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Introduction

Slowing the COVID-19 pandemic, which has already infected over 34 million peo-
ple worldwide, and ultimately ending it will depend substantially on the scientists’
development of effective treatments. The initial effort to repurpose the existing
drugs approved for other ailments to kill the virus and treat the COVID-19 makes
sense. Worldwide, many laboratories are engaged in carrying out research on exist-
ing drugs to develop remedies for COVID-19. This will considerably shorten the
total duration of drug discovery and development, which extends from laboratory
investigations to initial toxicity testing to animal studies to safety studies in humans
and, finally, large-scale clinical trials.
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The interruption of COVID-19 spread depends on a combination of pharmaco-
logic and nonpharmacologic interventions. Initial SARS-CoV-2 prevention includes
social distancing, face masks, environmental hygiene, and handwashing [1].
Although the most important pharmacologic interventions to prevent SARS-CoV-2
infection are likely to be vaccines, the repurposing of established drugs for short-
term prophylaxis is another more immediate option. Here are some of the medicines
currently being used in various parts of the world as potential remedies for COVID-19.

Dexamethasone

In June 2020, scientists in the UK announced that an anti-inflammatory agent, dexa-
methasone, has shown to reduce mortality in a recent clinical trial in which more
than 6000 severely sick COVID-19 patients were treated [2]. This represents a sig-
nificant improvement over the current treatment options available for COVID-19
patients. Immediately, dexamethasone was authorized by the British government to
be used in some patients, although its role in treating less severe COVID-19 infec-
tion was still not clear. The news of a preexisting, inexpensive medication reducing
mortality in COVID-19 patients came as a pleasant surprise after the continuous
negative news of what seemed to be an unstoppable spread of novel coronavirus.
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Although the complete clinical data were not available immediately, it was quite
clear that this could be a breakthrough. The drug is available in large quantities in
even developing countries and can be administered orally.

This trial’s results were compelling, although they have surprised many people
who are actively involved in finding a cure for COVID-19. Many experts in the field
suggested that if these results hold up in larger, more powered clinical trials, this drug
could be a game-changer, especially for those COVID-19 patients who are criti-
cally ill.

Dexamethasone is an important drug, a steroid used to treat general inflamma-
tion and a host of other conditions. It is well known in medicine for many years. The
drug has an excellent profile with a half-life of up to 54 hours. Since it is a nonspe-
cific treatment because it does not block a specific inflammatory pathway, it has
certain adverse effects. This is the drawback of this drug.

The results of the RECOVERY trial are particularly encouraging for severely ill
COVID-19 patients. After less than a month of treatment, there was a 35% reduction
in the mortality of severely ill patients who required ventilators. In patients who
required supplemental oxygen but not ventilators, a 20% reduction in mortality was
observed. However, it appears that the drug is not beneficial in less severely ill
patients and may exacerbate the disease. Some studies also suggested that patients
with acute respiratory distress syndrome can also benefit from the use of
dexamethasone.

Two factors are crucial when managing COVID-19 patients with dexametha-
sone — selectiveness and timing. Initial investigations suggest that dexamethasone
should not be used in patients who do not have severe symptoms of the disease and
do not need additional oxygen, such as those requiring a ventilator. Even in patients
in which dexamethasone is useful, it has certain drawbacks. It decreases an indi-
vidual’s ability to fight the virus because it dampens the overall immunity. Its lack
of selectivity in inhibiting inflammatory pathways makes patients susceptible to
several untoward effects, which include but are not limited to psychosis, emotional
disturbances, and worsening diabetes mellitus. Furthermore, dexamethasone should
not be used in the early stages of the disease as it may hinder the immune system in
clearing the virus from the body.

Comparing with remdesivir, which is the only other drug showing beneficial
effects in COVID-19 patients in a clinical trial, the results produced by dexametha-
sone are more impressive. Remdesivir is not reported to decrease the mortality in
COVID-19 patients but only reduced the number of days patients had to remain
hospitalized. On the other hand, dexamethasone reduced the death rate in severely
ill COVID-19 patients.

