
Yuan, J.; Zou, R.; Zeng, L.; Kou, S.; Lan, J.; Li, X.; Liang, Y.; Ding, X.; Tan, G.; Tang, S.; et al. The correlation
between viral clearance and biochemical outcomes of 94 COVID-19 infected discharged patients. Inflamm. Res.
2020, 69, 599–606. [CrossRef] [PubMed]
Favalli, E.G.; Biggioggero, M.; Maioli, G.; Caporali, R. Baricitinib for COVID-19: A suitable treatment? Lancet
Infect. Dis. 2020. [CrossRef]
Mascarenhas, J.; Hoffman, R. Ruxolitinib: The first FDA approved therapy for the treatment of myelofibrosis.
Clin. Cancer Res. 2012, 18, 3008–3014. [CrossRef]
Scott, L.J. Fingolimod: A review of its use in the management of relapsing-remitting multiple sclerosis.
CNS Drugs 2011, 25, 673–698. [CrossRef]
Duncan, C.; Omran, G.J.; Teh, J.; Davis, N.F.; Bolton, D.M.; Lawrentschuk, N. Erectile dysfunction: A global
review of intracavernosal injectables. World J. Urol. 2019, 37, 1007–1014. [CrossRef]
Zhu, H.; Shi, X.; Ju, D.; Huang, H.; Wei, W.; Dong, X. Anti-inflammatory effect of thalidomide on H1N1
influenza virus-induced pulmonary injury in mice. Inflammation 2014, 37, 2091–2098. [CrossRef]
Xu, X.; Han, M.; Li, T.; Sun, W.; Wang, D.; Fu, B.; Zhou, Y.; Zheng, X.; Yang, Y.; Li, X.; et al. Effective treatment
of severe COVID-19 patients with tocilizumab. Proc. Natl. Acad. Sci. USA 2020, 117, 10970–10975. [CrossRef]

Pharmaceuticals 2020, 13, 188

54.
55.

56.
57.
58.
59.

60.

61.

62.

63.

64.

65.

66.
67.
68.
69.
70.

71.
72.

73.

23 of 32

Lin, C.K.; Lin, Y.H.; Huang, T.C.; Shi, C.S.; Yang, C.T.; Yang, Y.L. VEGF mediates fat embolism-induced acute
lung injury via VEGF receptor 2 and the MAPK cascade. Sci. Rep. 2019, 9, 11713. [CrossRef] [PubMed]
Rother, R.P.; Rollins, S.A.; Mojcik, C.F.; Brodsky, R.A.; Bell, L. Discovery and development of the complement
inhibitor eculizumab for the treatment of paroxysmal nocturnal hemoglobinuria. Nat. Biotechnol. 2007, 25,
1256–1264. [CrossRef] [PubMed]
Siddiqi, H.K.; Mehra, M.R. COVID-19 illness in native and immunosuppressed states: A clinical-therapeutic
staging proposal. J. Heart Lung Transplant. 2020, 39, 405–407. [CrossRef]
Zhou, Q.; Wei, X.S.; Xiang, X.; Wang, X.; Wang, Z.H.; Chen, V.; Shannon, C.P.; Tebbutt, S.J.; Kollmann, T.R.;
Fish, E.N. Interferon-a2b treatment for COVID-19. medRxiv 2020. [CrossRef]
Anand, K.; Ziebuhr, J.; Wadhwani, P.; Mesters, J.R.; Hilgenfeld, R. Coronavirus main proteinase (3CLpro)
structure: Basis for design of anti-SARS drugs. Science 2003, 300, 1763–1767. [CrossRef]
Chen, F.; Chan, K.H.; Jiang, Y.; Kao, R.Y.; Lu, H.T.; Fan, K.W.; Cheng, V.C.; Tsui, W.H.; Hung, I.F.; Lee, T.S.; et al.
In vitro susceptibility of 10 clinical isolates of SARS coronavirus to selected antiviral compounds. J. Clin. Virol.
2004, 31, 69–75. [CrossRef] [PubMed]
Wu, C.Y.; Jan, J.T.; Ma, S.H.; Kuo, C.J.; Juan, H.F.; Cheng, Y.S.; Hsu, H.H.; Huang, H.C.; Wu, D.; Brik, A.; et al.
Small molecules targeting severe acute respiratory syndrome human coronavirus. Proc. Natl. Acad. Sci. USA
2004, 101, 10012–10017. [CrossRef]
Chan, K.S.; Lai, S.T.; Chu, C.M.; Tsui, E.; Tam, C.Y.; Wong, M.M.; Tse, M.W.; Que, T.L.; Peiris, J.S.; Sung, J.; et al.
Treatment of severe acute respiratory syndrome with lopinavir/ritonavir: A multicentre retrospective
matched cohort study. Hong Kong Med. J. 2003, 9, 399–406.
de Wilde, A.H.; Jochmans, D.; Posthuma, C.C.; Zevenhoven-Dobbe, J.C.; van Nieuwkoop, S.; Bestebroer, T.M.;
van den Hoogen, B.G.; Neyts, J.; Snijder, E.J. Screening of an FDA-approved compound library identifies
four small-molecule inhibitors of Middle East respiratory syndrome coronavirus replication in cell culture.
Antimicrob. Agents Chemother. 2014, 58, 4875–4884. [CrossRef]
Chan, J.F.; Yao, Y.; Yeung, M.L.; Deng, W.; Bao, L.; Jia, L.; Li, F.; Xiao, C.; Gao, H.; Yu, P.; et al. Treatment
With Lopinavir/Ritonavir or Interferon-beta1b Improves Outcome of MERS-CoV Infection in a Nonhuman
Primate Model of Common Marmoset. J. Infect. Dis. 2015, 212, 1904–1913. [CrossRef]
Choy, K.T.; Wong, A.Y.; Kaewpreedee, P.; Sia, S.F.; Chen, D.; Hui, K.P.Y.; Chu, D.K.W.; Chan, M.C.W.;
Cheung, P.P.; Huang, X.; et al. Remdesivir, lopinavir, emetine, and homoharringtonine inhibit SARS-CoV-2
replication in vitro. Antivir. Res. 2020, 178, 104786. [CrossRef] [PubMed]
Cao, B.; Wang, Y.; Wen, D.; Liu, W.; Wang, J.; Fan, G.; Ruan, L.; Song, B.; Cai, Y.; Wei, M.; et al. A Trial of
Lopinavir-Ritonavir in Adults Hospitalized with Severe Covid-19. N. Engl. J. Med. 2020, 382, 1787–1799.
[CrossRef] [PubMed]
Li, G.; De Clercq, E. Therapeutic options for the 2019 novel coronavirus (2019-nCoV). Nat. Rev. Drug Discov.
2020, 19, 149–150. [CrossRef] [PubMed]
USFDA. Available online: https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=overview.
process&ApplNo=006002 (accessed on 10 May 2020).
Ben-Zvi, I.; Kivity, S.; Langevitz, P.; Shoenfeld, Y. Hydroxychloroquine: From malaria to autoimmunity.
Clin. Rev. Allergy Immunol. 2012, 42, 145–153. [CrossRef] [PubMed]
Slater, A.F.; Cerami, A. Inhibition by chloroquine of a novel haem polymerase enzyme activity in malaria
trophozoites. Nature 1992, 355, 167–169. [CrossRef]
Kono, M.; Tatsumi, K.; Imai, A.M.; Saito, K.; Kuriyama, T.; Shirasawa, H. Inhibition of human coronavirus
229E infection in human epithelial lung cells (L132) by chloroquine: Involvement of p38 MAPK and ERK.
Antivir. Res. 2008, 77, 150–152. [CrossRef]
Vincent, M.J.; Bergeron, E.; Benjannet, S.; Erickson, B.R.; Rollin, P.E.; Ksiazek, T.G.; Seidah, N.G.; Nichol, S.T.
Chloroquine is a potent inhibitor of SARS coronavirus infection and spread. Virol. J. 2005, 2, 69. [CrossRef]
Keyaerts, E.; Li, S.; Vijgen, L.; Rysman, E.; Verbeeck, J.; Van Ranst, M.; Maes, P. Antiviral activity of
chloroquine against human coronavirus OC43 infection in newborn mice. Antimicrob. Agents Chemother.
2009, 53, 3416–3421. [CrossRef]
Wang, M.; Cao, R.; Zhang, L.; Yang, X.; Liu, J.; Xu, M.; Shi, Z.; Hu, Z.; Zhong, W.; Xiao, G. Remdesivir and
chloroquine effectively inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 2020,
30, 269–271. [CrossRef]

