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Abstract

Vaccines and antivirals are the classical weapons deployed to contain, prevent, and treat life-
threatening viral illnesses. Specifically, for SARS-CoV-2 infection, vaccines protect against severe
COVID-19 disease manifestations and complications. However, waning immunity and emergence
of vaccine escape mutants remains a growing threat. This is highlighted by the current surge of the
omicron COVID-19 variant. Thus, there is a race to find treatment alternatives. We contend that
oral small molecule antivirals that halt SARS-CoV-2 infection are essential. Compared to currently
available monoclonal antibodies and remdesivir, where parenteral administration is required, oral
antivirals offer treatments in an outpatient setting with dissemination available on a larger scale.

In response to this need at 2021’s end, regulatory agencies provided emergency use authorization
for both molnupiravir and nirmatrelvir. These medicines act on the viral polymerase and protease,
respectively. Each is given for 5 days and can reduce disease progression by 30% and 89%,
respectively. The advent of additional oral antivirals, the assessment of combination therapies,

the formulation of extended-release medications, and their benefit for both early treatment and
prophylaxis will likely transform the landscape of the COVID-19 pandemic.
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Introduction

The unprecedented pandemic caused by SARS-CoV-2 infection has abruptly and
significantly redirected the social, economic, scientific, and health-care landscape. Globally,
more than 6 million deaths have been linked to COVID-19. Early efforts to develop and test
antivirals, to prevent or treat the coronavirus, have had mixed results and disease outcomes.
Studies have focused principally on drug repurposing designed to identify agents that target
distinct viral life cycle components, generally testing laboratory cell-based activity against
SARS-CoV-212, However, such early screenings have not uniformly predicted the more
complex physiologic and pathogenic disease events as have been seen during natural human
infections. In one among many examples, viral entry studies uncovered agents affecting
endosomal pathways but not fusion (for example, hydroxychloroquine) and ultimately
resulted in lack of efficacy in clinical settings3.

Human viral infections commonly lead to acute selflimited or life-threatening infections.
Alternatively, they can become chronic and debilitating. Clinical manifestations associated
with either generally require broad clinical approaches. Notably, for SARS-CoV-2, the
majority of infected persons recover completely without therapy. This is particularly true
among the youngest population who generally remain asymptomatic®. Beginning therapy
after patients become incapacitated with end-organ disease is commonly ineffective. The
need for early therapy is highlighted by the fact that antivirals are used as a prophylaxis

to prevent infection, especially in persons with high risk for severe disease or in acquiring
infection de novo. Thus, the greatest efficacy of antiviral agents is shown when given early
during the disease course. This has already been affirmed for influenza and the human
immunodeficiency virus type 1 (HIV-1) infections®®. Indeed, at late stages of SARS-CoV-2
disease, antiviral efficacy wanes and treatment strategy become focused only on modulating
the later sequelae of infection. The drugs that show some efficacy include corticosteroids,
anticoagulants, and immune modulatory agents. Therefore, initiation of antiviral treatments
needs to begin as soon as possible following the diagnosis of infection, especially in those at
high risk for severe illness’:8.

Herein, we outline antiviral therapy as an alternative to vaccination for treatment and
prevention of SARS-CoV-2 infection. This is highlighted through new small molecules with
avid activities against the virus. A few medications have recently been developed to combat
SARS-CoV-2 that has recently received emergency use authorization including polymerase
and protease inhibitors (Table 1). While the past reports on this topic have covered
compounds that inhibit viral entry, including monoclonal antibodies, and repurposed drugs
that interfere with host processes required for SARS-CoV-2 replication, a dearth of new
information is available on viral protease and polymerase inhibitors®19. This addition to the
literature is timely and of critical need as per the requirement for parenteral administration,
high cost and limited efficacy against distinct viral variants preclude a broader use of prior
therapeutics.
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SARS-CoV-2 life cycle

Coronaviruses are enveloped positive-sense single-stranded RNA viruses enclosed by a
capsid that includes the spike (S) protein that is responsible for viral entry into cells and
the morphological appearance of the virion crown. Cellular entry of coronaviruses, such

as SARS-CoV-2, occurs primarily through this S protein that binds to the host angiotensin-
converting enzyme 2 receptor. Once the nucleic acid is released within the cytosol, it

is translated to viral proteins, including the polymerase that copies RNA molecules and
continues the cycle of viral replication. Ultimately, thousands of virions assemble and are
then released from the infected cell (Fig. 1).

