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Abstract: The coronavirus disease of 2019 (COVID-19) or severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection is a global pandemic with increasing incidence and mortality
rates. Recent evidence based on the cytokine profiles of severe COVID-19 cases suggests an overstimulation
of macrophages and monocytes associated with reduced T-cell abundance (lymphopenia) in patients
infected with SARS-CoV-2. The SARS-CoV-2 open reading frame 3 a (ORF3a) protein was found
to bind to the human HMOX1 protein at a high confidence through high-throughput screening
experiments. The HMOX1 pathway can inhibit platelet aggregation, and can have anti-thrombotic and
anti-inflammatory properties, amongst others, all of which are critical medical conditions observed
in COVID-19 patients. Here, we review the potential of modulating the HMOX1-ORF3a nexus to
regulate the innate immune response for therapeutic benefits in COVID-19 patients. We also review
other potential treatment strategies and suggest novel synthetic and natural compounds that may
have the potential for future development in clinic.
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1. Introduction

The ongoing coronavirus disease of 2019 (COVID-19) or severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection poses an unprecedented threat to public health as a global
pandemic accompanied with high incidence of mortalities [1]. Most of the COVID-19 fatalities are
due to respiratory failure caused by acute respiratory distress syndrome (ARDS) [2]. Characterized by
clinical symptoms such as fevers or chills, shortness of breath, muscle, and body aches [3], this flu-like
disease has resulted in staggering outcomes with multiple mechanisms of action. In addition, recent
studies have shown that fatalities of patients on mechanical ventilation over the age of 65 was 97.2%,
significantly higher compared to 76.4% for ages ranging from 18 to 65 [4]. Owing to a large spike
recently, especially among the elderly population, it has become imperative to identify new safe and
effective therapeutic strategies that include, but are not limited to, anti-viral therapy, vaccines and
immune-modulating drugs [5].

Current treatment research strategies for COVID-19 are investigating several novel frontiers of
therapeutics, such as the anti-viral drugs remdesivir, favilavir, the anti-malarial hydroxychloroquine,
the anti-HIV drugs lopinavir, ritonavir and ACE2 inhibitor APN01 [6–8]. It is also promising that that
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there is an ongoing phase 3 clinical trial with the investigational vaccine mRNA-1273 in the United
States [9]. However, in spite of the immense investigational efforts being made for treating patients
with COVID-19, additional therapeutic strategies are needed. Passing regulations required by the US
Food and Drug Administration (FDA) and proving safety with efficacy in multi-arm clinical trials
will take longer periods of time, thus delaying treatment to patients. Owing to restricted treatment
modalities, it is imperative to focus on repurposed drugs and natural compounds that target protein
interactors of the SARS-CoV-2 protein. It would be interesting to note potential molecular therapeutics
that could modulate the HMOX1 pathway to enhance therapeutic intervention and control the cytokine
cascade commonly observed in SARS-CoV-2 patients worldwide. These treatment options could be
especially beneficial to developing countries in the subcontinents of Asia and Africa, where mass
vaccination and medical facilities are limited. In this article, we enlist the existing treatment options
that are being investigated as frontline therapy for the treatment of SARS-CoV-2. We also throw light
on the benefits of naturally occurring compounds and potential mechanisms that can be elucidated
to understand the molecular targets of the HMOX1 pathway and other pathways that are altered in
COVID-19 patients.

2. Life Cycle and Infectious Process of the SARS-CoV-2 Virus

The SARS-CoV-2 virus is part of a family of enveloped positive-sense RNA viruses.
Morphologically distinct with spikes on the viral surface, it has a distinct molecular replication
strategy (Figure 1). The entry of the virus into the host cell can occur either via endocytosis or plasma
membrane fusion. Irrespective of the mode of entry, two spike proteins of the virus called S1 and S2
attach to the membrane of the host cell and use the angiotensin-converting enzyme 2 (ACE2) receptor
for entry. If entry is via the endosomes, cathepsin L activates the spike proteins which can also be
activated by the cellular serine protease TMPRSS2. However, the membrane fusion entry path would
be most efficient for viral entry owing to its decreased potential to trigger a host cell immune cascade.
After entry, the viral RNA is released as shown. This viral RNA is then translated and replicated.
The RNA-dependent RNA polymerase (RdRp) would bring about replication of the RNA belonging to
the viral structural protein. The viral structural proteins S1, S2, envelope protein (E) and membrane
protein (M) are translated by the rough endoplasmic reticulum (RER). The translated proteins are then
released on the surface of the RER in preparation for virion assembly and they undergo a nested sub
genomic transcription. The nucleocapsid proteins (N) remain in the cytoplasm since their assembly
is from genomic RNA. The N proteins fuse with the virion precursor which is transported from
the endoplasmic reticulum (ER) through the Golgi apparatus to the cell surface via small vesicles.
The assembled virions are then released extracellularly through exocytosis [10–12].
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3. Current Treatments for SARS-CoV-2 Patients

Currently, while there is one investigative vaccine in Phase 3, there do not exist any clinically
approved anti-viral therapeutics or vaccines. Most treatment modalities focus on overcoming the
challenges of respiratory failure and involve mechanical ventilation. Although there are some
commonly known mechanisms of virus infection and replication in the host system (Figure 1),
SARS-CoV-2 infection has multiple undiscovered pathways responsible for molecular pathogenesis.
Elucidating the mechanisms underlying virus infection and immune disruption is of utmost importance.
The knowledge gap that currently exists pertaining to the molecular underpinnings of SARS-CoV-2
infection provides a challenge to the field of drug discovery and molecular therapeutics. Even though
drugs such as hydroxychloroquine and remdesivir have shown promise, several multi-arm clinical trials
would be necessary to initiate clinical use. SARS-CoV-2 mainly uses ACE2 as its receptor, causing
several research groups to study strategies to alter the binding affinity of the virus to the enzyme [14].
COVID-19 pathogenesis has been attributed to an excessive inflammatory response, cytokine storm
and immune modulated tissue damage [15,16]. Of note, interleukin 6 is seen to be upregulated in
COVID-19 patients with severe disease and several groups are currently looking at the potential
benefits of using IL-6 inhibitors to ameliorate extreme damage to lung tissue. While IL-6 drugs such as
tocilizumab do show some clinical efficacy, other studies reported that IL-6 inhibitors could be associated
with secondary infections or even toxic responses in patients [17]. Irrespective of the current consensus,
it is known that respiratory distress, sepsis, thrombosis and lung damage observed in some critically
ill patients are all signs of an overactive cascade of dysregulated immune mediating molecules like
cytokines [18]. Some success stories related to IL-6 inhibition as a treatment measure suggest possible
therapeutic approached targeting IL-6 intervention. Dr. Ryan Padgett was one of the first frontline
health-care workers in Washington to test positive for SARS-CoV-2. He successfully responded to
infusions of the rheumatoid arthritis drug Actemra, which is an inhibitor of the IL-6 receptor, one of
the several key regulators of the SARS-CoV-2 cytokine storm [19–21]. However, Actemra must be
prescribed with caution as it could block the patient’s innate immune response. Details of the drug
have been provided (Table 1).

Another investigational drug worth mentioning is the broad spectrum anti-viral drug remdesivir.
A previous study has demonstrated the ability of remdesivir to inhibit SARS-CoV-2 [22]. Remdesivir is a
nucleoside analogue pro-drug with unique structural features that allow high concentrations of the
active triphosphate metabolite to be delivered intracellularly. It evades proofreading to successfully
inhibit viral RNA synthesis and has demonstrated potent antiviral activity against β-coronaviruses,
including SARS-CoV-2 in both in vitro and in animal models [8,23–30]. These data, coupled with early
safety data from clinical experience in Ebola virus infection 5, provide strong rationale for prioritizing
testing of remdesivir in COVID-19 clinical trials. With at least six remdesivir randomized-controlled trials
currently underway worldwide, there is reason to be optimistic of its therapeutic efficacy. Currently,
several ongoing phase 3 clinical trials for remdesivir are underway [31]. However, remdesivir has
proven effective in some patients, but not all [32]. Consequently, although the FDA has not yet
approved it, emergency use authorization for remdesivir has been granted (Table 1). Scientists are also
considering repurposing drugs used for other diseases such as tamiflu, hydroxycholoquine, azithromycin,
ands lopinavir/ritonavir for their effect in treating SARS-CoV-2 (Table 1).
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Table 1. Potential medications for the treatment of SARS-CoV-2.

Potential Drug Mode of Action Current Status Reference

Remdesivir

Remdesivir (a variant of Adenosine) which
hinders the coronavirus RNA
polymerase—a key enzyme that
coronavirus requires to replicate its genetic
material and proliferate in a human body.

On 1 May 2020, the FDA
issued an emergency use
authorization (EUA) for
remdesivir

[32,33]

Hydroxychloroquine
and chloroquine

Hydroxychloroquine and chloroquine work
via changing the chemical environment of
human cell membranes, consequently not
allowing the virus to enter and multiply
inside the cells.

FDA has issued a caution that
hydroxychloroquine (HCQ) or
chloroquine should not be
used outside of a hospital
setting/clinical trials for
COVID-19 due to serious
heart-related side effects.

[34,35]

Azithromycin
Azithromycin is an antibiotic used to treat
bacterial infections like bronchitis and
pneumonia.

Azithromycin is FDA
approved but should not be
used in combination with
hydroxychloroquine together
due to serious side effect
concerns.

[36–40]

Convalescent plasma
and antibody-based
therapies

Convalescent plasma is taken from people
who have developed antibodies for
COVID-19. This could potentially help
fight the coronavirus infection in new
patients. Synthetically produced antibodies
can inhibit viral infection and pathogenesis.

The FDA issued an Emergency
Investigational New Drug
approval for the use of
convalescent plasma to treat
people with COVID-19 on 24
March 2020.

[41–46]
(antibody

refs)

Actemra (tocilizumab)
Actemra blocks interleukin-6 (IL-6), a
cytokine involved in human immune
response.

The efficacy and safety phase 2
trial of Tocilizumab for the
treatment of COVID-19 is
under way.

