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ABSTRACT: Nucleoside and nucleotide analogs are an essential class
of antivirals for COVID-19 treatment. Several nucleoside/nucleotide
analogs have shown promising effects against SARS-CoV-2 in vitro;
however, their in vivo efficacy is limited. Nucleoside/nucleotide analogs
are often formed as ester prodrugs to improve pharmacokinetics (PK)
performance. After entering cells, the prodrugs undergo several
enzymatic metabolism steps to form the active metabolite triphosphate
nucleoside (TP-Nuc); prodrug activation is therefore associated with the
abundance and catalytic activity of the corresponding activating enzymes.
Having the activation of nucleoside/nucleotide prodrugs occur at the
target site of action, such as the lung, is critical for anti-SARS-CoV-2
efficacy. Herein, we conducted an absolute quantitative proteomics study
to determine the expression of relevant activating enzymes in human
organs related to the PK and antiviral efficacy of nucleoside/nucleotide prodrugs, including the lung, liver, intestine, and kidney. The
protein levels of prodrug-activating enzymes differed significantly among the tissues. Using catalytic activity values reported
previously for individual enzymes, we calculated prodrug activation profiles in these tissues. The prodrugs evaluated in this study
include nine McGuigan phosphoramidate prodrugs, two cyclic monophosphate prodrugs, two L-valyl ester prodrugs, and one
octanoate prodrug. Our analysis showed that most orally administered nucleoside/nucleotide prodrugs were primarily activated in
the liver, suggesting that parenteral delivery routes such as inhalation and intravenous infusion could be better options when these
antiviral prodrugs are used to treat COVID-19. The results also indicated that the L-valyl ester prodrug design can plausibly improve
drug bioavailability and enhance effects against SARS-CoV-2 intestinal infections. This study further revealed that an octanoate
prodrug could provide a long-acting antiviral effect targeting SARS-CoV-2 infections in the lung. Finally, our molecular docking
analysis suggested several prodrug forms of favipiravir and GS-441524 that are likely to exhibit favorable PK features over existing
prodrug forms. In sum, this study revealed the activation mechanisms of various nucleoside/nucleotide prodrugs relevant to
COVID-19 treatment in different organs and shed light on the development of more effective anti-COVID-19 prodrugs.
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Nucleoside and nucleotide analogs comprise an essential
class of candidate drugs for the treatment of coronavirus

disease 2019 (COVID-19), such as the nucleotide analogs
remdesivir, sofosbuvir, and tenofovir alafenamide (TAF), the
nucleoside analogs galidesivir and EIDD-2801, and the
nucleobase analog flavipiravir.1−4 They exert their antiviral
effects via inhibiting the viral polymerase; specifically, their
triphosphate metabolites (triphosphate nucleoside, TP-Nuc)
mimic natural nucleosides and can be incorporated into the
virus genome, upon which they terminate polymerase-
mediated extension.4 Remdesivir, an ester prodrug of the
nucleoside analog GS-441524, has shown promising antiviral
effects against severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) both in vitro and in vivo.5,6 The U.S. Food and
Drug Administration (FDA) recently approved remdesivir for
the treatment of hospitalized COVID-19 patients. Besides

remdesivir, several other nucleoside/nucleotide analogs, such
as sofosbuvir and TAF, have also demonstrated some effects in
suppressing SARS-CoV-2 replication in vitro.4,7 Therefore,
these drugs could effectively treat the infection if effective
levels of the formed TP-Nuc are achieved in virally infected
human cells or tissues. However, data from clinical trials has
shown the in vivo effects of these nucleoside/nucleotide
analogs to be limited in many patients.8−10 One potential cause

Received: January 8, 2021
Published: April 1, 2021

Articlepubs.acs.org/ptsci

© 2021 American Chemical Society
870

https://doi.org/10.1021/acsptsci.1c00016
ACS Pharmacol. Transl. Sci. 2021, 4, 870−887

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiapeng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuhan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinwen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanling+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao-Jie+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsptsci.1c00016&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsptsci.1c00016?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org/ptsci?ref=pdf


for this unsatisfying outcome could be inadequate TP-Nuc
concentrations at the target sites. For example, some evidence
suggested that the concentration of remdesivir in lung cells
may be not sufficient to treat SARS-CoV-2 infection,11 and a
combination of inhalation and intravenous (IV) administration
may offer additional therapeutic benefits to patients compared
to IV treatment alone.12

