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Abstract: A complete response to the challenge of COVID-19 requires diagnosis, prevention, and
treatment strategies. Until recently, the treatment arm has included largely ineffective, often unproven
medications with minimal impact on disease outcomes. The earlier experimental therapies are now
giving way to approved antiviral drugs with a demonstrated capacity for SARS-CoV-2 suppression,
and more are on the way. New oral antiviral drugs will expand treatment options for persons
with COVID-19 and, if used early, become the first line of defense for reducing hospitalization,
mortality, and virus spread. Several oral medications have been approved for treating COVID-19 on
an emergency use basis in the United States (US), European Union (EU), United Kingdom (UK), China,
Russia, and India, with other countries now facilitating regulatory reviews and approvals. Here, we
compare the risk/benefit profiles of three leading oral antiviral drugs: Favipiravir, Molnupiravir, and
Paxlovid. These compounds have distinct features supporting their targeted use by persons with
COVID-19 disease.
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1. Introduction

The 2019 worldwide outbreak of respiratory disease caused by a novel coronavirus,
SARS-CoV-2, originated in the city of Wuhan, Hubei Province, China, and spread rapidly to
cause a global pandemic. The causative agent of COVID-19 disease is the novel coronavirus
SARS-CoV-2. Variants of the original Wuhan strain of the SARS-CoV-2 virus have higher
levels of infectivity due to changes in the viral envelope S glycoprotein that reduce the effec-
tiveness of vaccines for prevention and monoclonal antibodies for therapy. Thus, there is an
urgent need for ongoing vaccine development, better compliance programs, continued di-
agnostic surveillance, and efficacious drug therapies. Antiviral therapy can slow or prevent
disease progression among persons who are unvaccinated or experience break-through
infections and limit the spread of virus among close contacts of infected individuals.

Since January 2020, there have been more than 520,000,000 confirmed cases of COVID-
19 and more than 6,270,000 deaths reported to the World Health Organization (WHO).
Current estimates for the United States are more than 147,000,000 cases of COVID-19 and
nearly 1,000,000 deaths [1]. Multiple vaccine development and distribution programs
collectively administered > 10,000,000,000 vaccine doses; more than 500,000,000 vaccine
doses were administered in the US alone [2].

Despite efforts to roll out public health awareness and vaccine programs, the COVID-
19 pandemic has not been contained and there is a need to supplement vaccination efforts
with antiviral therapeutics for treating disease and reducing virus spread. Oral antiviral
drugs are particularly valuable options for COVID-19, especially if used early to slow or
prevent disease progression. Several antiviral compounds have already been approved for
COVID-19 on an emergency use basis in the US, EU, UK, China, Russia, and India, with
several countries accelerating reviews for emergency use approval.
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The highest levels of SARS-CoV-2 replication occur early in the course of COVID-
19 disease [3]. Antiviral therapy delivered soon after diagnosis might be able to prevent
progression to the hyperinflammatory state associated with severe COVID-19 illness. Drugs
able to suppress viremia may also limit the spread of disease within communities, especially
when a large fraction of infected individuals receive home care mainly or exclusively. Once
adequate clinical and safety information is available for antiviral drugs, the potential for
pre-and post-exposure prophylaxis can be explored as an additional means for reducing
community spread of SARS-CoV-2 and protecting healthcare workers or household contacts.

2. Methods

Here, we summarize and compare available information about selected antiviral drugs
to provide an integrated view of key aspects impacting their risk/benefit profiles. Our goal
is to inform about these agents and support their targeted use in populations at risk for
COVID-19 disease. We reviewed publicly available regulatory approval files and published
reports for each of three compounds; these reports were identified through a search of
available databases (PubMed; Google Scholar).

We focused on nonclinical and clinical risk /benefit profiles for these three compounds
because they have received accelerated approvals. We restricted the review to drugs that
are approved for oral delivery and demonstrated a direct antiviral mechanism of action.
Similarities and differences among these drugs may inform how best to deploy each of
them as part of the emerging armamentarium for safe and effective COVID-19 therapy.

3. Regulatory and Clinical Trial Landscape

Three oral antiviral compounds for treating COVID-19 in hospital, outpatient, and com-
munity settings include Favipiravir (also known as AVIFAVIR, AVIGAN, and FABIFLU),
Molnupiravir (also known as Lagevrio), and the combination of Nirmatrelvir/Ritonavir
(also known as Paxlovid). The three compounds (Figure 1) were developed originally for
a viral disease other than COVID-19 before being repurposed as a SARS-CoV-2 antiviral
drug. Because of prior experience with these drugs, it was possible to develop and provide
treatments expeditiously as part of the emergency pandemic response.
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Figure 1. Structures of Favipirvir and Molnupiravir prodrugs and active forms of Favipiravir-
triphosphate, N-hydroxycytidine-triphosphate, and Nimatrelvir.

Favipiravir (T-705) is the oral prodrug of Favipiravir triphosphate and was discovered
by Toyama Chemical Co., Ltd. (Tokyo, Japan), during the screening of a chemical library
for antiviral activity against influenza virus [4,5]. The prodrug undergoes intracellular
phosphoribosylation to the active form Favipiravir Triphosphate (FTP); it is an inhibitor of
influenza RNA-dependent RNA polymerase and active against many other RNA viruses.
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Favipiravir was approved in Japan in 2014 under the trade name Avigan for the
treatment of an outbreak of novel or re-emerging virus infection [5]. Favipiravir was
also used successfully for treating patients during an emerging Ebola virus epidemic in
West Africa [6] and, on 15 August 2014, the Minister of Health, Welfare and Labor of Japan
approved the use of Favipiravir [7]. Favipiravir has also been used for the treatment of Lassa
virus, rabies, and severe fever with thrombocytopenia syndrome [8-11]. Molnupiravir
(EIDD2801; MK-4482) is the oral prodrug of N*-hydroxycytidine (NHC; EIDD-1931) and
was developed originally by the Drug Innovation Ventures at Emory University [12]
as an inhibitor of influenza and respiratory syncytial virus replication. EIDD2801 was
subsequently developed by Ridgeback Therapeutics partnering with Merck & Co on
Molnupiravir; however, it was never approved in the influenza indication. Nirmatrelvir
(PF-00835231), the antiviral component of Paxlovid, is an orally available inhibitor of
the SARS-CoV-2 main protease (MP™°; 3CL protease) developed by Pfizer as a therapy
for SARS-CoV [13]. Due to susceptibility to Cytochrome (CYP)450 enzyme metabolism
resulting in short drug half-life, Nirmatrelvir is taken together with ritonavir (Norvir),
an approved (HIV) protease inhibitor used to block CYP450 activity and reduce rates for
drug metabolism.