[19,47–51]

Kaletra
(lopinavir/ritonavir)

KALETRA is a combination of lopinavir
and ritonavir. Lopinavir is a potent
inhibitor of the Human Immunodeficiency
Virus (HIV) protease. Ritonavir obstructs
the CYP3A-mediated metabolism of
lopinavir, resulting in increased plasma
levels of lopinavir.

A cluster randomized
controlled trial (RCT) of oral
Kaletra (lopinavir/ritonavir) as
Post-Exposure Prophylaxis
(PEP) is underway for
COVID-19.

[52–59]

Tamiflu (oseltamivir)

Oseltamivir works by inhibiting the viral
neuraminidase enzyme activity.
The enzyme is found on the surface of the
virus (H1N1).

Several ongoing clinical trials
are looking at Tamiflu in
combination with other
medications for COVID-19.

[52,57]

Avigan (favipiravir)

Favipiravir/Avigan induces a rapid
mutation rate of the virus RNA polymerase
complex, which results in a large
proportion of inactive viruses amongst the
virus population.

Favipiravir/Avigan is an
approved drug in Japan and
China against flu. Clinical trial
is underway in US to start in
Boston.

[52,60–62]

Colcrys (colchicine)
Colchicine could work if the immune
system becomes too activated and a
cytokine storm occurs.

[63]

4. COVID-19 Related Thrombosis, Sepsis and Fibrinogenesis

A previous report showed that SARS-CoV-2 patients display abnormal thrombosis (blood clotting)
in addition to significantly elevated abnormal D-dimer levels [31]. It is hypothesized that the virus
could directly target blood vessels or could be an indirect result of a cytokine storm [64]. This could
also explain the acute kidney injury seen in several patients because of the cytokine storm response to
infection. It was found that several patients with severe SARSCoV-2 had coagulation abnormalities
that are associated with an increased risk of death [65]. A recent report suggested that a considerable
fraction of patients with severe SARS-CoV-2 infection develop venous and arterial thromboembolic
complications [66]. Moreover, one study demonstrated that all COVID-19 patients have elevated
fibrinogen levels on hospital admission [65]. Another interesting study found that increased IL-6
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levels found in all COVID 19 patients correlate with increased fibrinogen levels, confirming the
link between inflammation and procoagulant changes [66]. Hospitals in France reported multiple
cases of deep vein thrombosis associated with significantly increased inflammatory response among
SARS-CoV-2 patients. High dimerized plasmin fragment D (D-dimer) levels, procoagulant changes in
coagulation pathways and an elevated rate of venous and arterial thrombotic events were reported
among patients with severe SARS-CoV-2 [67]. All the above findings lead to the fact that COVID-19
infection results in an uncontrolled immune response. Identifying pathways to regulate this response
is of immediate importance.

5. Role of HMOX1 in Thrombosis, Fibrinolysis and Sepsis

Heme oxygenase (HMOX1) is a key enzyme that catalyzes the rate-limiting first step in the heme
degradation process, generating carbon monoxide, ferrous and biliverdin, and therefore HMOX1
has a cytoprotective role as excess free heme has been shown to induce apoptosis [27]. HMOX1 is
expressed at high levels in the lungs and has been shown to mediate anti-inflammatory effect of
interleukin-10 (IL-10) in mice [68,69]. Given these functions of HMOX1, it has been implicated in a
variety of pathological states, including myocardial infarction, diabetes, chronic obstructive pulmonary
disease (COPD) [69,70]. Upregulation of HMOX1 has been shown to have a protective role against the
oxidative stress produced upon HIV, DENV, HCV, and IAV infections [71]. As aggressive inflammatory
responses in the respiratory tract are strongly implicated in disease severity upon SARS-CoV-2 infection,
further exploration of HMOX1 function during virus infection will help to elucidate mechanisms of
viral pathogenesis and potential treatments.

High-throughput genomic analyses of patients suffering from SARS-CoV-2 has provided growing
evidence to suggest a sub-group of the affected population suffering from an inflammation-mediated
cytokine storm. The cytokine storm, or cytokine release syndrome (CRS), is a systemic inflammatory
response characterized by the innate immune system releasing a cascade of cytokines such as interferons,
interleukins and chemokines, among others, thus overwhelming the host immune response leading to
death [5,23,24,72]. This massive cytokine boost promotes high levels of interleukin-6 (IL-6) production,
increased levels of clotting factors and fibrinogen leading to significantly higher rates of thrombosis in
COVID-19 patients [25].

Since the SARS-CoV-2 S protein binds to the human angiotensin-converting enzyme (ACE-2), many
studies are currently focusing on identifying inhibitors of this interaction as potential therapeutics [8].
However, recent studies based on protein–protein interactions have demonstrated alternative
pathways that could prove promising targets for therapeutic intervention or drug repurposing [26].
The SARS-CoV-2 open reading frame 3 a (ORF3a) protein was found to bind to human HMOX-1
protein with high confidence using affinity tag purification coupled to mass spectrometry (AP-MS) in
an unbiased search in human cells [26]. Given the central role of inflammation in severe COVID-19
cases, this binding interaction is promising because HMOX-1 activity reduces inflammation and tissue
damage [27] via the NLRP3 pathway [73,74]. This is of interest because the ORF3a in SARS-CoV-2 has
been shown to directly activate the NLRP3 inflammasome pathway [28,75].

Furthermore, a number of studies that have examined the cytokine profiles of severe COVID-19
cases suggested an overstimulation of macrophages and monocytes is associated with reduced T-cell
abundance (lymphopenia) [29], although the exact mechanism that causes this dysregulation has
yet to be identified. Importantly, macrophage differentiation into sub-classes termed M1 and M2 is
mediated by the activity of HMOX-1 [30]. Surprisingly, M2 macrophages, which are considered an
anti-inflammatory phenotype that inhibit T-cell activation, are upregulated in severe COVID-19 cases
despite the high levels of inflammation present [29], and M2 macrophage dysfunction is associated
with severe COVID-19 inflammation [26].

One simple explanation is that the anti-inflammatory activity of HMOX1 in M2 macrophages
is directly inhibited by ORF3a binding. Alternatively, ORF3a binding to HMOX1 may allow viral
particles to preferentially target M2 macrophages, and this could lead to several different outcomes.
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The ORF3a is an ion channel [76] that has a key role in viral particle release [77] and mediates both
apoptotic [78] and necrotic [79] cell death. Thus, HMOX1 binding could inhibit the cytotoxic activity
of the ORF3a protein in M2 macrophages, whereas in the pro-inflammatory M1 macrophages, with
low levels of HMOX1, unbound ORF3a is activated and induces cell death, favoring the survival of M2
macrophages, which suppresses T-cell activation and thus allows the virus to evade T cell-mediated
cell death. M2 macrophages could then act as a reservoir for viral particle production, driving further
tissue destruction.

Interestingly, previous studies demonstrated that stimulation of HMOX1 production inhibits the
platelet-dependent thrombus formation [80]. Likewise, increased HMOX1 expression in response to
oxidative stress may represent an adaptive response mechanism to down-regulate platelet activation
under prothrombotic conditions [80]. Another study showed direct evidence for a protective role of
HMOX1 against thrombosis and reactive oxygen agents during vascular damage and inflammation.
The induction of HMOX1 was shown to be of potential benefit in the prevention of thrombosis
associated with inflammation and vascular oxidant stress [81]. Additionally, other groups have
demonstrated that the products of HMOX1 possess antithrombotic properties, and impairment of
HMOX1 activity might contribute to thrombus formation [82]. HMOX1 is the rate-limiting enzyme
of heme degradation, which leads to the cleavage of the heme ring at the alpha methene bridge to
form carbon monoxide, ionic iron, and biliverdin, which is further converted to bilirubin immediately
by another enzyme, biliverdin reductase. We can see that with the pro-oxidant heme conversion to
antioxidant bilirubin, HMOX-1 acts as a major antioxidant [83]. Studies showed that systemic induction
of HMOX1 and bilirubin delays in vivo microvascular thrombus formation, most likely caused by
a reduction in endothelial P-selectin [84]. Carbon monoxide is also shown to exert anticoagulant
effects by influencing platelet aggregation [85], fibrinolysis [86] and has a role in maintaining the
integrity of the vessel wall [87,88]. The fact that SARS-CoV-2 causes thrombosis, which in turn leads
to patient death and the antithrombotic effects of HMOX1, clearly supports the idea that induction
and upregulation/induction of HMOX1 might help to decrease thrombosis and reduce the severity of
SARS-CoV-2 infection.

Furthermore, studies reported that sepsis observed in some critically ill SARS-CoV-2 patients could
be resulting from an overactive immune system. Sepsis is a leading cause of death worldwide and leads
to a hyper-inflammatory response, resulting in multi-organ failure. Briefly sepsis leads to red blood cell
lysis that releases hemoglobin. Oxidation of hemoglobin releases free heme into the circulatory system.
Proinflammatory mediators are induced by free heme, which can lead to tissue injury or cell death.
HMOX1 is the enzyme responsible for heme scavenging in sepsis. Importantly, during sepsis the
cytoprotective enzyme HMOX1 is upregulated and thus helps in combating sepsis-induced tissue injury.
Additionally, HMOX1 plays an important role in protection from polymicrobial sepsis [89]. The HMOX1
byproduct, carbon monoxide increases phagocytic activity, thereby enhancing bacterial clearance [89,90].
Moreover, the HMOX1 product biliverdin leads to an increased expression of the anti-inflammatory
mediator IL-10 and reduces expression of proinflammatory mediators such as IL-6 and MCP-1 [91].
An in vivo study report demonstrated that hemin, which is an inducer of HMOX1, decreases IL1b
and IL-18 secretion, and protects from sepsis-induced acute lung injury by inhibiting the excessive
inflammatory response [92]. An additional study demonstrated in vivo that HMOX1/CO plays a
critical role in inhibiting LPS-mediated sepsis and pro-inflammatory cytokine production [93]. Hepatic
injury caused by sepsis was also protected in mouse models via HMOX1-induced autophagy [94].
In a nutshell we can say that HMOX1 plays a protective role against polymicrobial sepsis, acute
inflammation response and thrombosis that are seen in critical SARS-CoV-2 patients. Therefore, agents
upregulating the HMOX1 pathway could prove to be potential therapeutic or preventive agents
for SARS-CoV-2.
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6. Small Molecules for Host Directed Therapy of SARS-CoV-2