Nucleoside/nucleotide analogs are often structurally modi-
fied as ester prodrugs to improve their pharmacokinetics (PK)
properties and antiviral efficacy.13 Nucleotide analogs
especially often suffer from poor cell permeability due to the
natively charged phosphate or phosphonate group; their ester
prodrug forms are charge-neutral and exhibit higher lip-
ophilicity and cell permeability than the parent nucleotide
forms.14 Several prodrugs have been found to cross cell

Figure 1. Molecular structures of the antiviral prodrugs evaluated in this study. The blue color highlights the ester moiety. The red color highlights
the methyl group on the 2′ pentose ring in GS-6620, GS-465124, and GS2, which is the only difference in the nucleoside moiety between these
compounds and remdesivir. Nine ProTides were selected, including two phosphonate prodrugs (TAF and the isopropyl ester prodrug of GS-9148)
and seven phosphate prodrugs (sofosbuvir, PSI-353661, remdesivir, isopropyl-GS-441524, GS-6620, GS-465124, and GS2). Additional candidates
include two cyclic monophosphate prodrugs (PSI-352938 and JNJ-54257099) two L-valyl ester prodrugs (valacyclovir and 5′-O-L-valyl-decitabine)
and one octanoate ester prodrug (laninamivir octanoate).
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membranes via passive diffusion.15,16 Once entering a cell,
ester prodrugs undergo a series of enzymatic reactions to form
the active metabolite TP-Nuc; these activation steps involve
the initial cleavage of the ester group, the release of the
nucleoside/nucleotide moiety, and the final sequential
phosphorylations by native kinases.13 Serine hydrolases have
been implicated in the cleavage of the ester group of prodrugs;
these enzymes constitute one of the largest and most diverse
enzyme classes in humans, including more than 200 members,
such as carboxylesterase 1 (CES1) and cathepsin A (CTSA).17

The putative catalytic mechanism features the serine residual in
the enzymes’ serine−histidine−aspartate triad nucleophilically
attacking the prodrugs’ ester bond on the carboxyl side.18

From the PK perspective, at least two factors could determine
intracellular concentrations of the active metabolite TP-Nuc
and its consequent antiviral efficacy: (1) the cellular load of the
prodrug and (2) the intracellular activation efficiency.14,19

Since ester prodrugs often have excellent cell permeability, the
intracellular load is highly dependent on how much of the
prodrug remains intact upon reaching the target cells.
Importantly, after ester hydrolysis, the downstream metabolites
usually carry negative charges at physiological pH, resulting in
poor cell permeability and thus tend to be trapped in the cells.
Thus, ester hydrolysis of prodrugs is critical for their
intracellular accumulation and activation. As this hydrolytic
metabolism is dependent on the catalytic activity and
abundance of the corresponding activating hydrolases, it is
desirable that prodrugs can be selectively activated by enzymes
specifically expressed in the target site of action. When treating
COVID-19 with antivirals, lung tissue is the primary site of
action.20 Unfortunately, the site of action of anti-COVID-19
prodrugs was not taken into consideration during drug
development, as these antivirals were originally designed for
the treatment of other indications, such as hepatitis virus and
human immunodeficiency virus (HIV).
To understand and predict the intracellular activation and

PK of prodrugs, tissue-specific quantitative proteomics data on
the activating enzymes are essential, as protein expression
levels are more closely associated with enzymatic function than
are mRNA expression levels.21−23 A recent proteomics study
quantified various noncytochrome P450 (CYP) drug-metabo-
lizing enzymes (DMEs) in assorted human tissues.24 The
expression patterns of many non-CYP DMEs differed markedly
between organs, indicating tissue-dependent metabolism of
non-CYP substrate drugs. However, prodrug-activating en-
zymes, such as serine hydrolases, have not been fully
characterized in the human tissues most relevant to SARS-
CoV-2 infection. In this study, we quantified the abundances of
various nucleoside prodrug-activating enzymes in the human
lung, liver, kidney, and intestine. We further evaluated the
activation of four types of nucleoside prodrugs, including nine
McGuigan phosphoramidate prodrugs (ProTides), two cyclic
monophosphate prodrugs, two L-valyl ester prodrugs, and one
long-acting inhaled prodrug (the chemical structures are
shown in Figure 1). Moreover, we predicted their activation
profiles in different tissues by collectively analyzing chemical
structures, administration routes, and stability in tissue
homogenates and plasma. The results shed light on the
optimization of prodrug design that may lead to the
development of new therapeutics with enhanced efficacy and
safety for COVID-19 treatment.

