S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Biomedicine & Pharmacotherapy 144 (2021) 112276

ELSEVIER

Contents lists available at ScienceDirect
Biomedicine & Pharmacotherapy

journal homepage: www.elsevier.com/locate/biopha

biomedicine ..
PHARMACOTHERAPY

Review

Check for

Clinical drug therapies and biologicals currently used or in clinical trial to &

treat COVID-19

Rory J. Malek?, Colin A. Bill°, Charlotte M. Vines "

2 University of Texas at Austin, Austin TX 78705, United States

b Department of Biological Sciences, Border Biomedical Research Center, The University of Texas at El Paso, El Paso TX 79968, United States

ARTICLE INFO ABSTRACT

Keywords:
Anti-viral

Protease inhibitor
Anti-inflammatory
Monoclonals

The potential emergence of SARS-CoV-2 variants capable of escaping vaccine-generated immune responses poses
a looming threat to vaccination efforts and will likely prolong the duration of the COVID-19 pandemic. Addi-
tionally, the prevalence of beta coronaviruses circulating in animals and the precedent they have set in jumping
into human populations indicates that they pose a continuous threat for future pandemics. Currently, only one

therapeutic is approved by the U.S. Food and Drug Administration (FDA) for use in treating COVID-19,
remdesivir, although other therapies are authorized for emergency use due to this pandemic being a public
health emergency. In this review, twenty-four different treatments are discussed regarding their use against
COVID-19 and any potential future coronavirus-associated illnesses. Their traditional use, mechanism of action
against COVID-19, and efficacy in clinical trials are assessed. Six treatments evaluated are shown to significantly
decrease mortality in clinical trials, and ten treatments have shown some form of clinical efficacy.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
novel betacoronavirus (-coronavirus or f-CoV) first identified in China
in late 2019 and is the cause of coronavirus disease 2019 (COVID-19)
[1]. Severity of the disease ranges from asymptomatic infection to dys-
pnea, pneumonia, and acute respiratory distress syndrome (ARDS) [1].
To date, over 4,660,000 people worldwide have died from this
COVID-19 [2]. The regular appearance of novel variants of concern,
including the B.1.1.7 (World Health Organization (WHO) designated,
alpha variant), which emerged in the United Kingdom in September
2020 [3], the B.1.351 beta variant found in isolates from Nelson Man-
dela Bay [3], South Africa in October 2020 [4], the B.1617.2 delta
variant which emerged in October 2020 in India, and the P.1 lineage of
the B.1.1.28 variant that seems to have emerged from Manaus in the
Amazon region in December 2020 [5] have changed the epidemiological
and immunological dynamics of COVID-19 progression. More recently,
the WHO added additional SARS-CoV-2 lineages of interest: eta, iota,
kappa and lambda that will inevitably be extended as the pandemic
continues. The persistent emergence of SARS-CoV-2 variants have
placed a strain on the efficacy of available vaccines. For example, there
is reduced efficacy of current vaccines to prevent human infections with
the B.1.617.2 delta variant when compared to the B.1.1.7 alpha variant.
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[6] Hence, there is an urgent need for therapies that can be used to
prevent the entry or disrupt the replication of SARS-CoV-2 with the goal
of minimizing patient infections, morbidity and facilitating a rapid re-
covery to full health.

Within the life cycle of SARS-CoV-2 are potential therapeutic targets.
The replication cycle of SARS-CoV-2 follows a similar route to other
enveloped positive-sense RNA viruses. [7] The cell tropism of this virus
is defined by the distribution of its cell receptor, angiotensin-converting
enzyme 2 (ACE2), and its membrane fusion-priming proteases: trans-
membrane serine protease 2 (TMPRSS2), cathepsin L (CTSL), and furin
[8,9]. This indicates a primary tropism for epithelial cells in the lung and
bronchus [10]. Following membrane fusion, the virus releases its
genome into the cytoplasm of the host cell, the viral RNA is directly
translated by host ribosomes into two viral polyproteins, and the poly-
proteins self-cleave into their respective non-structural proteins [11].
The virus begins producing subgenomic RNAs and genomic RNAs inside
of complex structures called viral replication organelles most notably
characterized by the formation of double-membrane vesicles complexed
with the endoplasmic reticulum [12]. These RNAs are then translated
into structural and non-structural proteins, genomic RNAs are then
packaged at the endoplasmic reticulum-Golgi intermediate compart-
ment (ERGIC). The ERGIC then buds into the Golgi apparatus, where the
complete virions form, and the resulting virions are released through the
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traditional secretory pathway [13]. The SARS-CoV-2 viral replication
cycle is summarized in Fig. 1. Multiple treatments have been used to
treat patients who are infected with SARS-CoV-2. The focus of this re-
view is to describe many of the treatments that have been used, the basic
research which provides rationale for their use and the outcomes of the
clinical studies.

2. Methods

Treatments were selected by either querying the ClinicalTrials.gov
website or by identifying treatments for which there were widespread
NIH-sponsored clinical trials such as the Adaptive COVID-19 Treatment
Trial or ACTT. These treatments were then subjected to a literature re-
view via PubMed for their mechanism of action, in vitro and in vivo
studies of their efficacy against SARS-CoV-2 and other coronaviruses,
and clinical trial data.

3. Treatment strategies
3.1. Antivirals

This category of treatment strategies includes any therapeutic which
directly targets SARS-CoV-2 and its lifecycle, excluding antibody-based
therapies. We have included pharmaceuticals that inhibit functions of
viral proteins (i.e. its replicase, proteases, etc.) or processes (i.e. trans-
lation) that are critical to the functioning of the virus in this section.
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3.1.1. Remdesivir (GS-5734)

Remdesivir is a prodrug nucleoside analog that requires metabolism
by the host cell to initially release the parent nucleoside (GS-441524)
followed by intracellular kinase activity to produce the active nucleoside
triphosphate form that inhibits the RNA-dependent RNA polymerase
(RDRP) of RNA viruses [14]. RDRPs have widely conserved catalytic
structural motifs that are susceptible to broad antiviral drugs that target
them [13,15]. Remdesivir specifically acts as a delayed chain termi-
nating RDRP inhibitor because it hinders complete extension of viral
RNA [16,17]. It is currently the only FDA approved drug for use in
treating COVID-19.

Invitro studies confirmed the efficacy of remdesivir or GS-441524 as
coronavirus antivirals. An in vitro study of remdesivir and GS-441524,
examining drug efficacy against murine hepatitis virus, a model $-2a
CoV, in delayed brain tumor (DBT) cells, and against SARS-CoV-1 and
MERS-CoV in primary human airway epithelial cells, revealed signifi-
cant decreases in viral titers and viral RNA levels [18]. In the DBT cells,
the half maximal effective concentration of GS-441524 was 1.1 uM in a
viral infection assay, and at concentrations above 500 nM remdesivir,
the virus was undetectable in plaque assays. This data supported ob-
servations from a previous in vitro study which showed that treatment of
primary human airway epithelial cells infected with patient isolates of
SARS-CoV-1 or MERS-CoV-1, led to significant reductions in viral RNA
levels with ECsy of 860 nM for GS-441524 and 74 nM for remdesivir
[19]. Both studies reflected a therapeutic index of more than 100,
meaning the concentration necessary to reduce viral replication to 50%
of normal is at least two orders of magnitude lower than the concen-
tration that kills 50% of cultured cells. Interestingly, the overall
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Fig. 1. Overview of the replication cycle of SARS-CoV-2. SARS-CoV-2 binds its cell receptor, ACE2, and enters with assistance from either cathepsin L (CTSL) or
transmembrane serine protease 2 (TMPRSS2). The virus enters the cell either by the endocytic pathway or by directly fusing with the cell membrane. It replicates its
RNA utilizing its encoded RNA-dependent RNA polymerase (RDRP, green circle), manufactures non-structural proteins, and produces structural proteins at the
endoplasmic reticulum and in specialized double-membrane vesicles. The structural proteins traffic to the Golgi via the endoplasmic-reticulum-Golgi intermediate
compartment (ERGIC) where they are assembled into a complete virion and exported out of the cell through the secretory pathway.
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therapeutic effect of remdesivir appears to be weakened by the proof-
reading exonuclease activity of non-structural protein 14 (nspl4) in
vitro, a protein that also shuts down protein synthesis by the host cell
[18]. Removal of the exonuclease activity of nspl4 strengthens the
antiviral effects of remdesivir. However, it is important to note that
remdesivir is not as strongly inhibited as nucleoside analogs that act as
mutagens, such as ribavirin and 5-fluorouracil [20].

In clinical trials, remdesivir has shown clinical significance. In a
randomized, double-blind, placebo-controlled trial of 1062 participants
performed by the National Institute for Allergy and Infectious Disease,
patients showed shortened time to recovery and a reduction in lower
respiratory tract infections. In this study, remdesivir or placebo was
administered intravenously at 200 mg day one/100 mg days 2-10. In
comparison to placebo, remdesivir significantly decreased the mean
time to recovery (p < 0.001) from a mean of 15-10 days, decreased time
to one and two stages of ordinal improvement, decreased time to
discharge, and decreased the occurrence of serious adverse events
compared to controls [21] (NCT04280705). By day 15, Kaplan Meier
estimates of mortality was 6.7% for remdesivir compared to 11.9% in
placebo controls and by day 29, 11.9% with remdesivir compared to
15.2% in placebo controls (hazard ratio = 0.73, 95% CI: 0.52-1.03). In
contrast, another randomized, open-label controlled trial of 594 hospi-
talized patients with mild COVID-19 conducted by Gilead Sciences
found that patients taking remdesivir for 5 days, had a significant
improvement in clinical status (p = 0.02), when compared to standard
of care after 11 days [22]. However, in the same study, participants who
took remdesivir for 10 days showed no significant improvement in
clinical status when compared to standard of care (p = 0.18). On day 28
of the 9 patients who had died, 2 had received remdesivir for 5 days, 3
for 10 and 4 were given the standard of care. The clinical importance of
these drug-induced improvements was unclear [22].

Clinical application of remdesivir should be undertaken while
considering the potential for primary adverse events (nausea, hypoka-
lemia, headache). The aforementioned clinical trial performed by Gilead
Sciences revealed a significant increase in treatment-emergent adverse
events among study participants who received the drug for 10 days [22].
Another randomized clinical trial of 4891 participants on remdesivir
found that participants who received the prodrug for 10 days experi-
enced statistically significant worse outcomes by day 14 of the study
when baseline clinical status as a variable was not included [23].
Interestingly, this study did not report differences in
treatment-emergent adverse events among participants who received
the drug for 10 days versus 5 days. However, using remdesivir as a
treatment for COVID-19 may be best when limiting the course of
treatment to 5 days as opposed to 10 days considering the available
clinical data.

