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Abstract: Vaccines remain the cornerstone of medical prevention and are highly effective in reducing
the risk of severe disease and death due to coronavirus disease 2019 (COVID-19). In the context of
expanding the therapeutic armamentarium against COVID-19, molnupiravir (Lagevrio) and ritonavir-
boosted nirmatrelvir (Paxlovid) were developed, constituting the first effective oral treatments
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In this narrative review,
we retrospectively inquired into the clinical trials and real-world studies investigating the efficacy
of these agents. Overall, clinical trials and real-world studies have demonstrated the efficacy of
both agents in reducing hospitalization and death rates in COVID-19 patients. As per current
recommendations, their use is suggested in patients with mild to moderate symptoms who are at
high risk of developing severe disease. Nevertheless, limited data exist regarding their efficacy in
specific subpopulations, such as immunocompromised patients, those with severe kidney disease,
pregnant women, and children.
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1. Introduction

Vaccination against COVID-19 has been established as the most valuable weapon in
preventing severe systemic disease and subsequent mortality, as demonstrated using clini-
cal trials and real-world data [1,2]. However, a significant proportion of the global popula-
tion remains unvaccinated, vaccine-induced immunity wanes over time, not all vaccinated
people mount an adequate immune response, and new SARS-CoV-2 variants maintain the
ability to circumvent immunity conferred by natural infection or vaccination [3-6].

An array of effective antiviral medications is vital in reducing morbidity and mortality
caused by SARS-CoV-2 infections [2]. Rationally, new oral antivirals targeting parts of
the virus other than spike protein could play a complementary role in reducing patient
hospitalization and death rates regardless of vaccination status, time from vaccination or
the patient’s immune state.

Pfizer’s Paxlovid [nirmatrelvir (PF-07321332); ritonavir] and molnupiravir (Lagevrio
EIDD-2801) by Merck and Ridgeback Biotherapeutics are the first effective oral treatments
that are approved for use against SARS-CoV-2 [7]. This narrative review aims to summarize
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the current knowledge regarding the new oral antivirals, focusing on their mechanism of
action and discussing the main findings from clinical trials that granted them an Emergency
Use Authorization (EUA). Emphasis is placed on subsequent real-world studies, which
assessed their safety and efficacy in large cohorts of patients beyond the strict protocols of
clinical trials.

2. Oral Antivirals

SARS-CoV-2 utilizes an RNA-dependent RNA polymerase (RdRp) with replicative
and transcriptive capacity for survival [8]. Viral polymerases constitute an ideal target for
coronavirus-specific treatments. It is important to highlight, however, that coronaviruses
are innately resistant to nucleoside analog treatments that suspend the physiologic RNA
elongation process due to the proof-reading activity facilitated with the RdRp enzyme [9].

2.1. Molnupiravir (EIDD-2801)

Molnupiravir (Lagevrio or EIDD-2801) represents a prodrug of 3-D-N*-hydroxycytidine
(NHC) that demonstrates higher than 100-fold potency against SARS-CoV-2 in comparison
with ribavirin and favipiravir [10]. Its efficacy in limiting replication has been documented
in numerous viruses beyond SARS-CoV-2: influenza viruses [11], Venezuelan equine en-
cephalitis virus [12], respiratory syncytial viruses [13], Chikungunya virus [14], Ebola
virus [15] and hepatitis C virus (HCV) [16].

Regarding its efficacy against SARS-CoV-2, molnupiravir has been demonstrated to
exert various effects in vivo. Wahl et al. demonstrated that molnupiravir could reduce viral
replication in human lung tissue, regardless of whether it was administered in prophylactic
or therapeutic regimens [17]. Similarly, Cox et al. documented a substantial viral load
reduction and suppressed contamination in the upper respiratory system of ferrets treated
with molnupiravir [18]. These observations led to intense scientific efforts to elucidate
molnupiravir’s mechanism of action against the SARS-CoV-2 RdRp (Figure 1).

The spike (S) protein on the surface of viral particles binds to the angiotensin-converting
enzyme 2 (ACE2) cell-surface receptor. The transmembrane serine protease 2 (TMPRSS2)
is necessary for priming the S protein. These interactions lead to the fusion of the viral
and cellular membranes, promoting viral entry. After the release of the genome into the
cytoplasm, an immediate translation of two regions called open reading frames la and 1b
(ORF1la and ORF1b) takes place, producing two polypeptides, ppla and pplab. Sixteen
non-structural proteins are released from these polypeptides upon proteolytic cleavage via
the papain-like protease (PLPRC) and the 3-chymotrypsin-like protease (3CLIRO). Among
these non-structural proteins are the RNA-dependent RNA polymerase (RdRp) and other
enzymes, which constitute the viral replication and transcription complex (RTC) and are
essential for RNA synthesis. Messenger RNAs (mRNAs) are translated into structural and
other proteins, and viral assembly occurs at the endoplasmic reticulum (ER)-to-Golgi com-
partment. After this process, viral particles are ready to exit the infected cell. Nirmatrelvir
inhibits 3CLFRO, blocking the viral proliferative process, and molnupiravir interferes with
RdRp, causing “lethal mutagenesis”.

There is a two-step process that results in the molnupiravir-driven “lethal mutagenesis”
of SARS-CoV-2 [19]. In more detail, RARp incorporates 3-d-N*-Hydroxycytidine (NHC)
monophosphate (M) nucleotides into the elongating molecule instead of nucleotides C
or U. Subsequently, the NHC-carrying RNA template drives the production of mutated
end-products with confined functionality [19]. As outlined above, it is essential to override
the proofreading activity of the RdRp [20], and molnupiravir exhibits adequacy.
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Figure 1. Mechanism of action of nirmatrelvir and molnupiravir during the life cycle of SARS-CoV-2.

NHC nucleotides have been demonstrated to compromise the coronavirus’s innate
mechanism of survival mutation development. In 2019, Agostini et al. investigated the
effects of NHC on the inhibition and development of resistance in two distinct coron-
aviruses, the Murine Hepatitis Virus (MHV) and the Middle East Respiratory Syndrome
coronavirus (MERS-CoV) [21]. NHC mediated a mutagenic mechanism of virus inhibition,
which concurrently established an accumulated genetic mutation load sufficient to impede
viral resistance development [21].

On the other hand, a wave of skepticism emerged over whether this mutagenesis
could also collaterally affect the host human cells. In a side-by-side comparison of the
mutagenic effects of three distinct ribonucleoside analogs against SARS-CoV-2 conducted
by Zhou et al., the authors suggested that even a brief treatment regimen with these agents
would likely also inadvertently expose the host to their mutagenic properties [10]. Simulta-
neously, a panel of FDA experts recently emphasized the risk of teratogenesis as well as the
possible emergence of viral strains resistant to the current treatment approaches [22].
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2.2. Paxlovid [Nirmatrelvir (PF-07321332); Ritonavir]

The genomic analysis of SARS-CoV-2 has demonstrated that the viral RNA codes for
four structural proteins (one of which is the spike protein) and two polypeptides (ppla
and pplab) [23]. Through protease-based proteolytic cleavage, these polypeptides are
consequently further processed into smaller proteinic molecules (helicase, single-stranded
RNA-binding protein, RdRp, 2/-O-ribose methyltransferase, endoribonuclease and exori-
bonuclease), which demonstrate a key role in viral replication [23].

The 3-chymotrypsin-like protease (3CL'RO) is the central protease facilitating the
process mentioned above and assumes a vital role in viral replication and survival [24,25].
It is a proteinic molecule with 306 amino acid residues forming a homodimer, each unit of
which consists of three domains (I, I and III). The active site of this protease, containing the
catalytic dyad of Cys145-His41, is located between its domains I and II [26]. Demonstrating
a central role in the viral proliferative process, in combination with having no homol-
ogy to human proteases, 3CLPRC has emerged as a potential target of precision antiviral
medicine [25].

Protease inhibitors already exist in the therapeutic arsenal against other viral infections,
including HIV infection and hepatitis C [24], with drug-repurposing processes being
appealing in a global pandemic setting.

PF-07321332 (nirmatrelvir) is an oral medication developed from compounds refined
during the SARS-CoV-1 epidemic, and it was designed for precise 3CL'RO inhibition. This
achievement was deemed possible since the main proteases of SARS-CoV-1 and SARS-
CoV-2 exhibit a high sequence of substrate binding site homology [25]. Nirmatrelvir boasts
proven in vitro and in vivo antiviral activity mediated through the blockade of the viral
proteolytic cleavage cascade (Figure 1) [25].

In terms of pharmacokinetics, nirmatrelvir has been demonstrated to be metabolized
through the CYP3A4 enzyme, and thus, co-administration with a CYP3A4 inhibitor could
augment its therapeutic potential [24]. Indeed, the strategic co-administration of nirma-
trelvir with ritonavir (Paxlovid), a known CYP3A4 inactivator, has been suggested, inspired
by previous drug co-administrations that were used in a similar fashion against HIV [27].

3. Evidence beyond Clinical Trials

On 11 October 2021, Merck, in collaboration with Ridgeback Biotherapeutics, an-
nounced the submission of their application to the U.S. Food and Drug Administration
(FDA) for the Emergency Use Authorization (EUA) of molnupiravir [2]. Their submission
was supported by promising results from an interim analysis of the phase 3 MOVe-OUT
clinical trial conducted on non-hospitalized adult patients with mild to moderate COVID-
19 identified as being at increased risk for disease progression. They included patients
of both sexes with the following criteria: onset of symptoms <5 days prior to the day of
randomization and at least one predisposing factor for increased risk for severe illness.
Patients that were excluded were pregnant and breastfeeding women, patients with severe
renal failure or on dialysis, HIV-positive patients with a recent viral load of >50 copies/mL
and patients with a history of a hepatitis B virus (HBV) or HCV infection with concomitant
hepatic impairment [28]. The researchers demonstrated that a 5-day course of molnupiravir
800 mg twice daily reduced the risk of hospitalization or death by 48% [29]. This oral agent
had already been authorized in the UK [30].

On 26 November 2021, the two companies updated on the results of the MOVe-OUT
study, eventually demonstrating a relative risk reduction of 30% in hospitalization or death
and an adverse effect profile consistent with the one on the interim analysis [31,32]. Finally,
on 23 December 2021, the FDA announced an EUA for molnupiravir for the treatment
of adults with mild to moderate COVID-19 at high risk for progression to severe disease
when alternative therapeutic options are unavailable or clinically irrational. A total of
forty capsules (four 200 mg capsules twice daily for five consecutive days) would be
administered within five days of symptom onset [32,33]. According to secondary and
post hoc analyses of patients’ self-reported symptoms in the MOVe-OUT trial, sustained
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resolution or improvement of symptoms was more likely and disease progression was less
probable in the molnupiravir versus placebo group of participants [34].

Molnupiravir was also evaluated in the MOVe-AHEAD study for post-exposure pro-
phylaxis, assessing its efficacy in preventing laboratory-confirmed symptomatic infection
in adults in close contact with a person positive for SARS-CoV-2 with symptoms [35].
However, on 21 February 2023, Merck announced that the reduction in the risk of infection
was not statistically significant after using molnupiravir [36]. Furthermore, molnupiravir
was tested in hospitalized patients with COVID-19 in the MOVe-IN trial, demonstrating no
clinical benefit compared to placebo [37].