Two-thirds of the SARS-CoV-2 genome is responsible for the synthesis of two polyproteins
called 1a and 1ab (Fig. 2). Both code for the two proteases, the papain-like protease (PLP™,
nsp3) and the major protease (MP™, nsp5)1L. The larger polyprotein 1ab contains 16 non-
structural proteins, including the RNA-dependent RNA polymerase (RdRp, nsp12) and the
exonuclease (nsp14). The RdRp functions with two essential cofactors, nsp7 and nsp812. In
general, any inactivation of either RdRp or proteases leads to the attenuation of viral RNA
synthesis.

In contrast to most RNA viruses, the large 30,000 nt coronaviruses genome encodes an RNA
proofreading 3’5 exonuclease, by its nsp14, that increases the RNA copy fidelity3.14,
Ultimately, it maintains genetic stability of the coronavirus genomel®, RNA viruses with
smaller genomes, such as HIV or hepatitis C virus (HCV), do not have a reflective
exonuclease. The genetic variability of coronaviruses, including SARS-CoV-2, is large
enough to behave as a dynamic quasispecies within each infected individuall415,

Notably, all SARS-CoV-2 polymerase inhibitors require intracellular activation to their
nucleoside triphosphate (NTP) metabolites, which act as competitive alternative substrates
for the viral RdRp and are subsequently incorporated into the nascent viral RNA. The
metabolic pathways, leading to the production of NTP metabolites, are cell-type dependent
and differ for each molecule, as do their mechanisms of viral RNA synthesis inhibition10:15,
Once incorporated into viral RNA, the metabolites of remdesivir and AT-527 cause delayed
RNA chain termination. In contrast, those of molnupiravir and favipiravir act as specific
viral RNA mutagens. This is due to their capability of promiscuous base pairing which
ultimately lead the viral progeny to extinction throughout “error catastrophe”?10,

SARS-CoV-2 protease inhibitors bind covalently to the enzyme, acting as competitive
substrates. The MP™ protease functions as a homodimer of 306 amino acids. The

catalytic site contains cysteine residues. In contrast, the catalytic site of the second SARS-
CoV-2 protease (PLP™), which is larger and more complex, contains serine residues.
Predicting drug susceptibility responses from viral protease genotypes could accelerate drug
development based on prediction modelsl®, as it has previously been made using other
related proteases, such as the HIV-1 aspartic protease.

AIDS Rev. Author manuscript; available in PMC 2022 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Soriano et al. Page 4

Polymerase inhibitors

Among RNA viruses, only a single gene product is shared between all known members,

the RARp1’. Thus, it serves as a logical target for drug discovery, mostly testing nucleotide
analog inhibitors. In addition, the production of RNA from an RNA template is not a
catalytic activity found in human polymerases, limiting the potential to affect any native
cellular processes when targeting the viral protein. However, the structure of RdRp enzymes
or enzyme complexes can differ significantly among distinct RNA viruses, such as hepatitis
A, polio, Ebola, hepatitis C, and influenzal8. Given this wide variability between RdRp,
most studies that have tested antivirals developed to treat other RNA viruses have failed
when tried against SARS-CoV-2.

Another consideration for almost all RNA viruses compared to DNA viruses refers to
their relatively high error rate, partially due to a “sloppy” RdRp and generally a lack

of proofreading capability. The mutagen capacities are highlighted by the flaviviruses?®.
This demonstrates the high degrees of diversity and, in turn, adaptability. There are few
exceptions, including coronaviruses, that possess a proofreading 3’ to 5’ exonuclease and
that ensure a minimum copy fidelity for their long genome8. This unique exonuclease
activity for coronaviruses makes antiviral drug discovery challenging.

Molnupiravir is an orally bioavailable prodrug behaving as a cytidine analog. It was
developed at the Emory University as part of a program against Venezuelan equine
encephalitis virus. In preclinical models, the drug showed potent antiviral activity against
both influenza and respiratory syncytial viruses. As SARS-CoV-2 emerged, molnupiravir
testing showed antiviral activity in the laboratory setting and in animal models20:21,

The mechanism of the action of molnupiravir does not involve the termination of the
nascent RNA chain but the introduction of wrong base pairs, causing hypermutagenesis22:23,
Fortunately, molnupiravir is able to evade the SARS-CoV-2 exonuclease repairing action??,
This is in contrast with other antivirals that work similarly, such as ribavirinZ.