3.1.2. Favipiravir (T-705)

Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide) is a pyr-
azinecarboxamide derivative with demonstrated activity against RNA
viruses. Favipiravir is metabolized by cellular enzymes into its ribofur-
anosyltriphosphate active therapeutic form, RTP [24]. Clinically, favi-
piravir is active against a broad range of influenza viruses, which are
segmented negative-strand RNA viruses, including A(HIN1) pdm09, A
(H5N1) and A(H7N9) avian virus. In addition to influenza, favipiravir
can target the replication of other RNA viruses, including hantaviruses,
enteroviruses, flaviviruses, noroviruses, and respiratory syncytial virus,
a paramyxovirus [24]. Similar to remdesivir, favipiravir can inhibit viral
RNA-dependent RNA polymerase and it is thought to inhibits viral RNA
elongation by two separate mechanisms. Early studies revealed that
favipiravir functions as a delayed chain terminator while also acting as a
mutagen [25]. The number of genomic mutations in a study of influenza
viruses repeatedly passaged with favipiravir showed a significant in-
crease compared to controls, particularly transition mutations [26]. Its
mechanism of chain termination is not well elucidated, but because its
ribose sugar still contains a hydroxyl group at its 3’ end, it is likely that it
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interacts with its paired base to sterically inhibit extension of the nascent
viral RNA [27].

Favipiravir has shown a potent inhibitory effect in vitro and in animal
models. The mutagenic effects of favipiravir showed a decrease in
influenza virus produced over repeated passages, indicating an increase
in mutations until extinction [26]. A study using a Syrian hamster model
found that preemptive treatment with favipiravir decreased infectious
titers, and preventive treatment with favipiravir produced an unde-
tectable viral titer [28].

There is relatively little clinical data on the efficacy of favipiravir
against COVID-19. In a currently unpublished randomized, open-label
controlled trial of 200 participants, treatment with favipiravir
(1600 mg (8 tablets, 2 times a day) and 600 mg (3 tablets, 2 times a day)
for 14 days) compared to standard of care, revealed a statistically sig-
nificant improvement in clinical status after 10 days (p = 0.0372 Chi-
squared), a decrease in time to clinical improvement (8 days in the
favipiravir vs. 12 days in the standard of care-controls p < 0.0001 log
rank), and an increase in viral clearance by day 10 of treatment (98%
treatment group vs. 79% in controls, p = 0.00016) (NCT04542694).
However, there was no statistically significant decrease in mortality. No
analyses of treatment-emergent adverse events were reported. Favipir-
avir is not currently approved by the FDA for use in treating COVID-19.
Given the open label design of the study, and lack of significant changes
in mortality, it is unclear that favipiravir has any effect on the clinical
course of COVID-19. Moreover, considering that studies in a Syrian
hamster model have shown notable toxicity at high doses via significant
weight loss, further studies in vitro and in animal models to test the ef-
ficacy against coronaviruses is advised [28].

3.2. Molnupiravir (EIDD-2801, MK-4482)

Molnupiravir is an orally administered antiviral that was originally
developed by Emory University for Drug Discovery (EIDD) for treating
Venezuelan equine encephalitis virus (VEEV). This isopropyl-ester pro-
drug of a ribonucleoside analog -D-N*hydroxycytidine, EIDD-1931),
which is phosphorylated at the N4-hydroxyl group in the intestinal
tract, incorporates into RNA, inducing mutations that reduce viral
viability over the duration of infection [29]. In vitro Vero cells infected
with VEEV and treated with 2.5 uM EIDD-1931 had a lower number of
virions released with reduced particle infectivity. EIDD-1931 has
demonstrated efficacy against Ebola [30] in Vero E6 cells, against
influenza in human epithelial cell cultures and in ferret models of
influenza [31], MERS in Calu-3 human lung cancer, Vero cells and
human primary epithelial lung cell cultures [32]. In vivo, molnupiravir
reduced viral loads in C57BL/6 mouse models of MERS and SARS-CoV.
Interestingly, in the same study, murine hepatitis viral mutants that
were resistant to remdesivir had increased susceptibility to molnupiravir
[32].

Invitro, in Calu-3 and Vero cells, EIDD-1931 has an ICsg of 80 nM and
90 nM, respectively when added at the same time as SARS-CoV-2. Using
primary epithelial lung cells, a maximal titer reduction of SARS-CoV-2
by 5-logs was observed at a dose of 10 uM EIDD-1931, despite SARS-
CoV-2 nspl4’s proofreading exonuclease activity.

Molnupiravir is currently being tested in phase II and phase III
clinical trials in COVID-19 patients (NCT04405570 and NCT04405739).
The results from these trials, which have not been completed, have not
been released.

Although molnupiravir has shown promise against multiple RNA
viruses in vitro, including the aforementioned p-CoVs, some potential
concerns remain with antiviral mutagens as a treatment strategy at
large. Using a mutagen as a form of treatment could promote resistance
to itself. A study of ribavirin treatment in poliovirus infection has
revealed that use of the mutagen created a selective pressure towards
drug resistance [33]. Providing a higher mutation rate in an environ-
ment that selects against viruses that cannot escape the immune
response generated by the COVID-19 vaccines could be a risky strategy,
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as it could conceivably accelerate the emergence of a new variant that
escapes the vaccines developed so far. However, there is no precedence
nor data that suggest the likelihood of this happening and RNA viruses
are more likely to select for greater polymerase fidelity as a means of
escaping mutagens as was the case for polio. This could perhaps mean
that wide scale use of mutagens as a treatment strategy could lead to the
emergence of less mutagenic variants. More in silico and in vitro data are
necessary to properly elucidate the veracity of these concerns.

3.3. Lopinavir/ritonavir (Kaletra)

Lopinavir is an orally administered viral protease inhibitor that was
developed by Abbott pharmaceuticals to treat HIV infections [34]. Ri-
tonavir, a second protease inhibitor developed by Abbott, was more
effective in vitro as a potent inhibitor of cytochrome P450 3A4 (CYP3A).
When used together, ritonavir prevents CYP3A mediated metabolism of
lopinavir to increase drug bioavailability [35]. Accordingly, lopinavir in
combination with ritonavir was approved by the FDA to treat HIV. The
combination of lopinavir/ritonavir (Kaletra) functions as a competitive
inhibitor of the HIV viral Gag-Pol protease. In the absence of Gag and
Pol, HIV is not infectious.

Using either wild-type or a genetically modified form of MERS,
which expresses luciferase, lopinavir had antiviral activity against SARS-
CoV-1 at 8-32 pg/ml and Kaltera had an ECsg of 8.5 pM against MERS in
human lung epithelial Calcu-3 cells in vitro [36,37].

At present Kaletra is being used in thirty-five clinical drug trials in
the treatment of SARS-CoV-2 patients. Although clinics are still
recruiting patients to examine the efficacy of Koletra in treating COVID-
19, several studies were stopped early since there was no significant
clinical benefit for patients treated with Koletra alone, when compared
to placebo controls [38,39] (NCT04455958). In a multi-center, open--
label, randomized, clinical trial, patients treated with the combination
of 400 mg of lopinavir, 100 mg of ritonavir and 400 mg ribavirin every
12 h, along with three doses of 8 million international units of interferon
beta-1b on alternate days (combination group) when compared with 14
days of 400 mg lopinavir and 100 mg ritonavir alone every 12 h (control
group), had a significant reduction in time to recovery (7 vs 12 days
p = 0.0010) [40]. These studies illustrate the potential of using combi-
nation therapies for COVID-19 patients, an approach that has worked
well with HIV.

3.3.1. PF-00835231 and protease inhibitor strategies at large

PF-00835231 is a coronavirus protease inhibitor that prevents
cleavage and processing of the 1a and lab replicase-associated poly-
proteins (ppla and pplab, respectively) produced by translation of the
virus’ open reading frame 1b (ORF1b) [41]. SARS-CoV-2 uses two pro-
teases to process its polyproteins: a papain-like protease (PLP™) and its
3CL main protease (MP™). PF-00835231 specifically acts against MP™
and was initially designed against the MP™ of SARS-CoV-1. However, the
two viruses’” MP™ amino acid sequences are similar enough for the drug
to have a potential action against SARS-CoV-2. Its prodrug counterpart is
PF-07304814 [42].

An in vitro study of PF-00835231 has shown potency against SARS-
CoV-2. The study used a recombinant human airway epithelium
adenocarcinoma cell line (A549) with exogenous expression of ACE2.
Observing cytopathic effects and syncytia formation, the study found
that PF-00835231 had a statistically smaller ECso than remdesivir
(0.221 pM vs 0.442 pM at 24 h post-infection, p = 0.002) with minimal
cytotoxicity [43]. This suggests that PF-00835231 is likely to have a
high therapeutic index with good potential as a drug candidate against
SARS-CoV-2. Furthermore, since the MP™ of SARS-CoV-2 is either not
mutated or mutations are predicted to have no functional consequences
in several variants, PF-00835231 could have broad therapeutic activity
against current and emerging viral variants.

Clinical trials and pharmacokinetic studies on PF-00835231 and its
phosphate prodrug counterpart are either ongoing or have yet to post
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their results (NCT04627532 and NCT04535167). Some concerns exist
regarding the bioavailability of the drug, as studies suggest it is a sub-
strate for the P-glycoprotein based upon increases in its efficacy com-
bined with P-glycoprotein inhibitors [43]. However, the aforementioned
in vitro study of PF-00835231 investigated this possibility by analyzing
RNA datasets of human airway epithelial cells, which show that the
protein is not expressed by these cells [43]. The same study also high-
lighted the potential this drug has in a combinatorial strategy. To date, a
great deal of effort has gone into investigating the efficacy of replicase
inhibitors against SARS-CoV-2, but less focus has been placed on pro-
tease inhibitors as a treatment strategy.

3.3.2. Peginterferon A-1a

Peginterferon lambda-la (or PegIFNA-1a) is a type III interferon
therapeutic that was initially designed for treating chronic hepatitis C
virus (HCV) infections [44]. It is a pegylated form of the
naturally-occurring cytokine IFN), which has an antiviral function
analogous to type 1 IFNs, and can trigger shutdown of host translation
through activity of protein kinase R (PKR) [45]. While type III IFN re-
ceptors are expressed mainly by mucosal epithelial barrier cells and
certain immune cells [46], type I IFN receptors are more ubiquitously
expressed. A result of PegIFNA-1a use as an antiviral for illnesses such as
HCV is a decrease in adverse side effects compared to IFNA. IFNA signals
via a heterodimeric receptor to activate the Janus kinase-signal trans-
ducer and activator of transcription 1 (JAK1/STAT1) and Tyrosine ki-
nase 2 (Tyk2) to promote signaling via the interferon stimulated gene
factor 3 (composed of signal transducer and activator of transcription 1
(STAT1), STAT2, insulin regulatory factor 9) pathway. This JAK/STAT
signaling promotes transcription of IL-12, skewing toward a Th1l anti-
viral immune response from CD4 + Th1 cells and CD8 + T cells [45].
Given the antiviral nature of type III interferons and their concentrated
activity in epithelial cells, antiviral therapies of this type are appealing.