Favipiravir was first to obtain emergency regulatory approval for treating COVID-19
in early 2020. The drug was approved initially in China followed by approval in the Russian
Federation and later in India. New oral formulations of Favipiravir are being evaluated
in ongoing clinical trials worldwide. As of 7 March 2022, there were 46 clinical trials of
Favipiravir for COVID-19 posted on www.clinicaltrials.gov (accessed on 7 March 2022) of
which 21 studies were listed as active. There were eight Molnupiravir trials of which four
were listed as actively recruiting, one trial was listed as active but not recruiting yet, and
one trial was terminated. For Paxlovid, there were four active trials at the time of writing
this manuscript.

4. Drug Mechanisms of Action

FTP, the active form of Favipiravir, is incorporated into nascent RNA chains as Favipi-
ravir monophosphate (FMP) by the action of RNA-dependent RNA polymerases (RdRp)
from several RNA viruses, including SARS-CoV-2. FTP is a weak inhibitor of RNA chain
elongation and incorporation into the growing chain is the prevalent outcome. FTP binds
the RdARp complex in the +1 position and is paired with cytidine (C) or uridine (U) residues
in the template strand [14,15]. Misreading of the FMP residue results in the corruption and
eventual elimination of the viral genome via a mechanism known as lethal mutagenesis [16].
The active form of Molnupiravir, N*-hydroxycytidine triphosphate (NHCTP), is incorpo-
rated into growing RNA chains as NHCMP instead of cytidine or uridine triphosphate
and is misread in subsequent RNA replication as guanine (G) or adenine (A), resulting in
mutagenesis [17]. In vitro studies of combined exposure to Favipiravir and Molnupiravir
showed high potency against SARS-CoV-2 replication [18].

Whether FTIP acts as a terminator of RNA chain elongation is controversial. In vitro
studies demonstrated chain termination when multiple, consecutive FTP were incorporated
into a growing RNA [14,15]. However, consecutive incorporation of FIP is unlikely in the
cellular environment where guanosine triphosphate (GTP) and adenosine triphosphate
(ATP) are present and compete with FTP [14]. NHCTP incorporation does not lead to chain
termination [17,19]. Lethal mutagenesis, also called error catastrophe, is the most critical
mechanism of action for both Favipiravir and Molnupiravir.

An alternate approach targets viral enzymes required for processing polyproteins
encoded by the large, open reading frames of SARS-CoV-2. The main protease is a
chymotrypsin-like 67.6 kDa dimer that cleaves SARS-CoV-2 polyproteins in at least 11 sites,
using a recognition sequence with a Glycine (Gln) residue at position 1 [20,21]. The Main
protease has a Cysteine-Histidine (Cys-His) catalytic dyad first recognized during studies
on SARS-CoV [22] that is amenable to targeting by covalent and non-covalent inhibitors.
Paxlovid’s Nirmatrelvir is a peptidomimetic inhibitor of the Main protease and is bound
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covalently to the active site Cys residue. Ritonavir’s role in Paxlovid is to maintain ac-
tive levels of Nirmatrelvir, mainly by inhibiting drug metabolism via CYP3A4 [23] and
inhibiting cellular mechanisms for drug efflux, including the ABCB5 P-glycoprotein (P-gp)
transporter [24].

5. Preclinical Potency against SARS-CoV-2 Virus

All three compounds were shown to be effective in vitro against the SARS-CoV-2 virus
and its variants. All three compounds were effective in experimental animal models of
COVID-19 as inhibitors of infection and disease.

Compared to Molnupiravir and Paxlovid’s Nirmatrelvir, Favipiravir is less potent
against the SARS-CoV-2 virus in vitro [15,25]. Despite a lower antiviral potency in vitro,
Favipiravir, like Molnupiravir [18,26] and Paxlovid’ s Nirmatrelvir [27], exhibited potent an-
tiviral effects in animal models of SARS-CoV-2 infection (Syrian hamster), using exposures
relevant to those observed in clinical trials [28,29]. More importantly, all three compounds
were shown to be active, irrespective of the particular SARS-CoV-2 variant used, including
being active against the omicron variant [30-32].

These drugs are also amenable to working in combination with each other and with
other antiviral agents against SARS-CoV-2. Abdelnabi et al. demonstrated that the com-
bination of Favipiravir and Molnupiravir, each at a suboptimal dose, was synergistic and
potently reduced the total viral load and infectious virus when treatment was adminis-
tered before or soon after infection in an experimental model of COVID-19 [18]. This has
important implications for safety, potentially minimizing risks that are common among
these compounds. A combination of Molnupiravir and Nirmatrelvir was also reported to
be active against SARS-CoV-2 in vitro [31].

6. Pharmacokinetics

The animal pharmacokinetics (PK) of all three compounds distinguish their nonclinical
profiles and may impact their clinical use for COVID-19. Although both Favipiravir and
Molnupiravir are oral prodrugs, Favipiravir has superior bioavailability across all animal
species tested, i.e., 100% in mice and rats and 73% in dogs [33]. NHC and its prodrug
Molnupiravir are subject to first-pass metabolism via intestinal and hepatic esterases,
resulting in an oral bioavailability of 37-45% in mice and 52 to ~77% in dogs and rats,
respectively [34].

Paxlovid’s Nirmatrelvir has poor bioavailability due to an extensive CYP3-mediated
metabolism and it was necessary to include the CYP3 inhibitor Ritonavir to boost and
maintain the drug levels. Ritonavir impacts multiple members of the CYP450 system
by inhibiting CYP3A4, CYPD6, CYP2C19, CYP2C28, and CYP2C9 but is an inducer of
CYP1A2, CYP2B6, CYP2C9, and CYP2C19 (reviewed by [24]). Ritonavir also exhibits a
time-dependent effect on the ABCB5 P-gp transporter with initial inhibition followed by
induction [35]. Rapid drug efflux through the ABCB5 P-gp transporter was noted during
preclinical studies [27]. Ritonavir effects on P-gp will impact Nirmatrelvir exposure [24],
but the clinical relevance is not known.

Nirmatrelvir has a similar protein binding rate to Favipiravir (approximately 69%),
while Ritonavir is highly bound to plasma proteins (98-99%) [36]. Molnupiravir is unstable
in plasma, while the unbound fraction of NHC was approximately 1 across the animal
species and concentrations tested [34].

Biosynthesis of the Favipiravir triphosphorylated form (FVP RTP) in cells was a
subject of saturation with an approximate intracellular half-life of about 6-6.5 h. FVP
RTP distributes to and is retained in the respiratory system in larger concentrations than
in plasma with a half-life of approximately 4.5 h. [33]. Molnupiravir’s metabolite NHC
distributes to the lungs and spleen with a similar half-life [34].

FVP-RTP is converted into an inactive M1 metabolite in the liver, primarily via the alde-
hyde oxidase (AO) [33]. Molnupiravir/NHC is ultimately catabolized to uridine/cytidine
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which then mixes with the endogenous nucleoside pool [34]. In contrast, Nirmatrelvir is
metabolized primarily by CYP3A4 [36].