Pharmaceuticals 2020, 13, 188

74.

75.
76.

77.
78.

79.
80.

81.

82.

83.

84.
85.

86.

87.

88.

89.
90.
91.

24 of 32

Liu, J.; Cao, R.; Xu, M.; Wang, X.; Zhang, H.; Hu, H.; Li, Y.; Hu, Z.; Zhong, W.; Wang, M. Hydroxychloroquine,
a less toxic derivative of chloroquine, is effective in inhibiting SARS-CoV-2 infection in vitro. Cell Discov.
2020, 6, 16. [CrossRef]
Devaux, C.A.; Rolain, J.M.; Colson, P.; Raoult, D. New insights on the antiviral effects of chloroquine against
coronavirus: What to expect for COVID-19? Int. J. Antimicrob. Agents 2020, 55, 105938. [CrossRef] [PubMed]
Mauthe, M.; Orhon, I.; Rocchi, C.; Zhou, X.; Luhr, M.; Hijlkema, K.J.; Coppes, R.P.; Engedal, N.; Mari, M.;
Reggiori, F. Chloroquine inhibits autophagic flux by decreasing autophagosome-lysosome fusion. Autophagy
2018, 14, 1435–1455. [CrossRef] [PubMed]
Gao, J.; Tian, Z.; Yang, X. Breakthrough: Chloroquine phosphate has shown apparent efficacy in treatment of
COVID-19 associated pneumonia in clinical studies. Biosci. Trends 2020, 14, 72–73. [CrossRef] [PubMed]
Chen, Z.; Hu, J.; Zhang, Z.; Jiang, S.; Han, S.; Yan, D.; Zhuang, R.; Hu, B.; Zhang, Z. Efficacy of
hydroxychloroquine in patients with COVID-19: Results of a randomized clinical trial. medRxiv 2020.
[CrossRef]
Magagnoli, J.; Narendran, S.; Pereira, F.; Cummings, T.; Hardin, J.W.; Sutton, S.S.; Ambati, J. Outcomes of
hydroxychloroquine usage in United States veterans hospitalized with Covid-19. medRxiv 2020. [CrossRef]
Borba, M.G.S.; Val, F.F.A.; Sampaio, V.S.; Alexandre, M.A.A.; Melo, G.C.; Brito, M.; Mourao, M.P.G.;
Brito-Sousa, J.D.; Baia-da-Silva, D.; Guerra, M.V.F.; et al. 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 2020, 3, e208857.
[CrossRef]
Mercuro, N.J.; Yen, C.F.; Shim, D.J.; Maher, T.R.; McCoy, C.M.; Zimetbaum, P.J.; Gold, H.S. Risk of QT Interval
Prolongation Associated With Use of Hydroxychloroquine With or Without Concomitant Azithromycin
Among Hospitalized Patients Testing Positive for Coronavirus Disease 2019 (COVID-19). JAMA Cardiol. 2020.
[CrossRef]
Saleh, M.; Gabriels, J.; Chang, D.; Soo Kim, B.; Mansoor, A.; Mahmood, E.; Makker, P.; Ismail, H.; Goldner, B.;
Willner, J.; et al. Effect of Chloroquine, Hydroxychloroquine, and Azithromycin on the Corrected QT Interval
in Patients With SARS-CoV-2 Infection. Circ. Arrhythm Electrophysiol. 2020, 13, e008662. [CrossRef]
Parnham, M.J.; Erakovic Haber, V.; Giamarellos-Bourboulis, E.J.; Perletti, G.; Verleden, G.M.; Vos, R.
Azithromycin: Mechanisms of action and their relevance for clinical applications. Pharmacol. Ther. 2014, 143,
225–245. [CrossRef]
Damle, B.; Vourvahis, M.; Wang, E.; Leaney, J.; Corrigan, B. Clinical Pharmacology Perspectives on the
Antiviral Activity of Azithromycin and Use in COVID-19. Clin Pharmacol. Ther. 2020, 108, 201–211. [CrossRef]
Touret, F.; Gilles, M.; Barral, K.; Nougairède, A.; Decroly, E.; de Lamballerie, X.; Coutard, B. In vitro screening
of a FDA approved chemical library reveals potential inhibitors of SARS-CoV-2 replication. bioRxiv 2020.
[CrossRef]
Li, C.; Zu, S.; Deng, Y.Q.; Li, D.; Parvatiyar, K.; Quanquin, N.; Shang, J.; Sun, N.; Su, J.; Liu, Z.; et al.
Azithromycin Protects against Zika virus Infection by Upregulating virus-induced Type I and III Interferon
Responses. Antimicrob. Agents Chemother. 2019. [CrossRef] [PubMed]
Gautret, P.; Lagier, J.C.; Parola, P.; Hoang, V.T.; Meddeb, L.; Mailhe, M.; Doudier, B.; Courjon, J.;
Giordanengo, V.; Vieira, V.E.; et al. Hydroxychloroquine and azithromycin as a treatment of COVID-19:
Results of an open-label non-randomized clinical trial. Int. J. Antimicrob. Agents 2020, 56, 105949. [CrossRef]
[PubMed]
Chorin, E.; Wadhwani, L.; Magnani, S.; Dai, M.; Shulman, E.; Nadeau-Routhier, C.; Knotts, R.; Bar-Cohen, R.;
Kogan, E.; Barbhaiya, C.; et al. QT interval prolongation and torsade de pointes in patients with COVID-19
treated with hydroxychloroquine/azithromycin. Heart Rhythm 2020. [CrossRef] [PubMed]
Vigant, F.; Santos, N.C.; Lee, B. Broad-spectrum antivirals against viral fusion. Nat. Rev. Microbiol. 2015, 13,
426–437. [CrossRef] [PubMed]
Blaising, J.; Polyak, S.J.; Pecheur, E.I. Arbidol as a broad-spectrum antiviral: An update. Antivir. Res. 2014,
107, 84–94. [CrossRef] [PubMed]
Pecheur, E.I.; Borisevich, V.; Halfmann, P.; Morrey, J.D.; Smee, D.F.; Prichard, M.; Mire, C.E.; Kawaoka, Y.;
Geisbert, T.W.; Polyak, S.J. The Synthetic Antiviral Drug Arbidol Inhibits Globally Prevalent Pathogenic
Viruses. J. Virol. 2016, 90, 3086–3092. [CrossRef]

Pharmaceuticals 2020, 13, 188

92.
93.