Type III IFNs have some antiviral activity against SARS-CoV-2 and
other B-coronaviruses in vitro. A study of in vitro inhibition of SARS-CoV-
2 using two epithelial cell lines, (simian Vero E6 and human Calu-3
cells), showed a statistically significant decrease (p = 0.007 and
p = 0.0223, respectively) in viral titers after pre-treatment with re-
combinant IFNA at 10 ng/ml [47]. In a separate study a 24-hour
pre-treatment of human primary airway epithelial cells with
PegIFNA-1a, followed by infection with SARS-CoV-2, reduced
SARS-CoV-2 viral titers 48 h post infection to levels comparable to 1 uM
remdesivir. In the same study, a single 2 ug IFNA subcutaneous injection
in 1 year-old BALB/c mice administered prophylactically 18 h prior to
infection or therapeutically 12 h after infection, resulted in reduced viral
titers in the lungs, without affecting the nasal titers [48].

It is discouraging, however that PegIFNA-1a has not reliably pro-
duced significant results in clinical trials. A randomized, single-blind
placebo-controlled trial with 120 participants injected subcutaneously
with 180 pg of PegIlFNA-1a within 72 h of diagnosis, produced no sig-
nificant clinical improvements in COVID-19 outpatients [49]. A second
randomized, double-blind controlled trial with 60 outpatients found
that PegIFN)-1a accelerated viral clearance by individuals 7 days after a
subcutaneous injection of 180 ug of PegIFNA-1a, in patients with a high
baseline viral load (>10° copies of RNA per ml) [49]. Both studies
indicated more frequent increases in liver activity as measured by in-
creases in blood aminotransferase among participants in the treatment
group. Despite its lack of efficacy, PegIFNA-1a is a treatment option with
low risk for treatment-emergent adverse events because of the limited
distribution of type III IFN receptors. Accordingly, healthcare pro-
fessionals might consider it as an option if no other recourse is available
in future pandemics. PegIFNA-1a is not FDA-approved for use in treating
COVID-19 as of writing.

A summary of our discussion of the efficacy and mechanism of
investigated antiviral treatment strategies are found below in Table 1 for
treatments that have existing clinical trial data. The mechanisms of ac-
tion for these therapeutics are displayed in Fig. 2.
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Table 1
Summary of antiviral treatment strategies with existing clinical data.
Treatment Mechanism Target Clinical Mortality
benefit? decrease?
Remdesivir RNA-dependent RNA v v /Mixed
polymerase
Favipiravir RNA-dependent RNA v X
polymerase
Lopinavir/ Viral protease v X
Ritonavir
Peginterferon General viral replication, Mixed X
Ala cell activity

v - The drug produced the respective column’s effect. X - The drug failed to
produce the respective column’s effect. Mixed - The drug produced negative and
positive outcomes or only produced positive outcomes in some trials. * - Clinical
trials of this drug either failed to exceed 100 participants or lacked any blinding.

3.4. Anti-Inflammatories and immunomodulatory drugs

In this section we describe therapeutics which limit the hyperim-
mune response often associated with COVID-19 progression. We discuss
antibody therapies against host factors in a different section. The
reviewed anti-inflammatories and immunomodulatory drugs include
but are not limited to any therapeutic that modulate immunologically
relevant processes including cytokine release, cytokine response,
lymphocyte proliferation, clotting, or innate immune effector
mechanisms.

3.4.1. Compound 21

Compound 21 (C21) is an agonist for the angiotensin II type 2 re-
ceptor (AT2R) involved in the renin-angiotensin-aldosterone system
(RAS) that regulates blood pressure and vasoconstriction [50]. Angio-
tensin II is a ligand for two receptors which produce opposing effects.
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The angiotensin II type 1 receptor (AT1R) is important in promoting
inflammation, vasoconstriction, an increase in blood pressure, and fibrin
deposition [51]. In contrast, AT2R has an anti-inflammatory effect, de-
creases blood pressure, and promotes vasodilation. Angiotensin II can
also be enzymatically cleaved by the SARS-CoV-2 viral receptor ACE2
into a ligand that specifically acts on AT2R [51]. As an agonist for AT2R,
C21 can reduce neurological deficits and cerebral infarct sizes in a
mouse model of ischemic stroke [52]. At 100 uM, C21 can also signifi-
cantly reduce TNF-a mediated endothelial inflammation of human
vascular endothelial cells, which induced adhesion of Thp-1 leukocytes
in vitro. This reduced adhesion correlates with a loss in the p2 integrin
adhesion ligand, ICAM-1. Similarly, 10 uM C21 can significantly inhibit
adhesion of murine leukocytes during TNF-a induced inflammation in
mouse aorta in vivo. Both in vitro and in vivo, treatment with the AT2R
antagonist, PD 123319, reversed this effect [50]. These observations are
directly related to the role of AT2R in promoting the “protective” side of
the RAS over its proinflammatory counterpart, AT1R.

While there are no studies in vitro which examine the mechanism of
C21 inhibition of SARS-CoV-2 during infection, theoretically, the effects
of C21 on the host could be predicted by data from other coronavirus
studies. Respiratory failure leads to respiratory acidosis, a condition that
evolves when the lungs cannot remove enough of the carbon dioxide
produced by the body. Studies of SARS-CoV-1 have demonstrated an
association between exposure to the S2 spike protein in combination
with acid and a decrease in ACE2 expression [53]. These studies have
also showed a worsening of lung pathology among acid-treated mice, an
increase in leukocyte infiltrates, and an increase in angiotensin II con-
centrations. Along with the role of the AT1R in fibrin deposition, these
factors could contribute to thrombotic complications in severe
COVID-19 infections, which includes pulmonary embolism [54]. More in
vitro and in vivo studies are necessary to determine if RAS imbalances
result from SARS-CoV-2 infection and if they result in an enhanced

Fig. 2. Scheme of the mechanisms of action of various
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cytopathic effect.

Clinically, C21 trials have demonstrated limited success. A ran-
domized, triple-masked, placebo-controlled trial with 106 participants
given 200 mg/day (100 mg twice a day) of C21 treatment in COVID-19
infection found a significant reduction (p = 0.003) in oxygen supple-
mentation at day 14 of the study, although there was no difference at
day 7 (p = 0.0568) when utilizing a p-value cutoff of p < 0.05 (the study
used a p < 0.1 cutoff). C21 did not significantly decrease C reactive
protein in serum (p = 0.0881) (NCT04452435). C21 prevents the need
for oxygen supplementation but does not significantly affect mortality.
Interestingly, the same outcomes do not appear to be true of ATIR
pathway antagonists. A retrospective study of 112 COVID-19 patients
found no significant differences in Angiotensin Converting Enzyme in-
hibitors (ACEi)/Angiotensin Receptor Blocker (ARB) medication usage
among patients with severe and mild COVID-19 [55]. ACEi is an ACE
inhibitor while ARB is an AT1R antagonist, and these two medications
work in tandem to reduce ATIR signaling and skew the RAS balance
towards an anti-inflammatory state. Although a retrospective study is
not ideal, it is possible that inhibiting the AT1R signaling pathway might
be less effective than rebalancing the RAS system by activating the AT2R
pathway. More clinical trials are necessary to discern the efficacy of
anti-AT1R medications and possible combinatorial strategies with C21,
but C21 appears to have some relevant clinical efficacy by reducing the
need for oxygen.

3.4.2. Baricitinib

Baricitinib is a specific inhibitor of JAK1/2, which play important
roles in regulating cytokine responses [56-58]. It has proven effective in
treating autoimmune illnesses associated with excessive production of
pro-inflammatory cytokines, such as rheumatoid arthritis [59]. This is
because many pro-inflammatory cytokine receptors, such as IFN re-
ceptors, use the JAK/STAT pathway upon stimulation to transcribe
effector genes [60]. Thus, inhibiting JAKs attenuates responses to in-
flammatory cytokines and acts as an anti-inflammatory.

Baricitinib’s mechanism of action against COVID-19 is slightly more
complex than its role in attenuating JAK/STAT signaling. An in vitro
study of proinflammatory cytokines in blood isolated from study par-
ticipants with active COVID-19 infection showed that 1 uM baricitinib
significantly (p < 0.0001) decreased IFN-y concentrations along with
other proinflammatory cytokines when blood cells were exposed to
SARS-CoV-2 spike protein [61]. This response may be due to the ability
of baricitinib to potentially disrupt spike protein endocytosis by binding
to adaptor-associated kinase 2 (AAK2) and BMP-2 inducible kinase
(BIKE) with high affinity as well as cyclin G-associated kinase (GAK)
with more moderate affinity [62]. All three of these proteins are
important in the clathrin-mediated endocytic pathway, and it is possible
that baricitinib also acts by preventing viral entry as well. However, no
in vitro studies have evaluated this mechanism, so further research is
necessary.

Baricitinib has shown some clinical utility in combination with
remdesivir [63]. A double-blind, randomized, placebo-controlled trial of
1033 hospitalized COVID-19 adult patients by the NIAID found that
remdesivir and baricitinib combined, significantly improved time to
recovery (p = 0.03) and had 30% higher odds in improvement of clinical
status, compared to remdesivir monotherapy [63]. Specifically, patients
who were being treated with combination therapy receiving high-flow
oxygen at the time of the enrollment in the study, averaged 10 days to
recovery in contrast to an average of 18 days for patients on remdesivir
alone, while the 28-day mortality rate was 5.1% versus 7.8% for the
controls. Further investigations of baricitinib are merited, and its effect
as a monotherapy should be better characterized. Some concerns exist
regarding adverse events in baricitinib therapy, including a potential
increased risk of coinfection, anemia, and lymphocytopenia [64]. An
additional potential benefit of baricitinib therapy, is that unlike other
first generation JAK1/JAK2 inhibitors, baricitinib is cleared by the
kidneys, instead of being metabolized by cytochrome P450 in the liver.
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This might explain discrepancies in the efficacies of different JAK1/-
JAK2 inhibitors discussed later, and it’s a potential explanation for a
statistically significant decrease in occurrence of adverse events
(p = 0.03) in the combinatorial study mentioned above [63].