During the emergence of the Omicron variant, PANORAMIC, a UK-based multi-center
randomized controlled trial, evaluated the effectiveness of the addition of molnupiravir
to the usual treatment of COVID-19 in high-risk outpatients, defined as being >50 years
of age or >18 years with relevant comorbidities. In contrast to the MOVe-OUT study, this
open-label trial did not demonstrate a significant reduction in hospitalization or death in
the group of patients treated with molnupiravir plus standard care compared to standard
care alone [38]. Three months later, Malin et al. published the findings of a systematic
review of nine randomized controlled trials, each of which compared patient outcomes
after molnupiravir administration 4 standard care versus standard care and/or placebo.
In agreement with PANORAMIC, the authors demonstrated that molnupiravir did not
affect mortality and hospitalization rates in the largely immunized general population of
COVID-19 outpatients [39].

On the other hand, Xie et al., using information collected from electronic health records,
reproduced the outcomes of a randomized controlled trial (RCT) designed to evaluate the
benefit of molnupiravir administration in comparison with no treatment in adult patients at
high risk of developing severe COVID-19 disease in the community. The authors suggested
that molnupiravir might reduce hospital admission rates or death rates at 30 days compared
to no treatment [40]. In addition, a large US cohort study of 229,286 patients demonstrated
that in SARS-CoV-2-positive individuals with at least one risk factor for progression to
severe disease, molnupiravir administration was associated with a decreased risk of post-
acute sequelae compared to no treatment, regardless of vaccination status and history of
prior infection [41].

To address the disparities surrounding the efficacy of molnupiravir in the literature,
Tian et al. conducted a systematic review and meta-analysis of nine RCTs that included
31,573 COVID-19 patients. The researchers demonstrated that the molnupiravir group
of patients exhibited higher rates of clinical improvement on day 5 of treatment, but no
significant difference was noted in terms of mortality, hospitalization or adverse event rates
between the two groups [42]. In contrast, another systematic review and meta-analysis of
nine RCTs demonstrated that molnupiravir administration was associated with a lower
risk of mortality and hospitalization among non-hospitalized patients [43].

In a more recent systematic review and meta-analysis of fourteen RCTs with a yield of
34,570 adult patients with non-severe COVID-19, which aimed to evaluate the efficacy of
molnupiravir administration, it was outlined that the antiviral agent was weakly associated
with a reduction in the hospitalization risk. Still, no significant differences were indicated
in terms of adverse event occurrence, all-cause mortality, length of hospital stay, risk of
mechanical ventilation and time-to-symptom resolution [44].

Of note, molnupiravir gathered substantial attention regarding its potential efficacy
against severe COVID-19 disease and associated sequelae in unvaccinated individuals
in clinical studies such as the MOVe-OUT clinical trial. However, further investigation
in studies such as the PANORAMIC RCT and subsequent systematic reviews and meta-
analyses failed to demonstrate a strong association between molnupiravir administration
and a reduction in the already-low hospitalization and all-cause mortality rates in high-risk
but previously vaccinated individuals.

On the other hand, Pfizer’s Paxlovid (ritonavir-boosted nirmatrelvir) was administered
to unvaccinated high-risk adult outpatients with mild to moderate disease in the context of
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phase 2/3 of the EPIC-HR study. EPIC-HR eligibility and exclusion criteria were similar to
those used in the MOVe-OUT trial for molnupiravir [45]. The final results indicated that a
five-day regimen of Paxlovid reduced the risk of hospitalization or death by 89% in patients
treated within three days of symptom onset [46]. On 22 December 2021, the FDA announced
an EUA for this oral drug for the treatment of adult and pediatric patients (12 years of
age and older, with at least 40 kg body weight) with mild to moderate symptoms who are
identified as being at increased risk for disease progression [47].

In parallel, the EPIC-SR study in standard-risk patients primarily evaluated time to
sustained symptom alleviation using Paxlovid within 3 or 5 days of symptom onset. This
clinical trial also included a proportion of vaccinated participants with medical conditions
predisposing them to severe disease [48]. Preliminary reports indicated that the primary
outcome of symptom relief failed to reach its prespecified endpoint, and a 70% reduction in
hospitalization and no deaths were observed in the population treated with Paxlovid [49].
Finally, however, the study demonstrated no significant decrease in the rates of hospitaliza-
tion or death [50]. Moreover, in both the EPIC-HR and the EPIC-SR studies, participants
in the treatment arm had an approximately 10-fold decrease in viral load on day 5 of
treatment [49]. Furthermore, a phase 2/3 study for post-exposure prophylaxis (EPIC-PEP)
was initiated in September 2021, assessing the efficacy of Paxlovid in preventing the de-
velopment of symptomatic COVID-19 infection after exposure to a person with confirmed
symptomatic infection [51]. However, non-significant results were announced on 29 April
2022 [52]. Finally, the EPIC-Peds study is ongoing, recruiting non-hospitalized pediatric
patients with mild to moderate COVID-19 symptoms at high risk for disease progression
and assessing Paxlovid’s safety and efficacy in this subset of patients [53].

To elucidate the effectiveness of nirmatrelvir during the era of the Omicron variant,
Arbel et al. conducted a study with a sample population size of nearly 110,000 patients
over 40 years of age, 4% of whom were treated with Paxlovid. It was indicated that among
patients over 65 years of age, hospitalization and overall mortality rates were significantly
lower in the Paxlovid treatment cohort, with no similar benefit demonstrated in younger
patients [54].

Najjar-Debbiny et al. also conducted a study during the Omicron era, including more
than 180,000 adult patients identified as being at risk for severe COVID-19. Of these patients,
2.6% were treated with Paxlovid, and 75.1% had adequate COVID-19 vaccination status
at the time. The researchers demonstrated that both Paxlovid and complete COVID-19
vaccination status were independently associated with reduced morbidity and increased
overall survival. As a secondary outcome, it was indicated that Paxlovid may be more
beneficial in frail patients who belong to certain risk groups, including the elderly, the
immunocompromised, and patients with a complicated cardiovascular or neurological
background [55]. Indeed, a retrospective cohort study of real-world data in Singapore
indicated that outpatient Paxlovid use was beneficial amongst the vaccinated elderly but
did not significantly reduce the already low risk for severe COVID-19 in a highly vaccinated
outpatient population [56].

To expand upon the previous studies, Ganatra et al. elaborated on the benefits of
Paxlovid in high-risk vaccinated adult individuals in the outpatient setting, conducting
a retrospective study of two separate cohorts with 1130 patients each, based on Paxlovid
administration status. The researchers demonstrated that treatment with Paxlovid in
this patient population was associated with decreased rates of ER visits, hospitalization,
complications, resource expenditure and death [57]. Complementarily, a large US cohort
study was designed to investigate the effect of nirmatrelvir administration on the incidence
of post-COVID-19 conditions (PCC or long COVID); the authors concluded that individuals
with an acute viral infection and at least one risk factor for severe disease progression were
less likely to progress to long COVID after treatment with nirmatrelvir, irrespective of
history of prior infection or vaccination status [58]. PCC, or long COVID, defined as the
persistence of symptoms for months beyond the acute infection episode, is of significant
concern due to its long-standing health and social implications, and the reason is twofold:
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firstly, due to the considerable number of SARS-CoV-2 infections, and secondarily, due to
its high incidence, estimated to be up to 17% of acute infections in the UK [59]. Current
evidence suggests an association between PCC incidence and disease severity during
the phase of initial infection [60]. Arguably, the preventative role of nirmatrelvir in PCC
occurrence may be an eventuality of its protective effect against progression to severe
disease. However, further research is warranted to establish such an association.

Finally, an emulated randomized control trial by Xie et al. demonstrated that in pa-
tients with COVID-19 at risk of severe disease, nirmatrelvir administration was associated
with reduced rates of hospitalization or 30-day mortality compared to no treatment, re-
gardless of vaccination or history of previous infection status [61]. Similarly, real-world
data from two large independent matched observational cohort US-based studies indicated
that treatment with Paxlovid reduced the risk of hospitalization and all-cause mortality in
COVID-19-positive outpatients [62,63].

To evaluate the effect of either molnupiravir or Paxlovid in patients with mild to mod-
erate COVID-19 and at least one underlying disease, Wai et al. conducted a retrospective
study of 54,355 individuals in Hong Kong who were prescribed either one of the above
antiviral agents in an inpatient or outpatient setting. The researchers demonstrated that
oral antiviral agents were associated with a significantly decreased hazard of all-cause
mortality with good safety profiles. Secondarily, it was indicated that any oral antiviral
prescription was associated with fewer hospitalizations, and shorter lengths of stay, thereby
significantly reducing hospital costs [64]. Concurrently, two retrospective cohort studies
by Lui et al. and Wu et al. investigating the effect of oral antivirals on non-hospitalized
patients with Diabetes Mellitus type II (DMII) and COVID-19 concluded that the antiviral
agents were associated with decreased rates of all-cause mortality and hospitalization in
DMII outpatients [65,66].

Cegolon et al. published a retrospective cohort study in May 2023 in which they
investigated the clinical outcomes of molnupiravir, Paxlovid and Sotrovimab against
standard-of-care controls at three distinct endpoints (hospitalization at 30 days, mortality
at 30 days and time between COVID-19 diagnosis and first negative swab test result) in
a total number of 386 COVID-19 outpatients [67]. The authors concluded that not only
did all three aforementioned antiviral agents prove to be more effective than the current
standard of care in preventing hospital admission and/or death secondary to SARS-CoV-2,
but they also reduced time to a negative RT-PCR swab test. Interestingly, as a secondary
study outcome, it was indicated that the number of vaccinations had a protective effect
when it came to hospitalization [67].

Concerning hospitalized patients with COVID-19, Wan et al. conducted a target
trial emulation study investigating adult inpatients who received either molnupiravir or
Paxlovid during the Omicron outbreak. The researchers concluded that molnupiravir and
Paxlovid reduced all-cause mortality rates within 28 days of admission but did not affect
the risk of ICU admission or the need for mechanical ventilation [68].

Notably, many clinical trials and real-world studies almost universally included pa-
tients identified as high risk for disease progression, effectively excluding vulnerable
individuals who had already reached severe COVID-19 status. On this front, Liu et al.
designed a multicenter randomized control trial that included adult patients infected with
SARS-CoV-2, hospitalized within the previous 48 h with a SOFA /Charlson score > 2, with
concomitant, already identified severe comorbidities. The authors endeavored to assess the
safety and efficacy of Paxlovid in the described patient population and defined severe co-
morbidities as including but not limited to immunosuppressed status, Chronic Obstructive
Pulmonary Disease (COPD), hypertension complicated with associated target organ injury,
both acute and chronic cardiac insufficiency and renal failure. This study concluded that
treatment with Paxlovid did not improve patient outcomes in terms of all-cause mortality
on day 28 as well as SARS-CoV-RNA burden in the aforementioned patient group [69].
On the other hand, a territory-wide study conducted by Wai et al. demonstrated that
among COVID-19 hospitalized patients, the use of either Paxlovid or molnupiravir was
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associated with a significantly lower incidence of -related mortality and sepsis against no
treatment controls [70].