■ METHODS

Materials. Pierce BCA protein assay kits and phosphate-
buffered saline (PBS) were obtained from Thermo Fisher
Scientific (Waltham, MA). All other chemicals and reagents
were of analytical grade and commercially available. Pooled
human lung, liver, intestine, and kidney S9 fractions were
purchased from XenoTech LLC (Kansas City, KS). The
donors’ information is summarized in Supplementary Table 1.

Proteomics Sample Preparation. Human lung, liver,
intestine, and kidney S9 samples were prepared for proteomics
analysis according to a previously published method with some
minor modifications.25 Briefly, we first mixed 80 μg of S9
protein aliquot with 0.2 μg of bovine serum albumin (BSA) in
a 1.5 mL microcentrifuge tube. We then added 1 mL (50-fold
volume) of precooled acetone to the mixture and stored it at
−20 °C overnight for protein precipitation. After this step, we
centrifuged the samples at 17 000g for 15 min at 4 °C. The
supernatant was then discarded, and the pellet was air-dried at
room temperature for 5 min. We resuspended the dried pellet
in 100 μL of freshly prepared 4 mM dithiolthreitol (DTT) in
an 8 M urea solution containing 100 mM NH4HCO3. After
completely dissolving the proteins via vortexing and sonication,
we incubated the samples at 37 °C for 45 min for reduction
and let it cool to room temperature. Next, we added 100 μL of
freshly prepared 20 mM iodoacetamide (IAA) in an 8 M urea
solution with 100 mM NH4HCO3 into the samples and
incubated them at room temperature in the dark for 30 min.
Subsequently, we diluted the urea concentration to 6 M by
adding 56.6 μL of 50 mM NH4HCO3. For protein digestion,
we first incubated the samples with lysyl endopeptidase
(protein/lysyl endopeptidase = 100:1) in an orbital incubator
shaker at 220 rpm and 37 °C for 6 h. Next, we added 733 μL of
50 mM NH4HCO3 to adjust the urea concentration to 1.6 M,
then incubated the samples with tosyl phenylalanyl chlor-
omethyl ketone-treated trypsin (protein/trypsin = 50:1) at 220
rpm and 37 °C overnight. We then added 1 μL of
trifluoroacetic acid to terminate the digestion, extracted the
digested peptides using Waters Oasis HLB columns according
to the manufacturer’s instructions, and dried the extracted
peptides in a SpeedVac SPD1010 vacuum concentrator
(Thermo Scientific, Hudson, NH). We finally resuspended
the dried peptide samples in 3% acetonitrile containing 0.1%
formic acid for liquid chromatography−tandem mass spec-
trometry (LC-MS/MS) analysis.

LC-MS/MS-Based Proteomics Analysis. The LC-MS/
MS system consisted of a tandem quadrupole time-of-flight
mass spectrometer (TripleTOF 5600 plus, Sciex, Framingham,
MA) and an Eksigent 2D Plus LC System (Eksigent
Technologies, Dublin, CA). We used a previously published
data-independent analysis (DIA) method to quantify the
proteins of interest.26 Briefly, the mobile phase was composed
of water with 0.1% formic acid (A) and acetonitrile containing
0.1% formic acid (B). We used a trap−elute configuration,
including a trapping column (ChromXP C18-CL, 120 Å, 5
mm, 0.3 mm catridge; Eksigent Technologies) and an
analytical column (ChromXP C18-CL, 120 Å, 150 × 0.3
mm2, 5 mm; Eksigent Technologies) for peptide separation. A
6 μg sample of peptide was injected, trapped, and cleaned on
the trapping column with mobile phase A at a flow rate of 10
μL/min for 3 min. The injected samples were then separated
on the analytical column with gradient elution at a flow rate of
5 μL/min (Supplementary Table 2). Between each sample run,
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we injected a blank sample to minimize carryover. Ionization
was achieved via positive ion mode with an ion spray voltage of
3000 V and a source temperature of 280 °C.
Drug Selection and Data Extraction. Nucleoside and

nucleotide prodrugs with known activating enzymes or
potential anti-SARS-CoV-2 activity were reviewed and
categorized according to their prodrug types. TAF, sofosbuvir,
remdesivir, and several other prodrugs have very similar
prodrug structures consisting of the phenol and L-alaninate
esters that serve as promoieties to mask the anionic phosphate
moiety; this is termed the McGuigan prodrug design or
ProTide technology.27 We included three clinically approved
ProTides: remdesivir, sofosbuvir, and TAF in the analysis.
Isopropyl ester ProTides of GS-914828 and PSI-35366129 were
selected for evaluation because their structures are similar to
those of sofosbuvir. GS-465124, GS-6620,30 and GS231 were
included because of their structural similarity to remdesivir: In
the nucleoside moiety, these compounds differ from remdesivir
only by a methyl group on the 2′ pentose ring. PSI-35293832