94.
95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.
108.
109.
110.

25 of 32

Wang, X.; Cao, R.; Zhang, H.; Liu, J.; Xu, M.; Hu, H.; Li, Y.; Zhao, L.; Li, W.; Sun, X.; et al. The anti-influenza
virus drug, arbidol is an efficient inhibitor of SARS-CoV-2 in vitro. Cell Discov. 2020, 6, 28. [CrossRef]
Leneva, I.A.; Russell, R.J.; Boriskin, Y.S.; Hay, A.J. Characteristics of arbidol-resistant mutants of influenza
virus: Implications for the mechanism of anti-influenza action of arbidol. Antivir. Res. 2009, 81, 132–140.
[CrossRef]
Blaising, J.; Levy, P.L.; Polyak, S.J.; Stanifer, M.; Boulant, S.; Pecheur, E.I. Arbidol inhibits viral entry by
interfering with clathrin-dependent trafficking. Antivir. Res. 2013, 100, 215–219. [CrossRef]
Teissier, E.; Zandomeneghi, G.; Loquet, A.; Lavillette, D.; Lavergne, J.P.; Montserret, R.; Cosset, F.L.;
Bockmann, A.; Meier, B.H.; Penin, F.; et al. Mechanism of inhibition of enveloped virus membrane fusion by
the antiviral drug arbidol. PLoS ONE 2011, 6, e15874. [CrossRef] [PubMed]
Xu, K.; Chen, Y.; Yuan, J.; Yi, P.; Ding, C.; Wu, W.; Li, Y.; Ni, Q.; Zhou, R.; Li, X.; et al. Clinical Efficacy of
Arbidol in Patients with 2019 Novel Coronavirus-Infected Pneumonia: A Retrospective Cohort Study. Lancet
2020. [CrossRef]
Deng, L.; Li, C.; Zeng, Q.; Liu, X.; Li, X.; Zhang, H.; Hong, Z.; Xia, J. Arbidol combined with LPV/r versus
LPV/r alone against Corona Virus Disease 2019: A retrospective cohort study. J. Infect. 2020, 81, e1–e5.
[CrossRef] [PubMed]
Botto, G.L.; Tortora, G. Is delayed cardioversion the better approach in recent-onset atrial fibrillation? Yes.
Intern. Emerg. Med. 2020, 15, 1–4. [CrossRef] [PubMed]
Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.;
Wu, N.H.; Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically Proven Protease Inhibitor. Cell 2020, 181, 271–280.e8. [CrossRef] [PubMed]
Kawase, M.; Shirato, K.; van der Hoek, L.; Taguchi, F.; Matsuyama, S. Simultaneous treatment of human
bronchial epithelial cells with serine and cysteine protease inhibitors prevents severe acute respiratory
syndrome coronavirus entry. J. Virol. 2012, 86, 6537–6545. [CrossRef]
Sheldon, R.J.; Nunan, L.; Porreca, F. Differential modulation by [D-Pen2, D-Pen5]enkephalin and dynorphin
A-(1-17) of the inhibitory bladder motility effects of selected mu agonists in vivo. J. Pharmacol. Exp. Ther.
1989, 249, 462–469.
Chen, X.; Xu, Z.; Zeng, S.; Wang, X.; Liu, W.; Qian, L.; Wei, J.; Yang, X.; Shen, Q.; Gong, Z.; et al. The Molecular
Aspect of Antitumor Effects of Protease Inhibitor Nafamostat Mesylate and Its Role in Potential Clinical
Applications. Front. Oncol. 2019, 9, 852. [CrossRef]
Ohtake, Y.; Hirasawa, H.; Sugai, T.; Oda, S.; Shiga, H.; Matsuda, K.; Kitamura, N. Nafamostat mesylate as
anticoagulant in continuous hemofiltration and continuous hemodiafiltration. Contrib. Nephrol. 1991, 93,
215–217. [CrossRef]
Minakata, D.; Fujiwara, S.I.; Ikeda, T.; Kawaguchi, S.I.; Toda, Y.; Ito, S.; Ochi, S.I.; Nagayama, T.; Mashima, K.;
Umino, K.; et al. Comparison of gabexate mesilate and nafamostat mesilate for disseminated intravascular
coagulation associated with hematological malignancies. Int. J. Hematol. 2019, 109, 141–146. [CrossRef]
Chen, H.; Zheng, D.; Davids, J.; Bartee, M.Y.; Dai, E.; Liu, L.; Petrov, L.; Macaulay, C.; Thoburn, R.;
Sobel, E.; et al. Viral serpin therapeutics from concept to clinic. Methods Enzymol. 2011, 499, 301–329.
[CrossRef] [PubMed]
Chen, H.; Zheng, D.; Abbott, J.; Liu, L.; Bartee, M.Y.; Long, M.; Davids, J.; Williams, J.; Feldmann, H.;
Strong, J.; et al. Myxomavirus-derived serpin prolongs survival and reduces inflammation and hemorrhage
in an unrelated lethal mouse viral infection. Antimicrob. Agents Chemother. 2013, 57, 4114–4127. [CrossRef]
[PubMed]
Azouz, N.P.; Klingler, A.M.; Rothenberg, M.E. Alpha 1 Antitrypsin is an Inhibitor of the SARS-CoV2–Priming
Protease TMPRSS2. bioRxiv 2020. [CrossRef]
Wettstein, L.; Conzelmann, C.; Mueller, J.A.; Weil, T.; Gross, R.; Hirschenberger, M.; Seidel, A.; Klute, S.;
Zech, F.; Preising, N.; et al. Alpha-1 antitrypsin inhibits SARS-CoV-2 infection. bioRxiv 2020.
Mackman, N.; Bergmeier, W.; Stouffer, G.A.; Weitz, J.I. Therapeutic strategies for thrombosis: New targets
and approaches. Nat. Rev. Drug Discov. 2020, 19, 333–352. [CrossRef]
Tang, N.; Li, D.; Wang, X.; Sun, Z. Abnormal coagulation parameters are associated with poor prognosis in
patients with novel coronavirus pneumonia. J. Thromb. Haemost. 2020, 18, 844–847. [CrossRef]