Comparing the efficacy of Paxlovid against molnupiravir, Amani et al. conducted
a systematic review and meta-analysis including eighteen studies with a 57,659 patient
yield, indicating the superiority of Paxlovid in reducing all-cause mortality, hospitalization
rates and negative polymerase chain reaction conversion times over molnupiravir. How-
ever, no significant difference was outlined between the two antiviral agents in terms of
COVID-19 rebound after treatment [71]. Similarly, a real-life comparison cohort study of
17,977 patients sampled from the general population concluded that Paxlovid was superior
to molnupiravir in reducing the risk of mortality by day 28, regardless of vaccination status
and underlying comorbidities [72]. In contrast, in a retrospective review of 3207 high-risk
COVID-19 outpatients, Paxlovid and molnupiravir produced similar results in reducing
all-cause hospitalization rates [73].

To examine the rate and relative risk of COVID-19 rebound after completion of treat-
ment, Wang et al. conducted a retrospective cohort study of more than 13,000 patients
infected with COVID-19 and subsequently treated with Paxlovid or molnupiravir. COVID-
19 rebound was defined as either COVID-19 infection, COVID-19-associated symptoms, or
hospitalization. What was demonstrated was that patients who experienced COVID-19
rebound had a significantly higher frequency of concomitant medical conditions and that
the rebound risk was similar for both agents under review [74]. More recently, Wong et al.
compared the SARS-CoV-2 viral burden rebound rates among two cohorts of patients: one
that received either Paxlovid or molnupiravir as treatment and the other that received
no treatment. The authors determined that the viral burden rebound rates were similar
between the two cohorts and that viral burden rebound was not associated with any clinical
adverse events [75]. COVID-19 rebound incidence and associated risk factors have not been
extensively investigated in the literature, especially in the setting of oral antiviral adminis-
tration. Perelson et al. discussed that a 5-day course of Paxlovid may lead to incomplete
viral clearance facilitated by incomplete target cell depletion, which was demonstrated to
remain at numbers sufficient to cause disease rebound. Conversely, the authors suggest
that a modification of the oral antiviral treatment duration could play a significant role in
reducing COVID-19 rebound occurrence [76].

4. Considerations in Clinical Practice
4.1. Drug Resistance and Drug Interactions

The challenges that are imposed by oral antiviral regimen administration in the real
clinical setting, beyond strict clinical trial administration and adherence to treatment
protocols, are vital to be discussed. Despite the complete duration of the oral antiviral
regimen being merely five days, the total number of pills that must be ingested daily
may affect appropriate compliance [77]. As a result, it could be argued that inconsistent
adherence to the prescribed regimen may assume a causative role in the emergence of
induced viral resistance.

Various references describing the development of resistance to protease inhibitors have
been reported in the literature in the context of antiretroviral agent use in the therapeutic
management of HIV, including ritonavir [78,79]. In a recent study published by Ip et al. in
2023, the authors investigated the worldwide prevalence of mutant SARS-CoV-2 strains
that demonstrated resistance to the protease inhibitors nirmatrelvir or ensitrelvir, sec-
ondary to a mutated 3CL"RO. They concluded that currently, one year after the approval of
Paxlovid, protease inhibitor resistance prevalence remains scarce. More specifically, of the
13,446,588 3CLPRO coding sequences investigated, merely 0.5% contained at least one muta-
tion that granted resistance to the inhibitory properties of nirmatrelvir or ensitrelvir [80].

No substantial risks for clinically relevant drug-to-drug interactions have been iden-
tified with molnupiravir [81]. In contrast, on the basis that nirmatrelvir is known to be
metabolized with P450 CYP3A, Paxlovid administration to the general population beyond
a clinical trial may pose a significant challenge. Suitable patient education may be nec-
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essary regarding the potential drug-to-drug interactions of nirmatrelvir, which include

antiarrhythmic medications such as amiodarone and lidocaine; anticoagulants such as

warfarin, rivaroxaban and dabigatran; macrolide antibiotics; antihypertensives such as

amlodipine, nifedipine and diltiazem; corticosteroids such as budesonide and methylpred-
nisolone as well as severe life-threatening adverse interactions with calcineurin inhibitors,

e.g., tacrolimus [82]. The counseling of the patients regarding nirmatrelvir interactions

should also include certain over-the-counter medications, recreational drugs and herbals [83].
Concurrently, ritonavir, the second pharmaceutical component of Paxlovid, constitutes

a potent P450 CYP3A inhibitor and may consequently exaggerate the existing drug in-
teractions of nirmatrelvir [82]. Larsen et al. demonstrated that in Denmark, there exists

significant potential for noteworthy Paxlovid-induced drug-to-drug interactions in the

elderly population, whose underlying comorbidities, by definition, predispose them to

severe COVID-19 disease [84].

4.2. Immunocompromised Patients

Through various cases in the literature, it has been suggested that immunodeficient
individuals may harbor the SARS-CoV-2 virus for extended periods of time [77]. In a
real-life study of 35 Chinese immunocompromised patients with COVID-19, Paxlovid
administration within five days of diagnosis led to a more rapid clearance of viral load and
a faster elimination of SARS-CoV-2 [85]. In a similar context, Graziani et al. described three
cases of relapsing COVID-19 in patients receiving anti-CD20 therapy who were treated
with ritonavir-boosted nirmatrelvir with favorable clinical, radiological and virological
outcomes [86]. The EPIC-IC study is also currently ongoing, evaluating the efficacy of
Paxlovid in immunocompromised symptomatic patients with COVID-19 who are at least
12 years of age [87]. Additionally, a post hoc analysis of the immunocompromised patient
cohort of the MOVe-OUT trial demonstrated the superiority of molnupiravir compared
to placebo in reducing the risk for hospitalization or death by day 29. However, this
was a small subset of patients with no significant heterogeneity in the type of immune
compromise [88].

In the context of hematological malignancy, Spiliopoulou et al. conducted a prospec-
tive study investigating the effect of molnupiravir and Paxlovid on COVID-19-associated
infection severity and mortality in patients with multiple myeloma (MM) [89]. This sub-
group of patients faces the challenge of multi-layer immune compromise, originating
from treatment-induced immunosuppression on top of the natural pathophysiology of the
disease. Promisingly, the authors concluded that both antivirals appear to hold potential
benefits in mitigating severe SARS-CoV-2 infection outcomes among patients diagnosed
with MM [89].

More recently, Salmanton-Garcia et al. conducted a head-to-head comparison of the
efficacy of molnupiravir against Paxlovid in a high-risk patient population with an underly-
ing hematological malignancy. The researchers investigated two cohorts of 116 patients that
either received molnupiravir or Paxlovid for the treatment of COVID-19, while matching
the patients based on sex, age and hematological malignancy severity. This match-paired
study indicated that both antiviral agents had comparable efficacy in terms of hospitaliza-
tion rates and overall mortality in this subgroup of patients [90].

Concerning the field of organ transplantation, a study in solid organ transplant recip-
ient outpatients with COVID-19 demonstrated that patients who received molnupiravir
had lower rates of hospitalization within 30 days compared to those who received no
treatment [91]. In contrast, a study in kidney transplant recipients infected by SARS-CoV-2
exhibited no statistically significant reduction in hospitalization rates in the subgroup of
patients treated with molnupiravir [92].

Nevertheless, more research is warranted to further clarify the role of oral antiviral
treatment and the possible prophylaxis of immunodeficient SARS-CoV-2-positive individu-
als with or without other severe concomitant comorbidities treated in the outpatient setting.
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4.3. Patients with Severe Chronic Kidney Disease (CKD)

NHC is not eliminated through renal clearance, and some studies have shown the
favorable adverse effect profile and clinical efficacy of molnupiravir at a standard dosage
of 800 mg twice daily for five days in patients with COVID-19 and advanced CKD or un-
dergoing hemodialysis [93,94]. A retrospective cohort study in adult hospitalized patients
with COVID-19 and chronic kidney disease with eGFR > 30 mL/min/1.73 m? revealed
that early initiation of Paxlovid was associated with reduced rates of all-cause death, inva-
sive ventilation and ICU admission [95]. Patients with eGFR < 30 mL/min/1.73 m? were
excluded from the initial EPIC-HR study of Paxlovid, and this oral antiviral is not recom-
mended in this subset of patients [45]. However, Hiremath et al. suggested a modified
low-dose regimen of nirmatrelvir/ritonavir for patients with advanced CKD undergoing
hemodialysis, which was safe and well-tolerated [96].

4.4. Pregnancy and Lactation

Molnupiravir is not administered to pregnant and breastfeeding women, as they were
excluded from the initial MOVe-OUT trial because of its possible mutagenic effects in
mammalian cells [10,28]. These women were also excluded from the EPIC-HR study of
ritonavir-boosted nirmatrelvir [45]. However, in a small study by Loza et al. in seven
pregnant patients with COVID-19, Paxlovid was well tolerated, and no adverse fetal
events were observed. Only one patient stopped treatment because of the development of
dysgeusia [97]. Moreover, ritonavir, as part of antiretroviral therapy for pregnant women
with HIV, has been extensively studied without safety or efficacy concerns [98]. Larger
studies in pregnant and breastfeeding women are warranted, as current recommendations
from different major international societies regarding the use of Paxlovid during pregnancy
and lactation are still conflicting [99].

4.5. Children

Currently, there is anecdotal evidence of the efficacy of oral antiviral agents in children
diagnosed with COVID-19. In 2022, Yan et al. investigated the effectiveness of Paxlovid in
five children with underlying diseases, using age-matched patients with comorbidities as
controls. In the study, all child patient cases recovered from the disease, but no difference
was demonstrated in terms of viral shedding times [100]. Another study conducted by Li
et al. explored the clinical efficacy of Paxlovid in children with a baseline hematological
malignancy who were diagnosed with a SARS-CoV-2 infection. Among the Paxlovid and
non-Paxlovid cohorts, it was indicated that children who received the oral antiviral treat-
ment demonstrated shorter times of viral clearance and no adverse reactions to treatment,
but on the other hand, underwent more extended periods of fever and presented with
higher inflammation markers [101].

5. Current Recommendations according to the National Institutes of Health (NIH)

On 25 May 2023, Paxlovid was approved by the FDA for the treatment of non-
hospitalized adult patients with mild to moderate symptoms who are at high risk of
developing severe COVID-19. According to the COVID-19 Treatment Guidelines Panel (the
Panel), the course of treatment consists of 300 mg nirmatrelvir plus 100 mg ritonavir orally
twice daily for five consecutive days and should be promptly initiated within five days
of symptom onset. This constitutes a strong recommendation with a moderate quality of
evidence. The dose should be reduced to 150 mg nirmatrelvir plus 100 mg ritonavir twice
daily in patients with eGFR > 30 and <60 mL/min/1.73 m2. Paxlovid is not recommended
for patients with eGFR < 30 mL/min/1.73 m?2. However, based on limited data, a low-dose
regimen has been proposed for patients with eGFR < 30 mL/min/1.73 m? or undergoing
hemodialysis. Paxlovid is also not recommended in patients with severe hepatic impair-
ment (Child-Pugh Class C). It has also been authorized for emergency use in adolescents
> 12 years old weighing a minimum of 40 kg with mild to moderate COVID-19 who are
at high risk of disease progression. Moreover, ritonavir-boosted nirmatrelvir is available
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through an FDA EUA for hospitalized patients with a diagnosis other than COVID-19 who
have mild to moderate symptoms, provided that they are high-risk individuals and treat-
ment initiation takes place within five days of symptom development [102]. Concerning
pregnancy and lactation, the Panel recommends offering Paxlovid to this subset of the
population based on a risk-benefit assessment. The most common side effects of this oral
antiviral are dysgeusia, diarrhea, myalgia and hypertension [102].