After the trials’ results were announced, many clinicians were confident that they
were more likely to give dexamethasone to severely ill COVID-19 patients, espe-
cially those on ventilators and whose condition is not improving. However, some
were not happy with the full results still not available. Scientists need additional
information on the trial to help identify further subsets of patients who could benefit
the most from the dexamethasone treatment. The trial investigators responded that
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they acknowledge and understand the scientific community’s concern and will
release the full data shortly.

The RECOVERY trial was evaluating many other treatment options besides
dexamethasone. For example, Kaletra, an HIV drug combination, antimalarial drug
hydroxychloroquine, and convalescent plasma were also investigated. The trial’s
hydroxychloroquine arm was discontinued after 2 weeks when it became apparent
that the patient outcome is not improving. The rest of the trial was continued until
6000 patients were enrolled in the trial. Investigators were looking for a drug that
could reduce deaths by about 18% with 90% confidence. They found out that dexa-
methasone was the first one to achieve this target. After that, they started analyzing
the data, and very early in the analysis, they found the clear advantage dexametha-
sone was offering to severely ill COVID-19 patients.

Chloroquine

The U.S. Food and Drug Administration revoked its emergency authorization for
hydroxychloroquine, the controversial antimalarial drug promoted by President
Donald Trump for treating the coronavirus. The agency said in a letter that the deci-
sion is based on new evidence that made it unreasonable to believe hydroxychloro-
quine and chloroquine “may be effective in diagnosing, treating or preventing”
COVID-19, the illness caused by the virus. Citing reports of heart complications,
the FDA said the drugs pose a greater risk to patients than any potential benefits.

Chloroquine is a synthetic 4-aminoquinoline that has been the mainstay of anti-
malarial therapy. It specifically binds to heme, preventing its polymerization to
hemozoin. Its use to treat COVID-19 patients started after some studies reported its
beneficial effects in treating the disease. Chloroquine and hydroxychloroquine have
been previously promoted by certain study groups to prevent and treat SARS-CoV,
among other conditions [3]. However, it was recently discovered that in vitro repli-
cation of SARS-CoV-2 can be inhibited by hydroxychloroquine [4]. However, other
studies did not yield many encouraging results, and their outcome was mixed [5].

A recent clinical trial tested hydroxychloroquine for postexposure prophylaxis,
and the results are now reported [6]. In this trial, all the data were reported by the
participants who were recruited by the investigators through social media. Placebo
or hydroxychloroquine was provided through the mail to participants who reported
severe or moderate exposure to COVID-19 patients at the workplace or at home.
Only 13% of the enrolled participants developed COVID-19-like symptoms but
were confirmed by the PCR in only 3% of the participants. In this setting, the use of
hydroxychloroquine did not offer any benefit compared to placebo in protecting
participants from developing Covid-like symptoms in the Covid-naive participants.
On the other hand, hydroxychloroquine users reported common adverse effects
much more frequently than those who received a placebo (40% vs 17%).

The study design of the trial itself had many limitations. There were no consis-
tent means of verifying whether the participants reporting Covid-like symptoms
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have the infection. That is why the reported symptoms of Covid patients in the study
were less specific [7]. Therefore, the exact number of Covid cases in the study is
hard to know. Another problem was the inability to monitor patient compliance and
adherence to the dosing schedule. In the study, patients receiving hydroxychloro-
quine reported less than optimal compliance. The median age of the participants
enrolled in the study was 40 years, and most of them were free of coexisting dis-
eases. Therefore, these were a rather low-risk participant group because those at
high risk are much older and have comorbid conditions [8].

Another problem with this clinical trial was that hydroxychloroquine was started
much later after symptoms appear in the patients (more than 3 days). This indicates
that the aim of the trial was to prevent the COVID-19 symptoms rather than the
prevention of SARS-CoV-2 infection.