The SARS-CoV-2 viral genome has 13 open reading frames (ORFs) obtained from nine sub-genomic
RNAs. The viral proteins encoded are of four structural types: spike (S), envelope (E), membrane
(M) and nucleocapsid (N). The genetic composition of the SARS-CoV-2 virus shares some similarities
with the SARS-CoV-2 virus. The ORF1a/1b encodes polyproteins that are ultimately processed to form
16 non-structural proteins (Nsp’s) [26,89]. In addition to HMOX1, the SARS-CoV-2 viral protein showed
high interaction with other human proteins that were essential to biological processes such as DNA
replication, epigenetic regulation, vesicle trafficking, RNA processing and regulation, ubiquitin ligases
and nuclear transport. Importantly, since the SARS-CoV-2 viral envelope interacts with bromodomain
proteins, such as BRD2 and BRD4, several bromodomain inhibitors such as GSK1210151A, GSK525762,
OTX-015, TEN-010, CPI-203, CPI-0610 show great potential in inhibiting the replication potential of
the virus [95–103]. Previous studies have looked at the potency of drugs such as zotatifin, an inhibitor
of a translation initiation factor, PB28, an agonist of the sigma-2 receptor and hydroxychloroquine,
a quinoline derivative used as an anti-malarial, zotatifin was found to have the highest potency with an
IC50 of 37 nanomolar [26]. Another exciting avenue to pursue is the use of inhibitors of messenger
RNA translation. In 2012, the FDA approved the first inhibitor of RNA translation called omacetaxine
mepesuccinate which is a tyrosine kinase inhibitor (TKI) for the treatment of chronic myelogenous
leukemia (CML) [103]. Additionally, other serine/threonine kinase inhibitors like the mammalian
target of rapamycin (mTOR) specific FDA approved drugs temsirolimus and everolimus could also
be potential options for testing [104,105]. It is important to note that previous studies specifically
identified sigma 1 and sigma 2 receptors to be important binding targets of the SARS-CoV-2 viral
protein. The sigma-1 and sigma-2 receptors are resident proteins in the endoplasmic reticulum
(ER) and have historically been associated with neurological disorders, HIV, and cancer. It is also
widely known for its interaction with ion channels on the plasma membrane of cells [106]. They are
found to modulate potassium and ion channels and play dual roles of molecular chaperones and
receptors [104,106]. Sigma receptor antagonists like rimcazole, BD-1047, BD1063 and siramesine have
previously demonstrated potent activities for the treatment of cancer and HIV [105]. Thus, novel
modulators as well as conventional antagonists of the sigma receptor proteins could serve as novel
frontiers for drug discovery or repurposing in the setting of COVID-19.

7. Natural Antiviral Agents that Upregulate the HMOX1 Pathway

In addition to synthetic molecules that are potential treatment strategies for SARS-CoV-2 viral
infection, it is important to note some compounds/extracts obtained from natural plants that could
show promise for therapy. One such natural plant is the neem plant (Azardirachta indica), known for
its anti-inflammatory, antioxidant, antimalarial, antiarthritic, antipyretic, hypoglycemic, antigastric
ulcer, antifungal, antibacterial, and antitumour activities or immune-stimulating properties [107–112].
There are currently more than 140 biologically active compounds including Nimbolide that has been
shown to be a unique druggable modality especially in cancer pathogenicity [113]. Nimbolide is a
limonoid tetranortriterpenoid with an α,β-unsaturated ketone system and a δ-lactone ring isolated
from Azadirachta indica. A study showed that aqueous neem bark extract (NBE) preparation from
remarkably blocked herpes simplex virus 1 (HSV-1) entry into natural target cells at concentrations
ranging from 50–100 µg/mL. [114]. Many reports determined that neem extracts significantly inhibited
various viruses such as coxackie B group virus, poliovirus, dengue virus and HIV at early steps
of viral genome replication. In vitro and in vivo studies have described the inhibitory potential of
crude aqueous extract of neem leaves and pure neem compound (Azadirachtin) on the replication
of dengue virus type-2 [115]. Azadirachtin is a triterpenoid found in need tree seeds. Studies have
reported the antiviral properties of Azadirachta indica polysaccharides for poliovirus in vitro [116],
by mechanistically inhibiting initial stages of viral replication. The neem extract was also found to act
as a viricidal agent against the coxsackie virus B-4 [117]. Water-extracted polysaccharides from neem
leaves exerted anti-bovine herpesvirus type 1 (BoHV-1) activity and a fractionated acetone-water neem
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extract, IRAB is being marketed as a drug against HIV, malaria, and cancer in Nigeria under the trade
name IRACAP [118]. Additional groups have shown the antiviral activity of neem seed kernel extracts
in vitro against duck plague virus (Table 2) [119].

Table 2. Antiviral properties of neem.

Neem Plant Part Virus Type Reference

Aqueous extract preparation from the barks of
neem (NBE) Herpes Simplex Virus 1 (HSV-1) [114]

Crude aqueous extract of neem leaves and pure
neem compound (Azadirachtin) Dengue virus type 2 [115]

Neem’s polysaccharides extracted from leaves Poliovirus [116]

Neem leaf extract Coxsackie virus B-4 [117]

Water-extracted polysaccharides from neem
leaves Anti-bovine herpesvirus Type 1 [118]

Neem seed kernel extracts Duck plague virus [119]

Fractionated neem-leaf extract Human Immunodeficiency Virus 1
(HIV-1) [120]

8. Upregulation of Protein and mRNA Levels of HMOX1 Using Natural Compounds and
Clinically Available Therapeutics

While the neem plant may not be the only natural compound that has therapeutic potential for
its anti-viral properties, previous reports showed that the neem leaf extract upregulates the HMOX1
protein and mRNA expression [121]. One such study reported a significant increase in the HMOX1
protein level in C4-2B and PC-3M-luc2 prostate cancer cells after 24 and 48 h of treatment with the EENL
(ethanolic extract of neem leaves) [108]. These results are consistent with the increase in the mRNA
expression levels of the HMOX1 gene after EENL treatment. These results were validated by another
study showing significant overexpression of HMOX1 RNA expression in HUVEC cells post treatment
with 20.0 and 40.0 µg/mL of EENL for 24 h [108]. Yet another study evaluated compounds present in
the leaves of the neem tree (Azadirachta Indica) as potential inhibitors for COVID-19 main protease
(Mpro) (PDB code: 6LU7). The main protease (Mpro, also called 3CLpro) is an attractive drug target
among coronaviruses because of its essential role in processing the polyproteins that are translated from
the viral RNA. They used blind molecular docking using PyRx and Auto Vina software to compare
the binding energies obtained from the docking of 6LU7 with meliacinanhydride, nimocinol, isomeldenin,
nimbolide, zafaral, nimbandiol, nimbin, nimbinene, desacetylnimbin and hydroxychloroquine and remdesivir as
positive controls. They found that meliacinanhydride (Ki = 33.36 pM) and the compounds from neem
leaves had significantly high binding energy to 6LU7, which could point to a potential clinical drug
option against COVID-19. Additionally, neem leaves also contain other immunity boosting compounds
such as quercetin, zinc, vitamin A, B1, B2, B6, C, E [122,123].

To our understanding, this could be a great direction for further investigation of natural plants
such as neem as potential therapeutic options for SARS-CoV-2 (Figure 2). Other agents that can
upregulate HMOX1 should be explored and drugs that can be repurposed to upregulate or modulate
the HMOX1 pathway should be urgently evaluated.
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9. Conclusions

Infection with the SARS-CoV-2 virus leads to severe inflammation, causing damage to the lungs,
blood vessels and organs. Paradoxically, the virus appears to stimulate the immune system in a manner
that does not inhibit viral pathogenesis. Coronaviruses have likely evolved over millions of years
in mammalian hosts such as bats, and it appears that the virus is able to evade the human immune
system and prevent it from effectively clearing the infection in a significant subset of individuals. Here,
we focus on the role of the human HMOX1 protein, which has an important anti-inflammatory role
in attenuating serious conditions like thrombosis, sepsis, tissue damage and fibrinogenesis, all of
which are associated with SARS-CoV-2 infections. The anti-inflammatory HMOX1 protein is bound
by the SARS-CoV-2 open reading frame 3 a (ORF3a) protein; thus, we strongly suggest that this
interaction is worthy of careful investigation. A very simple model is that viral ORF3a is able to
inhibit the anti-inflammatory functions of HMOX1, and this leads to uncontrolled inflammation that
is beyond the capacity of the human immune system to effectively counter. The story is likely much
more complex, but studies to unravel the relevance of this interaction may lead to key insights into
COVID-19 pathogenesis. Currently, we do not know the binding surfaces that interact, or the effect of
inhibiting this binding on viral pathogenesis in mammals. While much effort has been focused on
inhibiting the binding of the spike protein to the human ACE2 receptor, we propose that a similar
effort should be made in developing ORF3a-HMOX1 inhibitors, if only as a tool to better understand
the role of this interaction in COVID-19. Importantly, there are reports of recovered COVID-19 patients
developing antibodies to the ORF3a protein [124,125], hinting that targeting it could play a role in
inhibiting viral pathogenesis.

There are a number of approaches that could be used to investigate the role of HMOX1 and
ORF3a in COVID-19 pathogenesis. For example, in animal models, does deletion of the ORF3a gene in
the virus alter the inflammatory profile of lymphocytes in severe COVID-19 disease? If the binding
surface between HMOX1 and ORF3a is determined, will gene variants that disrupt this interaction
alter COVID-19 inflammatory severity? HMOX1 has a wide array of downstream targets that act to
attenuate inflammatory signaling. Which signaling pathways are altered by heterologous expression
of ORF3a in cell culture or lymphocyte models? For example, does overexpression of ORF3a alter
the prevalence of M1 versus M2 macrophages? Although knockout of HMOX1 leads to a systemic
pro-inflammatory phenotype in the knockout mouse model, would CRISPR knock-in of HMOX1 that
retains wild-type function but lacks ORF3a binding affinity alter the progression of inflammation?
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There is currently a project at the University of California Davis mouse biology program to create the
humanized mouse model for COVID-19 where mice express the human ACE2 gene which would
allow this to be done in mice. Although the ultimate goal of developing drugs that upregulate HMOX1
or inhibit its binding to viral ORF3a is to treat severe disease, early candidates could be used as tools to
determine the role of the HMOX1 pathway in COVID-19 inflammatory dysregulation.