On the other hand, the Panel makes a weak recommendation with moderate quality
of evidence for the use of molnupiravir through an EUA by the FDA as an alternative
therapeutic option in high-risk adult outpatients (>18 years) with mild to moderate COVID-
19 when ritonavir-boosted nirmatrelvir and remdesivir (intravenous drug) are not available,
achievable to use or clinically relevant. The dosage is 800 mg orally twice daily for five days,
and treatment should be started as soon as possible, within five days of symptom onset.
Dosage adjustment is not necessary in cases of renal or hepatic impairment. According to
the FDA, the risk of genotoxicity due to molnupiravir is low. The panel recommends using
effective contraceptive methods in individuals who have sexual intercourse that may lead
to conception, during and after treatment with molnupiravir. It also recommends against
the use of molnupiravir during pregnancy unless there are no other therapeutic options
and treatment is essential, according to expert opinion. Moreover, it advises against feeding
an infant breast milk from a patient who receives molnupiravir for the duration of the
treatment course and four days after the final dose. Finally, it may be used in hospitalized
adults with a diagnosis other than COVID-19, mild to moderate symptoms and a high
likelihood of disease progression. The most common adverse effects are diarrhea, nausea
and dizziness, and no specific drug-to-drug interactions have been reported [103].

6. Future Perspectives on Oral Antiviral Treatments

Careful consideration of key checkpoints in the life cycle of SARS-CoV-2 (Figure 1)
may lead to the formulation of further oral antiviral agents designed to impede host cell
penetration, viral gene expression, replication and protein synthesis. Molnupiravir and
Paxlovid emerged as the first oral antiviral treatments developed against SARS-CoV-2 in
the rapidly evolving landscape of the COVID-19 pandemic, targeting viral gene replication
and subsequent structural assembly, respectively.

Agents inhibiting the intracellular proteolytic cleavage facilitated by the SARS-CoV-2
papain-like protease (PLPRO) may induce an antiviral effect similar to the one instigated
by the inhibitory properties of nirmatrelvir against 3CLFRO [104]. Another promising area
of focus might also lie in intercepting SARS-CoV-2 penetration of the respiratory mucosa
by developing agents that disrupt the ACE2 cell surface receptor-viral spike protein in-
teraction [105]. Lastly, transmembrane serine protease 2 (TMPRSS2) inhibition may also
represent a possible therapeutic strategy against host cell infiltration by the virus [106]. Fur-
ther clinical research is required to demonstrate the potential benefits of the aforementioned
precision medicine targets in vitro, in vivo and in real-world clinical settings.

7. Conclusions

Paxlovid and molnupiravir constitute the first effective oral antivirals against SARS-
CoV-2, widely used during the Omicron era of the COVID-19 pandemic. These agents
are currently recommended for patients with mild to moderate COVID-19 at increased
risk of progressing to severe disease, as data from clinical trials and real-world studies
have confirmed their efficacy in reducing hospitalization and mortality rates in various
patient populations. Notably, a considerable portion of the worldwide population remains
unvaccinated, and additionally, it has been demonstrated that vaccine-induced immunity
declines over time. Oral antivirals account for a valuable addition to the therapeutic arsenal
against SARS-CoV-2, with proven efficacy mainly in the outpatient setting. However,
baseline patient comorbidities, vaccination status, viral load and timing of treatment
initiation may significantly contribute to the apparent discrepancies in the efficacy of both
agents, as demonstrated with clinical trials, real-world studies and meta-analyses. Further
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research is warranted to elucidate how these parameters affect the efficacy of oral antiviral
treatment. Lastly, additional investigation is required to assess their comparative safety and
efficacy in certain patient subgroups, like the immunocompromised, those with severe CKD,
pregnant women, children, solid organ transplant recipients and those who experience
COVID-19 rebound disease after oral antiviral treatment course conclusion.

Author Contributions: Conceptualization, N.S.; methodology, LK., N.M., C.T. and M.P; investigation,
LK. and N.S.; writing—original draft preparation, I.K., N.M., M.P. and .M.; writing—review and
editing, C.T. and N.S.; supervision, C.T. and N.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Ognyan Iskrenov for his assistance in preparing Figure 1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mallapaty, S.; Callaway, E.; Kozlov, M.; Ledford, H.; Pickrell, J.; Van Noorden, R. How COVID vaccines shaped 2021 in eight
powerful charts. Nature 2021, 600, 580-583. [CrossRef] [PubMed]

2. Papadakos, S.P,; Mazonakis, N.; Papadakis, M.; Tsioutis, C.; Spernovasilis, N. Pill versus vaccine for COVID-19: Is there a genuine
dilemma? Ethics Med. Public Health 2022, 21, 100741. [CrossRef] [PubMed]

3. Briissow, H. COVID-19: Vaccination problems. Environ. Microbiol. 2021, 23, 2878-2890. [CrossRef] [PubMed]

4. Galmiche, S.; Luong Nguyen, L.B.; Tartour, E.; de Lamballerie, X.; Wittkop, L.; Loubet, P.; Launay, O. Inmunological and clinical
efficacy of COVID-19 vaccines in immunocompromised populations: A systematic review. Clin. Microbiol. Infect. Off. Publ. Eur.
Soc. Clin. Microbiol. Infect. Dis. 2022, 28, 163-177. [CrossRef]

5. Papadakis, M.; Spernovasilis, N. Vaccines in the coronavirus disease 2019 (COVID-19) era: Game theory applications. Infect.
Control. Hosp. Epidemiol. 2021, 43, 957-958. [CrossRef]

6. Mistry, P.; Barmania, F.; Mellet, ].; Peta, K.; Strydom, A.; Viljoen, LM.; James, W.; Gordon, S.; Pepper, M.S. SARS-CoV-2 Variants,
Vaccines, and Host Immunity. Front. Immunol. 2021, 12, 809244. [CrossRef]

7. Parums, D.V. Editorial: Current Status of Oral Antiviral Drug Treatments for SARS-CoV-2 Infection in Non-Hospitalized Patients.
Med. Sci. Monit. Int. Med. ]. Exp. Clin. Res. 2022, 28, €935952. [CrossRef]

8.  Jiang, Y Yin, W,; Xu, H.E. RNA-dependent RNA polymerase: Structure, mechanism, and drug discovery for COVID-19. Biochem.
Biophys. Res. Commun. 2021, 538, 47-53. [CrossRef]

9.  Bouvet, M.; Imbert, I.; Subissi, L.; Gluais, L.; Canard, B.; Decroly, E. RNA 3’-end mismatch excision by the severe acute respiratory
syndrome coronavirus nonstructural protein nsp10/nsp14 exoribonuclease complex. Proc. Natl. Acad. Sci. USA 2012, 109,
9372-9377. [CrossRef]

10. Zhou, S.; Hill, C.S.; Sarkar, S.; Tse, L.V.; Woodburn, B.M.D.; Schinazi, R.F.; Sheahan, T.P.; Baric, R.S.; Heise, M.T.; Swanstrom, R.
(-d-N4-hydroxycytidine Inhibits SARS-CoV-2 Through Lethal Mutagenesis but is Also Mutagenic to Mammalian Cells. . Infect.
Dis. 2021, 224, 415-419. [CrossRef]

11.  Toots, M.; Yoon, ].J.; Hart, M.; Natchus, M.G.; Painter, G.R.; Plemper, R.K. Quantitative efficacy paradigms of the influenza clinical
drug candidate EIDD-2801 in the ferret model. Transl. Res. |. Lab. Clin. Med. 2020, 218, 16-28. [CrossRef] [PubMed]

12.  Painter, G.R,; Bowen, R.A,; Bluemling, G.R.; DeBergh, J.; Edpuganti, V.; Gruddanti, PR.; Guthrie, D.B.; Hager, M.; Kuiper, D.L.;
Lockwood, M.A; et al. The prophylactic and therapeutic activity of a broadly active ribonucleoside analog in a murine model of
intranasal venezuelan equine encephalitis virus infection. Antivir. Res. 2019, 171, 104597. [CrossRef] [PubMed]

13.  Yoon, ].J.; Toots, M.; Lee, S.; Lee, M.E.; Ludeke, B.; Luczo, ].M.; Ganti, K.; Cox, RM,; Sticher, Z.M.; Edpuganti, V.; et al. Orally
Efficacious Broad-Spectrum Ribonucleoside Analog Inhibitor of Influenza and Respiratory Syncytial Viruses. Antimicrob. Agents
Chemother. 2018, 62, €00766-18. [CrossRef] [PubMed]

14. Ehteshami, M.; Tao, S.; Zandi, K.; Hsiao, H.M,; Jiang, Y.; Hammond, E.; Amblard, E; Russell, O.O.; Merits, A.; Schinazi, R.F.
Characterization of 3-d-N(4)-Hydroxycytidine as a Novel Inhibitor of Chikungunya Virus. Antimicrob. Agents Chemother. 2017,
61,10-1128. [CrossRef]

15. Reynard, O.; Nguyen, X.N.; Alazard-Dany, N.; Barateau, V.; Cimarelli, A.; Volchkov, V.E. Identification of a New Ribonucleoside

Inhibitor of Ebola Virus Replication. Viruses 2015, 7, 6233—6240. [CrossRef]


https://doi.org/10.1038/d41586-021-03686-x
https://www.ncbi.nlm.nih.gov/pubmed/34916666
https://doi.org/10.1016/j.jemep.2021.100741
https://www.ncbi.nlm.nih.gov/pubmed/34841029
https://doi.org/10.1111/1462-2920.15549
https://www.ncbi.nlm.nih.gov/pubmed/33928745
https://doi.org/10.1016/j.cmi.2021.09.036
https://doi.org/10.1017/ice.2021.125
https://doi.org/10.3389/fimmu.2021.809244
https://doi.org/10.12659/MSM.935952
https://doi.org/10.1016/j.bbrc.2020.08.116
https://doi.org/10.1073/pnas.1201130109
https://doi.org/10.1093/infdis/jiab247
https://doi.org/10.1016/j.trsl.2019.12.002
https://www.ncbi.nlm.nih.gov/pubmed/31945316
https://doi.org/10.1016/j.antiviral.2019.104597
https://www.ncbi.nlm.nih.gov/pubmed/31494195
https://doi.org/10.1128/AAC.00766-18
https://www.ncbi.nlm.nih.gov/pubmed/29891600
https://doi.org/10.1128/AAC.02395-16
https://doi.org/10.3390/v7122934