Pharmaceuticals 2020, 13, 188

26 of 32

111. Terpos, E.; Ntanasis-Stathopoulos, I.; Elalamy, I.; Kastritis, E.; Sergentanis, T.N.; Politou, M.; Psaltopoulou, T.;
Gerotziafas, G.; Dimopoulos, M.A. Hematological findings and complications of COVID-19. Am. J. Hematol.
2020, 95, 834–847. [CrossRef]
112. Tang, N.; Bai, H.; Chen, X.; Gong, J.; Li, D.; Sun, Z. Anticoagulant treatment is associated with decreased
mortality in severe coronavirus disease 2019 patients with coagulopathy. J. Thromb. Haemost. 2020, 18,
1094–1099. [CrossRef]
113. Hao, C.; Xu, H.; Yu, L.; Zhang, L. Heparin: An essential drug for modern medicine. Prog. Mol. Biol. Transl. Sci.
2019, 163, 1–19. [CrossRef]
114. Shukla, D.; Spear, P.G. Herpesviruses and heparan sulfate: An intimate relationship in aid of viral entry.
J. Clin. Investig. 2001, 108, 503–510. [CrossRef]
115. Vicenzi, E.; Canducci, F.; Pinna, D.; Mancini, N.; Carletti, S.; Lazzarin, A.; Bordignon, C.; Poli, G.; Clementi, M.
Coronaviridae and SARS-associated coronavirus strain HSR1. Emerg. Infect. Dis. 2004, 10, 413–418.
[CrossRef] [PubMed]
116. Mycroft-West, C.J.; Su, D.; Elli, S.; Li, Y.; Guimond, S.E.; Miller, G.J.; Turnbull, J.E.; Yates, E.A.; Guerrini, M.;
Fernig, D.G.; et al. The 2019 coronavirus (SARS-CoV-2) surface protein (Spike) S1 Receptor Binding Domain
undergoes conformational change upon heparin binding. bioRxiv 2020. [CrossRef]
117. Rossignol, J.F. Nitazoxanide: A first-in-class broad-spectrum antiviral agent. Antivir. Res. 2014, 110, 94–103.
[CrossRef] [PubMed]
118. Jasenosky, L.D.; Cadena, C.; Mire, C.E.; Borisevich, V.; Haridas, V.; Ranjbar, S.; Nambu, A.; Bavari, S.;
Soloveva, V.; Sadukhan, S.; et al. The FDA-Approved Oral Drug Nitazoxanide Amplifies Host Antiviral
Responses and Inhibits Ebola Virus. iScience 2019, 19, 1279–1290. [CrossRef] [PubMed]
119. Haffizulla, J.; Hartman, A.; Hoppers, M.; Resnick, H.; Samudrala, S.; Ginocchio, C.; Bardin, M.; Rossignol, J.F.;
US Nitazoxanide Influenza Clinical Study Group. Effect of nitazoxanide in adults and adolescents with
acute uncomplicated influenza: A double-blind, randomised, placebo-controlled, phase 2b/3 trial. Lancet
Infect. Dis. 2014, 14, 609–618. [CrossRef]
120. Hong, S.K.; Kim, H.J.; Song, C.S.; Choi, I.S.; Lee, J.B.; Park, S.Y. Nitazoxanide suppresses IL-6 production in
LPS-stimulated mouse macrophages and TG-injected mice. Int. Immunopharmacol. 2012, 13, 23–27. [CrossRef]
[PubMed]
121. Oestereich, L.; Ludtke, A.; Wurr, S.; Rieger, T.; Munoz-Fontela, C.; Gunther, S. Successful treatment of
advanced Ebola virus infection with T-705 (favipiravir) in a small animal model. Antivir. Res. 2014, 105,
17–21. [CrossRef]
122. Furuta, Y.; Takahashi, K.; Fukuda, Y.; Kuno, M.; Kamiyama, T.; Kozaki, K.; Nomura, N.; Egawa, H.; Minami, S.;
Watanabe, Y.; et al. In vitro and in vivo activities of anti-influenza virus compound T-705. Antimicrob. Agents
Chemother. 2002, 46, 977–981. [CrossRef]
123. Chen, C.; Huang, J.; Cheng, Z.; Wu, J.; Chen, S.; Zhang, Y.; Chen, B.; Lu, M.; Luo, Y.; Zhang, J.; et al. Favipiravir
versus Arbidol for COVID-19: A Randomized Clinical Trial. medRxiv 2020. [CrossRef]
124. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]
125. Capetti, A.; Cossu, M.V.; Rizzardini, G. Darunavir/cobicistat for the treatment of HIV-1: A new era for
compact drugs with high genetic barrier to resistance. Expert Opin. Pharmacother. 2015, 16, 2689–2702.
[CrossRef] [PubMed]
126. De Meyer, S.; Bojkova, D.; Cinatl, J.; Van Damme, E.; Buyck, C.; Van Loock, M.; Woodfall, B.; Ciesek, S. Lack
of antiviral activity of darunavir against SARS-CoV-2. Int J. Infect. Dis. 2020, 97, 7–10. [CrossRef] [PubMed]
127. Dando, T.M.; Wagstaff, A.J. Emtricitabine/tenofovir disoproxil fumarate. Drugs 2004, 64, 2075–2082.
[CrossRef] [PubMed]
128. Parikh, K.; Cang, S.; Sekhri, A.; Liu, D. Selective inhibitors of nuclear export (SINE)—A novel class of
anti-cancer agents. J. Hematol. Oncol. 2014, 7, 78. [CrossRef] [PubMed]
129. Mathew, C.; Ghildyal, R. CRM1 Inhibitors for Antiviral Therapy. Front. Microbiol. 2017, 8, 1171. [CrossRef]
130. Fleta-Soriano, E.; Martinez, J.P.; Hinkelmann, B.; Gerth, K.; Washausen, P.; Diez, J.; Frank, R.; Sasse, F.;
Meyerhans, A. The myxobacterial metabolite ratjadone A inhibits HIV infection by blocking the
Rev/CRM1-mediated nuclear export pathway. Microb. Cell Fact. 2014, 13, 17. [CrossRef]