Favipiravir is mainly eliminated via urine as an inactive M1 metabolite compared with
Molnupiravir that is catabolized to endogenous nucleosides. Published reports indicated
that Favipiravir can be used safely in COVID-19 patients with end-stage renal disease on
dialysis [37]. The available data regarding the influenza indication in Japan suggested that
serious adverse events attributable to M1 are unlikely to occur in patients with mild-to-
moderate renal impairment if Favipiravir is administered in accordance with the proposed
dose regimen. Like Favipiravir, Paxlovid’s Nirmatrelvir is also eliminated through the
renal system.

Favipiravir’s potential for clinically relevant or significant drug interactions (DDI) is
considered low as CYP and transporter involvement in its metabolism are negligible [33,38].
While Favipiravir is not metabolized by the CYP system, Favipiravir was shown to inhibit
CYP2CS8; however, its clinical relevance is not clear. Regardless, caution should be used
when administering drugs that are metabolized by the CYP2C8 system.

7. Clinical Pharmacology

All three compounds were evaluated in standard clinical pharmacology Phase 1 programs
that tested single and multiple ascending doses (SAD and MAD studies, all three com-
pounds), food effects, and the impact on intrinsic and extrinsic factors (primarily for
Favipiravir). These trials used dose levels that were subsequently shown to be efficacious
for COVID-19 disease and the doses were well-tolerated.

The doses evaluated in Favipiravir (Avigan) clinical pharmacology studies (up to
292 healthy subjects of Asian or Caucasian ancestry) were relevant to those evaluated in
prior trials of Favipiravir for the treatment of serious viral infections, such as influenza
and Ebola (up to 6000 mg/day), as well as those used in COVID-19 clinical trials. The
range of single doses evaluated in these studies was 40 to 2400 mg one time or 800 to
1200 mg daily for the repeated doses. Studies from healthy Japanese volunteers showed
that Favipiravir was absorbed rapidly with the maximum plasma concentration reached
by 2 h after oral administration followed by a rapid decrease with a half-life of 2-5.5 h.
Favipiravir exposure exhibited a dose- and time-dependent profile. Exposures in Japanese
subjects were somewhat lower compared to those observed in Caucasian subjects, although
when normalized by body weight, these differences were minimal [33].

Like Favipiravir, Molnupiravir also displayed rapid absorption in healthy volunteers
with a median time to maximum plasma concentration at 1.00 to 1.75 h and a rapid decline
over approximately 1 h that was followed by a slower elimination phase after multiple
doses or higher single doses [34,39].

No accumulation was observed with Favipiravir or Molnupiravir compared to Paxlovid.
Lower exposures of Molnupiravir were observed in obese patients without an impact on
antiviral efficacy. In contrast, the antiviral response of Favipiravir in COVID-19 patients
was body weight dependent which provided for an original dosing regimen using certain
body weight cutoffs [40].

One peculiarity in the clinical pharmacology profile of Favipiravir is a decrease in
Ctrough concentrations in the context of viral infection, including COVID-19, indicating
that viral infection impacts Favipiravir exposure. Specifically, animals infected with virus,
i.e., guinea pigs or hamsters infected with Pichindé virus (PICV; models of acute Arenavirus
hemorrhagic fever), were shown to exhibit dramatically lower concentrations of favipiravir;
the favipiravir end metabolite, M1, was more prominently found in the infected animals
and much higher ratios of M1:Favipiravir were observed in infected animals compared
to the non-infected hamsters. These findings suggest that the metabolism of favipiravir
may be more pronounced in viral infection [41,42]. It should be also noted that a similar
PK pattern was observed in critically ill COVID-19 patients during a trial conducted by
Irie et al. who observed that favipiravir trough concentrations in critically ill patients were
much lower than that observed in healthy subjects. These authors noted that changes in
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drug distribution volume and clearance rates are known for patients in intensive care [43].
Additional studies are needed to understand the pharmacodynamics of Favipiravir in
critically ill patients [41,43,44].

Food does not appear to have significant effects on the PK profile for any of the three
compounds. It should be noted that Favipiravir oral tablet formulations (Avigan Avifavir)
have a higher pill burden compared to Molnupiravir or Paxlovid, which does not appear
to be of particular concern in outpatient practice.

Favipiravir is not associated with clinically relevant DDI, potentially due to the low
involvement of CYP 450 in its drug metabolism and the negligible interactions with sev-
eral transporters except those involved in the elimination and reabsorption of uric acid.
Specifically, Favipiravir was shown to inhibit hURAT1 cells-mediated urate uptake in a
concentration-independent manner, while M1 enhanced the uptake in a concentration-
dependent manner [33]. Furthermore, Favipiravir and M1 were both shown to inhibit
organic anion transporters 1 and 3 (OAT1 and OAT3), which facilitate kidney excretion of
uric acid. Furthermore, M1 increases uric acid re-uptake in the proximal renal tubules via
urate transporter 1 (URAT1) [45]. As a consequence, the secretion of uric is decreased and
its reabsorption via urate transporter is increased [33].

Another clinically relevant DDI may be that with AQO inhibitors; however, published
literature about this is sparse.

Like Favipiravir, Molnupiravir is also devoid of significant DDI potential. In contrast,
Paxlovid metabolism is heavily CYP3A-mediated which poses limits to its clinical use
and impacts its risk/benefit profile [46]. The DDI potential of Paxlovid is high and, more
importantly, clinically relevant, even within the context of short (5-day) oral treatment
for COVID-19 [47,48]. The US EUA label for Paxlovid warns and advises precautions to
healthcare professionals on the concomitant use of Paxlovid and certain other drugs that
may result in potentially significant drug interactions. Healthcare professionals are advised
to consult the full prescribing information prior to and during treatment for potential drug
interactions [37]. This poses real-practice challenges for healthcare providers who must
identify individuals at risk, implement appropriate monitoring for potentially harmful
interactions, and adjust the dose as a part of DDI risk mitigation for Paxlovid. The most
common classes of drugs that may have clinically significant DDI with Paxlovid include
drugs that are most likely to be used with Paxlovid, either in the context of recommended
COVID-19 supportive treatment per clinical practice guidelines or as a part of the patient
re-existing polypharmacy due to co-morbidities (Table 1). Among these drugs, CYP3A4
agents predominate this list, especially those with a narrow therapeutic index and strong
interaction with CYP3A4 as substrates, inducers, or inhibitors; the use of CYP2D6 agents
should also be considered carefully for co-administration with Paxlovid (Table 1).

Table 1. Therapeutic classes of interest for clinically significant DDI with Paxlovid.