Infect. Dis. Rep. 2023, 15 674

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Stuyver, L.]J.; Whitaker, T.; McBrayer, T.R.; Hernandez-Santiago, B.I,; Lostia, S.; Tharnish, PM.; Ramesh, M.; Chu, C.K,; Jordan, R,;
Shi, J.; et al. Ribonucleoside analogue that blocks replication of bovine viral diarrhea and hepatitis C viruses in culture. Antimicrob.
Agents Chemother. 2003, 47, 244-254. [CrossRef]

Wahl, A.; Gralinski, L.E.; Johnson, C.E.; Yao, W.; Kovarova, M.; Dinnon, K.H., 3rd; Liu, H.; Madden, VJ.; Krzystek, HM.;
De, C.; et al. SARS-CoV-2 infection is effectively treated and prevented by EIDD-2801. Nature 2021, 591, 451-457. [CrossRef]
Cox, RM.; Wolf, ].D.; Plemper, R K. Therapeutically administered ribonucleoside analogue MK-4482 /EIDD-2801 blocks SARS-
CoV-2 transmission in ferrets. Nat. Microbiol. 2021, 6, 11-18. [CrossRef]

Kabinger, E; Stiller, C.; Schmitzova, J.; Dienemann, C.; Kokic, G.; Hillen, H.S.; Hobartner, C.; Cramer, P. Mechanism of
molnupiravir-induced SARS-CoV-2 mutagenesis. Nat. Struct. Mol. Biol. 2021, 28, 740-746. [CrossRef]

Robson, F.; Khan, K.S.; Le, TK,; Paris, C.; Demirbag, S.; Barfuss, P.; Rocchi, P.; Ng, W.L. Coronavirus RNA Proofreading: Molecular
Basis and Therapeutic Targeting. Mol. Cell 2020, 80, 1136-1138. [CrossRef]

Agostini, M.L.; Pruijssers, A.J.; Chappell, ].D.; Gribble, ].; Lu, X.; Andres, E.L.; Bluemling, G.R.; Lockwood, M.A.; Sheahan, T.P;
Sims, A.C.; et al. Small-Molecule Antiviral 3-d-N(4)-Hydroxycytidine Inhibits a Proofreading-Intact Coronavirus with a High
Genetic Barrier to Resistance. J. Virol. 2019, 93, e01348-19. [CrossRef] [PubMed]

Dyer, O. COVID-19: FDA expert panel recommends authorising molnupiravir but also voices concerns. BMJ (Clin. Res. Ed.) 2021,
375,1n2984. [CrossRef] [PubMed]

V’Kovski, P; Kratzel, A.; Steiner, S.; Stalder, H.; Thiel, V. Coronavirus biology and replication: Implications for SARS-CoV-2. Nat.
Rev. Microbiol. 2021, 19, 155-170. [CrossRef]

Ahmad, B.; Batool, M.; Ain, Q.U.; Kim, M.S.; Choi, S. Exploring the Binding Mechanism of PF-07321332 SARS-CoV-2 Protease
Inhibitor through Molecular Dynamics and Binding Free Energy Simulations. Int. |. Mol. Sci. 2021, 22, 9124. [CrossRef] [PubMed]
Owen, D.R.; Allerton, CM.N.; Anderson, A.S.; Aschenbrenner, L.; Avery, M.; Berritt, S.; Boras, B.; Cardin, R.D.; Carlo, A,;
Coffman, K.J.; et al. An oral SARS-CoV-2 M(pro) inhibitor clinical candidate for the treatment of COVID-19. Science 2021,
374, 1586-1593. [CrossRef]

Dai, W.; Zhang, B.; Jiang, X.M.; Su, H.; Li, J.; Zhao, Y.; Xie, X,; Jin, Z.; Peng, J.; Liu, E; et al. Structure-based design of antiviral
drug candidates targeting the SARS-CoV-2 main protease. Science 2020, 368, 1331-1335. [CrossRef]

Chandwani, A.; Shuter, J. Lopinavir/ritonavir in the treatment of HIV-1 infection: A review. Ther. Clin. Risk Manag. 2008,
4,1023-1033. [CrossRef]

Efficacy and Safety of Molnupiravir (MK-4482) in Non-Hospitalized Adult Participants with COVID-19 (MK-4482-002). Available
online: https://ClinicalTrials.gov/show /NCT04575597 (accessed on 25 August 2023).

Merck and Ridgeback’s Investigational Oral Antiviral Molnupiravir Reduced the Risk of Hospitalization or Death by Approxi-
mately 50 Percent Compared to Placebo for Patients with Mild or Moderate COVID-19 in Positive Interim Analysis of Phase 3
Study. Available online: https://www.merck.com/news/merck-and-ridgebacks-investigational-oral-antiviral-molnupiravir-
reduced-the-risk-of-hospitalization-or-death-by-approximately-50-percent-compared-to-placebo-for-patients-with-mild-or-
moderat/ (accessed on 25 August 2023).

U.K. Government. Medicines and Healthcare Products Regulatory Agency. First Oral Antiviral for COVID-19, Lagevrio
(molnupiravir), Approved by MHRA. Available online: https://www.gov.uk/government/news/first-oral-antiviral-for-covid-
19-lagevrio-molnupiravir-approved-by-mhra (accessed on 25 August 2023).

Merck and Ridgeback Biotherapeutics Provide Update on Results from MOVe-OUT Study of Molnupiravir, an Inves-
tigational Oral Antiviral Medicine, in At Risk Adults with Mild-to-Moderate COVID-19. Available online: https:
/ /www.merck.com/news/merck-and-ridgeback-biotherapeutics-provide-update-on-results-from-move-out-study-of-
molnupiravir-an-investigational-oral-antiviral-medicine-in-at-risk-adults-with-mild-to-moderate-covid-19/ (accessed on 25
August 2023).

Jayk Bernal, A.; Gomes da Silva, M.M.; Musungaie, D.B.; Kovalchuk, E.; Gonzalez, A.; Delos Reyes, V.; Martin-Quiros, A.;
Caraco, Y.; Williams-Diaz, A.; Brown, M.L.; et al. Molnupiravir for Oral Treatment of COVID-19 in Nonhospitalized Patients. N.
Engl. ]. Med. 2022, 386, 509-520. [CrossRef]

U.S. Food and Drug Administration. Coronavirus (COVID-19) Update: FDA Authorizes Additional Oral Antiviral for Treatment
of COVID-19 in Certain Adults. Available online: https://www.fda.gov/news-events/press-announcements/coronavirus-covid-
19-update-fda-authorizes-additional-oral-antiviral-treatment-covid-19-certain (accessed on 25 August 2023).

Guan, Y.; Puenpatom, A.; Johnson, M.G.; Zhang, Y.; Zhao, Y.; Surber, J.; Weinberg, A.; Brotons, C.; Kozlov, R.; Lopez, R.; et al.
Impact of Molnupiravir Treatment on Patient-Reported Coronavirus Disease 2019 (COVID-19) Symptoms in the Phase 3 MOVe-
OUT Trial: A Randomized, Placebo-Controlled Trial. Clin. Infect. Dis. 2023, ciad409. [CrossRef]

Study of MK-4482 for Prevention of Coronavirus Disease 2019 (COVID-19) in Adults (MK-4482-013). Available online: https:
/ /ClinicalTrials.gov/show /NCT04939428 (accessed on 25 August 2023).

Merck Provides Update on Phase 3 MOVe-AHEAD Trial Evaluating LAGEVRIO™ (Molnupiravir) for Post-Exposure Prophy-
laxis for Prevention of COVID-19. Available online: https://www.merck.com/news/merck-provides-update-on-phase-3-
move-ahead-trial-evaluating-lagevrio-molnupiravir-for-post-exposure-prophylaxis-for-prevention-of-covid-19/ (accessed on 25
August 2023).


https://doi.org/10.1128/AAC.47.1.244-254.2003
https://doi.org/10.1038/s41586-021-03312-w
https://doi.org/10.1038/s41564-020-00835-2
https://doi.org/10.1038/s41594-021-00651-0
https://doi.org/10.1016/j.molcel.2020.11.048
https://doi.org/10.1128/JVI.01348-19
https://www.ncbi.nlm.nih.gov/pubmed/31578288
https://doi.org/10.1136/bmj.n2984
https://www.ncbi.nlm.nih.gov/pubmed/34857644
https://doi.org/10.1038/s41579-020-00468-6
https://doi.org/10.3390/ijms22179124
https://www.ncbi.nlm.nih.gov/pubmed/34502033
https://doi.org/10.1126/science.abl4784
https://doi.org/10.1126/science.abb4489
https://doi.org/10.2147/tcrm.s3285
https://ClinicalTrials.gov/show/NCT04575597
https://www.merck.com/news/merck-and-ridgebacks-investigational-oral-antiviral-molnupiravir-reduced-the-risk-of-hospitalization-or-death-by-approximately-50-percent-compared-to-placebo-for-patients-with-mild-or-moderat/
https://www.merck.com/news/merck-and-ridgebacks-investigational-oral-antiviral-molnupiravir-reduced-the-risk-of-hospitalization-or-death-by-approximately-50-percent-compared-to-placebo-for-patients-with-mild-or-moderat/
https://www.merck.com/news/merck-and-ridgebacks-investigational-oral-antiviral-molnupiravir-reduced-the-risk-of-hospitalization-or-death-by-approximately-50-percent-compared-to-placebo-for-patients-with-mild-or-moderat/
https://www.gov.uk/government/news/first-oral-antiviral-for-covid-19-lagevrio-molnupiravir-approved-by-mhra
https://www.gov.uk/government/news/first-oral-antiviral-for-covid-19-lagevrio-molnupiravir-approved-by-mhra
https://www.merck.com/news/merck-and-ridgeback-biotherapeutics-provide-update-on-results-from-move-out-study-of-molnupiravir-an-investigational-oral-antiviral-medicine-in-at-risk-adults-with-mild-to-moderate-covid-19/
https://www.merck.com/news/merck-and-ridgeback-biotherapeutics-provide-update-on-results-from-move-out-study-of-molnupiravir-an-investigational-oral-antiviral-medicine-in-at-risk-adults-with-mild-to-moderate-covid-19/
https://www.merck.com/news/merck-and-ridgeback-biotherapeutics-provide-update-on-results-from-move-out-study-of-molnupiravir-an-investigational-oral-antiviral-medicine-in-at-risk-adults-with-mild-to-moderate-covid-19/
https://doi.org/10.1056/NEJMoa2116044
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-oral-antiviral-treatment-covid-19-certain
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-oral-antiviral-treatment-covid-19-certain
https://doi.org/10.1093/cid/ciad409
https://ClinicalTrials.gov/show/NCT04939428
https://ClinicalTrials.gov/show/NCT04939428
https://www.merck.com/news/merck-provides-update-on-phase-3-move-ahead-trial-evaluating-lagevrio-molnupiravir-for-post-exposure-prophylaxis-for-prevention-of-covid-19/
https://www.merck.com/news/merck-provides-update-on-phase-3-move-ahead-trial-evaluating-lagevrio-molnupiravir-for-post-exposure-prophylaxis-for-prevention-of-covid-19/