Another line of questioning revolves around the role of neem derivatives. As the details of the
COVID-19 inflammatory response is better defined, can the testing of neem products in animal models
at different stages of disease lead to reduced inflammatory response to SARS-CoV-2 infection?

FDA-approved drugs such as BRD inhibitors, RNA translation inhibitors, sigma 1 and 2 receptor
modulators and mTOR inhibitors are promising leads because they avoid prolonged FDA approval
delays. Our article throws light on some drugs that can be repurposed and some that can be chemically
synthesized specifically for desired targets. We also suggest natural compounds such as the neem plant
that demonstrate an ability to upregulate HMOX1 in human cell lines. Therefore, we suggest future
studies on natural and synthetic molecules that are focused on modulating the HMOX1 pathway as
viable therapeutic options for SARS-CoV-2 infections and regulating innate immunity in patients.

Author Contributions: Conceptualization, N.B., C.D.S., J.B. Original draft preparation, N.B., C.D.S., J.B., A.G.R.
Supervision, A.-M.Y., Funding acquisition, A.-M.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: A.-M.Y. was funded by the National Cancer Institute (grant No. R01CA225958) and National Institute
of General Medical Sciences (R01GM113888), National Institutes of Health.

Acknowledgments: Some figures were generated using BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; the collection, analysis, and interpretation of the data; the writing of the manuscript; of the decision to
submit the manuscript for publication.

References

1. Teuwen, L.A.; Geldhof, V.; Pasut, A.; Carmeliet, P. COVID-19: The vasculature unleashed. Nat. Rev. Immunol.
2020. [CrossRef] [PubMed]

2. Wu, Z.; McGoogan, J.M. Characteristics of and Important Lessons From the Coronavirus Disease 2019
(COVID-19) Outbreak in China: Summary of a Report of 72314 Cases From the Chinese Center for Disease
Control and Prevention. JAMA 2020. [CrossRef] [PubMed]

3. Guan, W.J.; Ni, Z.Y.; Hu, Y.; Liang, W.H.; Ou, C.Q.; He, J.X.; Liu, L.; Shan, H.; Lei, C.L.; Hui, D.S.C.; et al.
Clinical Characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720.
[CrossRef] [PubMed]

4. Richardson, S.; Hirsch, J.S.; Narasimhan, M.; Crawford, J.M.; McGinn, T.; Davidson, K.W.; Northwell, C.-R.C.;
Barnaby, D.P.; Becker, L.B.; Chelico, J.D.; et al. Presenting Characteristics, Comorbidities, and Outcomes
Among 5700 Patients Hospitalized With COVID-19 in the New York City Area. JAMA 2020. [CrossRef]

5. 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]

6. 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]

7. 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]

8. Magrone, T.; Magrone, M.; Jirillo, E. Focus on Receptors for Coronaviruses with Special Reference to
Angiotensin-converting Enzyme 2 as a Potential Drug Target—A Perspective. Endocr. Metab. Immun. Disord.
Drug Targets 2020, 20, 807–811. [CrossRef]

BioRender.com
http://dx.doi.org/10.1038/s41577-020-0343-0
http://www.ncbi.nlm.nih.gov/pubmed/32439870
http://dx.doi.org/10.1001/jama.2020.2648
http://www.ncbi.nlm.nih.gov/pubmed/32091533
http://dx.doi.org/10.1056/NEJMoa2002032
http://www.ncbi.nlm.nih.gov/pubmed/32109013
http://dx.doi.org/10.1001/jama.2020.6775
http://dx.doi.org/10.1016/S0140-6736(20)30628-0
http://dx.doi.org/10.1038/s41422-020-0282-0
http://dx.doi.org/10.1056/NEJMoa2001282
http://dx.doi.org/10.2174/1871530320666200427112902


Int. J. Mol. Sci. 2020, 21, 6412 11 of 16

9. Corbett, K.S.; Edwards, D.; Leist, S.R.; Abiona, O.M.; Boyoglu-Barnum, S.; Gillespie, R.A.; Himansu, S.;
Schafer, A.; Ziwawo, C.T.; DiPiazza, A.T.; et al. SARS-CoV-2 mRNA Vaccine Development Enabled by
Prototype Pathogen Preparedness. bioRxiv 2020. [CrossRef]

10. 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]

11. Shirato, K.; Kawase, M.; Matsuyama, S. Wild-type human coronaviruses prefer cell-surface TMPRSS2 to
endosomal cathepsins for cell entry. Virology 2018, 517, 9–15. [CrossRef] [PubMed]

12. SARS-CoV-2 Life Cycle: Stages and Inhibition Targets. Available online: https://www.antibodies-online.com/

resources/18/5410/sars-cov-2-life-cycle-stages-and-inhibition-targets/ (accessed on 31 March 2020).
13. Deciphering the Biology of the 2019 Coronavirus. Available online: https://blog.labtag.com/deciphering-the-

biology-of-the-2019-coronavirus/ (accessed on 6 February 2020).
14. Cao, W.; Li, T. COVID-19: Towards understanding of pathogenesis. Cell Res. 2020, 30, 367–369. [CrossRef]

[PubMed]
15. Cao, X. COVID-19: Immunopathology and its implications for therapy. Nat. Rev. Immunol. 2020, 20, 269–270.

[CrossRef] [PubMed]
16. Chen, G.; Wu, D.; Guo, W.; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical

and immunological features of severe and moderate coronavirus disease 2019. J. Clin. Investig. 2020, 130,
2620–2629. [CrossRef] [PubMed]

17. Atal, S.; Fatima, Z. IL-6 Inhibitors in the Treatment of Serious COVID-19: A Promising Therapy? Pharm. Med.
2020, 34, 223–231. [CrossRef] [PubMed]

18. Wang, J.; Jiang, M.; Chen, X.; Montaner, L.J. Cytokine storm and leukocyte changes in mild versus severe
SARS-CoV-2 infection: Review of 3939 COVID-19 patients in China and emerging pathogenesis and therapy
concepts. J. Leukoc. Biol. 2020. [CrossRef]

19. Saha, A.; Sharma, A.R.; Bhattacharya, M.; Sharma, G.; Lee, S.S.; Chakraborty, C. Tocilizumab: A Therapeutic
Option for the Treatment of Cytokine Storm Syndrome in COVID-19. Arch. Med. Res. 2020. [CrossRef]

20. Antinori, S.; Bonazzetti, C.; Gubertini, G.; Capetti, A.; Pagani, C.; Morena, V.; Rimoldi, S.; Galimberti, L.;
Sarzi-Puttini, P.; Ridolfo, A.L. Tocilizumab for cytokine storm syndrome in COVID-19 pneumonia:
An increased risk for candidemia? Autoimmun. Rev. 2020, 19, 102564. [CrossRef]

21. Maeda, T.; Obata, R.; Rizk, D.D.; Kuno, T. The Association of Interleukin-6 value, Interleukin inhibitors and
Outcomes of Patients with COVID-19 in New York City. J. Med. Virol. 2020. [CrossRef]

22. Amirian, E.S.; Levy, J.K. Current knowledge about the antivirals remdesivir (GS-5734) and GS-441524 as
therapeutic options for coronaviruses. One Health 2020, 9. [CrossRef]

23. Winkler, U.; Jensen, M.; Manzke, O.; Schulz, H.; Diehl, V.; Engert, A. Cytokine-release syndrome in patients
with B-cell chronic lymphocytic leukemia and high lymphocyte counts after treatment with an anti-CD20
monoclonal antibody (rituximab, IDEC-C2B8). Blood 1999, 94, 2217–2224. [CrossRef] [PubMed]

24. Lim, L.C.; Koh, L.P.; Tan, P. Fatal cytokine release syndrome with chimeric anti-CD20 monoclonal antibody
rituximab in a 71-year-old patient with chronic lymphocytic leukemia. J. Clin. Oncol. 1999, 17, 1962–1963.
[CrossRef] [PubMed]

25. Wise, J. Covid-19 and thrombosis: What do we know about the risks and treatment? BMJ Brit. Med. J. 2020,
369. [CrossRef]

26. 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 protein interaction map reveals targets for drug
repurposing. Nature 2020, 583, 459–468. [CrossRef]

27. Origassa, C.S.; Camara, N.O. Cytoprotective role of heme oxygenase-1 and heme degradation derived end
products in liver injury. World J. Hepatol. 2013, 5, 541–549. [CrossRef]

28. Siu, K.L.; Yuen, K.S.; Castano-Rodriguez, C.; Ye, Z.W.; Yeung, M.L.; Fung, S.Y.; Yuan, S.; Chan, C.P.;
Yuen, K.Y.; Enjuanes, L.; et al. Severe acute respiratory syndrome coronavirus ORF3a protein activates the
NLRP3 inflammasome by promoting TRAF3-dependent ubiquitination of ASC. FASEB J. 2019, 33, 8865–8877.
[CrossRef]

29. Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.;
Damoraki, G.; Gkavogianni, T.; Adami, M.E.; Katsaounou, P.; et al. Complex Immune Dysregulation in
COVID-19 Patients with Severe Respiratory Failure. Cell Host Microb. 2020, 27, 992–1000.e3. [CrossRef]

http://dx.doi.org/10.1101/2020.06.11.145920
http://dx.doi.org/10.1016/j.cell.2020.02.052
http://dx.doi.org/10.1016/j.virol.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29217279
https://www.antibodies-online.com/resources/18/5410/sars-cov-2-life-cycle-stages-and-inhibition-targets/
https://www.antibodies-online.com/resources/18/5410/sars-cov-2-life-cycle-stages-and-inhibition-targets/
https://blog.labtag.com/deciphering-the-biology-of-the-2019-coronavirus/
https://blog.labtag.com/deciphering-the-biology-of-the-2019-coronavirus/
http://dx.doi.org/10.1038/s41422-020-0327-4
http://www.ncbi.nlm.nih.gov/pubmed/32346073
http://dx.doi.org/10.1038/s41577-020-0308-3
http://www.ncbi.nlm.nih.gov/pubmed/32273594
http://dx.doi.org/10.1172/JCI137244
http://www.ncbi.nlm.nih.gov/pubmed/32217835
http://dx.doi.org/10.1007/s40290-020-00342-z
http://www.ncbi.nlm.nih.gov/pubmed/32535732
http://dx.doi.org/10.1002/JLB.3COVR0520-272R
http://dx.doi.org/10.1016/j.arcmed.2020.05.009
http://dx.doi.org/10.1016/j.autrev.2020.102564
http://dx.doi.org/10.1002/jmv.26365
http://dx.doi.org/10.1016/j.onehlt.2020.100128
http://dx.doi.org/10.1182/blood.V94.7.2217.419k02_2217_2224
http://www.ncbi.nlm.nih.gov/pubmed/10498591
http://dx.doi.org/10.1200/jco.1999.17.6.1962
http://www.ncbi.nlm.nih.gov/pubmed/10561242
http://dx.doi.org/10.1136/bmj.m2058
http://dx.doi.org/10.1038/s41586-020-2286-9
http://dx.doi.org/10.4254/wjh.v5.i10.541
http://dx.doi.org/10.1096/fj.201802418R
http://dx.doi.org/10.1016/j.chom.2020.04.009


Int. J. Mol. Sci. 2020, 21, 6412 12 of 16

30. Naito, Y.; Takagi, T.; Higashimura, Y. Heme oxygenase-1 and anti-inflammatory M2 macrophages.
Arch. Biochem. Biophys. 2014, 564, 83–88. [CrossRef]

31. Sisay, M. Available Evidence and Ongoing Clinical Trials of Remdesivir: Could It Be a Promising Therapeutic
Option for COVID-19? Front. Pharmacol. 2020, 11, 791. [CrossRef]

32. Jorgensen, S.C.J.; Kebriaei, R.; Dresser, L.D. Remdesivir: Review of Pharmacology, Pre-clinical Data, and
Emerging Clinical Experience for COVID-19. Pharmacotherapy 2020. [CrossRef]

33. Beigel, J.H.; Tomashek, K.M.; Dodd, L.E.; Mehta, A.K.; Zingman, B.S.; Kalil, A.C.; Hohmann, E.; Chu, H.Y.;
Luetkemeyer, A.; Kline, S.; et al. Remdesivir for the Treatment of Covid-19—Preliminary Report. N. Engl.
J. Med. 2020. [CrossRef] [PubMed]

34. Gopel, S.; Bethge, W.; Martus, P.; Kreth, F.; Iftner, T.; Joos, S.; Dobele, S.; Mordmuller, B.; Kremsner, P.;
Ettrich, T.; et al. Test and treat COVID 65 plus—Hydroxychloroquine versus placebo in early ambulatory
diagnosis and treatment of older patients with COVID19: A structured summary of a study protocol for a
randomised controlled trial. Trials 2020, 21, 635. [CrossRef] [PubMed]

35. Vouri, S.M.; Thai, T.N.; Winterstein, A.G. An evaluation of co-use of chloroquine or hydroxychloroquine plus
azithromycin on cardiac outcomes: A pharmacoepidemiological study to inform use during the COVID19
pandemic. Res. Soc. Adm. Pharm. 2020. [CrossRef] [PubMed]

36. Fantini, J.; Chahinian, H.; Yahi, N. Synergistic antiviral effect of hydroxychloroquine and azithromycin in
combination against SARS-CoV-2: What molecular dynamics studies of virus-host interactions reveal. Int. J.
Antimicrob. Agents 2020. [CrossRef] [PubMed]

37. Parra-Lara, L.G.; Martinez-Arboleda, J.J.; Rosso, F. Azithromycin and SARS-CoV-2 infection: Where we are
now and where we are going. J. Glob. Antimicrob. Resist. 2020. [CrossRef]

38. Juurlink, D.N. Safety considerations with chloroquine, hydroxychloroquine and azithromycin in the
management of SARS-CoV-2 infection. CMAJ 2020, 192, E450–E453. [CrossRef]

39. Pothen, L.; Yildiz, H.; De Greef, J.; Penaloza, A.; Beauloye, C.; Belkhir, L.; Yombi, J.C. Safety use of
hydroxychloroquine and its combination with azithromycin in the context of Sars-CoV-2 outbreak: Clinical
experience in a Belgian tertiary center. Travel Med. Infect. Dis. 2020. [CrossRef]

40. Seftel, M.D. Additional safety consideration for azithromycin in the management of SARS-CoV-2 infection.
CMAJ 2020, 192, E483. [CrossRef]

41. Casadevall, A.; Joyner, M.J.; Pirofski, L.A. SARS-CoV-2 viral load and antibody responses: The case for
convalescent plasma therapy. J. Clin. Investig. 2020. [CrossRef]

42. Salazar, E.; Kuchipudi, S.V.; Christensen, P.A.; Eagar, T.N.; Yi, X.; Zhao, P.; Jin, Z.; Long, S.W.; Olsen, R.J.;
Chen, J.; et al. Relationship between Anti-Spike Protein Antibody Titers and SARS-CoV-2 In Vitro Virus
Neutralization in Convalescent Plasma. bioRxiv 2020. [CrossRef]

43. Mira, E.; Yarce, O.A.; Ortega, C.; Fernandez, S.; Pascual, N.M.; Gomez, C.; Alvarez, M.A.; Molina, I.J.;
Lama, R.; Santamaria, M. Rapid recovery of a SARS-CoV-2-infected X-linked agammaglobulinemia patient
after infusion of COVID-19 convalescent plasma. J. Allergy Clin. Immunol. Pract. 2020. [CrossRef] [PubMed]

44. Farrugia, A. Plasma from donors convalescent from SARS-CoV-2 infection-A matter of priorities. Transfus.
Clin. Biol. 2020. [CrossRef] [PubMed]

45. Eckhardt, C.M.; Cummings, M.J.; Rajagopalan, K.N.; Borden, S.; Bitan, Z.C.; Wolf, A.; Kantor, A.; Briese, T.;
Meyer, B.J.; Jacobson, S.D.; et al. Evaluating the efficacy and safety of human anti-SARS-CoV-2 convalescent
plasma in severely ill adults with COVID-19: A structured summary of a study protocol for a randomized
controlled trial. Trials 2020, 21, 499. [CrossRef] [PubMed]

46. Zhang, L.; Pang, R.; Xue, X.; Bao, J.; Ye, S.; Dai, Y.; Zheng, Y.; Fu, Q.; Hu, Z.; Yi, Y. Anti-SARS-CoV-2 virus
antibody levels in convalescent plasma of six donors who have recovered from COVID-19. Aging 2020, 12,
6536–6542. [CrossRef]

47. Morillas, J.A.; Canosa, F.M.; Srinivas, P.; Asadi, T.; Calabrese, C.; Rajendram, P.; Budev, M.; Poggio, E.D.;
Menon, K.V.N.; Gastman, B.; et al. Tocilizumab therapy in 5 solid and composite tissue transplant recipients
with early ARDS due to SARS-CoV-2. Am. J. Transpl. 2020. [CrossRef]

48. Shabani, M.; Shokouhi, S.; Moradi, O.; Saffaei, A.; Sahraei, Z. Tocilizumab administration in patients with
SARS-CoV-2 infection: Subcutaneous injection vs intravenous infusion. J. Med. Virol. 2020. [CrossRef]

49. Magro, G. SARS-CoV-2 and COVID-19: Is interleukin-6 (IL-6) the ‘culprit lesion‘ of ARDS onset? What is
there besides Tocilizumab? SGP130Fc. Cytokine X 2020. [CrossRef]

http://dx.doi.org/10.1016/j.abb.2014.09.005
http://dx.doi.org/10.3389/fphar.2020.00791
http://dx.doi.org/10.1002/phar.2429
http://dx.doi.org/10.1056/NEJMoa2007764
http://www.ncbi.nlm.nih.gov/pubmed/32445440
http://dx.doi.org/10.1186/s13063-020-04556-z
http://www.ncbi.nlm.nih.gov/pubmed/32650818
http://dx.doi.org/10.1016/j.sapharm.2020.04.031
http://www.ncbi.nlm.nih.gov/pubmed/32409150
http://dx.doi.org/10.1016/j.ijantimicag.2020.106020
http://www.ncbi.nlm.nih.gov/pubmed/32862840
http://dx.doi.org/10.1016/j.jgar.2020.06.016
http://dx.doi.org/10.1503/cmaj.200528
http://dx.doi.org/10.1016/j.tmaid.2020.101788
http://dx.doi.org/10.1503/cmaj.75427
http://dx.doi.org/10.1172/JCI139760
http://dx.doi.org/10.1101/2020.06.08.138990
http://dx.doi.org/10.1016/j.jaip.2020.06.046
http://www.ncbi.nlm.nih.gov/pubmed/32652231
http://dx.doi.org/10.1016/j.tracli.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32563550
http://dx.doi.org/10.1186/s13063-020-04422-y
http://www.ncbi.nlm.nih.gov/pubmed/32513308
http://dx.doi.org/10.18632/aging.103102
http://dx.doi.org/10.1111/ajt.16080
http://dx.doi.org/10.1002/jmv.26124
http://dx.doi.org/10.1016/j.cytox.2020.100029


Int. J. Mol. Sci. 2020, 21, 6412 13 of 16

50. Quartuccio, L.; Sonaglia, A.; McGonagle, D.; Fabris, M.; Peghin, M.; Pecori, D.; Monte, A.; Bove, T.; Curcio, F.;
Bassi, F.; et al. Profiling COVID-19 pneumonia progressing into the cytokine storm syndrome: Results from
a single Italian Centre study on tocilizumab versus standard of care. J. Clin. Virol. 2020. [CrossRef]

51. Antony, S.J.; Davis, M.A.; Davis, M.G.; Almaghlouth, N.K.; Guevara, R.; Omar, F.; Del Rey, F.; Hassan, A.;
Arian, M.U.; Antony, N.; et al. Early use of tocilizumab in the prevention of adult respiratory failure in
SARS-CoV-2 infections and the utilization of interleukin-6 levels in the management. J. Med. Virol. 2020.
[CrossRef]