Molnupiravir potently inhibits the replication of SARS-CoV-2 in human airway cells. Recent
results of a phase 2a trial have demonstrated that as the first oral, direct-acting antiviral,
molnupiravir is highly effective in reducing nasopharyngeal SARS-CoV-2 infectious virus
and viral RNA levels. Moreover, it has a favorable safety and tolerability profile26:27, In

the MOVe-OUT Phase 3 trial, oral molnupiravir 800 mg BID was effective in reducing
hospitalizations and deaths by 30%, without identified safety concerns when initiated within
5 days after the onset of signs or symptoms. These results were recorded in a population of
non-hospitalized, unvaccinated adults who were at risk for progression to severe disease28.
Based on these data, the drug was recently approved for emergency use. It is given as 800
mg twice daily for 5 days. The price for each course of treatment has been established at

or around 700 US dollars. Concerns about the mutagenic effects of molnupiravir on human
DNA have been highlighted, and the drug is currently contraindicated in pregnant women.
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It is an oral prodrug of a remdesivir derivate being developed as a treatment of SARS-
CoV-2 infection. Its activity has already been demonstrated in animal models2®. Remdesivir
was the first antiviral approved to treat severe COVID-19. Its wider use is limited by
intravenous delivery. It is a prodrug of an adenine nucleoside analog that causes delayed
chain termination of the nascent RNA chain. Remdesivir exhibits a broad spectrum of
activity against multiple RNA viruses. It was first developed to treat hepatitis C and Ebola.
Interestingly, it eludes the coronavirus exonuclease repair action. As prove of its inhibitory
activity, remdesivir resistance has arisen during prolonged in vitro passages®C.

In humans, remdesivir is administered intravenously with a loading dose of 200 mg followed
by 100 mg daily for 5-10 days. In registrational trials, patients receiving the drug had a
median recovery of 10 days versus 15 days for those in the placebo group3L.

It is a prodrug of a guanosine nucleotide analogue, developed by Atea Pharmaceuticals.
AT-527 was originally developed against the hepatitis C RdRp. The drug was safe in

Phases 1-2 clinical trials conducted in healthy and HCV-infected subjects. Following drug
repurposing efforts, AT-527 was recently found to be active in vitro against SARS-CoV-232,

Being a guanosine purine nucleotide analog, favipiravir is metabolized intracellularly into

its active triphosphate metabolite. This is a potent inhibitor of a wide range of RNA

viruses, including influenza, flaviviruses, and coronaviruses. Interestingly, it induces lethal
mutagenesis33. An oral form of favipiravir is available. The drug is approved for the
treatment of epidemic new influenza viruses in Japan and it has been used as anti-COVID-19
agent in a few low- and middle-income countries, since the beginning of the pandemic.
However, the drug exhibits weak activity against SARS-CoV-210,

Protease inhibitors

Nirmatrelvir (PF-07321332)

The SARS-CoV-2 genome encodes two polyproteins which are processed by two viral
proteases, PLP™ and MP'®, Both proteases catalyze their own release and liberate other
nonstructural proteins (Nsps) from the polyproteins, building a replicase-transcriptase
complex that is vital for viral transcription and replication (Fig. 1). Both MP'® and PLP'
are attractive targets for drug development34. However, the simpler structure of MP™ has
made it more appealing. Furthermore, the high level of structural conservation among

the MP™ of different coronaviruses give a chance to design a pan-coronavirus protease
inhibitor. In addition, since MP"™ has no human homologue, off side effects of inhibitors are
unexpected3®.

PF-00835321 and its novel designed phosphate prodrug PF-07304814 are potent inhibitors
in vitro of the coronavirus MP'®, The protease inhibitor was originally designed for the
treatment of SARS in 2003. However, development was halted after the epidemic ended.
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When SARS-CoV-2 came along and genomic analyses revealed that the virus’s MP™© protein
was almost identical to that from the original SARS-CoV, drug studies were resumed by
Pfizer38. Preclinical studies revealed that PF-00835231 exhibits potent in vitro antiviral
activity against SARS-CoV-2 with suitable pharmaceutical properties. Moreover, it showed
additive/synergistic effects in combination with remdesivir3”.