3.4.3. Ruxolitinib

Ruxolitinib, a first generation JAK1/2 inhibitor structurally similar
to baricitinib, promotes an anti-inflammatory response by inhibiting
downstream signaling of cytokines such as interferons via STAT1 [56,
65]. It is associated with improvement in autoimmune conditions in vitro
and in vivo associated with an inflammatory response, like dermato-
myositis [66].

Ruxolitinib has demonstrated in vitro efficacy against the SARS-CoV-
2 complement pro-inflammatory response in primary normal human
lung epithelial cells or human lung carcinoma A549 cells. Complement
is an innate defense mechanism that clears pathogens through its
products’ effector functions, which include opsonization, inflammation
and chemotaxis, and formation of the pore-forming membrane attack
complex. A transcriptomic analysis in the presence of 1 uM ruxolitinib,
during COVID-19 infection showed that levels of mRNA for several
complement proteins including C1R, C1S, CFB, and C3 were restored to
normal by treatment with ruxolitinib [65]. Notably, in vitro, production
of C3a in SARS-CoV-2 infected induced alveolar epithelial cells (iIAECs)
was significantly reduced in cells treated with ruxolitinib; this effect was
enhanced by co-treatment in the presence of 250 nM remdesivir. Acti-
vation of complement can induce tissue damage, which has been
well-documented in other diseases like postinfectious glomerulone-
phritis [67]. It is possible that normalizing complement expression could
thus prevent organ damage associated with cytokine storm and over-
stimulation of the immune response.

Ruxolitinib has exhibited disappointing results in clinical trials so
far. A randomized, double-blind, placebo-controlled trial carried out by
Novartis, examined the effects of 5 mg ruxolitinib twice a day in 432
patients with COVID-19 over a 14- or 28-day period. Novartis found no
significant changes in mortality or Intensive Care Unit (ICU) usage,
ventilator use, one- or two-point clinical improvements from baseline on
an ordinal scale, or time to improvement in clinical status
(NCT04362137). Interestingly, these results differ from the results of the
clinical trial on baricitinib, with ruxolitinib failing to provide significant
improvements in time to recovery. The reason for this difference is un-
clear, but it is possible that it relates to how the body clears the two
drugs, since baricitinib is largely cleared by the kidneys and ruxolitinib
is subject to a first-pass effect during liver metabolism [56]. In addition,
serious adverse events have been reported for ruxolitinib, which include
several cases of progressive multifocal leukoencepholapathies [68-70].

3.4.4. Dornase alfa

Dornase alfa is a recombinant form of human DNAse I, that cleaves
extracellular DNA created by netosis, the expulsion of DNA by neutro-
phils used to clear pathogens [71]. This drug is FDA approved for use
during inflammatory illnesses, such as cystic fibrosis, which are associ-
ated with neutrophil extracellular traps (NETs). The most common
application is in combination with neutrophil elastases in treating the
thick mucus associated with cystic fibrosis [72]. The enzyme combina-
tion promotes clearance of thick mucus in the lungs by decreasing the
viscoelasticity of respiratory mucus secretions. Elevated levels of neu-
trophils and macrophages have been linked to extrusion of DNA extra-
cellular traps during bacterial infection and COVID-19 [73,74].

In a very limited study of 3 patients, dornase alfa was found to have
anti-inflammatory activity in vitro analysis, as well as unanticipated
antiviral activity [75]. In this in vitro study of artificially induced DNA
clumps in peripheral blood mononuclear cells, the DNAse activity of
dornase alfa at 100units/ml reduced the DNA NETs and the concomitant
cytopathic effect in cultured mononuclear cells. Under these conditions,
dornase alfa demonstrated no notable cytotoxicity within 10-100 U/ml
[75]. COVID-19 serum has been shown to contain NETs, and



R.J. Malek et al.

SARS-CoV-2 has been proven to effectively induce NET formation in vitro
[76]. The result of inflammation in COVID-19 infection is severe
pneumonia and progression to ARDS. Dornase alfa has an immuno-
modulatory effect that lessens tissue damage associated with NETs as an
effector of inflammation. In addition, dornase alfa decreased
SARS-CoV-2 viral RNA concentrations in a Madin-Darby Bovine Kidney
(MDBK) cell line compared to untreated infected cells in the afore-
mentioned study [75]. However, there is no discernible mechanism for
its potential antiviral action, so more research is necessary to validate its
antiviral activity.

A lack of data from randomized controlled trials with sufficient
sample sizes for dornase alfa means that its clinical utility has yet to be
properly determined against COVID-19. A nonrandomized, single-
masked trial of 30 COVID-19 patients with ARDS posted results that
appear to suggest an increase in static lung compliance and a decrease in
length of ICU admission in the dornase alpha-treated experimental
group. However, no statistical analyses were performed on the study
results, so it is unclear whether the study had sufficient statistical power
to attain significant results (NCT04402970). Another randomized trial,
with aerosol administration of 2500 U of dornase alfa, twice a day, for 7
days enrolling 100 patients is still underway and has not yet posted
results [77]. Dornase alfa appears to potentially have some therapeutic
benefit in treating COVID-19, but insufficient data has been generated to
determine if it produces any clinical benefits.

3.4.5. Heparin

Heparin, originally described as an extract of liver in 1916 [78] by
Maclean, is an acidic mucopolysaccharide which is naturally produced
in the liver, lungs and mast cells and has been used clinically for close to
100 years as an anticoagulant, to inhibit blood clotting [79]. As early as
1928, the structure of heparin was described as a sulfur-containing
glycosoaminoglycan [80], and it was purified in 1934 [80]. Heparin
functions to inhibit formation of the C3 complement convertase, C3b,Bb
[81] upstream of C5b-9, and thereby inhibits the procoagulant activity
of platelet factor V and the production of the pro-thrombinase complex
[82]. Inhaled heparin is mucolytic, and in part because of this effect,
inhaled heparin has been used to treat cystic fibrosis to thin viscous
secretions [81,83].

Heparin has promising results in clinical trials to treat COVID-19
patients who are in the ICU and are on mechanical ventilation.
Several forms of heparin have been approved from clinical use to treat
and prevent blood clots and thin viscous secretions in COVID-19 pa-
tients: Tinzaparin sodium, Dalteparin, enoxaprin and Nadroparin. A
retrospective clinical trial of 152 COVID-19 patients was conducted
(NCT04412304) to determine the effects of thrombophylaxis in criti-
cally ill COVID-19 patients. [84] In this study 67 patients receiving
low-dose thrombo-phylaxis (2500-4500IU tinzaparin or 2500-5000 IU
dalteparin), 48 receiving medium-dose thrombophylaxis (>4500 IU but
<175IU/kg of body weight of tinzaparin or >5000 IU but <200 IU/kg of
body weight of delteparin) and 37 receiving high-dose thrombophylaxis
(> 1751U/kg of body weight tinzaparin or >200IU/kg body weight
dalteparin) revealed that the death rate was significantly reduced in
patients who received high dose (13.5%) when compared to those
receiving medium dose (25%) or low dose (38.8%) thrombophylaxis.
When compared to patients who received low dose thrombophylaxis,
the mortality rate was also reduced among patients who received me-
dium dose (hazard ratio = 0.88; 95% CI: 0.43-1.83) and high dose
therapies (hazard ratio = 0.33; 95% CI: 0.13-0.87). In addition, while
17.9% of the low dose patients, and 18.8% of the medium dose patients
had thromboembolic events, these numbers were reduced to 2.7% in the
high-dose patients. [84] A separate retrospective study of 450 COVID-19
patients receiving either a standard prophylactic enoxaparin dosage
(40-60 mg daily) or an intermediate dosage (40-60 mg twice daily)
showed a significant decline in mortality associated with the higher
dosage (18.8% vs 5.8%, p = 0.02). [86].

While these studies are either

open-label, uncontrolled,
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retrospective, and/or confounded by treatment of the control group,
they reveal a potential use for heparin as a treatment strategy in criti-
cally ill COVID-19 patients through their possible reduction in patient
mortality. In a third observational study of 2773 hospitalized patients
with COVID-19, 786 (28%) were given systemic anticoagulation therapy
[87] (oral, subcutaneous or intravenous administration). The median
hospital stay for all treated patients was 5 days, and mortality was
22.5%, with a median survival of 21 days. This was in comparison to
22.8% survival with a median survival of 14 days in patients who did not
receive anticoagulation therapy. Notably, for patients who required
mechanical ventilation (n = 395), in-hospital mortality was 29.1%
(median survival 21 days) for patients treated with given
anti-coagulation, in contrast to 62.7% (median survival 9 days) for pa-
tients who were not given anticoagulation therapy. Notably, using a
multivariate proportional hazards model, the longer anticoagulation
treatments were associated with a significant reduction in mortality
rates (adjusted HR = 0.86 per day; 95% CI; 0.82-0.89; p < 0.001).
Unfortunately, the specific anticoagulant(s) used in this study was not
described. Close to 100 clinical trials using heparin during COVID-19 are
ongoing or have been recently completed and the outcomes of these
studies should be closely watched. Although no data from randomized,
blinded controlled trials currently exist, initial studies show that heparin
may be a promising treatment strategy for critically ill COVID-19 ICU
patients requiring mechanical ventilation.

3.4.6. Dexamethasone

Dexamethasone is a long-acting synthetic corticosteroid used to treat
a wide variety of inflammatory illnesses [77,85]. The anti-inflammatory
properties of corticosteroids were widely characterized at a clinical level
before their mechanisms of action on a cellular level were elucidated.
Corticosteroids suppress expression and release of proinflammatory
cytokines by either binding to negative glucocorticoid response ele-
ments in genes encoding them or by interacting with transcription fac-
tors associated with their increased expression [85]. The result is an
attenuated inflammatory response and a reduction in damage associated
with immune responses.

Dexamethasone has presented inconclusive results in the treatment
of non-COVID-19 pneumonias since the response changes with the
dosage, time of administration and duration of treatment. A random-
ized, controlled trial of 277 patients with ARDS found that dexameth-
asone (i.v. 20mg/day on days 1-5; 10 mg/day on days 6-10)
significantly (p = 0.0047) decreased mortality by day 60 (21% of pa-
tients died in the treatment group compared to 36% of patients in the
control group) and time spent on a ventilator (between group difference
4-8 days, p < 0.0001) when compared to patients receiving routine
intensive care [86]. A pre-COVID-19 retrospective study, examining the
outcomes in 401 SARS patients, found that all non-critical patients
receiving an average of 105 mg/day corticosteroids survived the disease
while of the 121 of 152 critical patients who received an average daily
dose of 133.5 mg corticosteroids, 25 patients died. Analysis of these 401
SARS patients failed to show a benefit of corticosteroid use in terms of
death rate or days spent in the hospital [87]. However, after adjustment
with multivariate analysis for possible confounders to minimize the ef-
fects of the differences in patient baselines, treatment with corticoste-
roids was found to shorten hospital stays, and reduce short-term and
overall mortality [87]. However, a meta-analysis of ten clinical trials of
dexamethasone in treating influenza-associated pneumonia found that
the drug increased mortality and length of stay in the ICU, and it was
associated with a higher incidence of secondary infections [88]. Given
its potent anti-inflammatory nature, dexamethasone poses a risk of
persistent immunosuppression at high doses of up to 1000 mg/day,
resulting in reduction of CD4 and CD8 T cells and a concomitant increase
in secondary infections [89]. Therefore, this immunosuppression could
lead to a higher incidence of secondary infections that offset any
improvement in mortality in patients with viral pneumonia. Thus,
dexamethasone may be a potential therapeutic against COVID-19 when
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administered carefully and early in the onset of ARDS in individuals
with severe disease.