Therapeutic Class Representative Drugs
Antimicrobials Rifampin, Rifadin (rifampin, isoniazid, and pyrazinamide), erythromycin,
(antibiotics, antifungal agents, anti-tuberculotics) clarithromycin, rifapentine, ketoconazole

Analgesics (mostly opioids)

Oxycodone, hydrocodone, fentanyl, tramadol

Antiarrhythmics

Amiodarone, disopyramide, dofetilide

Anticoagulants/ Antiplatelets

(including direct-acting oral anticoagulants)

Warfarin, rivaroxaban, apixaban, dabigatran, edoxaban, clopidrogel

Antihypertensives

Amlodipine (calcium channel inhibitor),

Antidiabetics

Saxagliptin,

Lipid-lowering agents

Statins, i.e., lovastatin, simvastatin
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Table 1. Cont.

Therapeutic Class

Representative Drugs

Anticonvulsants Carbamazepine, phenytoin, phenobarbital, primidone

Antidepressants Trazodone, St John’s Wort

Antipsychotics Quetiapine, clozapine, aripiprazole, sertindole, pimavanserine, pimozide
Anxiolytics Midazolam, diazepam, alprazolam, triazolam

Bronchodilators Salmeterol

Anti-cancer drugs

Kinase inhibitors, cyclin-dependent kinase inhibitors, poly (ADP-ribose)
polymerase inhibitors, apalutamide, enzalutamide, ibrutinib

Gastrointestinal drugs

Gastroprokinetic cisapride and domperidone

HCV antivirals Elbasvir, glecaprevir, grazoprevir, velpatasvir, voxilaprevir
Immunosuppressants Everolimus, sirolimus, cyclosporin, tacrolimus

Steroids Oral steroids

Ergot alkaloids Dihydroergotamine, ergotamine, ergonovine

Sources: [49-51].

8. Toxicology

Nonclinical safety studies indicated that all three antiviral compounds were well-
tolerated. Animal safety pharmacology profiles for all three compounds were devoid of
notable adverse effects on major organ system functions [33,34,36]. A few safety concerns
common to all three compounds were identified during animal safety studies and may
impact their clinical use for treating COVID-19. These mainly include hepatotoxicity and
risk to reproduction. Hepatotoxicity is relevant to the clinical use of all three compounds
in the context of COVID-19 disease, for which underlying liver disease is a recognized
risk factor and SARS-CoV-2 infection is associated with liver damage. Up to 50% of severe
COVID-19 patients have liver dysfunction which may be potentiated by the hepatotoxic side
effects of medications given for managing the disease [52]. Advanced hepatic impairment
is a contraindication for clinical use of all three compounds.

Although the hepatotoxic changes due to Nirmatrelvir were demonstrated as re-
versible and without histopathological correlates, it is uncertain whether there is a potentia-
tion of hepatoxicity when Nirmatrelvir and Ritonavir are administered in combination; the
results of co-administration were reported from the nonclinical program. Liver changes
associated with Nirmatrelvir were considered secondary to the CYP3A-mediated enzyme
induction, but this finding was limited to rats. Clinical relevance of these changes is un-
known in the context of a 5-day treatment duration, but they do occur at 4-fold higher
exposure compared to the clinical exposure, indicating relatively low safety margins. The
animal studies of Ritonavir identified liver as one of the target organ toxicities, with pri-
mary manifestations being hepatocellular, biliary, and phagocytic changes; these changes
were accompanied by increases in hepatic enzymes [36]. The approved label of Ritonavir
requires monitoring of liver function [53].

Increased liver weight was observed in the 28-day rodent (rat) study of Molnupiravir
with exposure margins of 7.8- and 4.2-fold for males and females, respectively, when com-
pared to exposure associated with the human clinical dose of 800 mg BID. No histopatho-
logical correlates were observed, and these findings were not observed in the 13-week study.
However, it should be noted that increased liver enzymes were reported in Molnupiravir
clinical trials [34].

Favipiravir hepatotoxicity has been interpreted mainly in the context of its predomi-
nant hepatic metabolism via aldehyde oxidase. Favipiravir exposure in the animal repeat-
dose toxicity studies at NOAEL levels compared favorably in humans using the approved
influenza dosing regimen but indicated no safety margins for liver toxicity. However, due
to the lack of histopathological changes in liver tissue in the animal studies combined with
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liver safety findings in the clinical studies of influenza therapy, the risk of liver toxicity
is considered low for clinical use of favipiravir at the approved influenza doses [33]. It
also appears that its clinical use is associated with a low incidence of increased liver en-
zymes [40,54,55]. Hematopoietic toxicity was observed in animal safety studies with both
Favipiravir and Molnupiravir; however, it appears that these changes did not translate to
the clinical use of either compound.

Bone and cartilage toxicity were identified as risks uniquely associated with Molnupi-
ravir. In animal studies, Molnupiravir was associated with bone and cartilage toxicity with
no or very low margins of safety (0.7- to 3.3-fold in male and female rats, respectively); this
was based on the NOAEL exposure of a 150 mg/kg/day dose. Because of these findings,
Molnupiravir use in people younger than 18 years of age is contraindicated [34]. It is
unknown whether these changes are relevant to menopausal and/or post-menopausal
women who commonly suffer from osteoporosis.

Hyperuricemia is a mechanism-based toxicity unique to Favipiravir due to the inhibi-
tion of organic anion transporters (OAT) 1 and 3 by both the parental compound and its
metabolite M1. It is recognized that this is the main mechanism utilized by favipiravir to
reduce uric acid excretion via urine and cause elevated blood uric acid levels. In patients,
elevated levels of uric acid usually return to values within the reference ranges upon discon-
tinuing the drug. Nevertheless, it should be kept in mind that this action of favipiravir may
have clinical significance in patients with histories of gout, renal dysfunction (increased
blood concentrations of M1), or hyperuricemia as well as in patients simultaneously using
other drugs that trigger elevated levels of blood uric acid. This risk is adequately managed
by the currently approved Favipiravir labels [6], although the outpatient experience to date
indicates that this risk is relatively low in the context of COVID-19.

With regard for risks to reproduction, and because both male and female individuals
of childbearing potential are eligible for treatment with any of the three compounds, risk
to reproduction is an important safety aspect. Paxlovid, as a drug combination, was not
evaluated in a standard reproductive toxicity program. Nirmatrelvir was tolerable in
standard fertility and embryofetal animal studies at doses up to 1000 mg/kg [56]. Ritonavir
is devoid of clinically relevant risks to reproduction, although it exhibited toxicity to em-
bryofetal development at doses associated with maternal toxicity, hepatotoxicity, elevated
total cholesterol and triglycerides, and diabetes mellitus [57]. It should be emphasized that
Paxlovid is authorized currently for use in the US by individuals 12 years of age and older
weighing at least 40 kg. However, safety among the younger population was not supported
by data as no animal studies in juvenile animals were conducted nor were clinical studies
initiated in children 12-18 years of age. A popPK modeling of the adult data was used to
justify the use of the drug in this population. Only recently, the sponsor initiated clinical
trials in younger individuals. Nevertheless, the safety profile of Paxlovid in this population
is confused by uncertainties and missing information.