Hydroxychloroquine is a relatively safe drug, which has been emphasized previ-
ously [3]. However, careful analysis of such studies indicates that the potential for
cardiotoxicity was high, especially in patients with comorbid conditions [9]. Most
of the COVID-19 patients are older and with other preexisting diseases. This trial,
although did report mild adverse effects of hydroxychloroquine, did not mention
any cardiac effect as these could not be assessed.

The fear of SARS-CoV-19 justifies the urgent search for treatments, and there-
fore advocacy of hydroxychloroquine and its widespread use makes sense. But it
should be the scientific evidence that should drive the clinical decisions rather than
social media and unfounded political remarks. It appeared for a while that social
and political forces were driving the global COVID-19 research agenda [10]. At one
time, more than 200 clinical trials were listed on ClinicalTrials.gov website, many
of which were intended for the prevention of the disease. What would be the fate of
these trials in the face of results by Boulware and colleagues? Since Boulware and
colleagues’ results are inconclusive and even provocative, the results of these trials,
which are much larger and more scientifically sound designs, would be interesting.

On June 15, 2020, FDA has revoked the emergency authorization to use chloro-
quine and hydroxyl chloroquine in hospitalized COVID-19 patients when a clinical
trial is unavailable or participation is not feasible. This decision was based on recent
data and a large clinical trial that did not show any benefit of these medications in
the speed of recovery or in decreasing the likelihood of death. These outcomes of
the clinical trial make sense and are consistent with the recent studies which show
that these drugs are unable to inhibit viral mRNA or kill the virus. Hence, FDA
determined that the legal criteria for the emergency use authorization are no
longer met.

Remdesivir

Viruses from the corona family hijack the cellular machinery after entering the host
cell. To replicate inside the host cell, their RNA-dependent RNA polymerase
(RDRP) uses the host raw material to replicate [11]. This enzyme is an especially


http://clinicaltrials.gov

198 S. Ahmed et al.

attractive drug target for it is highly conserved because of the evolutionary con-
straints on its function. This approach of blocking the replicating enzyme in the
virus has previously yielded dividends in the treatment of hepatitis C infection, as
illustrated by the discovery and development of sofosbuvir [12].

The virus that causes COVID-19-SARS-CoV-2 is a member of coronaviruses. Its
treatment targets would be similar to other coronaviruses such as those that caused
SARS and MERS, namely, SARS-CoV-1 and MERS-CoV, respectively. A recent
study was conducted on the potential of remdesivir to treat COVID-19 [13]. This
study has resulted in some confusion regarding the outcome of the trial due to the
study design issues.

Remdesivir is a prodrug and must be activated to its active form by several
enzymes, including esterases, amidases, and kinases. Once inside, the active drug
inhibits viral RDRP [14]. This approach has been historically very effective,
although coronaviruses can detect nucleotide sequences errors and correct it [15,
16]. However, remdesivir has the ability to escape from this corrective action of
coronaviruses. Similarly, laboratory experiments indicate that a mutation in the
viral enzyme would lead to resistance against remdesivir, but such versions of the
viruses are less fit and much less pathogenic [15].

Several animal studies show that remdesivir is effective against many viruses.
When given postexposure to rthesus monkeys infected with MERS-CoV, it protected
the monkeys from severe lung damage, and when given as a pretreatment, it pro-
tected the monkeys from infection [17]. Similarly, when given 24 hours postexpo-
sure to African green monkeys infected with Nipah virus, it protected monkeys from
this infection, which is a cause of fatal encephalitis [18]. It also protected rhesus
monkeys from the Ebola virus when given parenterally for 12 days [19].

Remdesivir treatment 12 hours prior to infecting the rhesus monkeys with SARS-
CoV-2 protected them from severe lung damage and reduced respiratory symptoms
in a randomized control laboratory trial of 12 rhesus monkeys [20]. Whether this
efficacy and potency are translated into human clinical trials is a different matter. In
another study, Ebola mortality was compared in four groups, one of which was
given remdesivir, and the other three were given different antibody treatments. In a
randomized control trial in 681 patients, the mortality in the remdesivir group was
53%, which was significantly worse than 35% observed in the most potent antibody
group [21]. However, the authors also shared that the patients in the remdesivir
group had much severe symptoms.