There is somewhat limited data regarding the efficacy of dexa-
methasone in treating COVID-19 as clinical trials of the drug are still
ongoing. A randomized, open-label clinical trial of 6425 patients hos-
pitalized with COVID-19 found a significant (age adjusted ratio
p < 0.001) decrease in mortality among patients receiving dexametha-
sone compared with the usual care group within 28 days of randomi-
zation. The survival benefits of dexamethasone were present when used
in conjunction with invasive mechanical ventilation, or in patients
treated with supplemental oxygen alone, but not for individuals who did
not receive respiratory support [90]. While this trial has a large sample
size, it suffers issues with its internal validity. Specifically, there was a
lack of blinding and a significant difference in the mean age between the
experimental and control groups. Despite its design flaws, it demon-
strates the potential of dexamethasone use as a therapeutic for
COVID-19. Overall, dexamethasone is a promising treatment strategy for
individuals with severe COVID-19 due to its ability to reduce patient
mortality.

3.4.7. Methylprednisolone

Methylprednisolone is mid-acting broad spectrum corticosteroid
anti-inflammatory drug used to treat a variety of conditions [91]. It
prevents expression and release of inflammatory cytokines and similar
to dexamethasone has been used to treat inflammatory illnesses and
post-surgical complications [91]. In that sense, its primary utility is in
preventing excess damage caused by an immune response.

There are no in vitro studies examining the utility of methylpred-
nisolone in COVID-19 infection, but clinical trials of the drug in par-
ticipants with ARDS reveal some potential concerns. A randomized,
double-blind, placebo-controlled trial of 180 patients with ARDS
showed no survival benefit when compared to controls [92]. In this
study patients were intravenously infused with 2 mg/kg methylpred-
nisolone on day 1, followed by 0.5 mg/kg every 6 h for 14 days,
0.5 mg/kg every 12 h for 7 days, followed by tapering if the patient was
able to breathe without assistance for 48 h. While at 60 and 180 days,
the use of methylprednisolone had no effect on patient mortality
(p = 1.0), use of the corticosteroid was associated with higher mortality
when taken two weeks past the onset of ARDS. However, it did reduce
ventilator use and length of ICU stay. At best, this study indicates that
methylprednisolone could be used with caution and timed with the
natural history and/or onset of a disease to maximize utility and mini-
mize harm.

Clinical trials for methylprednisolone in COVID-19 patients show
that it has some potential clinical benefit. A randomized, single-blind
controlled trial of 250 mg/day (i.v.) for 3 days of methylprednisolone
among 62 people in the early pulmonary phase of severe COVID-19
showed a significant decrease in death rate (5.9% in the treatment
group vs. 42.9% in the control group, p < 0.001) and reduction in time
to improvement among the experimental group compared to controls
[93]. The timeline of this study fits the findings of the clinical trial on
general ARDS study discussed above- methylprednisolone was admin-
istered only to individuals who had yet to develop ARDS but were
experiencing dyspnea. However, it is important to note that this clinical
trial was potentially confounded by diabetes, with diabetics consisting
of a significantly higher proportion of the control group than the
experimental group. Other clinical trials designed as prospective and
retrospective cohort studies provide some supporting evidence of
methylprednisolone efficacy, primarily by demonstrating that the
corticosteroid reduces ventilator use [94,95] (NCT04323592). These
studies also support the early use of methylprednisolone to maximize its
potential clinical benefits. In support of these observations, a
triple-blind, randomized controlled trial of 86 hospitalized COVID-19
patients found that methylprednisolone, significantly improved clin-
ical status on day 5 (p = 0.002) and day 10 (p = 0.0001) after admis-
sion, while reducing the need for using a ventilator (p = 0.040) and
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length of hospital stays (p = 0.0015) overall when compared to control
patients treated with dexamethasone [96]. Overall, more controlled
trials with larger sample sizes would be helpful in establishing the ef-
ficacy of this class of drugs, but existing data shows it is a potentially
useful tool in combating COVID-19 and future outbreaks of
coronavirus-associated pneumonia and ARDS when administered early
in onset.

3.4.8. Losartan

Losartan is an antihypertensive medication that functions by antag-
onizing the angiotensin II type 1 receptor (AT1R) involved in RAS [97].
Its function in the pathway complements that of C21. Whereas C21
agonizes AT2R to induce its anti-inflammatory and anti-thrombotic ef-
fects, losartan inhibits binding of angiotensin II to ATIR to limit its
proinflammatory and thrombotic effects. This is evidenced by studies of
the effect of losartan in mouse models, which show that the drug de-
creases blood pressure, increases enzymatic defenses against oxidative
stress, and reduces concentrations of IL-6 [98,99].

There are no in vitro studies of losartan against SARS-CoV-2 associ-
ated inflammation, and articles on a potential antiviral activity are in
preprint. However, much like C21, losartan improves lung elastance in a
mouse model challenged with SARS-CoV-1 spike protein in an acidified
environment [53]. The results showed that losartan limited the decrease
in lung elastance, the change in the pressure of air needed to expand the
lungs, which indicates reduced tissue fibrosis.

It is disappointing that losartan has failed to demonstrate a patient
benefit in clinical trials against SARS-CoV-2. A phase II double-blind,
randomized controlled trial of 117 outpatients with symptomatic
COVID-19 found no significant differences in mortality, improvements
in dyspnea, or changes in disease severity [100]. However, it is impor-
tant to keep in mind that relatively few, if any of the participants were
hospitalized, used supplemental oxygen, or was admitted to the ICU, and
none of the patients died. Larger studies with more hospitalizations
might provide some evidence for clinical utility not found in this study.
Another clinical trial using losartan during SARS-CoV-2 infection with
published results has been posted to the NIH clinical trials website, but
no statistical analyses were included, likely because of the small sample
size of 31 patients [101]. This study is in line with the observations made
with ACE inhibitors and angiotensin receptor blockers mentioned with
the C21 clinical trials. Based on these clinical studies, at this point,
losartan and other treatments which inhibit the ATIR are likely not
promising treatment strategies against COVID-19.

A summary of our review of the mechanism of action and efficacy of
anti-inflammatory treatment strategies is described below in Table 2.
Figs. 3 and 4.

Table 2
Summary of anti-inflammatory treatment strategies.
Treatment Mechanism Target Clinical Mortality
benefit? decrease?
Compound 21 AT2R agonist (renin- v X
angiotensin system)
Losartan ATI1R antagonist (renin- X X
angiotensin system)
Baricitinib JAK1/2 v X
Ruxolitinib JAK1/2 X X
Dornase Alfa Neutrophil extracellular X X
traps (mucous)
Heparin Blood clotting 4 4
Methylprednisolone  Inflammatory cytokine 4 4
production
Dexamethasone Inflammatory cytokine v v
production

v - The drug produced the respective column’s effect. X - The drug failed to
produce the respective column’s effect. -* - Clinical trials of this drug either
failed to exceed 100 participants or lacked any blinding.
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3.5. Monoclonal antibodies

In this section we review antibody therapeutics that act against a
variety of targets, including both SARS-CoV-2 itself as well as host fac-
tors. These treatment strategies can act either in an immunomodulatory
capacity or a direct antiviral capacity.

3.5.1. Convalescent plasma

Convalescent plasma is blood plasma obtained from individuals who
have recovered from an infectious disease containing antibodies against
the infectious organism. It has been widely investigated in the treatment
of emerging infectious diseases, including Ebola and influenza RNA vi-
ruses, and has been found to potentially reduce disease severity when
administered early in illness [102,103]. Antibodies in convalescent
plasma serve the effector functions that antibodies do during any
infection- they function as opsonins, activate complement, and bind to
pathogens to prevent adherence or cell entry.

Convalescent plasma is capable of neutralizing SARS-CoV-2 in in
vitro studies. An in vitro study of convalescent plasma using a micro-
neutralization assay found that ~63% of 345 donated plasma specimens
achieved adequate viral neutralization according to FDA guidelines
[104]. However, some considerations must be considered when
choosing donors. Specifically, individuals who experienced more severe
symptoms and were hospitalized, presented higher titers of IgG and
might be better candidates for donating plasma to ensure viral
neutralization [104,105].

Convalescent plasma, however, has not met expectations. A ran-
domized, double-blind controlled trial with 333 hospitalized patients
with severe COVID-19 found no significant differences in mortality or
clinical status by ordinal scale between the group receiving convalescent
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plasma and the placebo group [106]. A different randomized, open label
clinical trial of 103 patients with severe or life-threatening COVID-19
found no significant differences in time to discharge or mortality be-
tween the placebo and experimental groups overall. The trial, which was
stopped early, may have been underpowered to be able to define clini-
cally important differences [107]. Although its mechanism of action is
well established, convalescent plasma does not appear to have the effi-
cacy necessary to merit widespread use. However, studies with larger
sample sizes and greater statistical power might find significant results
as some investigated outcomes in these two low power studies were
close to being significant. Regardless, issues with donor criteria and
neutralizing antibody titers indicate that larger, randomized trials may
provide more conclusive data on the utility of convalescent plasma in
treating COVID-19.

3.5.2. Itolizumab

Itolizumab is a humanized, monoclonal antibody (mAb) that targets
CD6, expressed by peripheral blood T cells, medullary thymocytes and
B1 B-cells [108]. CD6 which binds activated leukocyte cell adhesion
molecule (ALCAM), is crucial for leukocyte adhesion and extravasation
of T cells during inflammatory responses, but it also has a separate, less
understood and more controversial role in acting as a costimulator for T
cells while also recognizing certain pathogen-associated molecular
patterns (PAMPs) [109,110]. Itolizumab derives its immunomodulatory
effects by blocking T cell effector functions of CD6 while retaining its
leukocyte-adhesive properties by binding at a separate domain from the
one used for adhesion [111]. Given that these T cell effector functions of
CD6 appear to promote lymphocyte proliferation and differentiation,
Itolizumab would be expected to have an anti-inflammatory effect
during viral or intracellular bacterial infections [109]. It has been used
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Fig. 3. Scheme of the investigated anti-inflammatory therapeutics. Dornase alfa acts against NETs, baricitinib and ruxolitinib inhibit JAK/STAT signaling, losartan
and C21 leverage the angiotensin-renin system to reduce inflammation, and methylprednisolone and dexamethasone act as anti-inflammatories through the action of
the glucocorticoid receptor in the cytoplasm. Heparin blocks blood clotting by inhibiting clotting factors upstream of thrombin production.
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in treating certain autoimmune illnesses, most notably psoriasis [112].