Favipiravir was considered to be teratogenic in animal reproductive toxicity studies
without safety margins from the exposures associated with clinical doses. Favipiravir also
distributes in male sperm and breast milk. Avigan’s Japanese label requires informed
consent related to strict adherence for contraception and negative pregnancy tests for
females of childbearing potential [33]. Due to its distribution in human milk, lactation
is also contraindicated and use of the drug is limited to individuals 18 years and older.
Favipiravir has been found to have adverse effects in juvenile animal studies [33].

Molnupiravir was associated with adverse embryofetal effects in the preliminary
embryofetal toxicity studies at exposures 7.5-fold of those associated with the clinical dose.
These findings, combined with the toxicity to bone and cartilage, exclude prescribing
Molnupiravir to individuals younger than 18 years of age [34]. However, the respective
labels/instructions for use of both Favipiravir and Molnupiravir are, so far, managing
these risks in the clinical setting, depending on strict compliance with requirements for
contraception and interruption of lactation.
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9. Clinical Safety

Favipiravir, Molnupiravir, and Paxlovid are reasonably well-tolerated by COVID-19
patients and observed differences in their safety profiles reflect different dosing regimens
and variation in the populations of COVID-19 patients. Major safety concerns were ef-
fectively mitigated by the approved labels (Favipiravir) or fact sheet instructions for use
(Molnupiravir/Paxlovid). The relatively short treatment duration of 5-10 days further miti-
gates most of the safety concerns. The safety profile of Favipiravir in COVID-19 treatment
was mostly associated with hyperuricemia, increased liver enzymes, diarrhea, and nausea.
Molnupiravir use commonly included adverse events (AE) in the central nervous system
(CNS) category, such as dizziness and headache, as well as gastrointestinal (GI) tract AE,
such as diarrhea and nausea. Vomiting, rash, and urticaria were uncommon.

Common adverse drug reactions (ADR) to Paxlovid included GI tract disturbances
such as nausea, diarrhea (including severe electrolyte imbalance), vomiting, dyspepsia,
dysgeusia, oral and peripheral paresthesia. CNS ADR included headache, dizziness,
peripheral neuropathy, seizure, syncope, and others. Decreased hematology parameters,
increased liver enzymes, and parameters of renal function were also noted.

The safety attributes of relevance to COVID-19 and related to the mechanism of action
for all three compounds include hepatotoxicity and risk to reproduction. Safety attributes
uniquely attributable to individual compounds included hyperuricemia associated with
Favipiravir, hematopoietic toxicity and significant DDI related to the use of Paxlovid, and
bone and cartilage toxicity reported during Molnupiravir use.

Hepatotoxicity was consistent with abnormal liver parameters. Increased levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT),
and blood bilirubin, including jaundice, were listed as common (>1/100 to <1/10) ADR in clin-
ical trials of Paxlovid. Additional ADR indicative of disturbed hepatic function, although
uncommon (1 to 0.1% of exposed individuals), included increased alkaline phosphatase [36].
Favipiravir hepatotoxicity manifested as an increase in liver enzymes [40,54,58]. The avail-
able clinical data on Molnupiravir do not list details on specific ADR out of the most
common ADR which were related to GI disturbances. The incidence rate of hepatotoxicity
in clinical trials was relatively low, i.e., 1-2 vs. 4% in placebo [34,59].

Hyperuricemia is an attribute unique to Favipiravir and is based on its interference
with the metabolic pathways of uric acid in the body because its metabolism involves
aldehyde oxidase. Patients with gout or a history of gout and patients with hyperuricemia
are at risk when using Favipiravir [33,45,54].

The risk for hematopoietic toxicity in Favipiravir-treated patients appears to be low.
The Molnupiravir nonclinical safety profile indicated a risk for bone marrow toxicity and
was devoid of significant hematopoietic toxicity in clinical trials [34,59].

10. Clinical Efficacy

Direct comparisons of clinical efficacy for Favipiravir, Molnupiravir, and Paxlovid are
not possible because of differences regarding when the efficacy studies were conducted
(earlier in the pandemic with Favipiravir and later with Molnupiravir and Paxlovid), study
designs, endpoints, duration of treatment, concomitant supportive therapies, doses, and
more importantly, patient populations, to name the most important differences (Table 2).
However, all three compounds were effective for clearing the virus and improving clinical
symptoms of COVID-19. These successful antiviral agents significantly reduced progression
to severe illness, hospitalization, and mortality.
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Table 2. Completed Phase 2 and 3 randomized clinical trials of antivirals in non-hospitalized subjects with mild-to-moderate COVID-19.

NCT Identifier Study Title Study Phase Intervention Study Design Location
Favipiravir
Enrollment: 231 subjects, male and female,
e . . >18 yrs of age and older
P . Favipiravir: 1800 mg twice daily for one day, followed by - . W
NCT04464408 Favipiravir therapy in adults Phase 3 800 mg (4 tablets) twice daily, for 7 days Intervention model: parallel, double-blind Saudi Arabia
with mild COVID-19 . ; . . Primary endpoint:
Placebo: matching number of tablets and dosing regimen . e . .
time from randomization to negativity in RT-PCR nucleic
acid test for COVID-19 within 15 days of randomization
Enrollment: 149 subjects, male and female,
A A . >18 yrs of age and older
Oral favlpllravlr gompar_ed to Favipiravir: 1800 mg on the first dose (day 1) followed by Intervention rflodel: garallel, double-blind, United States
NCT04346628 placebo in subjects with Phase 2 800 mg twice daily for the next 9 days (days 2-10). lacebo-controlled Stanford Uni .
ild COVID-19 Placebo: matching number of tablets and dosing regimen - B : - . (Stanford University)
mi g g 1e8 Primary endpoint: time until cessation of oral shedding
of SARS-CoV-2 virus within 28 days of randomization
Favipiravir: 3200 mg (1600 mg 12 hourly) loading dose Enrolment: 100 subjects, male and female,
Effi d safety of favipiravi on day 1 followed by 1200 mg maintenance dose (600 mg 18-80 years of age
lcacy and salety ol favipiravir 12 hourly daily) on day 2 to day 10 Intervention model: parallel, open-label, active
NCT04349241 in management of Phase 3 Acti - oseltamivie 75 me 12 hourly f comparator-controlled Egypt
COVID-19 (FAV-001) ctive comparator: ose tamlylr mg ourly for ) mpar ! o
5-10 days and hydroxychloroquine 400 mg 12 hourly day 1 Primary endpoint: time to viral clearance within
followed by 200 mg 12 hourly daily on day 2 to day 5-10 14 days of randomization
Enrolment: 1231 male and female subjects,
The Prevent severe >18 yrs of age and older United States
NCT04600895 COVID-19 (PRESECO) Phase 3 Dosing regimen of favipiravir not specified Intervention model: parallel, double-blind, Mex1§o
placebo-controlled Brazil
Primary endpoint: time to sustained clinical recovery
Favipiravir + placebo (hydroxychloroquine): Favipiravir
(1600 mg), as two tablets per day at the first day and then
Favipiravir (600 mg) as two tablets per day for the
remaining 4-day interval + placebo (Hydroxychloroquine
(200 mg)), as two tablets per day for 5-day interval
Hydroxychloroquine + placebo (favipiravir):
X Hydroxychloroquine (200 mg), as two tablets per day for
Efﬁcag zr;gxsif}?g rgf LI;:leUse of 5-day interval + placebo (Favipiravir (1600 mg)), as two Enrolment: 1120 subjects, male and female,
4 Faviy ravir ?)r ! tablets per day at the first day and then Favipiravir (600 mg) 18 to 59 years old
NCT04981379 P . Phase 3 as two tablet per day for the remaining 4-day interval Intervention model: parallel, double-blind, placebo- and Turkey
Hydroxychloroquine +