and JNJ-5425709933 are cyclic phosphate prodrugs. Valaciclo-
vir and 5′-O-L-valyl-decitabine (L-val-DAC) were selected as
examples of L-valyl ester prodrugs.34 Laninamivir octanoate
was selected as an example of a long-acting inhaled antiviral
prodrug.30 The activating enzymes and activation mechanisms
of these prodrugs were obtained from the literature and
carefully reviewed and scrutinized.28,29,31−40

Molecular Modeling. Favipiravir (T-705) has been
approved for emergency treatment of COVID-19 in Russia
and Japan due to its promising effects against SARS-CoV-
2;41,42 however, it may have several inherent issues in its
activation that lead to a high dose requirement.41,43 Aside from
favipiravir, at the date of this writing, remdesivir is the only
other anti-COVID-19 drug approved by a government agency.
However, some researchers have argued that its nucleoside
form, GS-441524, should replace remdesivir for the treatment
of COVID-19 due to the observed limitations in remdesivir PK
(e.g., low plasma stability).11 In order to improve the PK
performance of favipiravir and GS-441524, we propose two
types of ester prodrugs for each: an isopropyl ester ProTide
and an L-valyl-ester prodrug. Notably, the isopropyl ester
ProTide form of GS-441524 (isopropyl-GS-441524) has been
synthesized in a previous study and demonstrated much
greater plasma stability than that of remdesivir (t1/2: 1561 vs 69
min) in the in vitro human plasma incubations.44 The t1/2 of
remdesivir in healthy human subjects were 54 and 63 min
following a single IV dose of 75 and 225 mg, respectively.45

Structural Preparation of Ligands and Target Proteins.
We used ChemDraw Professional 16.0 (PerkinElmer In-
formatics, Inc.) to sketch the 2D structures of valacyclovir, L-
valyl-T-705, L-valyl-GS-441524, ProTide-T-705, isopropyl-GS-
441524, and sofosbuvir. The 3D structures of all ligands were
constructed and prepared using the LigPrep program
implemented in the Schrodinger software suite (Maestro
version 11.2). Possible ligand states at the target pH 7.0 ± 2.0
were generated by Epik, with specified chiralities retained for
stereoisomer computation.
Crystal structures of the target proteins, including CES1,

CTSA, BPHL, and PEPT1, were downloaded from the
Research Collaboratory for Structural Bioinformatics Protein
Data Bank (RCSB-PDB https://www.rcsb.org/). The corre-
sponding PDB IDs of the crystal structures are 1YA4 (CES1,
resolution 3.20 Å), 4CIA (CTSA, resolution 1.98 Å), 2OCI
(BPHL, resolution 1.90 Å), and 4TPH (PEPT1, 3.15 Å).

Except for BPHL with a monomer crystal structure, the other
three proteins’ crystal structures were nonmonomer, and their
monomers were split from the original structures for further
study. We applied the Protein Preparation Wizard in the
Schrodinger software to prepare the target proteins for
docking. The structures of the target proteins were
preprocessed by adding hydrogens, creating disulfide bonds,
deleting water molecules 5 Å beyond het groups, and
generating het states at pH 7.0 ± 0.2. Missing side chains
were filled. After adding hydrogens and deleting water,
restrained minimization (hydrogen atoms only) was performed
for each target protein to optimize the structure. Next, docking
grid files were generated using the Receptor Grid Generation
module. For each protein, the center of the docking site was
specified by locating its cocrystallized ligand. The docked
ligands were confined to an enclosing box with a side length of
20 Å.

Molecular Docking. Flexible ligand docking simulations
were performed using the Glide module of the Schrodinger
software (Maestro version 11.2).46 The Glide docking settings
were as follows: (1) the standard precision version of the
docking scoring function; (2) a scaling factor and partial
charge cutoff of 0.80 and 0.15, respectively; (3) the “sample
nitrogen inversions” and “sample ring conformations” options
for ligand sampling; (4) reward intramolecular hydrogen
bonds and add Epik state penalties to docking scores; and (5)
write out at most 15 poses per ligand and perform postdocking
minimization.