In vitro, Itolizumab can inhibit proliferation and differentiation of
CD2/CD3/CD28-stimulated T cells [113]. In addition, both in vitro and
in vivo, itolizumab can prevent transcriptional changes that promote T
cell replication [114]. The same study showed that a murine antibody
with identical function could alleviate experimentally induced autoim-
mune encephalomyelitis (EAE), a murine model of multiple sclerosis,
and appears to reduce expression of proinflammatory cytokines [114].
The downregulated cytokines in this study overlap with cytokines
overexpressed in severe COVID-19 infections, specifically IL-6 and
TNF-q, so it is possible that Itolizumab may present a well-tailored
immunomodulatory effect for treating COVID-19 [115]. However, the
full effect of CD6 in T cell costimulation is not well understood, and
studies of intracellular calcium concentrations in T cells show that CD6
stimulation can also decrease signal transduction in contrast to its
postulated role as a costimulator [116].

Itolizumab does not have sufficient clinical data available as a
treatment for COVID-19 to make any conclusive statements regarding
how effective it is, but clinical trial data suggests that this monoclonal
antibody might provide clinical benefit. A randomized, open-label
clinical trial, funded by Biocon, the makers of Itolizumab, with 32
hospitalized patients with mild to severe COVID-19-associated ARDS
found Itolizumab significantly decreased mortality (3 deaths in standard
of care vs. 0 deaths for standard of care + Itolizumab, p = 0.0296),
resulted in increased saturated oxygen levels (SpO,) without changing
the fraction of inspired oxygen (FiO2). In addition, patients in the
standard of care + Itolizumab group had decreased levels of two pro-
inflammatory cytokines, TNF-a and IL-6 [117]. The study sample size
and blinding, however, are not ideal, with too few patients in the study
to be able to make conclusions on the clinical usefulness of Itolizumab.
In addition, the mechanism of action of this drug is not straightforward
nor well-defined. Yet, this clinical trial which found that Itolizumab can
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Fig. 4. Schematic of the mechanisms of action of each
investigated antibody therapy against COVID-19. Most
antibody therapies directly target SARS-CoV-2 by neutral-
izing the virus and preventing entry of the virus into sus-
ceptible host cells (bamlanivimab, etesvimab, casirivimab,
imdevimab, and convalescent sera). However, mAbs exist
against host factors to attenuate inflammatory responses in
COVID-19 infection. Mavrilimumab is a GM-CSFR antago-
nist and prevents GM-CSF’s inflammatory functions (i.e. T
cell activation and proliferation, etc.). Tocilizumab and
sarilumab are IL-6R antagonists and serve a similar func-
tion to mavrilimumab conceptually, and itolizumab binds
domain 1 (D1) of CD6 to inhibit its non-adhesive effector
functions.

ALCAM/
CD166

reduce COVID-19 associated ARDS mortality and improve lung function
may merit further study in larger, independent, controlled studies.
Treatment-emergent adverse events in this trial included infusion re-
actions and temporary lymphopenia.

3.5.3. Tocilizumab

Tocilizumab is a monoclonal antibody (mAb) antagonist against the
IL-6 receptor (IL-6R) [118]. IL-6 is a partially proinflammatory cytokine
produced by detection of PAMPs, detection of damage-associated mo-
lecular patterns (DAMPs), or in conjunction with other cytokines. It
derives its proinflammatory effects by binding to IL-6R, inducing
IL-6R-CD130 dimerization, and causing a transduction cascade through
the JAK/STAT pathway that results in the release of acute-phase pro-
teins [119]. It biases the T-cell response towards a Thy; (extracellular
pathogen) response and encourages production of IgG by B cells, and
elevated levels of the cytokine are associated with autoimmune diseases
like Castelman’s disease and rheumatoid arthritis [119,120].

No invitro studies exist that directly test the efficacy of tocilizumab in
dampening the immune anti- SARS-CoV-2 response, but published
studies implicate this mAb as a potential therapy for COVID-19. First,
patients with severe COVID-19 cases have a statistically significant in-
creases in proinflammatory IL-6 (p < 0.001) and TNF-a (p < 0.037)
levels, when compared to patients with mild disease [115]. In a murine
model of influenza A that parallels COVID-19 infection, increased levels
of IL-6 promote muscle dysfunction, TNF-a was elevated as well [121]. A
murine analog of tocilizumab decreased muscle dysfunction in this
mouse model, as measured by grip strength. Though this study might not
have estimated mortality or outcomes typically sought after in a clinical
trial, it suggests that tocilizumab may be able to target the documented
musculoskeletal sequelae of COVID-19 infection [122,123]. However, in
vitro data also suggests that blocking IL-6 activity is not an overall
positive means of reducing inflammation caused by respiratory viruses.
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IL-6 deficient mice experienced worse outcomes from influenza virus
infection, a slower recovery, and worsened viral clearance by macro-
phages [124].

Tocilizumab has not shown great promise in clinical trials against
SARS-CoV-2. A randomized, double-blind controlled trial funded by F.
Hoffmann-La Roche and the Department of Health and Human Services
of 452 initial participants with severe COVID-19 found that this mAb did
not significantly improve mortality nor hospital discharge by day 28 of
the study [125]. The study did find a potential reduction in time to
hospital discharge for the experimental group, but this finding was not
statistically significant. Another randomized, double-blind controlled
trial of 243 participants diagnosed with COVID-19 and a combination of
two severe COVID-19 symptoms found no significant difference in
mortality and intubation, decline in health status, or time to discontin-
uation of oxygen supplementation [126]. Tocilizumab has not yet pro-
duced results in clinical trials that merit its use in treating COVID-19.

3.5.4. Etesevimab, bamlanivimab, and anti-RBD mAbs

Etesevimab and bamlanivimab are two neutralizing mAbs which
target epitopes on the receptor-binding domain (RBD) of the SARS-CoV-
2 spike protein and are typically given together in a mAb cocktail [127].
Because interactions between the spike RBD and ACE2 are necessary for
viral entry, anti-RBD mAbs were used therapeutically since they can
either sterically hinder the interaction of SARS-CoV-2 with ACE2 or
force viral antireceptors into unstable conformations [128,129].
Monoclonal antibody therapies have been specifically developed and
screened for a variety of viruses, perhaps most notably against Ebola
virus [130].

The in vitro efficacies of etesevimab, bamlanivimab, and other mAbs
used in monotherapies or combinatorial treatment strategies have var-
ied widely due to escape by the proliferation of different SARS-CoV-2
variants. An in vitro study found that bamlanivimab and etesevimab
both lost neutralizing activity against the B.1.351 (Beta) variant, though
it retained neutralizing activity against the B.1.1.7 (Alpha) variant and
wild-type SARS-CoV-2 [131]. The B.1.351 (Beta) variant has three
amino acid substitutions in its receptor binding domain that explain its
escape from what were previously neutralizing mAb therapies, and this
study provides evidence of the potential for escaping antibodies by
showing across-the-board decreases in ID50 in serum from Pfizer and
Moderna vaccine recipients. A recent Nature article supports these
findings [126]. Specifically, the B.1.351 (Beta) variant also escaped
neutralization by etesevimab and bamlanivimab in this study, while the
B.1.617.2 (Delta) variant could escape only bamlanivimab [132]. These
two studies also found that casirivimab and imdevimab, two other
anti-RBD mAbs were capable of neutralizing both the B.1.351(Beta) and
B.1.617.2 (Delta) variants, though casirivimab’s IC50 increased mark-
edly and indicates a reduction in its neutralization activity.

Prior to the emergence of mAb-resistant variants, etesevimab and
bamlanivimab presented great clinical promise. A randomized, double-
blind controlled trial of 1035 non-hospitalized participants with mild or
moderate COVID-19 significantly reduced hospitalization and death,
reduced viral load by day 7, and decreased time to recovery as defined
by the absence of symptoms [133]. These results indicate excellent
clinical utility, though the study suffers from some concerns regarding
its general applicability due to a disproportionately high percentage of
white participants. It is also important to note that this study took place
prior to the arrival of the B.1.617.2 (Delta) variant in March, which is
known to escape neutralization by bamlanivimab, indicating that these
results may not hold in the presence of emerging variants. Another
randomized, double-blind controlled trial with 577 non-hospitalized
participants with mild or moderate COVID-19 found potential differ-
ences between bamlanivimab monotherapy at differing dosages and a
combinatorial strategy with etesevimab when compared to a placebo
group. Specifically, a combinatorial strategy decreased viral load by day
11 compared to baseline, improved symptoms, and decreased hospital-
izations but did not improve time to resolution of symptoms compared
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to the placebo group [134]. However, the only significant results for
bamlanivimab monotherapy groups were an improvement in symptom
scores and symptom resolution by day 11 of the study for the low-dosage
(700 mg) group and a decrease in viral load by day 29 of the study in the
medium-dosage (2800 mg) group [134]. From these results it can be
inferred that a mAb combinatorial strategy targeting separate epitopes is
a more effective strategy than a mAb monotherapy, especially given the
now widespread prevalence of the bamlanivimab-resistant B.1.617.2
(Delta) variant. Regardless of the existence of mAb-resistant variants,
mADb treatment strategies have displayed perhaps one of the most
promising clinical utilities of any biologic evaluated so far. Approval of
mAbs early in future outbreaks of novel coronaviruses could be a useful
strategy for reducing mortality and morbidity associated with these
viruses.

A summary of our review of the efficacy and mechanism of antibody-
based treatment strategies are shown below in Tables 3 and 4. Table 4
reviews mAD treatment strategies not thoroughly discussed here, but for
which there is existing clinical trial data, and also describes the mech-
anisms of action of each reviewed antibody therapeutic.

v - The drug produced the respective column’s effect. X - The drug
failed to produce the respective column’s effect. Mixed - The drug pro-
duced negative and positive outcomes or only produced positive out-
comes in some trials. * - Clinical trials of this drug either failed to exceed
100 participants or lacked any blinding. N/A - This outcome has yet to
be investigated.