Pharmaceuticals 2020, 13, 188

27 of 32

131. Perwitasari, O.; Johnson, S.; Yan, X.; Register, E.; Crabtree, J.; Gabbard, J.; Howerth, E.; Shacham, S.;
Carlson, R.; Tamir, S.; et al. Antiviral Efficacy of Verdinexor In Vivo in Two Animal Models of Influenza
A Virus Infection. PLoS ONE 2016, 11, e0167221. [CrossRef]
132. Fraser, J.E.; Watanabe, S.; Wang, C.; Chan, W.K.; Maher, B.; Lopez-Denman, A.; Hick, C.; Wagstaff, K.M.;
Mackenzie, J.M.; Sexton, P.M.; et al. A nuclear transport inhibitor that modulates the unfolded protein
response and provides in vivo protection against lethal dengue virus infection. J. Infect. Dis. 2014, 210,
1780–1791. [CrossRef]
133. Lundberg, L.; Pinkham, C.; Baer, A.; Amaya, M.; Narayanan, A.; Wagstaff, K.M.; Jans, D.A.; Kehn-Hall, K.
Nuclear import and export inhibitors alter capsid protein distribution in mammalian cells and reduce
Venezuelan Equine Encephalitis Virus replication. Antivir. Res. 2013, 100, 662–672. [CrossRef] [PubMed]
134. Wulan, W.N.; Heydet, D.; Walker, E.J.; Gahan, M.E.; Ghildyal, R. Nucleocytoplasmic transport of nucleocapsid
proteins of enveloped RNA viruses. Front. Microbiol. 2015, 6, 553. [CrossRef]
135. Caly, L.; Druce, J.D.; Catton, M.G.; Jans, D.A.; Wagstaff, K.M. The FDA-approved drug ivermectin inhibits
the replication of SARS-CoV-2 in vitro. Antiviral Res. 2020, 178, 104787. [CrossRef] [PubMed]
136. Patri, A.; Fabbrocini, G. Hydroxychloroquine and ivermectin: A synergistic combination for COVID-19
chemoprophylaxis and treatment? J. Am. Acad. Dermatol. 2020, 82, e221. [CrossRef] [PubMed]
137. Graci, J.D.; Cameron, C.E. Mechanisms of action of ribavirin against distinct viruses. Rev. Med. Virol. 2006,
16, 37–48. [CrossRef] [PubMed]
138. Peiris, J.S.; Chu, C.M.; Cheng, V.C.; Chan, K.S.; Hung, I.F.; Poon, L.L.; Law, K.I.; Tang, B.S.; Hon, T.Y.;
Chan, C.S.; et al. Clinical progression and viral load in a community outbreak of coronavirus-associated
SARS pneumonia: A prospective study. Lancet 2003, 361, 1767–1772. [CrossRef]
139. Habib, A.M.G.; Ali, M.A.E.; Zouaoui, B.R.; Taha, M.A.H.; Mohammed, B.S.; Saquib, N. Clinical outcomes
among hospital patients with Middle East respiratory syndrome coronavirus (MERS-CoV) infection.
BMC Infect. Dis. 2019, 19, 870. [CrossRef] [PubMed]
140. Shuai, K.; Liu, B. Regulation of JAK-STAT signalling in the immune system. Nat. Rev. Immunol. 2003, 3,
900–911. [CrossRef]
141. O’Shea, J.J.; Schwartz, D.M.; Villarino, A.V.; Gadina, M.; McInnes, I.B.; Laurence, A. The JAK-STAT pathway:
Impact on human disease and therapeutic intervention. Annu. Rev. Med. 2015, 66, 311–328. [CrossRef]
142. Al-Salama, Z.T.; Scott, L.J. Baricitinib: A Review in Rheumatoid Arthritis. Drugs 2018, 78, 761–772. [CrossRef]
143. Mehta, P.; McAuley, D.F.; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J.; Hlh Across Speciality
Collaboration, U.K. COVID-19: Consider cytokine storm syndromes and immunosuppression. Lancet 2020,
395, 1033–1034. [CrossRef]
144. Chun, J.; Hartung, H.P. Mechanism of action of oral fingolimod (FTY720) in multiple sclerosis.
Clin. Neuropharmacol. 2010, 33, 91–101. [CrossRef]
145. Mathioudakis, A.; Chatzimavridou-Grigoriadou, V.; Evangelopoulou, E.; Mathioudakis, G. Vasoactive
intestinal Peptide inhaled agonists: Potential role in respiratory therapeutics. Hippokratia 2013, 17, 12–16.
[PubMed]
146. Chen, C.; Qi, F.; Shi, K.; Li, Y.; Li, J.; Chen, Y. Thalidomide combined with low-dose glucocorticoid in the
treatment of COVID-19 pneumonia. Preprints 2020, 2020020395.
147. Zhou, S.; Wang, F.; Hsieh, T.C.; Wu, J.M.; Wu, E. Thalidomide-a notorious sedative to a wonder anticancer
drug. Curr. Med. Chem. 2013, 20, 4102–4108. [CrossRef] [PubMed]
148. Chen, N.; Zhou, M.; Dong, X.; Qu, J.; Gong, F.; Han, Y.; Qiu, Y.; Wang, J.; Liu, Y.; Wei, Y.; et al. Epidemiological
and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: A descriptive
study. Lancet 2020, 395, 507–513. [CrossRef]
149. Kaneko, A. Tocilizumab in rheumatoid arthritis: Efficacy, safety and its place in therapy. Ther. Adv.
Chronic. Dis. 2013, 4, 15–21. [CrossRef]
150. Le, R.Q.; Li, L.; Yuan, W.; Shord, S.S.; Nie, L.; Habtemariam, B.A.; Przepiorka, D.; Farrell, A.T.; Pazdur, R.
FDA Approval Summary: Tocilizumab for Treatment of Chimeric Antigen Receptor T Cell-Induced Severe
or Life-Threatening Cytokine Release Syndrome. Oncologist 2018, 23, 943–947. [CrossRef]
151. Boyce, E.G.; Rogan, E.L.; Vyas, D.; Prasad, N.; Mai, Y. Sarilumab: Review of a Second IL-6 Receptor Antagonist
Indicated for the Treatment of Rheumatoid Arthritis. Ann. Pharmacother. 2018, 52, 780–791. [CrossRef]

Pharmaceuticals 2020, 13, 188

28 of 32

152. Garcia, J.; Hurwitz, H.I.; Sandler, A.B.; Miles, D.; Coleman, R.L.; Deurloo, R.; Chinot, O.L. Bevacizumab
(Avastin(R)) in cancer treatment: A review of 15 years of clinical experience and future outlook. Cancer
Treat. Rev. 2020, 86, 102017. [CrossRef]
153. Dvorak, H.F.; Brown, L.F.; Detmar, M.; Dvorak, A.M. Vascular permeability factor/vascular endothelial
growth factor, microvascular hyperpermeability, and angiogenesis. Am. J. Pathol. 1995, 146, 1029–1039.
154. Jacobs, L.; Brownscheidle, C.M. Appropriate use of interferon beta-1a in multiple sclerosis. BioDrugs 1999,
11, 155–163. [CrossRef]
155. Samuel, C.E. Antiviral actions of interferons. Clin. Microbiol. Rev. 2001, 14, 778–809. [CrossRef]
156. Stockman, L.J.; Bellamy, R.; Garner, P. SARS: Systematic review of treatment effects. PLoS Med. 2006, 3, e343.
[CrossRef] [PubMed]
157. Hensley, L.E.; Fritz, L.E.; Jahrling, P.B.; Karp, C.L.; Huggins, J.W.; Geisbert, T.W. Interferon-beta 1a and SARS
coronavirus replication. Emerg. Infect. Dis. 2004, 10, 317–319. [CrossRef] [PubMed]
158. Chan, J.F.; Chan, K.H.; Kao, R.Y.; To, K.K.; Zheng, B.J.; Li, C.P.; Li, P.T.; Dai, J.; Mok, F.K.; Chen, H.; et al.
Broad-spectrum antivirals for the emerging Middle East respiratory syndrome coronavirus. J. Infect. 2013,
67, 606–616. [CrossRef] [PubMed]
159. Lokugamage, K.G.; Hage, A.; Schindewolf, C.; Rajsbaum, R.; Menachery, V.D. SARS-CoV-2 is sensitive to
type I interferon pretreatment. bioRxiv 2020. [CrossRef]
160. Shen, K.L.; Yang, Y.H. Diagnosis and treatment of 2019 novel coronavirus infection in children: A pressing
issue. World J. Pediatr. 2020, 16, 219–221. [CrossRef]
161. Hung, I.F.; Lung, K.C.; Tso, E.Y.; Liu, R.; Chung, T.W.; Chu, M.Y.; Ng, Y.Y.; Lo, J.; Chan, J.; Tam, A.R.; et al.
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 2020, 395, 1695–1704.
[CrossRef]
162. Prokunina-Olsson, L.; Alphonse, N.; Dickenson, R.E.; Durbin, J.E.; Glenn, J.S.; Hartmann, R.; Kotenko, S.V.;
Lazear, H.M.; O’Brien, T.R.; Odendall, C.; et al. COVID-19 and emerging viral infections: The case for
interferon lambda. J. Exp. Med. 2020, 217. [CrossRef]
163. Martinez, M.A. Compounds with Therapeutic Potential against Novel Respiratory 2019 Coronavirus.
Antimicrob. Agents Chemother. 2020, 64. [CrossRef]
164. Mulangu, S.; Dodd, L.E.; Davey, R.T., Jr.; Tshiani Mbaya, O.; Proschan, M.; Mukadi, D.; Lusakibanza
Manzo, M.; Nzolo, D.; Tshomba Oloma, A.; Ibanda, A.; et al. A Randomized, Controlled Trial of Ebola Virus
Disease Therapeutics. N. Engl. J. Med. 2019, 381, 2293–2303. [CrossRef]
165. Sheahan, T.P.; Sims, A.C.; Graham, R.L.; Menachery, V.D.; Gralinski, L.E.; Case, J.B.; Leist, S.R.; Pyrc, K.;
Feng, J.Y.; Trantcheva, I.; et al. Broad-spectrum antiviral GS-5734 inhibits both epidemic and zoonotic
coronaviruses. Sci. Transl. Med. 2017, 9. [CrossRef]
166. Sheahan, T.P.; Sims, A.C.; Leist, S.R.; Schafer, A.; Won, J.; Brown, A.J.; Montgomery, S.A.; Hogg, A.; Babusis, D.;
Clarke, M.O.; et al. Comparative therapeutic efficacy of remdesivir and combination lopinavir, ritonavir, and
interferon beta against MERS-CoV. Nat. Commun. 2020, 11, 222. [CrossRef] [PubMed]
167. de Wit, E.; Feldmann, F.; Cronin, J.; Jordan, R.; Okumura, A.; Thomas, T.; Scott, D.; Cihlar, T.; Feldmann, H.
Prophylactic and therapeutic remdesivir (GS-5734) treatment in the rhesus macaque model of MERS-CoV
infection. Proc. Natl. Acad. Sci. USA 2020, 117, 6771–6776. [CrossRef] [PubMed]
168. Williamson, B.N.; Feldmann, F.; Schwarz, B.; Meade-White, K.; Porter, D.P.; Schulz, J.; van Doremalen, N.;
Leighton, I.; Yinda, C.K.; Perez-Perez, L.; et al. Clinical benefit of remdesivir in rhesus macaques infected
with SARS-CoV-2. Nature 2020. [CrossRef] [PubMed]
169. Gordon, C.J.; Tchesnokov, E.P.; Feng, J.Y.; Porter, D.P.; Gotte, M. The antiviral compound remdesivir potently
inhibits RNA-dependent RNA polymerase from Middle East respiratory syndrome coronavirus. J. Biol. Chem.
2020, 295, 4773–4779. [CrossRef] [PubMed]
170. Grein, J.; Ohmagari, N.; Shin, D.; Diaz, G.; Asperges, E.; Castagna, A.; Feldt, T.; Green, G.; Green, M.L.;
Lescure, F.X.; et al. Compassionate Use of Remdesivir for Patients with Severe Covid-19. N. Engl. J. Med.
2020, 382, 2327–2336. [CrossRef] [PubMed]
171. Wang, Y.; Zhang, D.; Du, G.; Du, R.; Zhao, J.; Jin, Y.; Fu, S.; Gao, L.; Cheng, Z.; Lu, Q.; et al. Remdesivir in
adults with severe COVID-19: A randomised, double-blind, placebo-controlled, multicentre trial. Lancet
2020, 395, 1569–1578. [CrossRef]