Data Analysis. A label-free DIA-TPA method was used for
quantitative proteomics analysis.25 LC-MS/MS data were
analyzed using Spectronaunt 10.0 with a human proteome
FASTA file downloaded from UniProtKB. Another FASTA file
(Supplementary File 2) containing 238 human serine hydro-
lases was used to screen serine hydrolases from the proteome
data obtained by above label-free DIA-TPA method. Other
enzymes of interest were manually selected out using their
UniPro IDs (available at UniProtKB). The enzymei concen-
tration (conc.) (pmole per mg S9 protein) in the S9 fraction of
tissuej was calculated using eq 1. The concentration of enzymei
in a specific tissue was calculated by eq 2. The S9 fraction/
tissue scaling factors were adopted from a previous study.24

Data concerning the activities of purified recombinant human
enzymes were extracted from the literature.28,29,31,34−40 We
used eq 3 to calculate each enzyme’s contribution (contrib.) to
the metabolism of a given substrate drug in a specific tissue,
with an assumption that the activity of a recombinant
(recomb.) enzyme was similar to that of its native counterpart
in vivo.24 Summation of the individual enzyme contributions in
a specific tissue was then used to estimate the total metabolic
activity in that tissue (eq 4). The calculation process was
exemplified by sofosbuvir hydrolysis rate prediction as shown
in Supplementary Table 3.

i

Enzyme conc. in tissue S9

MS signal( )
Total MS signal

Total protein conc. of tissue S9

i j

j= ×
(1)

Enzyme conc. in tissue

Enzyme conc. in tissue S9 S9 conc. in tissue
i j

i j j= × (2)
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Enzyme contrib. in tissue

Recomb. human enzyme activity Enzyme conc. in tissue
i j

i i j= ×
(3)

Tissue activity Enzyme contrib. in tissuej i j∑= (4)

■ RESULTS
Abundance of Serine Hydrolases in the Human Lung,

Liver, Intestine, and Kidney. The protein expression levels
of the 10 most abundant serine hydrolases in the human lung,
liver, intestine, and kidney were illustrated in Figure 2. A total
of 71 serine hydrolases were detected in these human tissues
and their abundance were displayed in the Supplementary
Figure 1. The protein expression patterns of serine hydrolases
showed significant differences between tissues. For example,
CES1 was the most abundant hydrolase in the lung and liver
but expressed at low levels in the intestine and kidney. In
particular, CES1 abundance in the liver was approximately 7-
fold higher than that in the lung. Meanwhile, CES2 was the
most abundant serine hydrolase in the intestine, but its protein
expression in the lung was very low.
Prediction of Prodrug Activation in Different Tissues.

ProTide. We selected nine ProTides for activation analysis.
Given that ProTides all undergo activation through similar
intracellular enzymatic metabolism pathways, we used TAF to
exemplify the activation process.37,47,48 Once it enters a cell,
TAF is hydrolyzed by several hydrolases (e.g., CES1 and
CTSA) to cleave the ester group, followed by a series of rapid
chemical steps that form the alanine metabolite. The P−N
bond of the alanine metabolite is then cleaved by

phosphoramidases (e.g., human histidine triad nucleotide-
binding protein-1 [HINT1]) or via spontaneous acidic
hydrolysis in lysosomes to liberate the monophosphate
nucleoside (MP-Nuc). The MP-Nuc metabolite is further
phosphorylated by host cell kinases to form the final active
metabolite TP-Nuc (Figure 3a).
Enzyme activity and tissue stability data extracted from the

literature are summarized in Table 1. Specifically, the in vitro
human plasma half-life of remdesivir is significantly shorter
than that of other ProTides. Meanwhile, GS2 exhibited a better
intestinal S9 stability than other ProTides and also showed a
better liver S9 stability than others except the isopropyl ester
prodrug of GS-9148. CTSA showed much higher hydrolysis
activity than CES1 for all ProTides, but its activity also differed
significantly for different ProTides that shared the same ester
moiety (isopropyl ester) but had different nucleoside cores.
CTSA activities on the hydrolysis of sofosbuvir, TAF, and the
GS-9148 isopropyl ester prodrug were greater than those on
other evaluated ProTides.
Tissue expression levels of the major ProTide-hydrolyzing

enzymes CES1, CTSA, and elastase (ELANE) are shown in
Figure 3b. The CTSA protein level was highest in the lung,
followed by the kidney, liver, and intestine. For CES1, protein
abundance is ranked as follows: liver > lung > intestine >
kidney. Finally, ELANE showed its highest expression in the
lung and could be readily detected in the liver, but it was
undetectable in the intestine and kidney.
The hydrolysis rates of six ProTides in the liver, lung,

intestine, and kidney were calculated based on catalytic data
from previous recombinant enzyme studies (Figure
3c).28,29,31,37−39 The liver was found to have the highest
hydrolysis activity for all selected ProTides except TAF and