52. Costanzo, M.; De Giglio, M.A.R.; Roviello, G.N. SARS-CoV-2: Recent Reports on Antiviral Therapies Based
on Lopinavir/Ritonavir, Darunavir/Umifenovir, Hydroxychloroquine, Remdesivir, Favipiravir and Other
Drugs for the Treatment of the New Coronavirus. Curr. Med. Chem. 2020. [CrossRef]

53. Smolders, E.J.; Te Brake, L.H.; Burger, D.M. SARS-CoV-2 and HIV protease inhibitors: Why lopinavir/ritonavir
will not work for COVID-19 infection. Antivir. Ther. 2020. [CrossRef] [PubMed]

54. Cheng, C.Y.; Lee, Y.L.; Chen, C.P.; Lin, Y.C.; Liu, C.E.; Liao, C.H.; Cheng, S.H. Lopinavir/ritonavir did not
shorten the duration of SARS CoV-2 shedding in patients with mild pneumonia in Taiwan. J. Microbiol.
Immunol. Infect. 2020, 53, 488–492. [CrossRef] [PubMed]

55. Hraiech, S.; Bourenne, J.; Kuteifan, K.; Helms, J.; Carvelli, J.; Gainnier, M.; Meziani, F.; Papazian, L. Lack
of viral clearance by the combination of hydroxychloroquine and azithromycin or lopinavir and ritonavir
in SARS-CoV-2-related acute respiratory distress syndrome. Ann. Intensive Care 2020, 10, 63. [CrossRef]
[PubMed]

56. Yan, D.; Liu, X.Y.; Zhu, Y.N.; Huang, L.; Dan, B.T.; Zhang, G.J.; Gao, Y.H. Factors associated with prolonged
viral shedding and impact of lopinavir/ritonavir treatment in hospitalised non-critically ill patients with
SARS-CoV-2 infection. Eur. Respir. J. 2020, 56. [CrossRef] [PubMed]

57. Muralidharan, N.; Sakthivel, R.; Velmurugan, D.; Gromiha, M.M. Computational studies of drug repurposing
and synergism of lopinavir, oseltamivir and ritonavir binding with SARS-CoV-2 protease against COVID-19.
J. Biomol. Struct. Dyn. 2020, 1–6. [CrossRef] [PubMed]

58. Lecronier, M.; Beurton, A.; Burrel, S.; Haudebourg, L.; Deleris, R.; Le Marec, J.; Virolle, S.; Nemlaghi, S.;
Bureau, C.; Mora, P.; et al. Comparison of hydroxychloroquine, lopinavir/ritonavir, and standard of care in
critically ill patients with SARS-CoV-2 pneumonia: An opportunistic retrospective analysis. Crit. Care 2020,
24, 418. [CrossRef] [PubMed]

59. Denholm, J.T.; Davis, J.; Paterson, D.; Roberts, J.; Morpeth, S.; Snelling, T.; Zentner, D.; Rees, M.; O’Sullivan, M.;
Price, D.; et al. The Australasian COVID-19 Trial (ASCOT) to assess clinical outcomes in hospitalised
patients with SARS-CoV-2 infection (COVID-19) treated with lopinavir/ritonavir and/or hydroxychloroquine
compared to standard of care: A structured summary of a study protocol for a randomised controlled trial.
Trials 2020, 21, 646. [CrossRef]

60. Du, Y.X.; Chen, X.P. Response to “Dose Rationale for Favipiravir Use in Patients Infected With SARS-CoV-2”.
Clin. Pharmacol. Ther. 2020, 108, 190. [CrossRef]

61. Shannon, A.; Selisko, B.; Le, N.; Huchting, J.; Touret, F.; Piorkowski, G.; Fattorini, V.; Ferron, F.; Decroly, E.;
Meier, C.; et al. Favipiravir strikes the SARS-CoV-2 at its Achilles heel, the RNA polymerase. bioRxiv 2020.
[CrossRef]

62. Eloy, P.; Solas, C.; Touret, F.; Mentre, F.; Malvy, D.; de Lamballerie, X.; Guedj, J. Dose Rationale for Favipiravir
Use in Patients Infected With SARS-CoV-2. Clin. Pharmacol. Ther. 2020, 108, 188. [CrossRef]

63. Gendelman, O.; Amital, H.; Bragazzi, N.L.; Watad, A.; Chodick, G. Continuous hydroxychloroquine or
colchicine therapy does not prevent infection with SARS-CoV-2: Insights from a large healthcare database
analysis. Autoimmun. Rev. 2020, 19, 102566. [CrossRef] [PubMed]

64. Connors, J.M.; Levy, J.H. COVID-19 and its implications for thrombosis and anticoagulation. Blood 2020, 135,
2033–2040. [CrossRef] [PubMed]

65. 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] [PubMed]

66. Levi, M.; Thachil, J.; Iba, T.; Levy, J.H. Coagulation abnormalities and thrombosis in patients with COVID-19.
Lancet. Haematol. 2020, 7, e438–e440. [CrossRef]

67. Nahum, J.; Morichau-Beauchant, T.; Daviaud, F.; Echegut, P.; Fichet, J.M.; Maillet, J.M.; Thierry, S. Venous
Thrombosis Among Critically Ill Patients With Coronavirus Disease 2019 (COVID-19). JAMA Netw. Open
2020, 3. [CrossRef]

http://dx.doi.org/10.1016/j.jcv.2020.104444
http://dx.doi.org/10.1002/jmv.26288
http://dx.doi.org/10.2174/0929867327666200416131117
http://dx.doi.org/10.3851/IMP3365
http://www.ncbi.nlm.nih.gov/pubmed/32589165
http://dx.doi.org/10.1016/j.jmii.2020.03.032
http://www.ncbi.nlm.nih.gov/pubmed/32331982
http://dx.doi.org/10.1186/s13613-020-00678-4
http://www.ncbi.nlm.nih.gov/pubmed/32449091
http://dx.doi.org/10.1183/13993003.00799-2020
http://www.ncbi.nlm.nih.gov/pubmed/32430428
http://dx.doi.org/10.1080/07391102.2020.1752802
http://www.ncbi.nlm.nih.gov/pubmed/32248766
http://dx.doi.org/10.1186/s13054-020-03117-9
http://www.ncbi.nlm.nih.gov/pubmed/32653015
http://dx.doi.org/10.1186/s13063-020-04576-9
http://dx.doi.org/10.1002/cpt.1878
http://dx.doi.org/10.1101/2020.05.15.098731
http://dx.doi.org/10.1002/cpt.1877
http://dx.doi.org/10.1016/j.autrev.2020.102566
http://www.ncbi.nlm.nih.gov/pubmed/32380315
http://dx.doi.org/10.1182/blood.2020006000
http://www.ncbi.nlm.nih.gov/pubmed/32339221
http://dx.doi.org/10.1111/jth.14768
http://www.ncbi.nlm.nih.gov/pubmed/32073213
http://dx.doi.org/10.1016/S2352-3026(20)30145-9
http://dx.doi.org/10.1001/jamanetworkopen.2020.10478


Int. J. Mol. Sci. 2020, 21, 6412 14 of 16

68. Lee, T.S.; Chau, L.Y. Heme oxygenase-1 mediates the anti-inflammatory effect of interleukin-10 in mice.
Nat. Med. 2002, 8, 240–246. [CrossRef]

69. Du, Y.; Zhang, H.; Xu, Y.; Ding, Y.; Chen, X.R.; Mei, Z.F.; Ding, H.Y.; Jie, Z.J. Association among genetic
polymorphisms of GSTP1, HO-1, and SOD-3 and chronic obstructive pulmonary disease susceptibility. Int. J.
Chronic. Obstr. 2019, 14, 2081–2088. [CrossRef]

70. Ayer, A.; Zarjou, A.; Agarwal, A.; Stocker, R. Heme Oxygenases in Cardiovascular Health and Disease.
Physiol. Rev. 2016, 96, 1449–1508. [CrossRef]

71. Schmidt, W.N.; Mathahs, M.M.; Zhu, Z. Heme and HO-1 Inhibition of HCV, HBV, and HIV. Front. Pharmacol.
2012, 3, 129. [CrossRef]

72. Tisoncik, J.R.; Korth, M.J.; Simmons, C.P.; Farrar, J.; Martin, T.R.; Katze, M.G. Into the Eye of the Cytokine
Storm. Microbiol. Mol. Biol. R. 2012, 76, 16–32. [CrossRef]

73. Lv, J.; Su, W.; Yu, Q.; Zhang, M.; Di, C.; Lin, X.; Wu, M.; Xia, Z. Heme oxygenase-1 protects airway epithelium
against apoptosis by targeting the proinflammatory NLRP3-RXR axis in asthma. J. Biol. Chem. 2018, 293,
18454–18465. [CrossRef] [PubMed]

74. Sano, R.; Reed, J.C. ER stress-induced cell death mechanisms. BBA Mol. Cell Res. 2013, 1833, 3460–3470.
[CrossRef] [PubMed]

75. Chen, I.Y.; Moriyama, M.; Chang, M.F.; Ichinohe, T. Severe Acute Respiratory Syndrome Coronavirus
Viroporin 3a Activates the NLRP3 Inflammasome. Front. Microbiol. 2019, 10, 50. [CrossRef] [PubMed]

76. Kern, D.M.; Sorum, B.; Hoel, C.M.; Sridharan, S.; Remis, J.P.; Toso, D.B.; Brohawn, S.G. Cryo-EM structure of
the SARS-CoV-2 3a ion channel in lipid nanodiscs. bioRxiv 2020. [CrossRef]

77. Lu, W.; Zheng, B.J.; Xu, K.; Schwarz, W.; Du, L.; Wong, C.K.; Chen, J.; Duan, S.; Deubel, V.; Sun, B. Severe
acute respiratory syndrome-associated coronavirus 3a protein forms an ion channel and modulates virus
release. Proc. Natl. Acad. Sci. USA 2006, 103, 12540–12545. [CrossRef] [PubMed]

78. Ren, Y.; Shu, T.; Wu, D.; Mu, J.; Wang, C.; Huang, M.; Han, Y.; Zhang, X.Y.; Zhou, W.; Qiu, Y.; et al. The ORF3a
protein of SARS-CoV-2 induces apoptosis in cells. Cell Mol. Immunol. 2020. [CrossRef]