The oral form of intravenously administered PF-07304814 was developed and named
PF-07321332. The oral bioavailability of PF-07321332 is a major advantage. PF-07304814
(intravenous) and PF-07321332 (oral) have been tested in Phase 2/3 clinical trials38. On
November 2021, the oral trial (EPIC-HR study) was prematurely discontinued after noticing
a planned interim analysis a significant benefit of treated patients versus those on placebo, in
terms of lower hospitalizations and deaths: 3/389 (0.8%) versus 27/385 (7.0%), respectively.
Adverse events did not differ significantly between groups®.

Nirmatrelvir was the first oral antiviral to receive emergency use authorization by regulatory
agencies. Pfizer has marketed its protease inhibitor along with ritonavir to enhance its

PK profile and half-life. The cocktail is given as three pills every 12 h for 5 days. Two
indications are considered: early diagnosis in outpatients at risk for severe disease and
post-exposure prophylaxis. A note of caution is needed with regard to ritonavir boosting
and the potential for drug interactions, given its potent inhibition of the cytochrome P450.
However, the short course of therapy (only 5 days) makes this caveat less problematic than
in the HIV field, as antiretrovirals need to be given indefinitely0.

This compound has shown antiviral activity against feline infectious peritonitis coronavirus
in experimentally infected cats. GC-376 showed promising antiviral activity against
SARS-CoV-2 with an ECgg of 3.37 nM. Furthermore, the drug improved survival in
infected mice*!. The antiviral activity of GC-376 was also shown in SARS-CoV-2-infected
transgenic mice. However, it was modest consistent with its weak in vitro antiviral activity.
In comparison, a GC-376 analog was recently reported to improve survival in MERS CoV-
infected mice. This result suggests that the cellular antiviral activity of GC-376 against
SARS-CoV-2 needs to be improved by 100-fold to achieve the desired in vivo antiviral
efficacy.

Pardes Biosciences recently announced preliminary results from a Phase | trial in healthy
volunteers testing a new potent inhibitor of the coronavirus MP'® enzyme. Interestingly and
in contrast with nirmatrelvir, this new molecule will not need ritonavir boosting.

Combination therapy

The experience from the HIV and HCV therapeutic fields has shown that when several
antivirals become available, their combination may enhance their inhibitory effect.
Accordingly, the use of fixed-dose combinations of antivirals as single pills has proven a
huge benefit*2. Thus, combination therapy should be explored as soon as possible in the
treatment of SARS-CoV-2 infection.
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Additive/synergistic effects could be seen with drugs targeting the same viral enzyme as
long as their mechanism of action differs, avoiding any potential overlapping action. This is
the case for nucleoside analogues and non-nucleoside HIV reverse transcriptase inhibitors
(for example, tenofovir and rilpivirine). Benefits using molecules that target the same viral
enzyme and with similar mechanisms of action may also occur when drug exposures differ
within distinct cell types, as shown with the NTP metabolites of some HIV nucleoside
analog inhibitors (i.e., using abacavir plus lamivudine or tenofovir plus emtricitabine).
However, the best way to ensure synergistic antiviral effects results from combining agents
that interfere with distinct enzymes critically involved in the viral life cycle. This strategy
will maximize antiviral potency and minimize the risk of selection of drug-resistant viruses.
In this regard, it should be reminded that drug resistance mutations pre-exist in most
populations of RNA viruses, given their quasispecies nature at any time point in a given
infected individual®3.

The development of a combination therapy consisting of a mutagenic agent acting on the
viral polymerase (for example, molnupiravir) plus a viral protease inhibitor (for example,
nirmatrelvir) is an appealing strategy that could potentially enhance treatment outcomes in
SARS-CoV-2-infected persons. Given that both antivirals target distinct enzymes that are
uniquely found in coronaviruses and not in human cells, adverse events due to off side
effects are presumably expected to be low. However, as mentioned above, molnupiravir
could readily be incorporated into the host genome.