Many of the initial studies on the effects of remdesivir in COVID-19 stem from
small clinical studies or personal experiences [22]. However, the results of some
short clinical trials are now being reported. In several studies spanning three con-
tents and over 20 hospitals, the combined results of 53 of 61 patients suggest some
protective effects of remdesivir in COVID-19 patients [13]. The mortality rate was
13% in the remdesivir group after 18-day treatment. Among patients who were
ventilated, mortality was 5%. The likelihood of patient improvement was 68% after
an 18-day treatment period (40-80% with a 95% confidence interval). Common and
less severe adverse effects were experienced by 60% of patients, while serious
adverse effects were reported by 23% of patients. Rashes, diarrhea, hypotension,
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and renal impairment were the most frequently encountered adverse effects. This
study has some obvious limitations. The trial did not have a randomized control
arm; there was no information on the initially treated eight patients, and the follow-
up was relatively short. The sample size of the trial was also small precluding gen-
eralizability of the study.

A compassionate use program is available for remdesivir as it once existed for
penicillin for treating acute infective endocarditis (Dolphin A, Cruickshank R,
1945). However, there are some very important differences between the two. In the
case of the compassionate use of penicillin for infective endocarditis, it should be
recalled that mortality of endocarditis was high compared to COVID-19.
Furthermore, it is hard to establish evidence of treatment benefit in an open, uncon-
trolled trial. Therefore, the mere existence of a compassionate use program does not
guarantee the safety and efficacy of the treatment.

Whether or not remdesivir offers any benefit in COVID-19 could be ascertained
by large, well-powered, randomized, double-blind, controlled, well-masked, prefer-
ably multicentered trials. Currently, there are more than two dozen different clinical
trials; enrolling over 25,000 patients are underway to investigate the effects of rem-
desivir in COVID-19. However, only about one-fifth of these are double-blind.
Many of these are just observational studies. Another thing that could help is prepar-
ing standard protocols for these clinical trials for easy comparison of the data.
Designing adaptive clinical trials would facilitate interim analyses and decide if a
treatment should be stopped or evaluated further. The adaptive design will also help
in evaluating multiple treatments at once.

Angiotensin-Converting Enzyme Inhibitors

SARS-CoV-2 infection is not severe in most people, but in some, it can lead to
severe inflammation, respiratory depression, and death due to multiorgan failure
[23]. The virus enters the cell by endocytosis when the cell-surface protein ACE2
interacts with the viral protein spike in the lung. ADAM metallopeptidase domain
17 (ADAM 17) activity is increased due to this endocytosis, which results in the
release of ACE2 from the cell membrane. The loss of ACE2 abolishes its protective
role in the cell and causes further release of proinflammatory cytokines in the circu-
lation when the renin-angiotensin-aldosterone system is left uninhibited [24]. In
patients with preexisting cardiovascular disease, this inflammation and stress fur-
ther aggravate the patient’s condition [25]. Other factors that play important roles in
the observed association between death due to COVID-19 and cardiovascular dis-
ease include myocardial depression, viral infection of the heart, endothelial denuda-
tion, and cardiomyopathy. These effects may further aggravate preexisting
arrhythmias, increase the oxygen demand of the heart, and hasten heart failure [26].

Factors such as old age and patient gender also affect the disease outcome in
COVID-19 patients. Older age was found significantly associated with cardiovascu-
lar events and death in influenza [25]. Differences in the disease outcome and gen-



200 S. Ahmed et al.

der were also observed during the 2003 epidemic of severe acute respiratory
syndrome (SARS) [27]. These differences in the disease outcome (death) may be
because women can fight infections better than men owing to stronger immunity
[28]. Furthermore, it is also known that male mice have a higher susceptibility to
SARS-CoV-1 than female mice in the animal models. This could be partly explained
by the increased concentrations of inflammatory markers such as neutrophils and
macrophages [29]. Animal studies also reveal that female mice’s mortality due to
SARS-CoV-1 is increased when estrogen receptor antagonists are used or after
ovariectomy. This risk due to gender is further enhanced by advanced age [29].
These observations suggest there is a strong protective effect of female sex and
younger age as indicated by the increased survival linked to these two variables in
COVID-19.