Figure 2. Protein abundance of the 10 most abundant serine hydrolases in the human lung, liver, intestine, and kidney. Data are the means of three
independent measurements with error bars representing standard deviation (SD). Unit: pmol/mg tissue.
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GS-6620. CES1 was the major enzyme contributing to the
hepatic hydrolysis of sofosbuvir, GS-465124, PSI-353661, and
GS2, but it may play a minor role in hepatic hydrolysis of GS-
6620. In the lung, the hydrolysis rates of these ProTides ranked
as follows: sofosbuvir > TAF > GS-6620 > GS2 > PSI-353661
> GS-465124. CTSA played a major role in the pulmonary
hydrolysis of TAF, GS-6620, PSI-353661, and GS-465124; it

was also the major contributor to intestinal and renal
hydrolysis of these ProTides. Both catalytic activity and
protein abundance of the activating enzyme should be taken
into consideration when evaluating the contribution of an
enzyme to prodrug activation. For instance, although CTSA
exhibited a much higher catalytic activity on cleaving the GS-
465124 ester bond than CES1,39 the significantly higher

Figure 3. Hydrolysis efficiency of several ProTides in different human tissues. (a) Activation pathway of ProTides (taking TAF as an example).37,47

(b) Protein expression of major activating enzymes CTSA, CES1, and ELANE in different human tissues. Data are the means of three independent
measurements (n = 3). Colored bars represent mean values and error bars represent SD. (c) Estimated ester hydrolysis rate of prodrugs in different
tissues. Colored bars represent mean values and error bars represent SD. TFV-Ala: tenofovir-alanine; TFV-DP: tenofovir diphosphate (TP-Nuc of
TAF).
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hepatic CES1 expression compared to CTSA makes CES1 the
primary GS-465124 activating enzyme in the liver.
Cyclic Monophosphate Prodrug. PSI-352938 and JNJ-

54257099 adopt the cyclic monophosphate prodrug technol-
ogy, which can form the MP-Nuc metabolites directly through
their activation pathways, bypassing the first phosphorylation
step. Both prodrugs were originally developed as orally dosed
anti-HCV drugs. Their activations were initiated by the
removal of the isopropyl group in the cyclic phosphate moiety,
which was mainly catalyzed by cytochrome P450 3A4
(CYP3A4) (Figure 4a).32,33 The activities of CYP3A4 on
PSI-352938 and JNJ-54257099 were calculated to be 2.27 and
1.32 pmol/min/pmol of CYP3A4, respectively, based on the
intrinsic clearance reported in a previous study.33 The original
study of PSI-352938 tested 16 hydrolases (e.g., CESs,
cathepsins, and lipase) and multiple CYPs, and it identified
CYP3A4 as the only enzyme involved in the initial activation of
the prodrug.32 Here, we determined the protein expression
levels of CYP3A4 in human lung, liver, intestine, and kidney
(Figure 4b) and estimated the rates of the CYP3A4-catalyzed
isopropyl group removal, the initial activation step of the
prodrugs (Figure 4c). CYP3A4 is abundant in the liver and
intestine but barely detectable in the lung and kidney. The
abundance of CYP3A4 in the liver was approximately 2-fold
higher than that in the intestine; thus, the activation rates of
these prodrugs in the liver were estimated to be approximately
2-fold higher than in the intestine. PSI-352938 and JNJ-
54257099 are predicted to be barely activated in the human
lung and kidney because of the extremely low expression levels
of CYP3A4 in these tissues.

L-Valyl Ester Prodrugs. Valacyclovir and L-val-DAC were
selected as representative L-valyl ester prodrugs. Valacyclovir
can be efficiently transported across the intestinal epithelium
membrane by the human intestinal peptide transporters
oligopeptide transporter 1 (PEPT1) and peptide-associated
transporter 1 (HPT1); this transport significantly improves its
bioavailability relative to acyclovir.51−54 Valacyclovir has been

demonstrated a substrate of the intestinal hydrolase biphenyl
hydrolase-like protein (BPHL), which recognizes its L-valyl
ester structure.55 A recent proteomics study identified another
hydrolase capable of activating valacyclovir, namely, retino-
blastoma-binding protein 9 (RBBP9).36 L-val-DAC is also a
substrate of BPHL and PEPT1 and features significantly
improved bioavailability and rapid intestinal activation.34,56

