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Abstract

The ongoing pandemic of severe acute respiratory syndrome-coronavirus 2
(SARS-CoV-2) and subsequently, coronavirus disease 2019 (COVID-19), has led
to the deaths of over 6.1 million people and sparked a greater interest in virol-
ogy to expedite the development process for antivirals. The US Food and Drug
Administration (FDA) granted emergency use authorization for three antivi-
rals: remdesivir, molnupiravir, and nirmatrelvir. Remdesivir and molnupiravir
are nucleoside analogs that undergo biotransformation to form active metabo-
lites that incorporate into new viral RNA to stall replication. Unlike remdesivir
or molnupiravir, nirmatrelvir is a protease inhibitor that covalently binds to the
SARS-CoV-2 3C-like protease to interrupt the viral replication cycle. A recent
study identified that remdesivir and the active metabolite of molnupiravir, EIDD-
1931, are substrates of equilibrative nucleoside transporters 1 and 2 (ENT1 and 2).
Despite the ubiquitous expression of the ENTs, the preclinical efficacy of remde-
sivir and molnupiravir is not reflected in wide-scale SARS-CoV-2 clinical trials.
Interestingly, downregulation of ENT1 and ENT2 expression has been shown in
lung epithelial and endothelial cells in response to hypoxia and acute lung injury,
although it has not been directly studied in patients with COVID-19. It is possible
that the poor efficacy of remdesivir and molnupiravir in these patients may be
partially attributed to the repression of ENTs in the lungs, but further studies are
warranted. This study investigated the interaction between nirmatrelvir and the
ENTs and found that it was a poor inhibitor of ENT-mediated [*H]uridine uptake
at 300 uM. Unlike for remdesivir or EIDD-1931, ENT activity is unlikely to be
a factor for nirmatrelvir disposition in humans; however, whether this contrib-
utes to the similar in vitro and clinical efficacy will require further mechanistic
studies.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Remdesivir and molnupiravir show poor clinical efficacy despite positive results
in preclinical models and early clinical trials. Additionally, remdesivir and EIDD-
1931 (an active metabolite of molnupiravir) are substrates of the ubiquitously
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expressed equilibrative nucleoside transporter 1 and 2 (ENT1 and 2), which are
downregulated in the lungs of patients with acute lung injury and/or hypoxia.
Severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) can cause acute
lung injury and hypoxia. Nirmatrelvir is effective in patients with coronavirus
disease 2019 (COVID-19), but its interaction with ENT1/2 is unknown.

WHAT QUESTION DID THIS STUDY ADDRESS?

What is the mechanistic basis for the comparable preclinical versus clinical ef-
ficacy of the SARS-CoV-2 antiviral, nirmatrelvir, compared to remdesivir or
molnupiravir?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Nirmatrelvir and other antivirals that are not substrates of the ENTs may be
more effective in patients with COVID-19 with acute lung injury and/or hy-
poxia. SARS-CoV-2 infection and subsequent development into COVID-19
causes acute lung injury and pulmonary hypoxia. In vivo models for acute lung
injury and hypoxia have been shown to repress pulmonary ENT1 and ENT2
expression.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Repurposing drugs is an effective strategy for use in SARS-CoV-2 infection; how-
ever, their clinical efficacy may be hindered by changes in transporter expression
at the primary site of action despite positive in vitro readouts. Understanding
the basic mechanisms for drug disposition in certain tissues and how they are
changed by certain disease states will improve the design of preclinical studies

INTRODUCTION

Coronaviruses are a group of enveloped, positive-sense
single-stranded RNA viruses with four genera that cause
disease in mammals and/or birds. Six species of human
coronavirus are known, of which three species can cause
severe symptoms. The recent severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) emerged as a highly
transmissible and pathogenic human coronavirus in late
2019."' SARS-CoV-2 infection causes the ongoing corona-
virus disease 2019 (COVID-19) pandemic, which has led
to 492 million positive cases and over 6.1 million deaths
as of April 2022.% Patients with COVID-19 are typically
afflicted with acute lung injury and hypoxemia, which is
partially managed by ventilators.’ Some patients that re-
cover from severe COVID-19 retain long-term complica-
tions, including pulmonary fibrosis. Consequently, there
have been significant efforts to discover or design prophy-
lactics and other therapies to manage symptoms and dis-
ease progression.