In a recent study, survival among COVID-19 patients is increased when statins
or ACE inhibitors were used [26]. Since this study was not a randomized controlled
clinical trial, the effects of confounders cannot be overlooked. These could be
chance associations. Therefore, it cannot be established that ACE inhibitors or
statins are increasing the survival of COVID-19 patients. Hence, in individual
patients who do not have any routine indication of these drugs, this study does not
provide evidence to initiate those patients on ACE inhibitors or statins. Whether or
not these medications can offer any benefit in COVID-19 patients could be estab-
lished by randomized controlled clinical trials that would evaluate the roles of these
medications in detail.

Several studies show that in-hospital deaths, increased risk of severe disease, or
increased risk of SARS-CoV-2 infection is not associated with the use of ACE
inhibitors or ARBs. These studies alleviate the concerns that ACE inhibitors and
ARBs may predispose individuals to severe COVID-19 disease due to the inhibition
of the renin-angiotensin-aldosterone system (RAAS). These studies have different
study designs and diverse populations. Still, most of these were observational and
were published in reputable journals such as the New England Journal of Medicine
and JAMA Cardiology.

Mehra and colleagues [30] showed that various cardiovascular and noncardio-
vascular adverse effects had been associated with in-hospital deaths. Especially,
smoking older age (>65), congestive cardiac failure, coronary disease, cardiac
rhythm problems, and chronic obstructive pulmonary disease are independently
associated with in-hospital deaths. These adverse effects increased the risk of in-
hospital death. On the other hand, the use of ACE inhibitors was not associated with
in-hospital deaths. This analysis was described in a study that collected the observa-
tional data of 8910 patients from Europe, North America, and Asia, admitted in 169
different hospitals to investigate the link between in-hospital death and drug therapy
and cardiovascular events.

The severity of COVID-19 and the risk of SARS-CoV-2 infection were not asso-
ciated with the use of ACE inhibitors and ARBs in another trial conducted in Italy
by Mancia and colleagues [31]. Although the use of these medications was lower in
controls compared to cases, no evidence of increased adverse effects or risk of
severe infection was found in the control group. This analysis was a result of a
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population-based case-control study in which 6272 cases and 30,759 matched
controls were recruited to investigate the possible link between these drugs (ACE
inhibitors and ARBs) and the severity of the disease and the risk of infection.

Previous use of ACE inhibitors and ARBs was not associated with the risk of
infection or its severity in another observation controlled trial [32]. Propensity score
models and Bayesian analysis revealed that both ACE inhibitors and ARBs are not
associated with a high risk of severe COVID-19 infection or a higher risk of disease.
This study was conducted in 12,594 patients enrolled in a health network in
New York, USA, and were screened for COVID-19 infection.

In another cohort of patients, overlap propensity score weighting did not show an
association between the use of cardiovascular medications (ACE inhibitors and
ARBs) and the risk of a positive Covoid-19 infection [33]. These were the results of
a study conducted by Mehta and colleagues in Florida, USA, in a cohort of 18,472
COVID-19 patients.

Another case-population study conducted in Spain also ruled out any link
between ACE inhibitors and ARBs and increased risk to COVID-19 [34].
Conditional logistic regression analyses revealed that the use of ACE inhibitors and
ARBs to blunt RAAS was not associated with a higher risk of the disease compared
to other cardiovascular drugs. This study, which was conducted in 1139 COVID-19
patients admitted to seven hospitals in Spain, also revealed that ACE inhibitors and
ARBs are associated with a lower risk of COVID-19 in diabetic patients. Taken
together, these investigations indicate that the use of RAAS inhibitors is not associ-
ated with an enhanced risk of COVID-19 severity or other unusual untoward effects.