The activity of BPHL on L-val-DAC (91 600 pmol/min/μg)
was extracted from the V0 versus [S] plot of BPHL-mediated L-
val-DAC hydrolysis reported in a previous study.34 The
activities of BPHL and RBBP9 on valacyclovir have been
reported as 68 00035 and 47 96036 pmol/min/μg, respectively.
The ester hydrolysis pathway of these two prodrugs is
illustrated in Figure 5a, while the observed abundances of
the transporters PEPT1 and HPT1 and the enzymes BPHL
and RBBP9 in various tissues are shown in Figure 5b. PEPT1
and HPT1 were mainly expressed in the intestine. Lung BPHL
expression was comparable to that observed in the intestine
but lower than in the liver and kidney; expression levels of
RBBP9 were comparable in the lung, liver, and kidney but were
much lower in the intestine. The predicted hydrolytic activity
of valacyclovir and L-val-DAC in different tissues is shown in
Figure 5c. The intestinal hydrolysis rates of the two L-valyl
ester prodrugs were comparable to their pulmonary hydrolysis
rates but lower than their hepatic and renal hydrolysis rates.

Long-Lasting Inhaled Prodrug. Laninamivir octanoate is a
long-lasting neuraminidase inhibitor for the treatment of
influenza.30 Lysophospholipase 1 (LYPLA1) and esterase D
(ESD) were identified as the major enzymes responsible for
hydrolysis of laninamivir octanoate in human lung S9 fractions,
with catalytic activities of 0.377 and 0.232 pmol/min/μg of
enzyme, respectively.40 The pulmonary expression of ESD was
comparable to its renal expression and higher than its intestinal
expression, but it was lower than the liver expression.
Meanwhile, LYPLA1 levels in the lung were comparable to
those in the intestine but slightly lower than levels in the liver
and kidney. In all tissues, the estimated ester hydrolysis of

Table 1. Recombinant Enzyme Activity, Hepatic and Intestinal S9 Stability, and Plasma Stability of ProTidesa

human recombinant
enzyme activity
(pmol/min/μg)b

prodrug
log D or
log Pa

passive
diffusion?c CTSA CES1 ELANE

human intestinal
S9 t1/2 (min)

human hepatic S9/
hepatocytes t1/2 (min)

human plasma
t1/2 (min)d ref

GS-7340 (TAF) 1.6 yes 31000 116e 891 33.5 18 116.9 37,47,48
GS-7977 (sofosbuvir) 1.62 n.a. 27000 1800 6500 n.a. 34.2 >1440 38,49
isopropyl ester ProTide
of GS-9148 2.16 n.a. 35000 n.a. n.a. 106 159 f 28

PSI-353661 n.a. n.a. 800 34 n.a. n.a. 12 >1440 29,50
GS-465124 n.a. n.a. 770 19 n.a. 261 5.3 360 39
GS-6620 n.a. 9834g 5 n.a. 17 4 371 39
GS2 n.a. 385 91 n.a. 570 87 >600 31
GS-5734 (remdesivir) 2.1 n.a. n.a. n.a. n.a. n.a. n.a. 69 44
isopropyl-GS-441524 1.1 n.a. n.a. n.a. n.a. n.a. n.a. 1561 44
aData from available literature. Data for TAF and sofosbuvir are reported as log P (octanol/water partition coefficient), which were obtained from
PubChem (https://pubchem.ncbi.nlm.nih.gov). bCES1: carboxylesterase 1; CTSA: cathepsin A; ELANE: elastase. Activity is represented as pmol
compound cleaved/min/μg of recombinant human enzymes or pmol alanine metabolite formed/min/ug of recombinant human enzymes. cn.a.:
Data were not found by the authors. dAll t1/2 data were obtained from in vitro human plasma incubations except for the isopropyl ester ProTide of
GS-9148,28 which was incubated in dog plasma in vitro. The concentrations of different substrates may be different during incubation. The plasma
incubation concentrations of TAF,47 remdesivir,44 isopropyl-GS-441524,44 GS2,31 GS-6620,39 and GS-46512439 were 2 μM, while that of
sofosbuvir49 was 100 μM. The incubation concentration of PSI-353661 was unavailable.50 eThe activity of porcine liver carboxylesterase, which was
considered as a close homologue of human CES1 in the original study.37 fThe isopropyl ester prodrug of GS-9148 was 100% remaining after 1 h of
dog plasma incubation.28 gOnly the CES1 activity for amidate ester cleavage, without including the CES1 activity for 3′-ester cleavage.
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laninamivir octanoate was relatively slow, ranging from 0.0075
to 0.022 pmol/min/mg of tissue (Figure 6).
Prodrug Design and Docking Study. We proposed two