Of these efforts, small molecules, such as nucleoside
analogs and protease inhibitors, are common treatments
for SARS-CoV-2 infection and COVID-19. Many of these
are repurposed drugs, having shown promising results
in in vitro and non-human in vivo models.* Despite
showing promise, these drugs were less effective than

and their translatability to clinical trials.

expected in full clinical trials.°'® The first COVID-19
antiviral granted emergency use authorization (EUA)
by the US Food and Drug Administration (FDA) was
remdesivir in 2020."' Remdesivir is a nucleoside ana-
log prodrug designed in 2009 to treat hepatitis C and
the respiratory syncytial virus, then later repurposed to
treat Ebola virus disease and Marburg virus infection.'?
Despite its suitable safety profile, remdesivir was signifi-
cantly less effective than monoclonal antibody treatments
for Ebola virus disease and further studies were ceased.
Remdesivir can diffuse across cell membranes where it is
metabolized into its active antiviral metabolite: GS-443902
5’-triphosphate. Because coronavirus replication involves
an RNA-dependent RNA polymerase encoded by the viral
genome, GS-443902 is incorporated into the new viral
genome during the replication cycle and RNA synthesis
will terminate after three additional nucleotides. Whereas
early clinical trials (NCT04280705, NCT04292899, and
NCT04292730) for the treatment of COVID-19 with rem-
desivir showed promising results in treated groups com-
pared to placebo,’ results of later trials (NCT04257656 and
NCTO04315948) suggested that the drug was largely inef-
fective.*'* Consequently, the widespread clinical efficacy
of remdesivir remains controversial.

The second repurposed antiviral granted FDA EUA
in 2021 to treat COVID-19 was molnupiravir for patients
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with mild-to-moderate symptoms.”"* Molnupiravir is a
nucleoside analog designed to treat Venezuelan equine
encephalitis virus infections, repurposed to treat influ-
enza, and later abandoned due to concerns about muta-
genicity.'* Molnupiravir is also a prodrug that undergoes
metabolism to generate the active metabolite: EIDD-1931
5’-triphosphate. EIDD-1931 is also incorporated into new
viral RNA, which causes early termination of the viral rep-
lication cycle. Despite early signs in reducing the risk of
hospitalization or death due to COVID-19 by 48%, full clin-
ical trial results (NCT04575597) for molnupiravir were less
favorable, which indicated a risk reduction of only 30%.5°

Although remdesivir and molnupiravir can diffuse
across membranes, these two drugs may also interact with
uptake and/or efflux transporters, which will affect their
tissue disposition. A recent study explored the interaction
among remdesivir, molnupiravir, and EIDD-1931, with
the ubiquitously expressed equilibrative nucleoside trans-
porters 1 and 2 (ENT1 and 2). Remdesivir and EIDD-1931
uptake into ENT1 or ENT2 knockout HeLa S3 (herein-
after referred to as HeLa S3-ENT2 or HeLa S3-ENT1 for
the transporter that is still expressed) cells was partially
inhibited by the ENT inhibitor, NBMPR, suggesting that,
in addition to passive diffusion, other carrier-mediated
pathways are involved in the uptake of these two drugs.'*
On the other hand, molnupiravir uptake into the same
cell lines was unaffected by co-incubation with NBMPR
despite showing a modest inhibitory interaction on ENT-
mediated [*H]uridine uptake.'* These findings indicate
that remdesivir and EIDD-1931 are substrates of ENT1
and ENT2, but molnupiravir is not, implying the chemi-
cal structures of these drugs are a determining factor in
their carrier-mediated tissue disposition. Therefore, un-
derstanding the chemical features of these drugs and the
transport mechanisms that are involved is necessary to in-
form the development of future drugs for COVID-19 and
other viral diseases.