Favipiravir in Early SARS-CoV-2

(COVID-19) Treatment

Favipiravir + Hydroxychloroquine: Favipiravir
(1600 mg), as two tablet per day at the first day and then
Favipiravir (600 mg) as two tablet per day for the
remaining 4-day interval + Hydroxychloroquine
(200 mg), as two tablets per day for 5-day interval
Placebo + active comparator: Placebo (favipiravir)

2 x 1600 mg loading, then 4 days 2 x 600 mg
maintenance (5 days) + placebo (Hydroxychloroquine)
2 x 200 mg (5 days)

active comparator-controlled
Primary endpoint: clinical worsening
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Table 2. Cont.

NCT Identifier Study Title

Study Phase

Intervention

Study Design

Location

FLARE: favipiravir +/—

NCT04499677 lopinavi
opinavir

Phase 2

Favipiravir + Lopinavir/ritonavir (LPV/r)

Oral favipiravir at 1800 mg twice daily on Day 1,
followed by 400 mg four (4) times daily from day 2 to day
7 PLUS Lopinavir/ritonavir (LPV/r) at 400 mg/100 mg
twice daily on day 1, followed by 200 mg/50 mg four
(4) times daily from day 2 to day 7
Favipiravir + Lopinavir/ritonavir (LPV /r) placebo
Oral favipiravir at 1800 mg twice daily on day 1,
followed by 400 mg four (4) times daily from day 2 to day
7 PLUS Lopinavir/ritonavir (LPV/r) matched placebo at
400 mg/100 mg twice daily on day 1, followed by
200 mg/50 mg four (4) times daily from day 2 to day 7
Favipiravir placebo + Lopinavir/ritonavir (LPV /1)
Oral favipiravir matched placebo at 1800 mg twice daily
on day 1, by 400 mg four (4) times daily from day 2 to
day 7 PLUS Lopinavir/ritonavir (LPV /1) at
400 mg/100 mg twice daily on day 1, followed by
200 mg/50 mg four (4) times daily from day 2 to day 7
Favipiravir placebo + Lopinavir/ritonavir
(LPV/r) placebo
Oral favipiravir matched placebo at 1800 mg twice daily
on day 1, by 400 mg four (4) times daily from day 2 to day
7 PLUS Lopinavir/ritonavir (LPV/r) matched placebo at
400 mg/100 mg twice daily on day 1, followed by 200
mg/50 mg four (4) times daily from day 2 to day 7

Enrolment: 240 subjects, male and female,
aged 17-70 years
Intervention model: randomized, double-blind, 2 x 2
factorial placebo-controlled
Primary endpoint: upper respiratory tract viral load at

Day 5

United Kingdom

Early intervention in COVID-19:

NCT04373733 favipiravir vs.

standard care (PIONEER)

Phase 3

Favipiravir and standard of care:
Favipiravir—day 1, 1800 mg twice per day; days 2-10,
800 mg twice per day
Standard care:

No trial intervention

Enrolment: 502 adult subjects
Intervention model: open-label parallel group
randomized control trial. One trial treatment arm and
one standard of care comparator arm
Primary study endpoint: time from randomization to a

sustained clinical improvement (maintained for 24 h) by
two points on a seven-category ordinal scale or to
discharge, whichever occurs first

UK
Brazil
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Table 2. Cont.
NCT Identifier Study Title Study Phase Intervention Study Design Location
Molnupiravir
Part I (Phase 2)
Molnupiravir 200 mg
200 mg Molnupiravir administered orally every 12 h for
5 days (10 doses total)
Molnupiravir 400 mg
400 mg Molnupiravir administered orally every 12 h for
A Phase 2/3, Randomized, 5 days (10 doses total)
Placebo-Controlled, Molnupiravir 800 mg Enrolment: 1734 subjects >18 yrs of age and older
Double-Blind Clinical Study to 800 mg Molnupiravir administered orally every 12 h for Intervention model: parallel,
NCT04575597 Evaluate the Efficacy, Safety, and Phase 2/3 5 days (10 doses total) double-blind, placebo-controlled United States
Pharmacokinetics of MK-4482 in Placebo Primary endpoint: percentage of participants who are
Non-Hospitalized Adults Placebo matching Molnupiravir administered orally hospitalized and/or die
With COVID-19 every 12 h for 5 days (10 doses total)
Part 2 (Phase 3) Molnupiravir 800 mg
800 mg Molnupiravir administered orally every 12 h for
5 days (10 doses total)
Placebo
Placebo matching Molnupiravir administered orally
every 12 h for 5 days (10 doses total)
A Phase Ila Randomized,
Double-Blind, Enrolment: 204 subjects, >18 yrs of age and older
Placebo-Controlled Trial to S . . Intervention model: parallel,
NCT04405570 Evaluate the Safety, Tolerability Phase 2 Molnupiravir: 200, 40?’ agc(ll 800 mg twice daily (BID) double-blind, placebo-controlled United Stat
and Efficacy of EIDD-2801 to ase Placebo: twi 05 i a(}IIBSiD) for5d Primary endpoint: number of participants until first hited States
Eliminate SARS-CoV-2RNA acebo: twice datly © ays non-detectable SARS-CoV-2 in
Detection in Persons nasopharyngeal (NP) swabs
with COVID-19
A Phase 3, Multicenter,
Randomized, Double-blind,
Placebo-controlled Study to . .
Evaluate the Efficacy and Safety Enrolment: 1376 subjects, >18 yrs of age and older
of MK-4482 for the Prevention Mol iravir: 800 12 h (O12H D 1t05 Intm‘Lonmodel: parallel,
NCT04939428 of COVID-19 Phase 3 Molnupiravir: 800 mg every 12h (Q12H) on Days 1 to double-blind, placebo-controlled United States

(Laboratory-confirmed
SARS-CoV-2 Infection with
Symptoms) in Adults Residing
with a Person With COVID-19
(MOVe AHEAD)

Placebo: Q12H on Days 1to 5

Primary endpoint: percentage of participants who have
undetectable SARS-CoV-2 in baseline nasopharyngeal
(NP) swabs and develop COVID-19

Paxlovid

No completed Phase 3 trials in outpatients with mild to moderate COVID-19
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Favipiravir is one of the most clinically used antiviral drugs for COVID-19 due to
early regulatory approvals worldwide, while the clinical experiences with Molnupiravir
and Paxlovid are more limited with Paxlovid use increasing rapidly especially in the
United States. In addition, there was substantial exposure to Favipiravir when used to treat
influenza and other severe RNA viral infections, i.e., Ebola. Thus, the medical community
has a more comprehensive overall clinical experience with Favipiravir compared to the
limited but increasing experience with clinical use of Molnupiravir or Paxlovid.