Infect. Dis. Rep. 2023, 15 675

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Arribas, J.R.; Bhagani, S.; Lobo, S.M.; Khaertynova, I.; Mateu, L.; Fishchuk, R.; Park, W.Y.; Hussein, K.; Kim, S.W.; Ghosn, J.
Randomized trial of molnupiravir or placebo in patients hospitalized with COVID-19. NEJM Evid. 2022, 1, EVID0a2100044.
[CrossRef]

Butler, C.C.; Hobbs, FED.R.; Gbinigie, O.A.; Rahman, N.M.; Hayward, G.; Richards, D.B.; Dorward, J.; Lowe, D.M.; Standing, J.E;
Breuer, J.; et al. Molnupiravir plus usual care versus usual care alone as early treatment for adults with COVID-19 at increased risk
of adverse outcomes (PANORAMIC): An open-label, platform-adaptive randomised controlled trial. Lancet 2023, 401, 281-293.
[CrossRef] [PubMed]

Malin, ].J.; Weibel, S.; Gruell, H.; Kreuzberger, N.; Stegemann, M.; Skoetz, N. Efficacy and safety of molnupiravir for the treatment
of SARS-CoV-2 infection: A systematic review and meta-analysis. J. Antimicrob. Chemother. 2023, 78, 1586-1598. [CrossRef]
[PubMed]

Xie, Y.; Bowe, B.; Al-Aly, Z. Molnupiravir and risk of hospital admission or death in adults with COVID-19: Emulation of a
randomized target trial using electronic health records. BMJ (Clin. Res. Ed.) 2023, 380, n2984. [CrossRef] [PubMed]

Xie, Y.; Choi, T.; Al-Aly, Z. Molnupiravir and risk of post-acute sequelae of COVID-19: Cohort study. BM] (Clin. Res. Ed.) 2023,
381, e074572. [CrossRef]

Tian, F; Feng, Q.; Chen, Z. Efficacy and Safety of Molnupiravir Treatment for COVID-19: A Systematic Review and Meta-Analysis
of Randomized Controlled Trials. Int. |. Antimicrob. Agents 2023, 62, 106870. [CrossRef]

Huang, PY.; Liu, TH.; Wu, J.Y;; Tsai, Y.W.; Lai, C.C. Clinical efficacy and safety of molnupiravir for nonhospitalized and
hospitalized patients with COVID-19: A systematic review and meta-analysis of randomized control trials. |. Med. Virol. 2023,
95, €28621. [CrossRef]

Sun, M; Lai, H.; Huang, J.; Liu, J.; Li, Y;; Tian, J.; Zhang, C.; Estill, J.; Zhang, Z.; Ge, L. Molnupiravir for the treatment of non-severe
COVID-19: A systematic review and meta-analysis of 14 randomized trials with 34570 patients. J. Antimicrob. Chemother. 2023,
78,2131-2139. [CrossRef]

EPIC-HR: Study of Oral PF-07321332/Ritonavir Compared with Placebo in Nonhospitalized High Risk Adults with COVID-19.
Available online: https://ClinicalTrials.gov/show /NCT04960202 (accessed on 25 August 2023).

Hammond, J.; Leister-Tebbe, H.; Gardner, A.; Abreu, P.; Bao, W.; Wisemandle, W.; Baniecki, M.; Hendrick, V.M.; Damle, B.;
Simon-Campos, A.; et al. Oral Nirmatrelvir for High-Risk, Nonhospitalized Adults with COVID-19. N. Engl. |. Med. 2022,
386, 1397-1408. [CrossRef]

U.S. Food and Drug Administration. Coronavirus (COVID-19) Update: FDA Authorizes First Oral Antiviral for Treatment of
COVID-19. Available online: https:/ /www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-
authorizes-first-oral-antiviral-treatment-covid-19?fbclid=Iw AR20uf5Q0zIHpgv5RvKXKEGY9_CDQcAr6] TibcIF5mrjZsYLXtu?2
YZwkQp7g (accessed on 25 August 2023).

Evaluation of Protease Inhibition for COVID-19 in Standard-Risk Patients (EPIC-SR). Available online: https://ClinicalTrials.
gov/show /NCT05011513 (accessed on 25 August 2023).

Pfizer Announces Additional Phase 2/3 Study Results Confirming Robust Efficacy of Novel COVID-19 Oral Antiviral Treatment
Candidate in Reducing Risk of Hospitalization or Death. Available online: https://www.pfizer.com/news/press-release/press-
release-detail /pfizer-announces-additional-phase-23-study-results (accessed on 25 August 2023).

FDA. Pfizer Reports Additional Data on PAXLOVID™ Supporting Upcoming New Drug Application Submission to U.S.
Available online: https:/ /www.pfizer.com /news/press-release/press-release-detail / pfizer-reports-additional-data-paxlovidtm-
supporting (accessed on 25 August 2023).

A Post-Exposure Prophylaxis Study of PF-07321332/Ritonavir in Adult Household Contacts of an Individual With Symptomatic
COVID-19. Available online: https:/ /ClinicalTrials.gov/show /NCT05047601 (accessed on 25 August 2023).

Pfizer Shares Top-Line Results from Phase 2/3 EPIC-PEP Study of PAXLOVID™ for Post-Exposure Prophylactic Use. Available
online: https://www.pfizer.com/news/press-release/ press-release-detail / pfizer-shares-top-line-results-phase-23-epic-pep-
study (accessed on 25 August 2023).

EPIC-Peds: A Study to Learn About the Study Medicine Called PF-07321332 (Nirmatrelvir)/Ritonavir in Patients Under
18 Years of Age With COVID-19 That Are Not Hospitalized but Are at Risk for Severe Disease. Available online: https:
/ /clinicaltrials.gov/study /NCT05261139 (accessed on 25 August 2023).

Arbel, R.; Wolff Sagy, Y.; Hoshen, M.; Battat, E.; Lavie, G.; Sergienko, R.; Friger, M.; Waxman, J.G.; Dagan, N.; Balicer, R.; et al.
Nirmatrelvir Use and Severe COVID-19 Outcomes during the Omicron Surge. N. Engl. ]. Med. 2022, 387, 790-798. [CrossRef]
Najjar-Debbiny, R.; Gronich, N.; Weber, G.; Khoury, J.; Amar, M.; Stein, N.; Goldstein, L.H.; Saliba, W. Effectiveness of Paxlovid in
Reducing Severe Coronavirus Disease 2019 and Mortality in High-Risk Patients. Clin. Infect. Dis. 2023, 76, e342—e349. [CrossRef]
Wee, L.E.; Tay, A.T.; Chiew, C.; Young, B.E.; Wong, B.; Lim, R.; Lee, C.L,; Tan, J.; Vasoo, S.; Lye, D.C.; et al. Real-world effectiveness
of nirmatrelvir/ritonavir against COVID-19 hospitalizations and severe COVID-19 in community-dwelling elderly Singaporeans
during Omicron BA.2, BA.4/5, and XBB transmission. Clin. Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2023,
29, 1328-1333. [CrossRef] [PubMed]

Ganatra, S.; Dani, S.S.; Ahmad, J.; Kumar, A.; Shah, J.; Abraham, G.M.; McQuillen, D.P.; Wachter, R.M.; Sax, P.E. Oral Nirmatrelvir
and Ritonavir in Nonhospitalized Vaccinated Patients with Coronavirus Disease 2019. Clin. Infect. Dis. 2023, 76, 563-572.
[CrossRef] [PubMed]


https://doi.org/10.1056/EVIDoa2100044
https://doi.org/10.1016/S0140-6736(22)02597-1
https://www.ncbi.nlm.nih.gov/pubmed/36566761
https://doi.org/10.1093/jac/dkad132
https://www.ncbi.nlm.nih.gov/pubmed/37170886
https://doi.org/10.1136/bmj-2022-072705
https://www.ncbi.nlm.nih.gov/pubmed/36882199
https://doi.org/10.1136/bmj-2022-074572
https://doi.org/10.1016/j.ijantimicag.2023.106870
https://doi.org/10.1002/jmv.28621
https://doi.org/10.1093/jac/dkad216
https://ClinicalTrials.gov/show/NCT04960202
https://doi.org/10.1056/NEJMoa2118542
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-oral-antiviral-treatment-covid-19?fbclid=IwAR20uf5Q0zlHpgv5RvKxKEG9_CDQcAr6JTibcIF5mrjZsYLXtu2YZwkQp7g
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-oral-antiviral-treatment-covid-19?fbclid=IwAR20uf5Q0zlHpgv5RvKxKEG9_CDQcAr6JTibcIF5mrjZsYLXtu2YZwkQp7g
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-authorizes-first-oral-antiviral-treatment-covid-19?fbclid=IwAR20uf5Q0zlHpgv5RvKxKEG9_CDQcAr6JTibcIF5mrjZsYLXtu2YZwkQp7g
https://ClinicalTrials.gov/show/NCT05011513
https://ClinicalTrials.gov/show/NCT05011513
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-additional-phase-23-study-results
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-announces-additional-phase-23-study-results
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-reports-additional-data-paxlovidtm-supporting
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-reports-additional-data-paxlovidtm-supporting
https://ClinicalTrials.gov/show/NCT05047601
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-shares-top-line-results-phase-23-epic-pep-study
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-shares-top-line-results-phase-23-epic-pep-study
https://clinicaltrials.gov/study/NCT05261139
https://clinicaltrials.gov/study/NCT05261139
https://doi.org/10.1056/NEJMoa2204919
https://doi.org/10.1093/cid/ciac443
https://doi.org/10.1016/j.cmi.2023.06.016
https://www.ncbi.nlm.nih.gov/pubmed/37331509
https://doi.org/10.1093/cid/ciac673
https://www.ncbi.nlm.nih.gov/pubmed/35986628

Infect. Dis. Rep. 2023, 15 676

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Xie, Y.; Choi, T.; Al-Aly, Z. Association of Treatment with Nirmatrelvir and the Risk of Post-COVID-19 Condition. JAMA Intern.
Med. 2023, 183, 554-564. [CrossRef] [PubMed]

Thompson, E.J.; Williams, D.M.; Walker, A.J.; Mitchell, R.E.; Niedzwiedz, C.L.; Yang, T.C.; Huggins, C.E; Kwong, A.S,;
Silverwood, R.J.; Di Gessa, G. Long COVID burden and risk factors in 10 UK longitudinal studies and electronic health records.
Nat. Commun. 2022, 13, 3528. [CrossRef] [PubMed]

Tsampasian, V.; Elghazaly, H.; Chattopadhyay, R.; Debski, M.; Naing, TK.P; Garg, P.; Clark, A.; Ntatsaki, E.; Vassiliou, V.S.
Risk factors associated with Post— COVID-19 condition: A systematic review and meta-analysis. JAMA Intern. Med. 2023,
183, 566-580. [CrossRef] [PubMed]

Xie, Y.; Bowe, B.; Al-Aly, Z. Nirmatrelvir and risk of hospital admission or death in adults with COVID-19: Emulation of a
randomized target trial using electronic health records. BMJ (Clin. Res. Ed.) 2023, 381, e073312. [CrossRef]