In December 2021, Pfizer’s Paxlovid (nirmatrelvir and
ritonavir) oral treatment for COVID-19 was granted FDA
EUA." Unlike remdesivir and molnupiravir, nirmatrelvir
was designed as a 3C-like protease (3CLP™) inhibitor that
covalently binds to the cysteine 145 residue of the viral
3CLP™ to inhibit the SARS-CoV-2 replication cycle. Early
preclinical studies with nirmatrelvir were highly promis-
ing with in vitro and in vivo models, although these mod-
els are not completely representative of human infection
and disease progression.'® However, these findings were
reflected in a clinical trial (NCT04960202) for nirmatrelvir,
which revealed a risk reduction of hospitalization or death
by 89.1% at the interim analysis and 88.9% by the end of the
trial.'” Another recent study showed nirmatrelvir does not
readily diffuse and strongly interacted with several phar-
macologically relevant transporters, including OATP1B1
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and P-gp, but was only a substrate for P-gp.’®* Because
ENTs are currently not included in the list of pharmaco-
logically important transporters for unwanted drug-drug
interactions (DDIs) published by the FDA, they were
untested in that study. Although the chemical structure
of nirmatrelvir is a stark contrast to those of remdesivir
and molnupiravir, suggesting it may not interact with the
ENTs, the present study investigated this issue directly to
better understand the mechanism behind the similar pre-
clinical versus clinical efficacy of nirmatrelvir compared
to remdesivir and molnupiravir. The inhibitory effect of
nirmatrelvir on [*H]uridine uptake was evaluated in HeLa
S3-ENT1 and -ENT?2 cells. The results indicated that nir-
matrelvir does not interact with the ENTs at pharmacolog-
ically relevant concentrations, which may help explain the
comparable clinical efficacy of this drug in patients with
COVID-19 seen in preclinical studies.

METHODS
Reagents

All reagents were purchased from ThermoFisher Scientific
unless otherwise noted. PF-07321332 (Nirmatrelvir) was
purchased from Selleck Chemicals (Catalog #S9866).
Nirmatrelvir was solubilized in DMSO and further di-
luted to working concentrations in the transport buffer.
The [*H]uridine (35.2 Ci/mmol) was purchased from
PerkinElmer (Catalog #NET367001MC).

HeLa S3 ENT1 and ENT2 knockout
cell cultures

HeLa S3-ENT1 and HeLa S3-ENT?2 cells were maintained
as previously described.' Briefly, cells were grown in F12K
(Sigma-Aldrich; Catalog #N3520) supplemented with
10% fetal bovine serum, and 1% penicillin-streptomycin
in a 37°C humidified 5% CO, incubator. All cells were
split once reaching 80-90% confluence and washed with
standard phosphate-buffered saline (PBS) during routine
maintenance.

Transport assay by radioactive liquid
scintillation counting

Confluent monolayers of HeLa S3-ENT1 and HeLa S3-
ENT?2 cells cultured in 96-well plates were used to assess
total [*Hluridine uptake. Transport experiments were
performed as previously described with minor modifica-
tions." Cells were plated into Nunc MicroWell 96-well
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optical bottom plates (ThermoFisher Scientific; Catalog
#165306) and grown to confluence before each experiment.
Test compounds were diluted into Waymouth’s buffer
(WB; 135mM NaCl, 28 mM D-glucose, 13mM HEPES,
5mM KCl, 2.5mM CaCl,«2H,0, 1.2mM MgCl,, 0.8 mM
MgSO,+7H,0, pH 7.4). Confluent cells plated were washed
twice with room temperature WB before incubating wells
with 50 pl WB transport buffer supplemented with 1 pCi/ml
(~15-20nM) [*H]uridine with or without nirmatrelvir.
Transport was terminated after 2 min by washing the cells
twice with ice-cold WB using a Biotek 405 LS Microplate
Washer (BioTek). After washing, ~ 200 pl of MicroScint-20
scintillation cocktail (PerkinElmer; Catalog #6013621)
was added to each well before sealing the plate with mi-
croplate film. Plates were incubated at room temperature
for at least 2 h before measuring total accumulated radio-
activity using a Wallac 1450 MicroBeta TriLux liquid scin-
tillation counter (PerkinElmer).

Statistical analysis

Competitive transport experiments were completed with
cells cultured from three separate passages, each with
four replicates. All data were analyzed using GraphPad
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Prism 8 (GraphPad Software). A multiple t-test with
Bonferroni’s multiple comparison correction was used to
determine statistical significance between the control and
inhibitor groups. Significance is indicated as *p <0.05 and
*%p <0.0001. All data are presented as mean = SD unless
otherwise indicated.