Favipiravir is effective for treating SARS-CoV-2 infection both in hospitalized patients
and outpatients [40,60], while Molnupiravir was not effective in hospitalized patients [34,59].
Paxlovid was evaluated only in outpatients [36,61].

Only Paxlovid is authorized for use in patients younger than 18 years of age; however,
this was not supported with real-world data but was approved on the basis of popPK
modeling. A trial in pediatric patients younger than 18 years of age has been posted on
Clinical.trials.gov (accessed on 7 March 2022) [62].

Patients in a Favipiravir (AVIFAVIR) trial [40] had confirmed PCR diagnosis of SARS-
CoV-2 infection compared to patients enrolled in Molnupiravir and Paxlovid trials that
accepted a variety of diagnostic tests depending on availability of tests in countries where
studies were conducted and confirmed diagnoses at study entry were not required. The
relevance of these factors to variability in the results is not known.

The duration of treatment with Favipiravir (AVIFAVIR) in clinical trials was up to
10-14 days or until viral clearance was confirmed by two negative PCR tests. The duration
of Molnupiravir treatment is 5 days, similar to Paxlovid.

Favipiravir (Avigan, AVIFAVIR) dosing employs a loading dose on Day 1 followed
by daily maintenance doses compared to Molnupiravir and Paxlovid that do not utilize a
loading dose but employ a flat dosing schedule for 5 days. It is uncertain how the necessary
duration of treatment with Molnupiravir was defined because the median time to viral
clearance in the Phase 2 trial with virologic endpoint was approximately 14 days.

The Favipiravir (AVIFAVIR) dosing regimen is based on body weight cutoffs, which
provides for more accurate exposure in patients, i.e., those who are heavier can get adequate
doses while avoiding potential overdosing in smaller patients. Both Molnupiravir and
Paxlovid do not take this factor into account. Molnupiravir exposure was observed to be
20% lower in obese patients but without apparent impact on antiviral efficacy [34].

Median time to viral clearance with Favipiravir in hospitalized patients in clinical
trials was 4 days [63], and in early post-approval use, 6 days of treatment compared with
standard supportive therapy provided statistically significant outcome differences [64].
Both Molnupiravir and Paxlovid used placebo for comparison in a double-blind design set-
ting; the median time to viral clearance with Molnupiravir was 14 days, while PAXLOVID
caused a significant reduction in viral load within 3-5 days of treatment initiation [61]. The
best results were observed for each of these compounds when patients were enrolled within
3 days after symptom onset. This is consistent with the mechanism of antiviral action and
justifies the use of antivirals for treatment of COVID-19 at the earliest possible time. The
median time to clinical improvement followed similar patterns. More importantly, these
effects were associated with a significant reduction in 28-day mortality for all three drugs.

Drugs with proven activity against SARS-CoV-2 might be combined to achieve higher
than expected potency. Favipiravir combinations with other non-antiviral agents were
clinically effective in COVID-19 patients, including those who were critically ill. A com-
bination of Favipiravir and steroids was reported to be beneficial for preventing severe
COVID-19 pneumonia when drugs were administered in the early stage of disease [65-67].
Similar benefits in COVID-19 patients were reported with the combination of Favipiravir
and Tocilizumab [68] and Favipiravir plus Nafamostat mesylate [69]. Favipiravir plus the
serine protease inhibitor Aprotinin accelerated viral clearance and prevented the transfer
of patients to intensive care [63].

Molnupiravir is also attractive for combination drug therapy. Brequinar, a dihydrooro-
tate dehydrogenase inhibitor (DHOD), is being evaluated in non-hospitalized patients
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with COVD-19 (NCT04575038) and was proposed for combination therapy with Molnupi-
ravir after encouraging preclinical results [70]. Molnupiravir combined with Nirmatrelvir
showed additive effects when tested against the beta and delta strains of the SARS-CoV-2
virus [71].

11. Potential for Developing Antiviral Drug Resistance

Favipiravir and Molnupiravir are likely to have high mutation thresholds for drug
resistance. Indeed, spontaneous Favipiravir-resistant mutants have not been observed
during the clinical treatment of influenza virus infections [72]. Baranovich et al. found that
Favipiravir treatment did not select specific mutations in potential target proteins of the
HINI influenza virus, including the PB1, PB2, PA, and NP viral proteins [73].

It is assumed that Favipiravir also has a high barrier to resistance for the SARS-CoV-2
virus, although research in this area is sparse. Perales and Domingo postulated that the
lethal mutagenesis mechanism of action is nearly impervious to the development of drug
resistance [74]. Based on the mechanism of action, it is anticipated that Molnupiravir has
properties similar to Favipiravir regarding the development of antiviral resistance. In vitro
studies with NHC indicated that this is, indeed, the case [34].

SARS-CoV-2 variants in genes comprising the replication complex have been ob-
served [75], but these were not associated with clinical drug resistance. It was noted by
Pachetti et al. that regional virus strains may be emerging with specific replication complex
gene signatures [75]. However, the role for replication complex gene mutations in driving
virus evolution remains unknown and is deserving of additional investigation.

Little information has been presented on the development of antiviral resistance to
Paxlovid. In vitro studies with murine hepatitis virus showed a 4.4- to 5-fold decrease in
Nirmatrelvir susceptibility among resistant viruses; however, the relevance of these findings
to the SARS-CoV-2 virus is not known at this time [36]. A recent study of naturally occurring
SARS-CoV-2 variants (not treatment related) documented changes in the gene sequence
of the Main protease, but enzymes expressed from these genes remained susceptible to
Nirmatrelvir inhibition [76].

An important feature of Molnupiravir is its potential for altering the sequence of
host RNA and for inducing mutations in the DNA of the host genome. Zhou et al. (2021)
demonstrated that DNA mutagenesis by NHC was much more frequent than was seen
for Favipiravir [77]. It is uncertain whether this risk will be mitigated by the short, 5-day
duration of Molnupiravir treatment, especially in immunocompromised patients who
shed virus longer compared to those with intact immune responses [78]. However, it is
important to point out that alterations in host RNA sequences were not detected in studies
of Molnupiravir inhibition of the Middle East Respiratory Syndrome coronavirus [79].
Until further work is completed, we do not know whether these differing results reflect the
properties of viral RNA-dependent RNA polymerases contrasted to DNA-dependent RNA
polymerases of the host or other variables. Zhou's group (2021) tested directly for DNA
mutation frequency, thus implicating yet a third mechanism involving DNA-dependent
DNA polymerases. Consequently, this important issue relating to Molnupiravir safety
remains unclear.