Spike Protein Inhibitors

Novel coronavirus targets human cells through a highly glycosylated protein called
S protein, which binds human angiotensin-converting enzyme 2 (ACE-2) [35]. This
initial binding step is followed by the internalization of the virus in human cells.
This binding of S protein, through its receptor-binding domain, to ACE-2 is a pre-
requisite for viral entry and subsequent pathogenesis of the disease [36]. The high
affinity of S protein toward ACE-2 is thought to be an important underlying factor
in the rapid spread of the disease. The absence of an early high-resolution crystal
structure of S protein made the initial efforts to virtually screen or design S protein
inhibitors extremely hard [37]. Publishing of a high-resolution (3.5 A), CryoEM
structure of the S protein was recently reported [36]. This has made the design and
virtual screening of the S protein inhibitors relatively easier.

It was recently shown that Affimer reagents were able to bind S protein from
SARS-COV-2, which protected the human cells from COVID-19 infection. This
work is a collaboration between the Center for Virus Research, University of
Glasgow, and Affimer biotherapeutics and reagents manufacturer Avacta Group plc.
These laboratory findings could become a potential therapy for COVID-19.
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In a recent statement, the company stated that they had generated more several
potent inhibitors of S protein, which could block the first step of viral entry into
human cells. They said that their preliminary data is highly encouraging. Their col-
laborator, Professor David Bhella, at the University of Glasgow, seems to agree.
According to him, these spike protein inhibitory compounds could neutralize any
attempt of viral entry in the human cell through the ACE-2 receptor.

Compared to antibodies, small-molecule inhibitors, such as those analyzed by
the Avacta Group and University of Glasgow team, offer many advantages. Because
of their small sizes, high concentrations of these inhibitors could be used without
significant solubility issues. Since these compounds are made through combinato-
rial chemistry techniques, scaling up their production will not be a big challenge.
Another critical advantage of Avacta Group compounds is that many of these inves-
tigative therapies are bispecific or trispecific, meaning they bind to more than place
on the spike protein, ensuring maximum effectiveness of the therapy.

Further work is underway to understand the nature of binding Avacta compounds
to spike protein, which could provide insights into the mechanistic aspects of the
inhibition. On the other hand, Avacta is actively looking for a large pharmaceutical
industry partner for the large-scale production of the compounds once its efficacy
and potency are established. The promising aspect of these compounds is that they
could be given to the healthcare worker for prophylaxis and the patients for treating
the disease.

There is also an increasing interest of the research community in targeting S
protein for furin-like cleavage site to generate the so-called furin inhibitors. The
presence of a furin-like cleavage site in the genomic sequence of SARS-COV-2
further elevated the interest in designing and developing such inhibitors. This furin-
like cleavage site in the S protein has implications for the pathogenicity of the virus
and its life cycle.

Conclusions

This chapter discusses several drugs currently in clinical and laboratory studies in
addition to several landmark trials and combines the available information with the
personal experiences of clinicians with COVID-19 patients. We discussed important
clinical trials, including the one that demonstrates a significant decrease in mortality
with dexamethasone use. Another important clinical trial that was discussed showed
that the use of remdesivir decreases in the number of days a patient with COVID-19
had to spend in a hospital. However, many of the studies show no benefit to the
patients, and some are inconclusive. Other studies demonstrate improvement in
patients’ symptoms, but the evidence was low. One of the major problems in com-
paring the results from different studies and trials is the lack of uniform study
design. However, based on the available evidence, dexamethasone and remdesivir
are perhaps the best of the available remedies for COVID-19. ACE inhibitors and
ARBs could also be used in COVID-19 patients for cardiovascular indications, and
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they do not increase the severity or the frequency of known adverse effects. We
could not find any worthwhile evince that supports the use of chloroquine or
hydroxychloroquine in COVID-19 patients. Many new and exciting molecules are
being tested in the laboratories. Some old and new drugs are being investigated in
the large, randomized, controlled trial worldwide to treat and prevent COVID-19.
The research and medical community’s hard work represents a great hope for
humanity to overcome this pandemic ultimately.
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