RESULTS

Nirmatrelvir interaction with ENT1 and
ENT2

The interaction between nirmatrelvir and the ENTs was
investigated due to the reported interactions between
SARS-CoV-2 antivirals remdesivir and EIDD-1931 with
ENT1 and ENT2. After co-incubating ~15-20nM [*H]uri-
dine with the tested compounds in HeLa S3-ENT1 or HeLa
S3-ENT?2 cells for 2 min, total accumulation of [*H]uridine
was measured by liquid scintillation counting (Figure 1).
Statistically significant inhibition of [*H]uridine was ob-
served when concomitantly incubated with a molar excess
of unlabeled uridine or with the ENT-specific inhibitor,
NBMPR. Approximately 100nM and 100 pM NBMPR in-
hibit ENT1 and ENT2, respectively. Therefore, 100 pM
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3 300 pM Nirmatrelvir
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Inhibition of total transporter-mediated uptake of [*H]uridine by unlabeled uridine, NBMPR, or nirmatrelvir in HeLa S3-

ENT1 or HeLa S3-ENT?2 cells. Cellular accumulation of [*H]uridine was measured after 2 min in all experiments. Data are represented as

mean =+ SD. Significance is indicated as *p <0.05 and ****p <0.0001.
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NBMPR was used to inhibit [*H]uridine for both cell lines.
The remaining [*H]uridine signal is attributed to the com-
bined influence of diffusion, nonspecific binding, and in-
complete rinsing of the substrate-containing buffer. The
[*H]uridine inhibition by nirmatrelvir was not observed
in either cell line, indicating that it does not interact with
ENT1 or ENT?2 as a substrate or inhibitor.

DISCUSSION

The repurposing of old drugs for new applications is a
powerful strategy to quickly identify molecules that are
highly effective in in vitro or in vivo models and has been
the most common approach for identifying new SARS-
CoV-2 antivirals. Remdesivir and molnupiravir were
originally designed to target other viruses, although with
little success. Early studies identified that these two drugs
had antiviral activity against SARS-CoV-2 infection with
human in vitro models.*>'> However, these models can-
not account for the complex pharmacokinetic and phar-
macodynamic properties of drugs in human patients.
Following these observations, non-human in vivo studies
and preliminary clinical trials revealed promising results
that led to their FDA EUA.”*'"13 In later, full clinical tri-
als, remdesivir and molnupiravir were found to be signifi-
cantly less effective in treating SARS-CoV-2 infection than
expected.®®"'° These observations raise major concerns re-
garding the translatability of early preclinical models for
identifying SARS-CoV-2 antivirals.

Remdesivir and molnupiravir are nucleoside analog
prodrugs that must enter cells to be metabolized into
their main active metabolites, GS-443902 and EIDD-1931.
Although remdesivir can diffuse across membranes, it
is a substrate of OATP1B1 and P-gp, and an inhibitor of
OATP1B3 and MATE1.2° As a result, these interactions
put remdesivir at higher risk of unwanted DDIs and in-
crease the likelihood of CYP3A4-mediated metabolism
in the liver.”* Comparatively, molnupiravir has more fa-
vorable pharmacokinetic properties because it is not a
substrate or inhibitor of OATP1B1, OATP1B3, OCT1,
OCT2, OAT1, OAT3, MATE1, MATE2K, MRP2, P-gp, and
BCRP.?! Interestingly, a recent study showed that remde-
sivir and EIDD-1931 are substrates of ENT1 and ENT2,
but molnupiravir was not."* Due to the ubiquitous expres-
sion of ENT1/2, it is expected that remdesivir and EIDD-
1931 would have favorable tissue distribution patterns
for the treatment of SARS-CoV-2. However, the clinical
efficacy of remdesivir and EIDD-1931 diverge from this
hypothesis, and the mechanism for this phenomenon may
be explained by SARS-CoV-2-induced acute lung injury**
and hypoxia, which may reduce pulmonary ENT expres-
sion and function.