Lewnard, J.A.; McLaughlin, ].M.; Malden, D.; Hong, V.; Puzniak, L.; Ackerson, B.K.; Lewin, B.J.; Kim, ].S.; Shaw, S.F;
Takhar, H.; et al. Effectiveness of nirmatrelvir-ritonavir in preventing hospital admissions and deaths in people with COVID-19:
A cohort study in a large US health-care system. Lancet Infect. Dis. 2023, 23, 806-815. [CrossRef]

Aggarwal, N.R.; Molina, K.C.; Beaty, L.E.; Bennett, T.D.; Carlson, N.E.; Mayer, D.A.; Peers, ]J.L.; Russell, S.; Wynia, M.K,;
Ginde, A.A. Real-world use of nirmatrelvir-ritonavir in outpatients with COVID-19 during the era of omicron variants including
BA.4 and BA.5 in Colorado, USA: A retrospective cohort study. Lancet Infect. Dis. 2023, 23, 696-705. [CrossRef]

Wai, A K,; Chan, C.Y,; Cheung, A.W.; Wang, K.; Chan, S.C.; Lee, T.T.; Luk, L.Y,; Yip, E.T;; Ho, ].W,; Tsui, O.W.; et al. Association
of Molnupiravir and Nirmatrelvir-Ritonavir with preventable mortality, hospital admissions and related avoidable healthcare
system cost among high-risk patients with mild to moderate COVID-19. Lancet Reg. Health West. Pac. 2023, 30, 100602. [CrossRef]
Lui, D.TW.,; Chung, M.S.H.; Lau, EH.Y,; Lau, KTK,; Au, .C.H.; Lee, C.H.; Woo, Y.C.; Wong, C.K.H.; Cowling, B.]. Analysis of
All-Cause Hospitalization and Death Among Nonhospitalized Patients with Type 2 Diabetes and SARS-CoV-2 Infection Treated
With Molnupiravir or Nirmatrelvir-Ritonavir During the Omicron Wave in Hong Kong. JAMA Netw. Open 2023, 6, €2314393.
[CrossRef]

Wu, J.Y,; Liu, M.Y;; Liu, TH.; Chuang, M.H.; Hsu, WH.; Huang, P.Y.; Tsai, Y.W.; Kuo, C.Y.; Yeh, C.T.; Lai, C.C. Clinical efficacy of
nirmatrelvir and ritonavir combination for treating diabetic patients with COVID-19. |. Med. Virol. 2023, 95, €28866. [CrossRef]
[PubMed]

Cegolon, L.; Pol, R.; Simonetti, O.; Larese Filon, F.; Luzzati, R. Molnupiravir, Nirmatrelvir/Ritonavir, or Sotrovimab for High-Risk
COVID-19 Patients Infected by the Omicron Variant: Hospitalization, Mortality, and Time until Negative Swab Test in Real Life.
Pharmaceuticals 2023, 16, 721. [CrossRef] [PubMed]

Wan, E.Y.F; Yan, VK.C.,; Mok, A H.Y,; Wang, B.; Xu, W.; Cheng, EW.T,; Lai, ET.T.; Chui, C.S.L,; Li, X.; Wong, CK.H.; et al.
Effectiveness of Molnupiravir and Nirmatrelvir-Ritonavir in Hospitalized Patients With COVID-19: A Target Trial Emulation
Study. Ann. Intern. Med. 2023, 176, 505-514. [CrossRef]

Liu, J.; Pan, X.; Zhang, S.; Li, M.; Ma, K; Fan, C.; Lv, Y;; Guan, X.; Yang, Y.; Ye, X; et al. Efficacy and safety of Paxlovid in
severe adult patients with SARS-Cov-2 infection: A multicenter randomized controlled study. Lancet Reg. Health West. Pac. 2023,
33, 100694. [CrossRef] [PubMed]

Wai, AK; Lee, T.T.; Chan, S.C.; Chan, C.Y,; Yip, E.T,; Luk, L.Y,; Ho, ].W.; So, KW.,; Tsui, O.W.; Lam, M.L; et al. Association of
Molnupiravir and Nirmatrelvir-Ritonavir with reduced mortality and sepsis in hospitalized omicron patients: A territory-wide
study. Sci. Rep. 2023, 13, 7832. [CrossRef]

Amani, B.; Akbarzadeh, A.; Amani, B.; Shabestan, R.; Khorramnia, S.; Navidi, Z.; Rajabkhah, K.; Kardanmoghadam, V.
Comparative efficacy and safety of nirmatrelvir/ritonavir and molnupiravir for COVID-19: A systematic review and meta-
analysis. J. Med. Virol. 2023, 95, €28889. [CrossRef] [PubMed]

Torti, C.; Olimpieri, P.P; Bonfanti, P.; Tascini, C.; Celant, S.; Tacconi, D.; Nicastri, E.; Tacconelli, E.; Cacopardo, B.; Perrella, A.; et al.
Real-life comparison of mortality in patients with SARS-CoV-2 infection at risk for clinical progression treated with molnupiravir
or nirmatrelvir plus ritonavir during the Omicron era in Italy: A nationwide, cohort study. Lancet Reg. Health Eur. 2023, 31, 100684.
[CrossRef]

Cowman, K.; Miller, A.; Guo, Y.; Chang, M.H.; McSweeney, T.; Bao, H.; Simpson, R.; Braithwaite, C.; Sunu, E.; Ros, T.; et al.
Non-randomized evaluation of hospitalization after a prescription for nirmatrelvir/ritonavir versus molnupiravir in high-risk
COVID-19 outpatients. J. Antimicrob. Chemother. 2023, 78, 1683-1688. [CrossRef]

Wang, L.; Berger, N.A.; Davis, P.B.; Kaelber, D.C.; Volkow, N.D.; Xu, R. COVID-19 rebound after Paxlovid and Molnupiravir
during January—June 2022. medRxiv 2022. [CrossRef]

Wong, CK.H.; Lau, KTK.; Au, I.C.H,; Lau, E.H.Y,; Poon, L.L.M.; Hung, .LEN.; Cowling, B.].; Leung, G.M. Viral burden rebound
in hospitalised patients with COVID-19 receiving oral antivirals in Hong Kong: A population-wide retrospective cohort study.
Lancet Infect. Dis. 2023, 23, 683-695. [CrossRef]

Perelson, A.S.; Ribeiro, R.M.; Phan, T. An explanation for SARS-CoV-2 rebound after Paxlovid treatment. medRxiv 2023. [CrossRef]
Sendi, P; Razonable, R.R.; Nelson, S.B.; Soriano, A.; Gandhi, R.T. First-generation oral antivirals against SARS-CoV-2. Clin.
Microbiol. Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2022, 28, 1230-1235. [CrossRef] [PubMed]

Condra, J.H.; Schleif, W.A_; Blahy, O.M.; Gabryelski, L.J.; Graham, D.J.; Quintero, J.C.; Rhodes, A.; Robbins, H.L.; Roth, E,;
Shivaprakash, M.; et al. In vivo emergence of HIV-1 variants resistant to multiple protease inhibitors. Nature 1995, 374, 569-571.
[CrossRef] [PubMed]


https://doi.org/10.1001/jamainternmed.2023.0743
https://www.ncbi.nlm.nih.gov/pubmed/36951829
https://doi.org/10.1038/s41467-022-30836-0
https://www.ncbi.nlm.nih.gov/pubmed/35764621
https://doi.org/10.1001/jamainternmed.2023.0750
https://www.ncbi.nlm.nih.gov/pubmed/36951832
https://doi.org/10.1136/bmj-2022-073312
https://doi.org/10.1016/S1473-3099(23)00118-4
https://doi.org/10.1016/S1473-3099(23)00011-7
https://doi.org/10.1016/j.lanwpc.2022.100602
https://doi.org/10.1001/jamanetworkopen.2023.14393
https://doi.org/10.1002/jmv.28866
https://www.ncbi.nlm.nih.gov/pubmed/37314228
https://doi.org/10.3390/ph16050721
https://www.ncbi.nlm.nih.gov/pubmed/37242504
https://doi.org/10.7326/M22-3057
https://doi.org/10.1016/j.lanwpc.2023.100694
https://www.ncbi.nlm.nih.gov/pubmed/36777445
https://doi.org/10.1038/s41598-023-35068-w
https://doi.org/10.1002/jmv.28889
https://www.ncbi.nlm.nih.gov/pubmed/37368841
https://doi.org/10.1016/j.lanepe.2023.100684
https://doi.org/10.1093/jac/dkad154
https://doi.org/10.1101/2022.06.21.22276724
https://doi.org/10.1016/S1473-3099(22)00873-8
https://doi.org/10.1101/2023.05.30.23290747
https://doi.org/10.1016/j.cmi.2022.04.015
https://www.ncbi.nlm.nih.gov/pubmed/35545195
https://doi.org/10.1038/374569a0
https://www.ncbi.nlm.nih.gov/pubmed/7700387

Infect. Dis. Rep. 2023, 15 677

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Molla, A.; Korneyeva, M.; Gao, Q.; Vasavanonda, S.; Schipper, PJ.; Mo, HM.; Markowitz, M.; Chernyavskiy, T.; Niu, P;
Lyons, N.; et al. Ordered accumulation of mutations in HIV protease confers resistance to ritonavir. Nat. Med. 1996, 2, 760-766.
[CrossRef]

Ip, J.D.; Wing-Ho Chu, A.; Chan, W.M.; Cheuk-Ying Leung, R.; Umer Abdullah, S.M.; Sun, Y.; Kai-Wang To, K. Global prevalence
of SARS-CoV-2 3CL protease mutations associated with nirmatrelvir or ensitrelvir resistance. EBioMedicine 2023, 91, 104559.
[CrossRef] [PubMed]

European Medicines Agency. Conditions of Use, Conditions for Distribution and Patients Targeted and Conditions for Safety
Monitoring Addressed to Member States. Available online: https://www.ema.europa.eu/en/documents/referral /lagevrio-also-
known-molnupiravir-mk-4482-covid-19-article-53-procedure-conditions-use-conditions_en.pdf (accessed on 25 August 2023).
Pfizer. Significant Drug Interactions with Paxlovid. Available online: https:/ /www.paxlovidhcp.com/drug-interactions (accessed
on 19 October 2023).

Marzolini, C.; Kuritzkes, D.R.; Marra, F,; Boyle, A.; Gibbons, S.; Flexner, C.; Pozniak, A.; Boffito, M.; Waters, L.; Burger, D.; et al.
Prescribing Nirmatrelvir-Ritonavir: How to Recognize and Manage Drug-Drug Interactions. Ann. Intern. Med. 2022, 175, 744-746.
[CrossRef]

Larsen, C.S. Assessing the proportion of the Danish population at risk of clinically significant drug-drug interactions with new
oral antivirals for early treatment of COVID-19. Int. |. Infect. Dis. 2022, 122, 599-601. [CrossRef] [PubMed]

Sun, F; Lin, Y,; Wang, X,; Gao, Y.; Ye, S. Paxlovid in patients who are immunocompromised and hospitalised with SARS-CoV-2
infection. Lancet Infect. Dis. 2022, 22, 1279. [CrossRef]

Graziani, L.; Gori, L.; Manciulli, T.; Basile, G.; Campolmi, I.; Borchi, B.; di Dio, M.; Mattei, M.; Ciurleo, G.; Ciliberti, M.; et al.
Successful use of nirmatrelvir/ritonavir in immunocompromised patients with persistent and/or relapsing COVID-19.
J. Antimicrob. Chemother. 2022, 78, 555-558. [CrossRef]

A Study to Learn About the Study Medicines (Nirmatrelvir Plus Ritonavir) in People Aged 12 Years or Older With COVID-19 and
a Compromised Immune System. Available online: https://clinicaltrials.gov/study/NCT05438602?id=NCT05438602&rank=1&
tab=table (accessed on 25 August 2023).