79. Yue, Y.; Nabar, N.R.; Shi, C.S.; Kamenyeva, O.; Xiao, X.; Hwang, I.Y.; Wang, M.; Kehrl, J.H. SARS-Coronavirus
Open Reading Frame-3a drives multimodal necrotic cell death. Cell Death Dis. 2018, 9, 904. [CrossRef]

80. Peng, L.; Mundada, L.; Stomel, J.M.; Liu, J.J.; Sun, J.; Yet, S.F.; Fay, W.P. Induction of heme oxygenase-1
expression inhibits platelet-dependent thrombosis. Antioxid. Redox. Signal. 2004, 6, 729–735. [CrossRef]

81. True, A.L.; Olive, M.; Boehm, M.; San, H.; Westrick, R.J.; Raghavachari, N.; Xu, X.; Lynn, E.G.; Sack, M.N.;
Munson, P.J.; et al. Heme oxygenase-1 deficiency accelerates formation of arterial thrombosis through
oxidative damage to the endothelium, which is rescued by inhaled carbon monoxide. Circ. Res. 2007, 101,
893–901. [CrossRef]

82. Mustafa, S.; Weltermann, A.; Fritsche, R.; Marsik, C.; Wagner, O.; Kyrle, P.A.; Eichinger, S. Genetic variation
in heme oxygenase 1 (HMOX1) and the risk of recurrent venous thromboembolism. J. Vasc. Surg. 2008, 47,
566–570. [CrossRef]

83. Bach, F.H. Heme oxygenase-1 as a protective gene. Wien. Klin. Wochenschr. 2002, 114, 1–3. [PubMed]
84. Lindenblatt, N.; Bordel, R.; Schareck, W.; Menger, M.D.; Vollmar, B. Vascular heme oxygenase-1 induction

suppresses microvascular thrombus formation in vivo. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 601–606.
[CrossRef] [PubMed]

85. Gende, O.A. Carbon monoxide inhibits capacitative calcium entry in human platelets. Thromb. Res. 2004,
114, 113–119. [CrossRef] [PubMed]

86. Fujita, T.; Toda, K.; Karimova, A.; Yan, S.F.; Naka, Y.; Yet, S.F.; Pinsky, D.J. Paradoxical rescue from ischemic
lung injury by inhaled carbon monoxide driven by derepression of fibrinolysis. Nat. Med. 2001, 7, 598–604.
[CrossRef]

87. Durante, W. Carbon monoxide and bile pigments: Surprising mediators of vascular function. Vasc. Med.
2002, 7, 195–202. [CrossRef]

88. Soares, M.P.; Usheva, A.; Brouard, S.; Berberat, P.O.; Gunther, L.; Tobiasch, E.; Bach, F.H. Modulation of
endothelial cell apoptosis by heme oxygenase-1-derived carbon monoxide. Antioxid. Redox. Signal 2002, 4,
321–329. [CrossRef]

89. Chung, S.W.; Liu, X.; Macias, A.A.; Baron, R.M.; Perrella, M.A. Heme oxygenase-1-derived carbon monoxide
enhances the host defense response to microbial sepsis in mice. J. Clin. Investig. 2008, 118, 239–247. [CrossRef]

http://dx.doi.org/10.1038/nm0302-240
http://dx.doi.org/10.2147/COPD.S213364
http://dx.doi.org/10.1152/physrev.00003.2016
http://dx.doi.org/10.3389/fphar.2012.00129
http://dx.doi.org/10.1128/MMBR.05015-11
http://dx.doi.org/10.1074/jbc.RA118.004950
http://www.ncbi.nlm.nih.gov/pubmed/30333233
http://dx.doi.org/10.1016/j.bbamcr.2013.06.028
http://www.ncbi.nlm.nih.gov/pubmed/23850759
http://dx.doi.org/10.3389/fmicb.2019.00050
http://www.ncbi.nlm.nih.gov/pubmed/30761102
http://dx.doi.org/10.1101/2020.06.17.156554
http://dx.doi.org/10.1073/pnas.0605402103
http://www.ncbi.nlm.nih.gov/pubmed/16894145
http://dx.doi.org/10.1038/s41423-020-0485-9
http://dx.doi.org/10.1038/s41419-018-0917-y
http://dx.doi.org/10.1089/1523086041361677
http://dx.doi.org/10.1161/CIRCRESAHA.107.158998
http://dx.doi.org/10.1016/j.jvs.2007.09.060
http://www.ncbi.nlm.nih.gov/pubmed/15499991
http://dx.doi.org/10.1161/01.ATV.0000118279.74056.8a
http://www.ncbi.nlm.nih.gov/pubmed/14739126
http://dx.doi.org/10.1016/j.thromres.2004.04.015
http://www.ncbi.nlm.nih.gov/pubmed/15306153
http://dx.doi.org/10.1038/87929
http://dx.doi.org/10.1191/1358863x02vm424ra
http://dx.doi.org/10.1089/152308602753666370
http://dx.doi.org/10.1172/JCI32730


Int. J. Mol. Sci. 2020, 21, 6412 15 of 16

90. Otterbein, L.E.; May, A.; Chin, B.Y. Carbon monoxide increases macrophage bacterial clearance through
Toll-like receptor (TLR)4 expression. Cell Mol. Biol. 2005, 51, 433–440.

91. Overhaus, M.; Moore, B.A.; Barbato, J.E.; Behrendt, F.F.; Doering, J.G.; Bauer, A.J. Biliverdin protects against
polymicrobial sepsis by modulating inflammatory mediators. Am. J. Physiol. Gastrointest. Liver Physiol. 2006,
290, G695–G703. [CrossRef]

92. Luo, Y.P.; Jiang, L.; Kang, K.; Fei, D.S.; Meng, X.L.; Nan, C.C.; Pan, S.H.; Zhao, M.R.; Zhao, M.Y. Hemin
inhibits NLRP3 inflammasome activation in sepsis-induced acute lung injury, involving heme oxygenase-1.
Int. Immunopharmacol. 2014, 20, 24–32. [CrossRef]

93. Uddin, M.J.; Joe, Y.; Kim, S.K.; Oh Jeong, S.; Ryter, S.W.; Pae, H.O.; Chung, H.T. IRG1 induced by heme
oxygenase-1/carbon monoxide inhibits LPS-mediated sepsis and pro-inflammatory cytokine production.
Cell Mol. Immunol. 2016, 13, 170–179. [CrossRef] [PubMed]

94. Carchman, E.H.; Rao, J.; Loughran, P.A.; Rosengart, M.R.; Zuckerbraun, B.S. Heme oxygenase-1-mediated
autophagy protects against hepatocyte cell death and hepatic injury from infection/sepsis in mice. Hepatology
2011, 53, 2053–2062. [CrossRef] [PubMed]

95. Boi, M.; Gaudio, E.; Bonetti, P.; Kwee, I.; Bernasconi, E.; Tarantelli, C.; Rinaldi, A.; Testoni, M.; Cascione, L.;
Ponzoni, M.; et al. The BET Bromodomain Inhibitor OTX015 Affects Pathogenetic Pathways in Preclinical
B-cell Tumor Models and Synergizes with Targeted Drugs. Clin. Cancer Res. 2015, 21, 1628–1638. [CrossRef]
[PubMed]

96. Gu, J.; Song, S.; Han, H.; Xu, H.; Fan, G.; Qian, C.; Qiu, Y.; Zhou, W.; Zhuang, W.; Li, B. The BET Bromodomain
Inhibitor OTX015 Synergizes with Targeted Agents in Multiple Myeloma. Mol. Pharm. 2018, 15, 5387–5396.
[CrossRef]

97. Donati, B.; Lorenzini, E.; Ciarrocchi, A. BRD4 and Cancer: Going beyond transcriptional regulation. Molecular
Cancer 2018, 17. [CrossRef]

98. Zhou, B.; Hu, J.; Xu, F.; Chen, Z.; Bai, L.; Fernandez-Salas, E.; Lin, M.; Liu, L.; Yang, C.Y.; Zhao, Y.; et al.
Discovery of a Small-Molecule Degrader of Bromodomain and Extra-Terminal (BET) Proteins with Picomolar
Cellular Potencies and Capable of Achieving Tumor Regression. J. Med. Chem. 2018, 61, 462–481. [CrossRef]

99. Di Costanzo, A.; Del Gaudio, N.; Migliaccio, A.; Altucci, L. Epigenetic drugs against cancer: An evolving
landscape. Arch. Toxicol. 2014, 88, 1651–1668. [CrossRef]

100. Lu, J.; Qian, Y.; Altieri, M.; Dong, H.; Wang, J.; Raina, K.; Hines, J.; Winkler, J.D.; Crew, A.P.; Coleman, K.;
et al. Hijacking the E3 Ubiquitin Ligase Cereblon to Efficiently Target BRD4. Chem. Biol. 2015, 22, 755–763.
[CrossRef]

101. Winter, G.E.; Buckley, D.L.; Paulk, J.; Roberts, J.M.; Souza, A.; Dhe-Paganon, S.; Bradner, J.E. Phthalimide
conjugation as a strategy for in vivo target protein degradation. Science 2015, 348, 1376–1381. [CrossRef]

102. Vazquez, R.; Licandro, S.A.; Astorgues-Xerri, L.; Lettera, E.; Panini, N.; Romano, M.; Erba, E.; Ubezio, P.;
Bello, E.; Libener, R.; et al. Promising in vivo efficacy of the BET bromodomain inhibitor OTX015/MK-8628
in malignant pleural mesothelioma xenografts. Int. J. Cancer 2017, 140, 197–207. [CrossRef]

103. Gandhi, V.; Plunkett, W.; Cortes, J.E. Omacetaxine: A protein translation inhibitor for treatment of chronic
myelogenous leukemia. Clin. Cancer Res. 2014, 20, 1735–1740. [CrossRef] [PubMed]

104. Cobos, E.J.; Entrena, J.M.; Nieto, F.R.; Cendan, C.M.; Del Pozo, E. Pharmacology and therapeutic potential of
sigma(1) receptor ligands. Curr. Neuropharmacol. 2008, 6, 344–366. [CrossRef] [PubMed]