ASCPT

HIF-1a levels are significantly elevated during tis-
sue hypoxia, which ultimately lead to ENT repression.?®
Moreover, NF-xB also represses ENT expression during
acute lung injury.”* SARS-CoV-2 infection can cause
acute lung injury and tissue hypoxia with a drastic in-
crease in HIF-1a, NF-xB, and other cytokine levels.?>®
Consequently, ENT repression may lead to a decrease in
remdesivir disposition to the lungs, which would partially
explain the poor clinical efficacy versus preclinical obser-
vations. Although molnupiravir is not a substrate of the
ENTs, EIDD-1931 (and remdesivir) may be effectively
sequestered in the cells where they were metabolized
due to decreased ENT expression. Remdesivir and EIDD-
1931 sequestration in these cells will have a favorable ef-
fect on internal SARS-CoV-2 replication, but local tissue
or systemic distribution of the drugs may be attenuated.
Additionally, extracellular adenosine levels are elevated
during acute lung injury as an anti-inflammatory signal
to suppress inflammation.*** Consequently, adenosine
can competitively inhibit remdesivir and EIDD-1931 up-
take, leading to lower drug concentrations in the lungs.
However, further studies in in vivo models are necessary
to confirm this mechanism.

Unlike remdesivir or molnupiravir, nirmatrelvir was
newly designed based on an existing scaffold to target
the SARS-CoV-2 3CLP™. Due to differences in the viral
protein target and chemical structure of nirmatrelvir, it
was not expected to be a substrate of the ENTs. To test
this, the interaction between nirmatrelvir and ENT1 or
ENT2 was assessed in novel ENT-knockout HeLa S3
cell lines."*'° As expected, nirmatrelvir did not inhibit
ENT1- or ENT2-mediated [*H]uridine uptake even at
300 pM, which is over 60-fold higher than peak plasma
concentrations in humans (Figure 1).%” Therefore, if nir-
matrelvir does not interact with the ENTs at this concen-
tration, it is unlikely to interact at lower physiologically
relevant concentrations. In addition to ENT1 and ENT2,
nirmatrelvir is not a substrate for OATP1B1, OATP1B3,
OATP2B1, OATP4C1, OCT1, OCT2, OAT1-3, MATE],
MATE2K, NTCP, BCRP, or PEPT1.'"»*" Therefore, nir-
matrelvir may be a substrate of an unknown uptake
transport pathway and necessitates further testing.
These observations may help explain the high efficacy
of nirmatrelvir in patients with COVID-19, although
other factors such as metabolic stability play an import-
ant role. Nirmatrelvir exhibits low passive permeability
and is a substrate of P-gp, indicating that tissue disposi-
tion may be challenging.'® However, nirmatrelvir is co-
administered with ritonavir to inhibit CYP3A4 activity
and boost plasma concentrations.'>*?” Ritonavir is also
a protease inhibitor and is unlikely to interact with the
ENTs, although further studies are necessary to con-
firm this assumption. Consequently, pulmonary tissue
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concentrations of nirmatrelvir/ritonavir may be higher
than remdesivir, molnupiravir, or their metabolites, al-
though extensive comparative studies among these three
drugs have not been published. These observations sug-
gest that unknown carrier-mediated pathway(s) is(are)
responsible for intracellular accumulation of nirmatrel-
vir and further work is needed to identify them.

In summary, the findings presented in this study in-
dicate that the lack of interaction between nirmatrelvir
and the ENTs may contribute to the similar clinical ef-
ficacy of nirmatrelvir in patients with COVID-19 as ob-
served in preclinical models versus those observed with
remdesivir and molnupiravir. Despite demonstrating
positive in vitro results, clinical trials for remdesivir and
molnupiravir are more contentious. The data presented
here show that nirmatrelvir does not interact with ENT1
or ENT2, unlike remdesivir or EIDD-1931, and is un-
likely to be affected by variable ENT expression and
activity that may be caused by COVID-19 in humans.
Furthermore, increased extracellular adenosine levels
competing for ENT-mediated uptake due to SARS-CoV-
2-induced acute lung injury and hypoxia is unlikely to
affect nirmatrelvir disposition, whereas remdesivir and
EIDD-1931 uptake would be susceptible to this mecha-
nism. Future mechanistic studies with in vivo models
to assess this hypothesis are warranted. Nevertheless,
these data offer insight into the unforeseen mechanisms
by which certain antivirals such as nirmatrelvir exhibit
comparable efficacy in clinical trials versus early pre-
clinical studies.
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