Johnson, M.G.; Strizki, ]. M.; Brown, M.L.; Wan, H.; Shamsuddin, H.H.; Ramgopal, M.; Florescu, D.E; Delobel, P.; Khaertynova, I.;
Flores, J.E,; et al. Molnupiravir for the treatment of COVID-19 in immunocompromised participants: Efficacy, safety, and virology
results from the phase 3 randomized, placebo-controlled MOVe-OUT trial. Infection 2023, 51, 1273-1284. [CrossRef]
Spiliopoulou, V.; Ntanasis-Stathopoulos, I.; Malandrakis, P.; Gavriatopoulou, M.; Theodorakakou, E; Fotiou, D.; Migkou, M.;
Roussou, M.; Eleutherakis-Papaiakovou, E.; Kastritis, E.; et al. Use of Oral Antivirals Ritonavir-Nirmatrelvir and Molnupiravir in
Patients with Multiple Myeloma Is Associated with Low Rates of Severe COVID-19: A Single-Center, Prospective Study. Viruses
2023, 15, 704. [CrossRef] [PubMed]

Salmanton-Garcia, J.; Marchesi, F.; Koehler, P.; Weinbergerova, B.; Colovic, N.; Falces-Romero, L; Buquicchio, C.; Farina, F;
Van Praet, J.; Biernat, M.M. Molnupiravir Compared to Nirmatrelvir/Ritonavir for COVID-19 in High-Risk Patients with
Haematological Malignancy in Europe. A Matched-Paired Analysis from the Epicovideha Registry. Int. ]. Antimicrob. Agents 2023,
62,106952. [CrossRef] [PubMed]

Radcliffe, C.; Palacios, C.F.; Azar, M.M.; Cohen, E.; Malinis, M. Real-world experience with available, outpatient COVID-19
therapies in solid organ transplant recipients during the omicron surge. Am. ]. Transplant. 2022, 22, 2458-2463. [CrossRef]
[PubMed]

Gleeson, S.; Martin, P.; Thomson, T.; Thind, A.; Prendecki, M.; Spensley, K.J.; Clarke, C.L.; Roufosse, C.; Pickard, G.; Thomas,
D. Kidney transplant recipients and omicron: Outcomes, effect of vaccines and the efficacy and safety of novel treatments.
medRxiv 2022.

Chang, Y.C.; Chen, Y.C.; Huang, C.C.; Fu, CM,; Lee, Y.T.; Wu, PJ.; Lee, W.C.; Lee, C.T.; Liao, S.C.; Tsai, K.F. Clinical effectiveness
of molnupiravir in patients with COVID-19 undergoing haemodialysis. Int. |. Antimicrob. Agents 2023, 62, 106834. [CrossRef]
Dufour, I.; Devresse, A.; Scohy, A.; Briquet, C.; Georgery, H.; Delaey, P,; Greef, J.; Goffin, E.; Labriola, L. Safety and efficiency of
molnupiravir for COVID-19 patients with advanced chronic kidney disease. Kidney Res. Clin. Pract. 2023, 42, 275-278. [CrossRef]
Cai, H,; Yan, J.; Liu, S.; Li, P; Ding, L.; Zhan, Y.; Lu, J.; Li, Z; Sun, Y.; Zhu, M.; et al. Paxlovid for hospitalized COVID-19 patients
with chronic kidney disease. Antivir. Res. 2023, 216, 105659. [CrossRef]

Hiremath, S.; Blake, P.G.; Yeung, A.; McGuinty, M.; Thomas, D.; Ip, ].; Brown, P.A.; Pandes, M.; Burke, A.; Sohail, Q.Z.; et al. Early
Experience with Modified Dose Nirmatrelvir/Ritonavir in Dialysis Patients with Coronavirus Disease 2019. Clin. . Am. Soc.
Nephrol. 2023, 18, 485-490. [CrossRef]

Loza, A.; Farias, R.; Gavin, N.; Wagner, R.; Hammer, E.; Shields, A. Short-term Pregnancy Outcomes After Nirmatrelvir-Ritonavir
Treatment for Mild-to-Moderate Coronavirus Disease 2019 (COVID-19). Obstet. Gynecol. 2022, 140, 447-449. [CrossRef]

Pasley, M.V.; Martinez, M.; Hermes, A.; d’Amico, R.; Nilius, A. Safety and efficacy of lopinavir/ritonavir during pregnancy: A
systematic review. AIDS Rev. 2013, 15, 38—48.

Chourasia, P.; Maringanti, B.S.; Edwards-Fligner, M.; Gangu, K.; Bobba, A.; Sheikh, A.B.; Shekhar, R. Paxlovid (Nirmatrelvir and
Ritonavir) Use in Pregnant and Lactating Woman: Current Evidence and Practice Guidelines-A Scoping Review. Vaccines 2023,
11, 107. [CrossRef] [PubMed]


https://doi.org/10.1038/nm0796-760
https://doi.org/10.1016/j.ebiom.2023.104559
https://www.ncbi.nlm.nih.gov/pubmed/37060743
https://www.ema.europa.eu/en/documents/referral/lagevrio-also-known-molnupiravir-mk-4482-covid-19-article-53-procedure-conditions-use-conditions_en.pdf
https://www.ema.europa.eu/en/documents/referral/lagevrio-also-known-molnupiravir-mk-4482-covid-19-article-53-procedure-conditions-use-conditions_en.pdf
https://www.paxlovidhcp.com/drug-interactions
https://doi.org/10.7326/M22-0281
https://doi.org/10.1016/j.ijid.2022.06.059
https://www.ncbi.nlm.nih.gov/pubmed/35803465
https://doi.org/10.1016/S1473-3099(22)00430-3
https://doi.org/10.1093/jac/dkac433
https://clinicaltrials.gov/study/NCT05438602?id=NCT05438602&rank=1&tab=table
https://clinicaltrials.gov/study/NCT05438602?id=NCT05438602&rank=1&tab=table
https://doi.org/10.1007/s15010-022-01959-9
https://doi.org/10.3390/v15030704
https://www.ncbi.nlm.nih.gov/pubmed/36992413
https://doi.org/10.1016/j.ijantimicag.2023.106952
https://www.ncbi.nlm.nih.gov/pubmed/37582478
https://doi.org/10.1111/ajt.17098
https://www.ncbi.nlm.nih.gov/pubmed/35583664
https://doi.org/10.1016/j.ijantimicag.2023.106834
https://doi.org/10.23876/j.krcp.22.194
https://doi.org/10.1016/j.antiviral.2023.105659
https://doi.org/10.2215/CJN.0000000000000107
https://doi.org/10.1097/AOG.0000000000004900
https://doi.org/10.3390/vaccines11010107
https://www.ncbi.nlm.nih.gov/pubmed/36679952

Infect. Dis. Rep. 2023, 15 678

100.

101.

102.

103.

104.

105.

106.

Yan, G.; Zhou, J.; Zhu, H.; Chen, Y.; Lu, Y,; Zhang, T.; Yu, H.; Wang, L.; Xu, H.; Wang, Z.; et al. The feasibility, safety, and efficacy of
Paxlovid treatment in SARS-CoV-2-infected children aged 6-14 years: A cohort study. Ann. Transl. Med. 2022, 10, 619. [CrossRef]
[PubMed]

Li, Y;; Liu, Y.; Wen, L.; Chen, H.; Wang, W,; Tian, M.; Cheng, Y.; Xue, H.; Chen, C. Clinical efficacy analysis of paxlovid in children
with hematological diseases infected with the omicron SARS-CoV-2 new variant. Front. Pediatr. 2023, 11, 1160929. [CrossRef]
[PubMed]

Ritonavir-Boosted Nirmatrelvir (Paxlovid). Available online: https://www.covid19treatmentguidelines.nih.gov/therapies/
antivirals-including-antibody-products/ritonavir-boosted-nirmatrelvir{-}{-}paxlovid-/ (accessed on 25 August 2023).
Molnupiravir. Available online: https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-
products/molnupiravir/ (accessed on 25 August 2023).

Ghosh, A K.; Shahabi, D.; Imhoff, M.E.C.; Kovela, S.; Sharma, A.; Hattori, S.I.; Higashi-Kuwata, N.; Mitsuya, H.; Mesecar, A.D.
SARS-CoV-2 papain-like protease (PLpro) inhibitory and antiviral activity of small molecule derivatives for drug leads. Bioorg.
Med. Chem. Lett. 2023, 96, 129489. [CrossRef] [PubMed]

Ameratunga, R.; Mears, E.; Leung, E.; Snell, R.; Woon, S.T.; Kelton, W.; Medlicott, N.; Jordan, A.; Abbott, W.; Steele, R.; et al.
Soluble wild-type ACE2 molecules inhibit newer SARS-CoV-2 variants and are a potential antiviral strategy to mitigate disease
severity in COVID-19. Clin. Exp. Immunol. 2023, uxad096. [CrossRef]

Shapira, T.; Monreal, I.A,; Dion, S.P; Buchholz, D.W.; Imbiakha, B.; Olmstead, A.D.; Jager, M.; Désilets, A.; Gao, G,;
Martins, M.; et al. A TMPRSS2 inhibitor acts as a pan-SARS-CoV-2 prophylactic and therapeutic. Nature 2022, 605, 340-348.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.21037/atm-22-2791
https://www.ncbi.nlm.nih.gov/pubmed/35813342
https://doi.org/10.3389/fped.2023.1160929
https://www.ncbi.nlm.nih.gov/pubmed/37181421
https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/ritonavir-boosted-nirmatrelvir{-}{-}paxlovid-/
https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/ritonavir-boosted-nirmatrelvir{-}{-}paxlovid-/
https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/molnupiravir/
https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/molnupiravir/
https://doi.org/10.1016/j.bmcl.2023.129489
https://www.ncbi.nlm.nih.gov/pubmed/37770002
https://doi.org/10.1093/cei/uxad096
https://doi.org/10.1038/s41586-022-04661-w

	Introduction 
	Oral Antivirals 
	Molnupiravir (EIDD-2801) 
	Paxlovid [Nirmatrelvir (PF-07321332); Ritonavir] 

	Evidence beyond Clinical Trials 
	Considerations in Clinical Practice 
	Drug Resistance and Drug Interactions 
	Immunocompromised Patients 
	Patients with Severe Chronic Kidney Disease (CKD) 
	Pregnancy and Lactation 
	Children 

	Current Recommendations according to the National Institutes of Health (NIH) 
	Future Perspectives on Oral Antiviral Treatments 
	Conclusions 
	References