Pharmaceuticals 2020, 13, 188

29 of 32

172. Johnson, M.B.; Young, A.D.; Marriott, I. The Therapeutic Potential of Targeting Substance P/NK-1R Interactions
in Inflammatory CNS Disorders. Front. Cell. Neurosci. 2016, 10, 296. [CrossRef]
173. King, K.A.; Hu, C.; Rodriguez, M.M.; Romaguera, R.; Jiang, X.; Piedimonte, G. Exaggerated neurogenic
inflammation and substance P receptor upregulation in RSV-infected weanling rats. Am. J. Respir. Cell
Mol. Biol. 2001, 24, 101–107. [CrossRef]
174. Dierynck, I.; Van Marck, H.; Van Ginderen, M.; Jonckers, T.H.; Nalam, M.N.; Schiffer, C.A.; Raoof, A.;
Kraus, G.; Picchio, G. TMC310911, a novel human immunodeficiency virus type 1 protease inhibitor, shows
in vitro an improved resistance profile and higher genetic barrier to resistance compared with current
protease inhibitors. Antimicrob. Agents Chemother. 2011, 55, 5723–5731. [CrossRef]
175. Hammer, Q.; Ruckert, T.; Romagnani, C. Natural killer cell specificity for viral infections. Nat. Immunol.
2018, 19, 800–808. [CrossRef]
176. Liu, Y.; Chen, G.Y.; Zheng, P. CD24-Siglec G/10 discriminates danger- from pathogen-associated molecular
patterns. Trends Immunol. 2009, 30, 557–561. [CrossRef] [PubMed]
177. Tian, R.R.; Zhang, M.X.; Liu, M.; Fang, X.; Li, D.; Zhang, L.; Zheng, P.; Zheng, Y.T.; Liu, Y. CD24Fc protects
against viral pneumonia in simian immunodeficiency virus-infected Chinese rhesus monkeys. Cell. Mol.
Immunol. 2020. [CrossRef] [PubMed]
178. Gutbier, B.; Neuhauss, A.K.; Reppe, K.; Ehrler, C.; Santel, A.; Kaufmann, J.; Scholz, M.; Weissmann, N.;
Morawietz, L.; Mitchell, T.J.; et al. Prognostic and Pathogenic Role of Angiopoietin-1 and -2 in Pneumonia.
Am. J. Respir. Crit. Care Med. 2018, 198, 220–231. [CrossRef] [PubMed]
179. Patterson, B.K.; Seethamraju, H.; Dhody, K.; Corley, M.J.; Kazempour, K.; Lalezari, J.P.; Pang, A.P.; Sugai, C.;
Francisco, E.B.; Pise, A.; et al. Disruption of the CCL5/RANTES-CCR5 Pathway Restores Immune Homeostasis
and Reduces Plasma Viral Load in Critical COVID-19. medRxiv 2020. [CrossRef]
180. Stellbrink, H.J.; Arasteh, K.; Schurmann, D.; Stephan, C.; Dierynck, I.; Smyej, I.; Hoetelmans, R.M.; Truyers, C.;
Meyvisch, P.; Jacquemyn, B.; et al. Antiviral activity, pharmacokinetics, and safety of the HIV-1 protease
inhibitor TMC310911, coadministered with ritonavir, in treatment-naive HIV-1-infected patients. J. Acquir.
Immune Defic. Syndr. 2014, 65, 283–289. [CrossRef] [PubMed]
181. Dhody, K.; Pourhassan, N.; Kazempour, K.; Green, D.; Badri, S.; Mekonnen, H.; Burger, D.; Maddon, P.J. PRO
140, a monoclonal antibody targeting CCR5, as a long-acting, single-agent maintenance therapy for HIV-1
infection. HIV Clin. Trials 2018, 19, 85–93. [CrossRef]
182. Bloch, E.M.; Shoham, S.; Casadevall, A.; Sachais, B.S.; Shaz, B.; Winters, J.L.; van Buskirk, C.; Grossman, B.J.;
Joyner, M.; Henderson, J.P.; et al. Deployment of convalescent plasma for the prevention and treatment of
COVID-19. J. Clin. Investig. 2020, 130, 2757–2765. [CrossRef]
183. Rojas, M.; Rodriguez, Y.; Monsalve, D.M.; Acosta-Ampudia, Y.; Camacho, B.; Gallo, J.E.; Rojas-Villarraga, A.;
Ramirez-Santana, C.; Diaz-Coronado, J.C.; Manrique, R.; et al. Convalescent plasma in Covid-19: Possible
mechanisms of action. Autoimmun. Rev. 2020, 19, 102554. [CrossRef]
184. Cheng, Y.; Wong, R.; Soo, Y.O.; Wong, W.S.; Lee, C.K.; Ng, M.H.; Chan, P.; Wong, K.C.; Leung, C.B.; Cheng, G.
Use of convalescent plasma therapy in SARS patients in Hong Kong. Eur. J. Clin. Microbiol. Infect. Dis. 2005,
24, 44–46. [CrossRef]
185. Ko, J.H.; Seok, H.; Cho, S.Y.; Ha, Y.E.; Baek, J.Y.; Kim, S.H.; Kim, Y.J.; Park, J.K.; Chung, C.R.; Kang, E.S.; et al.
Challenges of convalescent plasma infusion therapy in Middle East respiratory coronavirus infection:
A single centre experience. Antivir. Ther. 2018, 23, 617–622. [CrossRef]
186. van Erp, E.A.; Luytjes, W.; Ferwerda, G.; van Kasteren, P.B. Fc-Mediated Antibody Effector Functions During
Respiratory Syncytial Virus Infection and Disease. Front. Immunol. 2019, 10, 548. [CrossRef] [PubMed]
187. Shen, C.; Wang, Z.; Zhao, F.; Yang, Y.; Li, J.; Yuan, J.; Wang, F.; Li, D.; Yang, M.; Xing, L.; et al. Treatment of 5
Critically Ill Patients With COVID-19 With Convalescent Plasma. JAMA 2020. [CrossRef] [PubMed]
188. Duan, K.; Liu, B.; Li, C.; Zhang, H.; Yu, T.; Qu, J.; Zhou, M.; Chen, L.; Meng, S.; Hu, Y.; et al. Effectiveness of
convalescent plasma therapy in severe COVID-19 patients. Proc. Natl. Acad. Sci. USA 2020, 117, 9490–9496.
[CrossRef] [PubMed]
189. Rajendran, K.; Krishnasamy, N.; Rangarajan, J.; Rathinam, J.; Natarajan, M.; Ramachandran, A. Convalescent
plasma transfusion for the treatment of COVID-19: Systematic review. J. Med. Virol. 2020. [CrossRef]
[PubMed]
190. Hendrickson, J.E.; Hillyer, C.D. Noninfectious serious hazards of transfusion. Anesth. Analg. 2009, 108,
759–769. [CrossRef] [PubMed]