Prophylaxis

SARS-CoV-2 vaccines have proven to be very effective in halting progression to severe
COVID-19 forms and, in this way, hospitalizations and deaths. In this regard, experiences
from the rollout of vaccines at nationwide country level, such as in Spain, have been
impressive*4. As a complementary intervention, specific SARS-CoV-2 antivirals may
provide protection in individuals at high risk for contagion and/or for developing severe
COVID-19. Waning of vaccine-induced immunity seems to occur uniformly beyond 6
months#°. Moreover, the emergence of new viral strains might evade immunity resulting
from vaccines*®. Indeed, breakthrough infections have been demonstrated elsewhere, in both
former vaccinated and people that had experienced natural infection episodes?>46, On the
other hand, antivirals will provide an alternative option to millions of immunocompromised
individuals that will respond poorly to vaccines. Finally, antiviral therapies that target
conserved viral proteins are likely to be effective against future pandemic coronaviruses.

The timely initiation of antiviral therapy for SARS-CoV-2 will require the widespread
availability of simple, affordable, and self-administered tests for the early diagnosis of
SARS-CoV-2 infection. Current antigen tests fit well this demand with enough good
sensitivity and specificity4’50. For the subset of persons at high risk for developing severe
COVID-19 infection, short courses of antivirals as post-exposure prophylaxis might be
considered.
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Inhaled antiviral formulations

SARS-CoV-2 enters the body and initially replicates in the nose and the upper respiratory
tract. In this way, both mucosal and systemic immunities develop. With the current

vaccines that are administered intramuscularly, only systemic immunity develops. They

do not provide mucosal immunity and sterilizing effects, although confer protection from
developing severe pulmonary disease. Attempts to administer vaccines or antivirals using
the intranasal route may prove to be more effective than using systemic deliveries, such

as intravenous or subcutaneous routes®. In experimental animal models, the intranasal
administration of a fusion inhibitor completely protects against SARS-CoV-2 infection. This
was demonstrated during close contacts between uninfected and infected animals®2.

Long-acting antiviral formulations

Drug adherence represents an important component in the management of chronic illnesses.
This is based on the fact that missed doses translate into poor clinical results. In other

viral infections, such as HIV/AIDS, poor compliance with medications may be complicated
further with the selection of drug resistance and ultimately loss of drugs for further use®3.
For self-limited infections, such as those caused by respiratory viruses, including SARS-
CoV-2, drug adherence during a 5-day course of oral treatment might be disregarded.
However, the experience from similar short courses of oral antibiotic prescription supports
that outpatients with mild bacterial infections often fail to complete the planned length

of therapy. Accordingly, single dosing using high antibiotic doses is often preferred, for
example, when treating urinary tract infections.

The consideration of antivirals for COVID-19 prophylaxis might awake a different scenario
in which long-acting medications might be considered. The experience from the HIV-1
field is very appealing. Indeed, pre-exposure prophylaxis has shown its benefit in the
prevention of viral acquisition in uninfected individuals engaged in high-risk behaviors®4.
Recent advances in chemical pharmacology have led to the emergence of ultra-long-acting
(XLA) antiviral formulations that may provide drug exposure for several months or up

to 1 year>>-59, The advent of these medicines might transform the way to confront new
COVID-19 surges. We may envision a wide prescription of XLA antivirals as soon as
SARS-CoV-2 outbreaks are recognized, prioritizing persons with higher risk exposure and
disease severity®0,

Foreseeable future

The expected wider use of oral antivirals to be given as soon as diagnosis is made coupled
with the advent of a new generation of vaccines having a broader coverage against new
variants will hopefully limit the pandemic damage8®. Oral antivirals can be used together
with vaccines or if vaccines are expected to perform suboptimally due to immune deficiency
or are contraindicated due to comorbid conditions. Given that a growing part of the
population has either been exposed to natural infection or has been vaccinated, widespread
immunity against SARS-CoV-2 will further increase. Such immunity, even conferring partial
protection, will contribute to ameliorate symptoms and reduce the societal and medical
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impact of future COVID-19 waves. The lower virulence that has already been noticed with
the omicron variant supports the notion that the virus itself is likely to be shifting toward a
less pathogenic form as it adapts to the human host®2,

In

contrast to SARS-CoV outbreak in 2002 that was extinguished within 9 months and

led to 8422 cases and 916 deaths®3, SARS-CoV-2 could evolve into an endemic or
seasonal infection. Over the winter months, it would become similar to other respiratory
tract infections that include human endemic coronaviruses, rhinoviruses, influenza, and the
respiratory syncytial virus84.
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SARS-CoV-2 life cycle.
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SARS-CoV-2 genome structure.
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