Favipiravir is generally considered to be non-mutagenic. Favipiravir was negative in
the Ames test and after in vitro tests of unscheduled DNA synthesis. However, it induced
mutations irrespective of the metabolic activation during in vitro chromosomal aberration
assays or in vitro mammalian gene mutation assays. Imbalanced intracellular nucleotide
pools were considered to be causative factors of these findings regarding DNA damage.
Favipiravir tested negative during in vivo mutagenicity tests [33]. More importantly,
Favipiravir-TP did not inhibit human DNA polymerases «, 3, and 'y at up to 1000 pmol/L,
at concentrations in excess of those causing inhibition of influenza RdRp, i.e., half-maximal
inhibition (IC50) of 0.341 umol/L [80]. As a reference for the SARS-CoV-2 virus, the
half-maximal effective concentration (EC50) of Favipiravir was found in the range of
118.3-207.1 uM and half-maximal cytotoxic concentration (CC50) was >500 pM in Vero
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E6 cells [15]; similar results were obtained by another group that used Vero E6 or Huh-
7 cells, EC50 = 61.88 uM and CC50 > 400 uM, respectively, with a cytotoxic selectivity
index of >6.46 [81]. In COVID-19 patients, pharmacologically active trough concentrations
(plasma) of Favipiravir were considered to be in the range of 40-80 ng/mL [82]. Favipiravir
slightly inhibits human RNA polymerase II; however, this effect was half maximal only at
(IC50) of 905 pumol/L [4], and it is unlikely that these observations and those made with
human DNA polymerase occurring at an excess of pharmacologically relevant exposures
are significant for the clinical use of Favipiravir.

Favipiravir mutagenesis of DNA is much less frequent compared to NHC despite
having a similar EC50 value for virus suppression. The difference may be due to the drug
structures. Molnupiravir is a nucleoside that may be converted more efficiently into a
deoxynucleotide (DNA mutagen), while Favipiravir is a base that is inefficiently converted
to a ribonucleoside [83] and may be less available for ribonucleotide reductase conversion
to the deoxynucleotide form. The concern regarding mutagenesis after Molnupiravir
treatment is driven partly by the finding that the prodrug and NHC both tested positive in
the Ames mutagenesis test, with or without metabolic activation, and metabolic activation
reduced the dose level at which mutagenicity of Molnupiravir was observed. In vivo
testing had equivocal results [34]. These findings are not surprising, because early in its
development, NHC was identified as a DNA mutagen (reviewed in: [84]).

Like Favipiravir, individual Paxlovid components also tested negative for mutagenic
and clastogenic activity, both in vitro and in vivo. Mutagenic or clastogenic activities for a
combination of Nirmatrelvir plus Ritonavir have not been reported.

12. Summary of the Clinical Risk/Benefit Profiles

All three compounds provide potent virus suppression and clinical benefits when
administered early after SARS-CoV-2 infection. However, their clinical risks need to be
understood in the context of their potential for DDI and, to some extent, to their mechanism
of action. Caution must be used when prescribing Paxlovid due to its complex impact on
metabolism and transporter functions. The extent to which risk is mitigated by the short
treatment course remains uncertain.

Molnupiravir is not a subject of relevant DDI, and other risks are tolerable within
the doses and regimens used for COVID-19 therapy; however, Molnupiravir is a DNA
mutagen with uncertain potential for long-term damage. Again, this risk is mitigated by
using a short treatment interval, although the clinical impact of this decision is uncertain.

Favipiravir’s potential for clinically relevant or significant drug interactions is also
considered low However, Favipiravir was shown to inhibit CYP2C8 and also interferes
with the uric acid pathways. Therefore, caution should be used when administering drugs
in patients with pre-existing uric acid disorders as well as with agents that are metabolized
by the CYP2C8 system. These risks appear to be low in the context of the current outpatient
experience with COVID-19.

13. Discussion

Our review compared the risk/benefit profiles of three oral antiviral drugs approved
currently for treating COVID-19. This is not an exhaustive evaluation of the differences
among these compounds as there is substantial variation among clinical study methods and
differences in the availability of data from nonclinical studies. Further, information about
COVID-19 therapy is a fast-evolving landscape while public health programs begin to
comprehend the vital role for antiviral therapy in combating the pandemic. We endeavored
to provide a snapshot of critical issues impacting the potential for success with the currently
available, approved oral antiviral drugs. This perspective may facilitate a comparative
evaluation of new drugs that are or will begin clinical trials. The clinical use of oral
antiviral therapies for COVID-19 disease is expected to undergo substantial growth with
the expanded use of existing drugs and new compounds entering the market. A detailed
understanding of drug properties and careful comparisons among available therapeutic
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options is especially important for treating a complex disease such as COVID-19 and where
pandemic virus spread has created the highest level of urgency.

14. Conclusions

Based on the available preclinical and clinical data, all three compounds exhibit
positive risk/benefit profiles in COVID-19 patients. Each drug has provided life-saving
intervention in COVID-19 disease progression with acceptable risks, and their use is
impacting the epidemic of SARS-CoV-2 infection. Favipiravir has the most extensive
clinical experience and is an effective COVID-19 therapy in many parts of the world.
Molnupiravir and Paxlovid have more limited clinical experience and are less widely used
due to their recent introduction as COVID-19 therapies. These drugs manifest a spectrum of
antiviral activity, resulting in the accelerated clearance of virus and improvement of clinical
symptoms with reduced progression to severe illness and mortality. Accelerated drug
approvals are already changing the landscape of treatment of COVID-19, supplementing
vaccination efforts and making a positive difference in regions where vaccines may not
be widely available. Due to the direct and potent impacts on viral burden, these drugs
have potential for curbing further spreading of the infection in affected communities
and households.

Although some attributes are shared among these drugs, they also have distinct
properties due to their medicinal chemistries, mechanisms of action, PK behavior, dosing
regimens, DDI, and clinical performance. While Favipiravir is acknowledged to have a high
barrier to resistance mutations, less is known about Molnupiravir and Paxlovid regarding
the potential for drug-resistant SARS-CoV-2 variants to emerge. The potential for drug
resistance encourages a continuing effort to develop new drugs for multiple SARS-CoV-2
targets and perform surveillance for resistant variants. It remains uncertain whether distinct
populations of COVID-19 patients may respond to one or to all three of the drugs. An
analysis of the available and emerging data and the continuous analysis of their similarities
and differences will contribute to a better understanding of COVID-19 treatment strategies.
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