3.6. Parasite or hormone-targeted approaches

In this category we review therapeutics whose mechanisms of action
do not comfortably fit into any of the treatment categories that we have
already covered. These therapeutics each have a postulated mechanism
of action against SARS-CoV-2 or COVID-19 that is distinct from their
traditional use, including some immunomodulatory effects. Primarily
the identified targets are antiviral effects.

3.6.1. Ivermectin

Ivermectin is an anti-parasitic typically used to treat parasitic in-
fections, including river blindness (onchocerciasis), lymphatic filariasis,
scabies, and lice. One of its therapeutic mechanisms in this context is its
activity against various ion channels necessary for several crucial
physiological activities in disease-carrying vectors and their transmitted
diseases [138]. It irreversibly opens ligand-gated ion channels to pro-
duce a constant influx of chloride ions, producing neurotoxicity by
repolarizing neurons [139]. A second antiparasitic mechanism of action
is its role in inhibiting the secretion of parasite proteins that allow
evasion of an effective host immune response [140].

Ivermectin also has a well-documented mechanism against certain

Table 3
Summary of antibody treatment strategies.
Treatment Mechanism Target Clinical Mortality
benefit? decrease?
Convalescent Polyclonal Abs against SARS- Mixed X
Plasma CoV-2
Itolizumab mADb against CD-6- attenuates 4 X*
T-cell costimulation
Tocilizumab mAD against IL-6 receptor X X
Etesevimab mADb against the receptor- v v
binding domain of the spike
protein
Bamlanivimab mAD against the receptor- v v
binding domain of the spike
protein

v - The drug produced the respective column’s effect. X - The drug failed to
produce the respective column’s effect. Mixed - The drug produced negative and
positive outcomes. *- Clinical trials of this drug either failed to exceed 100
participants or lacked any blinding.
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Table 4
Summary of antibody treatment strategies not investigated in this study.
Drug Mechanism Clinical Mortality References
benefit? decrease?
Casirivimab/ Anti-RBD mAb v N/A [135]
Imdevimab cocktail
(REGN-COV2)
Sarilumab IL-6R mAb X X [136]
antagonist
Mavrilimumab mAD antagonist X* X* [137]
against human
granulocyte

macrophage colony-
stimulating factor
receptor (GM-CSFR)

v - The drug produced the respective column’s effect. X - The drug failed to
produce the respective column’s effect. Mixed - The drug produced negative and
positive outcomes or only produced positive outcomes in some trials. * - Clinical
trials of this drug either failed to exceed 100 participants or lacked any blinding.
NA - This outcome has yet to be investigated.

viruses, and in vitro models have shown that ivermectin is able to
significantly reduce viral replication [141]. It accomplishes this by
inhibiting nuclear localization of viral proteins that enter the nucleus
through the nuclear pore complex with assistance from the
importin-a/pl heterodimer (Imp-a/f1). In vitro expression of both
GFP-tagged viral (Dengue’s NS5 protein and HIV integrase) and cellular
proteins with nuclear localization signals (NLS) specific to different
importins have revealed that ivermectin can prevent nuclear localiza-
tion of proteins specific to the Imp-a/p1 heterodimer but not other
importins [141]. This has been validated with other viruses that rely
more on nuclear import, primarily human adenoviruses, by disrupting
any protein-protein interactions with Imp-a by its substrates [142,143].
These reductions in viral titer have been evidenced in lesser detail to
SARS-CoV-2, and an in vitro study of viral replication found that iver-
mectin significantly decreased viral reproduction [144]. The outcomes
of the in vitro studies of RNA viruses are especially surprising given that
much of their life cycle occurs in the cytoplasm of the host cell as
opposed to the nucleus. Some proteins expressed by coronaviruses are
known at times to localize to the nucleus or at the nuclear pore complex,
but the Imp-a/p1 heterodimer plays no apparent role in either of these
processes [145,146]. A recent in silico study posited a separate mecha-
nism in which ivermectin binds to the virus’ RNA dependent RNA po-
lymerase (RDRP) with high affinity [147]. More studies in vitro and in
vivo are necessary to investigate its precise antiviral mechanism against
SARS-CoV-2.

Despite its purported antiviral activity against some RNA viruses,
ivermectin has exhibited mixed efficacy in clinical trials against COVID-
19. A randomized, open-label clinical trial of ivermectin monotherapy
with 60 enrolled participants experiencing severe COVID-19 only re-
ported a decrease in persistence of viral RNA after testing 18 participants
in the experimental group and 6 participants in the control group
(NCT04646109). Another randomized, healthcare provider-blinded
study of ivermectin monotherapy with 66 enrolled participants found
no significant differences between the experimental group and controls
(NCT04407507). Neither study exhibited significant decreases in mor-
tality, and the only remaining clinical trials that report improvements in
metrics like oxygen saturation are combinatorial therapy studies that, in
some cases, lack randomization, blinding or have small sample sizes
[148] (NCT04343092, NCT04425863). However, in a randomized,
double-blind, standard of care-controlled study of 400 patients in
Bangladesh, when combined with doxycycline, patients treated with
ivermectin were significantly more likely to improve clinically within 7
days when compared to the control group (60.7% treatment group vs.
44.4% in the controls p < 0.03). In addition, when treated with Iver-
mectin significantly fewer patients deteriorated to severe illness, which
was defined as severe dyspnea, respiratory distress, tachypnea (> 30

12

Biomedicine & Pharmacotherapy 144 (2021) 112276

breaths/min), and hypoxia (SpO2 < 90% at room air) over the period of
a month (8.7% in the treatment group vs. 17.8% in the standard of care
controls; p < 0.013) and improved recovery from persistent
SARS-CoV-2 as evidenced by a negative RT-PCR (7.7% in the treatment
group compared to 20% in the standard-of-care controls p < 0.001).
Serious adverse events were observed in 2 of the treatment patients
compared to O in the controls [148].

Wider-scale usage of ivermectin raises two potential issues. The first
is the issue of potential neurotoxicity. This drug produces severe
neurological symptoms in canines (collies) and mice that are homozy-
gous for a non-functional P-glycoprotein transporter (P-gp) present in
the blood-brain barrier [149]. Indeed, a case study of a patient with
nonsense mutations in both P-gp alleles revealed that ivermectin can
cause acute neurotoxicity in humans [150]. This adverse outcome is
likely due to accumulation of ivermectin in neurons, since ivermectin
functions as a substrate for wild-type P-gp which leads to the drug being
pumped out of the brain into the blood [151]. Nonsense mutations
generate a truncated protein and prevent the transporter from func-
tioning normally. A clinical trial of ivermectin for treating severe
COVID-19 affirms the possibility of toxicity in individuals with muta-
tions in the ABCB1 gene- 5 participants in the trial experienced en-
cephalopathy as a result of genetic susceptibility to the drug
(NCT04646109).

The second potential issue is promoting resistance to ivermectin
which is often used to treat helminths and kill some disease vectors.
Overuse of antimicrobials and antiparasitics has fueled an increase in
drug resistance among many pathogens over time, and the same applies
to treatment with ivermectin. Ivermectin resistance in Sarcoptes scabiei,
the mite that causes scabies, has been reported among individuals with
intensive ivermectin use as early as 2004 [152]. Widespread usage of the
drug should, thus, be weighed against the risk of inadvertently pro-
gressing resistance to it among diseases humanity has only recently
brought under greater control. Overall, given the ambiguity behind its
mechanism of action and its mixed clinical efficacy, its use should be
discouraged until it is further studied.

3.6.2. Hydroxychloroquine

Hydroxychloroquine (HCQ), a synthetic form of quinine, is a weak
base that has long been used to treat malaria and a variety of autoim-
mune conditions [152]. Its mechanism of action in treating malaria in-
volves increasing the pH of vesicles in Plasmodium species during the
parasites’ asexual life cycle in red blood cells, which prevents the ac-
tivity of acid proteases in degrading hemoglobin [153]. Its mechanism in
treating autoimmune conditions likely involves decreasing the concen-
tration of some pro-inflammatory cytokines in serum by interfering with
the normal function of lysosomes in autophagy and toll-like receptor
(TLR) activation [154-157].

HCQ and chloroquine, a structurally and functionally analogous
malaria treatment to HCQ, have also shown some antiviral properties
through in vitro studies of coronaviruses. A study of chloroquine-treated
Vero E6 cells infected with SARS-CoV-1 demonstrated an ICsq of 8.8 uM
and 99% inhibition of viral reproduction at 16 uM [158]. The antiviral
activity of HCQ is a similar mechanism to its antimalarial activities. An
in vitro study of Vero E6 cells infected with SARS-CoV-2 and treated with
HCQ revealed that the drug inhibits early endosome acidification and
maturation into endolysosomes [159]. The resulting effect was a higher
retention of virions in early endosomes and a failure to release viral RNA
into the cytoplasm of the infected cells.

The proposed immunomodulatory effects of HCQ, in lessening the
severity of COVID-19 infection, are less well understood in the context of
viral infections. In an in vitro study of DENV-2, one of four dengue vi-
ruses and another positive-sense RNA virus [160], HCQ treatment of
J744A.1 murine macrophages led to an increase in the retinoic acid
inducible gene-I (RIG-I) and mitochondrial antiviral signaling protein
(MAVS) pattern recognition receptors (PRRs) as well as interferon-p
(IFN-B) and tumor necrosis factor a (TNF-a) [161]. In the human A549
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lung carcinoma cell line, knockdown of MAVS expression reversed the
therapeutic response to the HCQ. Similarly, antagonizing interferon-a
and -p receptors in the presence of HCQ limited the efficiency of HCQ in
blocking dengue infection of A549 cells. From these studies it could be
inferred that in part, the role of HCQ as an antiviral in vitro is to increase
pattern recognition receptor (PRR) signaling leading to increased
inflammation. In contrast, a clinical trial, which used HCQ in patients
with HIV had no significant changes in serum interleukin 6 (IL-6) or
D-dimer levels along with a significant reduction in CD4 + T-cells when
compared to placebo controls [162]. This conflicts with the proposed
therapeutic mechanism of action of HCQ in treating autoimmune dis-
eases and its widely postulated immunomodulatory effects for
COVID-19. However, virtually no in vivo or in vitro studies on HCQ
treatment in COVID-19 infection have evaluated changes in proin-
flammatory cytokine concentrations in serum, so this aspect of HCQ’s
mechanism of action has yet to be scientifically validated for COVID-19.