105. Maurice, T.; Su, T.P. The pharmacology of sigma-1 receptors. Pharmacol. Ther. 2009, 124, 195–206. [CrossRef]
[PubMed]

106. Vavers, E.; Zvejniece, L.; Maurice, T.; Dambrova, M. Allosteric Modulators of Sigma-1 Receptor: A Review.
Front. Pharmacol. 2019, 10, 223. [CrossRef]

107. Patel, M.J.; Tripathy, S.; Mukhopadhyay, K.D.; Wangjam, T.; Cabang, A.B.; Morris, J.; Wargovich, M.J.
A supercritical CO2 extract of neem leaf (A. indica) and its bioactive liminoid, nimbolide, suppresses colon
cancer in preclinical models by modulating pro-inflammatory pathways. Mol. Carcinog. 2018, 57, 1156–1165.
[CrossRef]

108. Mahapatra, S.; Young, C.Y.; Kohli, M.; Karnes, R.J.; Klee, E.W.; Holmes, M.W.; Tindall, D.J.; Donkena, K.V.
Antiangiogenic Effects and Therapeutic Targets of Azadirachta indica Leaf Extract in Endothelial Cells.
Evid. Based Complement. Altern. Med. 2012, 2012, 303019. [CrossRef]

http://dx.doi.org/10.1152/ajpgi.00152.2005
http://dx.doi.org/10.1016/j.intimp.2014.02.017
http://dx.doi.org/10.1038/cmi.2015.02
http://www.ncbi.nlm.nih.gov/pubmed/25640654
http://dx.doi.org/10.1002/hep.24324
http://www.ncbi.nlm.nih.gov/pubmed/21437926
http://dx.doi.org/10.1158/1078-0432.CCR-14-1561
http://www.ncbi.nlm.nih.gov/pubmed/25623213
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00880
http://dx.doi.org/10.1186/s12943-018-0915-9
http://dx.doi.org/10.1021/acs.jmedchem.6b01816
http://dx.doi.org/10.1007/s00204-014-1315-6
http://dx.doi.org/10.1016/j.chembiol.2015.05.009
http://dx.doi.org/10.1126/science.aab1433
http://dx.doi.org/10.1002/ijc.30412
http://dx.doi.org/10.1158/1078-0432.CCR-13-1283
http://www.ncbi.nlm.nih.gov/pubmed/24501394
http://dx.doi.org/10.2174/157015908787386113
http://www.ncbi.nlm.nih.gov/pubmed/19587856
http://dx.doi.org/10.1016/j.pharmthera.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19619582
http://dx.doi.org/10.3389/fphar.2019.00223
http://dx.doi.org/10.1002/mc.22832
http://dx.doi.org/10.1155/2012/303019


Int. J. Mol. Sci. 2020, 21, 6412 16 of 16

109. Morris, J.; Gonzales, C.B.; De La Chapa, J.J.; Cabang, A.B.; Fountzilas, C.; Patel, M.; Orozco, S.; Wargovich, M.J.
The Highly Pure Neem Leaf Extract, SCNE, Inhibits Tumorigenesis in Oral Squamous Cell Carcinoma via
Disruption of Pro-tumor Inflammatory Cytokines and Cell Signaling. Front. Oncol. 2019, 9, 890. [CrossRef]

110. Gautam, M.K.; Gangwar, M.; Singh, S.K.; Goel, R.K. Effects of Azardirachta indica on Vascular Endothelial
Growth Factor and Cytokines in Diabetic Deep Wound. Planta Med. 2015, 81, 713–721. [CrossRef]

111. Natarajan, V.; Pushkala, S.; Karuppiah, V.P.; Prasad, P.V. Anti dermatophytic activity of Azardirachta indica
(neem) by invitro study. Indian J. Pathol. Microbiol. 2002, 45, 311–313.

112. Alzohairy, M.A. Therapeutics Role of Azadirachta indica (Neem) and Their Active Constituents in Diseases
Prevention and Treatment. Evid. Based Complement. Altern. Med. 2016. [CrossRef]

113. Spradlin, J.N.; Hu, X.; Ward, C.C.; Brittain, S.M.; Jones, M.D.; Ou, L.; To, M.; Proudfoot, A.; Ornelas, E.;
Woldegiorgis, M.; et al. Harnessing the anti-cancer natural product nimbolide for targeted protein degradation.
Nat. Chem. Biol. 2019, 15, 747–755. [CrossRef]

114. Tiwari, V.; Darmani, N.A.; Yue, B.Y.; Shukla, D. In vitro antiviral activity of neem (Azardirachta indica L.) bark
extract against herpes simplex virus type-1 infection. Phytother. Res. 2010, 24, 1132–1140. [CrossRef]

115. Parida, M.M.; Upadhyay, C.; Pandya, G.; Jana, A.M. Inhibitory potential of neem (Azadirachta indica Juss)
leaves on dengue virus type-2 replication. J. Ethnopharmacol. 2002, 79, 273–278. [CrossRef]

116. Faccin-Galhardi, L.C.; Yamamoto, K.A.; Ray, S.; Ray, B.; Linhares, R.E.C.; Nozawa, C. The in vitro antiviral
property of Azadirachta indica polysaccharides for poliovirus. J. Ethnopharmacol. 2012, 142, 86–90. [CrossRef]

117. Badam, L.; Joshi, S.P.; Bedekar, S.S. ‘In vitro’ antiviral activity of neem (Azadirachta indica. A. Juss) leaf
extract against group B coxsackieviruses. J. Commun. Dis. 1999, 31, 79–90. [PubMed]

118. Saha, S.; Galhardi, L.C.; Yamamoto, K.A.; Linhares, R.E.; Bandyopadhyay, S.S.; Sinha, S.; Nozawa, C.; Ray, B.
Water-extracted polysaccharides from Azadirachta indica leaves: Structural features, chemical modification
and anti-bovine herpesvirus type 1 (BoHV-1) activity. Int. J. Biol. Macromol. 2010, 47, 640–645. [CrossRef]
[PubMed]

119. Xu, J.; Song, X.; Yin, Z.Q.; Cheng, A.C.; Jia, R.Y.; Deng, Y.X.; Ye, K.C.; Shi, C.F.; Lv, C.; Zhang, W. Antiviral
activity and mode of action of extracts from neem seed kernel against duck plague virus in vitro1. Poult. Sci.
2012, 91, 2802–2807. [CrossRef] [PubMed]

120. Anyaehie, U.B. Medicinal properties of fractionated acetone/water neem [Azadirachta indica] leaf extract
from Nigeria: A review. Niger. J. Physiol. Sci. 2009, 24, 157–159. [CrossRef] [PubMed]

121. Mahapatra, S.; Karnes, R.J.; Holmes, M.W.; Young, C.Y.; Cheville, J.C.; Kohli, M.; Klee, E.W.; Tindall, D.J.;
Donkena, K.V. Novel molecular targets of Azadirachta indica associated with inhibition of tumor growth in
prostate cancer. AAPS J. 2011, 13, 365–377. [CrossRef] [PubMed]

122. Borkotoky, S.; Banerjee, M. A computational prediction of SARS-CoV-2 structural protein inhibitors from
Azadirachta indica (Neem). J. Biomol. Struct. Dyn. 2020, 1–17. [CrossRef]

123. Aouidate, A.; Ghaleb, A.; Chtita, S.; Aarjane, M.; Ousaa, A.; Maghat, H.; Sbai, A.; Choukrad, M.;
Bouachrine, M.; Lakhlifi, T. Identification of a novel dual-target scaffold for 3CLpro and RdRp proteins of
SARS-CoV-2 using 3D-similarity search, molecular docking, molecular dynamics and ADMET evaluation.
J. Biomol. Struct. Dyn. 2020, 1–14. [CrossRef] [PubMed]

124. Grifoni, A. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with COVID-19 Disease and
Unexposed Individuals. Cell 2020, 181, 1489–1501.e15. [CrossRef] [PubMed]

125. Oja, A.E.; Saris, A.; Ghandour, C.A.; Kragten, N.A.; Hogema, B.M.; Nossent, E.J.; Vrielink, H. Divergent
SARS-CoV-2-specific T and B cell responses in severe but not mild COVID-19. bioRxiv 2020, 159202. Available
online: https://doi.org/10.1101/2020.06.18.159202 (accessed on 18 June 2020).

© 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/).

http://dx.doi.org/10.3389/fonc.2019.00890
http://dx.doi.org/10.1055/s-0035-1545917
http://dx.doi.org/10.1155/2016/7382506
http://dx.doi.org/10.1038/s41589-019-0304-8
http://dx.doi.org/10.1002/ptr.3085
http://dx.doi.org/10.1016/S0378-8741(01)00395-6
http://dx.doi.org/10.1016/j.jep.2012.04.018
http://www.ncbi.nlm.nih.gov/pubmed/10810594
http://dx.doi.org/10.1016/j.ijbiomac.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20732349
http://dx.doi.org/10.3382/ps.2012-02468
http://www.ncbi.nlm.nih.gov/pubmed/23091135
http://dx.doi.org/10.4314/njps.v24i2.52926
http://www.ncbi.nlm.nih.gov/pubmed/20234757
http://dx.doi.org/10.1208/s12248-011-9279-4
http://www.ncbi.nlm.nih.gov/pubmed/21560017
http://dx.doi.org/10.1080/07391102.2020.1774419
http://dx.doi.org/10.1080/07391102.2020.1779130
http://www.ncbi.nlm.nih.gov/pubmed/32552534
http://dx.doi.org/10.1016/j.cell.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32473127
https://doi.org/10.1101/2020.06.18.159202
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Life Cycle and Infectious Process of the SARS-CoV-2 Virus 
	Current Treatments for SARS-CoV-2 Patients 
	COVID-19 Related Thrombosis, Sepsis and Fibrinogenesis 
	Role of HMOX1 in Thrombosis, Fibrinolysis and Sepsis 
	Small Molecules for Host Directed Therapy of SARS-CoV-2 
	Natural Antiviral Agents that Upregulate the HMOX1 Pathway 
	Upregulation of Protein and mRNA Levels of HMOX1 Using Natural Compounds and Clinically Available Therapeutics 
	Conclusions 
	References