Pharmaceuticals 2020, 13, 188

30 of 32

191. Thanh Le, T.; Andreadakis, Z.; Kumar, A.; Gomez Roman, R.; Tollefsen, S.; Saville, M.; Mayhew, S.
The COVID-19 vaccine development landscape. Nat. Rev. Drug Discov. 2020, 19, 305–306. [CrossRef]
[PubMed]
192. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S.
Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263.
[CrossRef]
193. Malone, R.W.; Felgner, P.L.; Verma, I.M. Cationic liposome-mediated RNA transfection. Proc. Natl. Acad.
Sci. USA 1989, 86, 6077–6081. [CrossRef]
194. Midoux, P.; Pichon, C. Lipid-based mRNA vaccine delivery systems. Expert Rev. Vaccines 2015, 14, 221–234.
[CrossRef]
195. Wang, F.; Kream, R.M.; Stefano, G.B. An Evidence Based Perspective on mRNA-SARS-CoV-2 Vaccine
Development. Med. Sci. Monit. 2020, 26, e924700. [CrossRef]
196. Lim, B.; Lee, K. Stability of the osmoregulated promoter-derived proP mRNA is posttranscriptionally
regulated by RNase III in Escherichia coli. J. Bacteriol. 2015, 197, 1297–1305. [CrossRef] [PubMed]
197. Pardi, N.; Weissman, D. Nucleoside Modified mRNA Vaccines for Infectious Diseases. Methods Mol. Biol.
2017, 1499, 109–121. [CrossRef] [PubMed]
198. Ohto, T.; Konishi, M.; Tanaka, H.; Onomoto, K.; Yoneyama, M.; Nakai, Y.; Tange, K.; Yoshioka, H.; Akita, H.
Inhibition of the Inflammatory Pathway Enhances Both the in Vitro and in Vivo Transfection Activity of
Exogenous in Vitro-Transcribed mRNAs Delivered by Lipid Nanoparticles. Biol. Pharm. Bull. 2019, 42,
299–302. [CrossRef] [PubMed]
199. Jackson, L.A.; Anderson, E.J.; Rouphael, N.G.; Roberts, P.C.; Makhene, M.; Coler, R.N.; McCullough, M.P.;
Chappell, J.D.; Denison, M.R.; Stevens, L.J.; et al. An mRNA Vaccine against SARS-CoV-2—Preliminary
Report. N. Engl. J. Med. 2020. [CrossRef]
200. Zhou, X.; Berglund, P.; Rhodes, G.; Parker, S.E.; Jondal, M.; Liljestrom, P. Self-replicating Semliki Forest virus
RNA as recombinant vaccine. Vaccine 1994, 12, 1510–1514. [CrossRef]
201. Vogel, A.B.; Lambert, L.; Kinnear, E.; Busse, D.; Erbar, S.; Reuter, K.C.; Wicke, L.; Perkovic, M.; Beissert, T.;
Haas, H.; et al. Self-Amplifying RNA Vaccines Give Equivalent Protection against Influenza to mRNA
Vaccines but at Much Lower Doses. Mol. Ther. 2018, 26, 446–455. [CrossRef]
202. Pfizer and Biontech Choose Lead Mrna Vaccine Candidate Against Covid-19 and Commence Pivotal Phase
2/3 Global Study. Available online: https://www.pfizer.com/news/press-release/press-release-detail/pfizerand-biontech-choose-lead-mrna-vaccine-candidate-0 (accessed on 27 July 2020).
203. Chinnakannan, S.K.; Cargill, T.N.; Donnison, T.A.; Ansari, M.A.; Sebastian, S.; Lee, L.N.; Hutchings, C.;
Klenerman, P.; Maini, M.K.; Evans, T.; et al. The Design and Development of a Multi-HBV Antigen Encoded
in Chimpanzee Adenoviral and Modified Vaccinia Ankara Viral Vectors; A Novel Therapeutic Vaccine
Strategy against HBV. Vaccines (Basel) 2020, 8, 184. [CrossRef]
204. Folegatti, P.M.; Ewer, K.J.; Aley, P.K.; Angus, B.; Becker, S.; Belij-Rammerstorfer, S.; Bellamy, D.; Bibi, S.;
Bittaye, M.; Clutterbuck, E.A.; et al. 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 2020.
[CrossRef]
205. Liechtenstein, T.; Perez-Janices, N.; Escors, D. Lentiviral vectors for cancer immunotherapy and clinical
applications. Cancers (Basel) 2013, 5, 815–837. [CrossRef]
206. Miao, C.H. Hemophilia A gene therapy via intraosseous delivery of factor VIII-lentiviral vectors. Thromb. J.
2016, 14, 41. [CrossRef]
207. Zhu, F.C.; Li, Y.H.; Guan, X.H.; Hou, L.H.; Wang, W.J.; Li, J.X.; Wu, S.P.; Wang, B.S.; Wang, Z.; Wang, L.; et al.
Safety, tolerability, and immunogenicity of a recombinant adenovirus type-5 vectored COVID-19 vaccine:
A dose-escalation, open-label, non-randomised, first-in-human trial. Lancet 2020, 395, 1845–1854. [CrossRef]
208. INOVIO Announces Positive Interim Phase 1 Data for INO-4800 Vaccine for COVID-19. Available
online: https://www.prnewswire.com/news-releases/inovio-announces-positive-interim-phase-1-data-forino-4800-vaccine-for-covid-19-301085537.html (accessed on 30 June 2020).
209. Sardesai, N.Y.; Weiner, D.B. Electroporation delivery of DNA vaccines: Prospects for success. Curr. Opin.
Immunol. 2011, 23, 421–429. [CrossRef] [PubMed]