Despite its potential multiple mechanisms of action against COVID-
19, clinical trials using HCQ monotherapy have yet to produce any
significant clinical benefit. A randomized, quadruple-masked controlled
trial of 479 inpatient participants (242 experimental, 237 controls)
revealed no significant changes in all-cause mortality, oxygen-free days
by day 28, or ventilator-free days by day 28 [163]. A second random-
ized, quadruple-masked controlled study comparing HCQ to HCQ
combined with azithromycin, found that the 20 participants showed no
significant changes in viral clearance or clinical response, although the
study did not provide any statistical analyses (NCT04358081). The lack
of a clinical response to HCQ could be explained by differences in the
expression of the two proteins that mediate internalization of
SARS-CoV-2 in tissue culture and in vivo in the human body. Specifically,
HCQ inhibits endosomal protease cathepsin L-mediated infection by
SARS-CoV-2 via the endocytic pathway, while TMPRSS2, which permits
SARS-CoV-2 infection via cell membrane fusion rather than endolyso-
some fusion, reduces the efficiency of HCQ’s inhibition of viral entry
[164]. SARS-CoV-2’s spike protein is cleaved by TMPRSS2 to prime
membrane fusion by exposing the S2 subunit’s fusion peptide, allowing
for entry of the virus directly into the cytoplasm. Entry through this
pathway does not require endocytosis, which is the step at which
cathepsin L activity is inhibited by HCQ. Thus, combinatorial strategies
that also target TMPRSS2 might better enhance HCQ’s efficacy by tar-
geting both entry mechanisms. Clinical trials on HCQ as a treatment for
COVID-19 have not revealed any striking adverse events.

Hydroxychloroquine has also been investigated as a form of post-
exposure prophylaxis against COVID-19, but to little avail. A random-
ized, quadruple-blind controlled trial of 1312 participants with a known
exposure to someone with COVID-19 investigated a tapered
800-600 mg regimen of HCQ treatment and evaluated onset of symp-
toms and clinical outcomes. No significant differences were found be-
tween the experimental and placebo groups regarding development of
active disease or disease severity over 14 days [165]. This further sup-
ports the notion that SARS-CoV-2 is not particularly susceptible to HCQ
in vivo.

3.6.3. Proxalutamide

Proxalutamide is a nonsteroidal antiandrogen drug that acts as an
antagonist to the cytoplasmic androgen receptor, and it was initially
designed with the intent of treating prostate cancer [166]. Prostate
cancer is associated with over signaling of androgen receptors which
promotes excessive transcriptional activity [167]. Thus, androgen re-
ceptor antagonists prevent excessive transcription and progression to
cancer in the prostate.

The potential antiviral activity of proxalutamide parallels its activity
in treating prostate cancer. As mentioned, TMPRSS2, a transmembrane
serine protease, binds the coronavirus spike protein for direct membrane
fusion through its S2 subunit [8]. A luciferase reporter assay showed
that the TMPRSS2 promoter contains an androgen-response element
that increases expression of the transmembrane protein in the presence
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of the androgen, methyltrienolone [168]. The result is a possible causal
relationship between a higher COVID-19 severity among men when
compared to females of the same age, especially men experiencing
hyper-androgenic alopecia [169-175]. Thus, proxalutamide’s antiviral
activity would result from a decrease in androgen-associated expression
of TMPRSS2, which would hinder SARS-CoV-2 membrane fusion.
However, no in vitro studies have validated this mechanism.

Despite a lack of in vitro studies on its mechanism of action, prox-
alutamide has exhibited promise in SARS-CoV-2 clinical trials. A ran-
domized, quadruple-masked controlled clinical trial by Applied Biology
Inc. evaluated hospitalization among 268 male patients diagnosed with
COVID-19. It found that proxalutamide decreased hospitalization rates
from 26.1% of participants in the control group to 2.2% of participants
in the experimental group. The groups were randomized equally, with
134 participants in each group, though the statistical significance of the
observation was not tested [176]. A second randomized, double-blinded
clinical trial of 236 non-hospitalized participants (108 women and 128
men) reported statistically significant decreases in time to clinical
remission, increases in viral clearance by day 7, and increases in clinical
remission by day 7 of the study [177]. In the future, additional studies in
vitro and/or in vivo would be useful in further validating the mechanism
of proxalutamide and other anti-androgen drugs in reducing the severity
of COVID-19. It is notable that both clinical trials mentioned above re-
ported increases in gastrointestinal treatment-related adverse events,
primarily diarrhea [176,177].

A summary of each antiparasitic and each anti-androgen treatment
strategy is provided (Table 5). In addition, we include known informa-
tion on identified clinical benefit and effects on COVID-19 patient
mortality. The mechanisms of action are also depicted schematically in
Fig. 5. Fig. 6.

4. Discussion

Worldwide, a large number of therapeutic strategies have been
investigated in treating COVID-19 and yet, to date, there is only one
treatment approved by the FDA to treat this disease, remdesivir. This is
likely because many FDA-approved drugs described in this review that
are used clinically to treat SARS CoV-2 symptoms, do not directly target
the virus. In addition to remdesivir, five of the treatments described in
this review- methylprednisolone, dexamethasone, etesevimab, bamla-
nivimab, heparin and - have reported a significant decrease in mortality
in clinical trials when evaluated, though the ability of remdesivir to
reduce mortality beyond 15 days was not significant. Other therapeutics
have not produced significant reductions in mortality while others have
yet to investigate reductions in mortality, particularly mAb therapies
directly against SARS-CoV-2, as well as proxalutamide.

Each of the individual therapies described, were administered during
specific phases of the progression of COVID-19 to have the best patient
outcome. Two outpatient treatments that have provided the most
promising courses of treatment for non-hospitalized patients are prox-
alutamide, and monoclonal antibody therapies. Monoclonal antibody
therapies, Etesevimab and bamlanivimab, are used in patients with
mild-moderate COVID-19. These therapies, which target and neutralize

Table 5
Summary of anti-parasitic and anti-androgen treatment strategies.
Treatment Mechanism Target Clinical Mortality
benefit? decrease?
Ivermectin Nuclear import X X
Proxalutamide TMPRSS2 Expression v N/A
Hydroxychloroquine  Endosomal X X

acidification

v - The drug produced the respective column’s effect. X - The drug failed to
produce the respective column’s effect. Clinical trials of this drug either failed to
exceed 100 participants or lacked any blinding. N/A - This outcome has yet to be
investigated.
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Fig. 5. Scheme of the mechanisms of action for hydroxy-
chloroquine, ivermectin, and proxalutamide. Hydroxy-
chloroquine increases the pH of the endosome, which
prevents its maturation and stops conformational changes
in the spike protein that permit viral entry. Ivermectin has
two postulated mechanisms of action, the first being inhi-
bition of nuclear localization of coronavirus proteins
(though nuclear localization is not widely thought to be
important to the SARS-CoV-2’s lifecycle) and the second,
more theoretical being inhibition of the virus’s replicase.
Finally, proxalutamide decreases expression of TMPRSS2,
which is encoded by a gene containing an androgen
response element, by antagonizing the cytoplasmic
androgen receptor.
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SARS-CoV-2, reduce hospital admissions, decrease viral loads, and
decrease time to recovery. As a result, ultimately Etesevimab and
bamlanivimab decrease mortality rates [127,133,134]. Male pattern
hair loss has been associated with hospitalization due to COVID-19
[171], which led clinicians to question the roles of androgens in
COVID-19 progress. It is exciting that Proxalutamide, an androgen
antagonist has reduced cardiac, and respiratory disorders, while
significantly improving survival when used in outpatients [176].
Anti-viral therapies, such as remdesivir, provided the most benefit when
administered during the first 5 days of hospitalization [22]. In addition,
co-administration of baricitinib, which likely disrupts internalization of
the virus when combined with remdesivir improved time to recovery in
hospitalized patients who were receiving high flow oxygen [21,63].
Anti-inflammatories such as C21, when administered to hospitalized
patients requiring oxygen, significantly reduced the need for oxygen
supplementation by day 14, but provided no significant benefit at day 7,
which may indicate that this therapy prevents persistent lung damage
(NCT04452435). During the progression of an inflammatory response
such as found in COVID-19 patients, release of acute phase proteins can
lead to emboli that can complicate recovery. Accordingly, patients
treated with heparin therapies had significant improvements in mor-
tality rates, likely due to the reduction of blood clots and the potential
improvement in lung function due to the mucolytic activities of heparin.
The benefits of heparin were limited to critically ill patients who were in
the ICU or on mechanical ventilation. Methylprednisolone provided the
most benefit when used during the first 5-10 days after hospital
admission to reduce the need for ventilators and hospital stays, sug-
gesting that limiting the patient’s own immune response early during
COVID-19 provided significant clinical benefits. Monoclonals that also
limit the extent of the immune response by limiting T cell proliferation,
such as Itolizumab decreased mortality in hospitalized patients with
mild to severe COVID-associated ARDS.
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Given the regular emergence of novel respiratory viruses over the
past 20 years starting with SARS-Co-V-1, followed by Middle Eastern
Respiratory Syndrome (MERS) and now SARS-CoV-2, it is logical to
conclude that the need for potent, multi-use therapeutics that can be
used to treat emerging viruses will continue for years to come. Apart
from monoclonal antibody therapies, which can be administered in an
out-patient setting, all other clinical trials were conducted on patients
that had been admitted to the hospital. Moving forward, the NIH SARS-
CoV-2 Antiviral Therapeutics Summit members outlined multiple prin-
ciples that should go into future development of antivirals that could be
taken at home [178]. Moreover, the drug should be potent against
SARS-CoV-2, have bioavailability to the sites of infection, and have
limited cytotoxicity. Moreover, the successes in using drug combinations
of antivirals (remdesivir) with immunosuppressives, similar to success-
ful combination therapy treatments of HIV [179] or Hepatitis C [180],
has been proposed as a promising approach in the treatment of
COVID-19. Although studies with proxalutamide were conducted in
males, since both males and females have male pattern hair loss during
aging, it would be prudent to investigate therapies that prevent activa-
tion of the Ace2 protease TMPRSS2 in women as well.

A separate area of great concern is the persistence of “long COVID”-
associated morbidity (long-haul COVID-19). A meta-analysis of 21
studies of COVID-19 sequelae found that 80% of 47,910 individuals who
recovered from infection experienced one or more long-term symptoms
like fatigue, headaches, or anosmia [181]. The etiology of these sequelae
are not well defined and there are currently no biomarkers or even a
general consensus of what constitutes long COVID but many of the
symptoms resemble chronic fatigue syndrome (CFS), also known as
myalgic encephalomyelitis, which is known to occur in other viral in-
fections [182,183]. As global COVID-19 infections exceed 200 million in
total, as of writing, greater focus will need to be placed on identifying
the cause of long COVID symptoms. Addressing these sequelae as
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long-term morbidity grows will be a priority, particularly since many
sufferers are relatively young. Long COVID treatments will likely require
a combination of repurposed drugs or the development of new thera-
peutics to alleviate the symptoms.
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