Pharmaceuticals 2020, 13, 188

31 of 32

210. Diehl, M.C.; Lee, J.C.; Daniels, S.E.; Tebas, P.; Khan, A.S.; Giffear, M.; Sardesai, N.Y.; Bagarazzi, M.L.
Tolerability of intramuscular and intradermal delivery by CELLECTRA((R)) adaptive constant current
electroporation device in healthy volunteers. Hum. Vaccines Immunother. 2013, 9, 2246–2252. [CrossRef]
[PubMed]
211. Flingai, S.; Czerwonko, M.; Goodman, J.; Kudchodkar, S.B.; Muthumani, K.; Weiner, D.B. Synthetic DNA
vaccines: Improved vaccine potency by electroporation and co-delivered genetic adjuvants. Front. Immunol.
2013, 4, 354. [CrossRef] [PubMed]
212. Dicks, M.D.; Spencer, A.J.; Edwards, N.J.; Wadell, G.; Bojang, K.; Gilbert, S.C.; Hill, A.V.; Cottingham, M.G.
A novel chimpanzee adenovirus vector with low human seroprevalence: Improved systems for vector
derivation and comparative immunogenicity. PLoS ONE 2012, 7, e40385. [CrossRef] [PubMed]
213. Folegatti, P.M.; Bittaye, M.; Flaxman, A.; Lopez, F.R.; Bellamy, D.; Kupke, A.; Mair, C.; Makinson, R.;
Sheridan, J.; Rohde, C.; et al. Safety and immunogenicity of a candidate Middle East respiratory syndrome
coronavirus viral-vectored vaccine: A dose-escalation, open-label, non-randomised, uncontrolled, phase 1
trial. Lancet Infect. Dis. 2020, 20, 816–826. [CrossRef]
214. Shao, J.; Xu, Q.; Su, S.; Wei, J.; Meng, F.; Chen, F.; Zhao, Y.; Du, J.; Zou, Z.; Qian, X.; et al. Artificial
antigen-presenting cells are superior to dendritic cells at inducing antigen-specific cytotoxic T lymphocytes.
Cell. Immunol. 2018, 334, 78–86. [CrossRef]
215. Cheng, S.; Xu, C.; Jin, Y.; Li, Y.; Zhong, C.; Ma, J.; Yang, J.; Zhang, N.; Li, Y.; Wang, C.; et al. Artificial Mini
Dendritic Cells Boost T Cell-Based Immunotherapy for Ovarian Cancer. Adv. Sci. (Weinh) 2020, 7, 1903301.
[CrossRef]
216. Milone, M.C.; O'Doherty, U. Clinical use of lentiviral vectors. Leukemia 2018, 32, 1529–1541. [CrossRef]
217. Wold, W.S.; Toth, K. Adenovirus vectors for gene therapy, vaccination and cancer gene therapy.
Curr. Gene Ther. 2013, 13, 421–433. [CrossRef]
218. Fitzgerald, D.W.; Janes, H.; Robertson, M.; Coombs, R.; Frank, I.; Gilbert, P.; Loufty, M.; Mehrotra, D.;
Duerr, A.; Step Study Protocol Team. An Ad5-vectored HIV-1 vaccine elicits cell-mediated immunity but does
not affect disease progression in HIV-1-infected male subjects: Results from a randomized placebo-controlled
trial (the Step study). J. Infect. Dis. 2011, 203, 765–772. [CrossRef] [PubMed]
219. Zhu, F.C.; Hou, L.H.; Li, J.X.; Wu, S.P.; Liu, P.; Zhang, G.R.; Hu, Y.M.; Meng, F.Y.; Xu, J.J.; Tang, R.; et al. Safety
and immunogenicity of a novel recombinant adenovirus type-5 vector-based Ebola vaccine in healthy adults
in China: Preliminary report of a randomised, double-blind, placebo-controlled, phase 1 trial. Lancet 2015,
385, 2272–2279. [CrossRef]
220. Zhu, F.C.; Guan, X.H.; Li, Y.H.; Huang, J.Y.; Jiang, T.; Hou, L.H.; Li, J.X.; Yang, B.F.; Wang, L.; Wang, W.J.; et al.
Immunogenicity and safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine in healthy
adults aged 18 years or older: A randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2020.
[CrossRef]
221. Morgan, R.A.; Gray, D.; Lomova, A.; Kohn, D.B. Hematopoietic Stem Cell Gene Therapy: Progress and
Lessons Learned. Cell Stem Cell 2017, 21, 574–590. [CrossRef]
222. Golchin, A.; Seyedjafari, E.; Ardeshirylajimi, A. Mesenchymal Stem Cell Therapy for COVID-19: Present or
Future. Stem Cell Rev. Rep. 2020, 16, 427–433. [CrossRef]
223. Leng, Z.; Zhu, R.; Hou, W.; Feng, Y.; Yang, Y.; Han, Q.; Shan, G.; Meng, F.; Du, D.; Wang, S.; et al.
Transplantation of ACE2(-) Mesenchymal Stem Cells Improves the Outcome of Patients with COVID-19
Pneumonia. Aging Dis. 2020, 11, 216–228. [CrossRef]
224. Bernardo, M.E.; Fibbe, W.E. Mesenchymal stromal cells: Sensors and switchers of inflammation. Cell Stem Cell
2013, 13, 392–402. [CrossRef]
225. Lee, J.W.; Park, J.H.; Prausnitz, M.R. Dissolving microneedles for transdermal drug delivery. Biomaterials
2008, 29, 2113–2124. [CrossRef]
226. Prausnitz, M.R.; Langer, R. Transdermal drug delivery. Nat. Biotechnol. 2008, 26, 1261–1268. [CrossRef]
227. Kim, E.; Erdos, G.; Huang, S.; Kenniston, T.W.; Balmert, S.C.; Carey, C.D.; Raj, V.S.; Epperly, M.W.;
Klimstra, W.B.; Haagmans, B.L.; et al. Microneedle array delivered recombinant coronavirus vaccines:
Immunogenicity and rapid translational development. EBioMedicine 2020, 55, 102743. [CrossRef]
228. Bhardwaj, A.; Walker-Kopp, N.; Wilkens, S.; Cingolani, G. Foldon-guided self-assembly of ultra-stable
protein fibers. Protein Sci. 2008, 17, 1475–1485. [CrossRef] [PubMed]

Pharmaceuticals 2020, 13, 188

32 of 32

229. Tao, Y.; Strelkov, S.V.; Mesyanzhinov, V.V.; Rossmann, M.G. Structure of bacteriophage T4 fibritin: A segmented
coiled coil and the role of the C-terminal domain. Structure 1997, 5, 789–798. [CrossRef]
230. Shanmugam, A.; Rajoria, S.; George, A.L.; Mittelman, A.; Suriano, R.; Tiwari, R.K. Synthetic Toll like
receptor-4 (TLR-4) agonist peptides as a novel class of adjuvants. PLoS ONE 2012, 7, e30839. [CrossRef]
[PubMed]
231. Gao, Q.; Bao, L.; Mao, H.; Wang, L.; Xu, K.; Yang, M.; Li, Y.; Zhu, L.; Wang, N.; Lv, Z.; et al. Development of
an inactivated vaccine candidate for SARS-CoV-2. Science 2020, 369, 77–81. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