types of prodrugs for improving the PK properties of favipiravir
and GS-441524 (Figure 7a). We used the ProTide technology
to modify T-705-ribonucleoside (T-705-R) and GS-441524,
yielding isopropyl-alanyl phosphamide prodrugs ProTide-T-
705-R and isopropyl-GS-441524. In addition, we added an L-
valyl group to the 5′-T-705-R and GS-441524 to form L-valyl
ester prodrugs L-valyl-705-R and L-valyl-GS-441524. To
evaluate whether the proposed prodrugs have merits in terms
of high susceptivity to the corresponding activating enzymes or
transporters, we performed a computational docking experi-
ment; the binding modes of the prodrugs in stereoview are
displayed in Figure 7b,c. Calculated binding energies obtained
for specific activating enzymes (esterases) and transporters by

docking the prodrug molecules into the protein-binding pocket
are listed in Table 2. The calculated binding energies of CES1
and CTSA complexed with ProTide-T-705-R were comparable
to those for sofosbuvir, whereas isopropyl-GS-441524 was
shown to have a 2.40 kcal/mol lower docking score to CTSA
and a 2.99 kcal/mol higher docking score to CES1 than
sofosbuvir, suggesting a CTSA preference for isopropyl-GS-
441524. Additionally, the calculated binding energies of
PEPT1 and BPHL complexed with L-valyl-T-705-R and L-
valyl-GS-441524 were generally comparable to those for
valacyclovir.
Moreover, we visualized the binding modes of the proposed

prodrugs with the candidate enzymes and transporter (Figure
7b,c). Since the catalytic mechanisms (nucleophilic attacking)
of CES1, CTSA, and BPHL have been reported by previous
studies with the key catalytic residues being identified as

Figure 4. Hydrolysis efficiency of two cyclic monophosphate prodrugs. (a) Putative the activation pathway of PSI-352938 and JNJ-54257099.32,33

(b) Protein expression of CYP3A4 in different human tissues. Data are the means of three independent measurements with error bars representing
SD. (c) Estimated ester hydrolysis rate of prodrugs in different tissues. Colored bars represent mean values and error bars represent SD. CYP3A4:
cytochrome P450 3A4; PDEs: phosphodiesterases.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.1c00016
ACS Pharmacol. Transl. Sci. 2021, 4, 870−887

877

https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00016?fig=fig4&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00016?rel=cite-as&ref=PDF&jav=VoR


SER221,57 SER150,58 and SER122,34 respectively, we selected
the docking pose of the prodrugs to visualize where the ester
carbonyl of the prodrugs located closely to the oxhydryl of the
corresponding serine residue. For the interaction between L-
valyl ester prodrugs and PEPT1, GLU402 was reported as the
key residue forming the hydrogen bond to the amino group on
the ester structure of L-val-DAC.56 All the top docking poses
appear acceptable from the mechanism perspective except for
isopropyl-GS-441524 with CES1, for which we depicted its top
2 docking poses that matched the putative interaction. Our
proposed prodrugs may form several polar contacts with the
residues at the binding sites of these proteins, which may
contribute to the binding affinities. Overall, our molecular
docking simulation demonstrated that the proposed prodrugs
were likely to be catalyzed by these specified proteins.

■ DISCUSSION

Prodrug activation is a major determinant of the intracellular
concentration of TP-Nuc, which is directly associated with the
therapeutic effects of anti-SARS-CoV-2 prodrugs. Ester
prodrug activation requires an initial enzymatic cleavage of
the ester group, which is critical for the whole activation
process. The efficiency of this activation step is dependent on
the catalytic activity and abundance of the responsible
hydrolases. The lung, liver, intestine, and kidney are the
primary sites for human drug metabolism, with the lung being
the major site of action for COVID-19. Therefore, profiling the
protein expression of activating enzymes in these tissues is
essential for understanding the PK and anti-COVID-19 effects
of antiviral ester prodrugs. In the present study, we identified

Figure 5. Hydrolysis efficiency of valacyclovirr and L-val-DAC in different human tissues. (a) Activation pathway of valacyclovir and L-val-
DAC.34−36 The blue color highlights the L-valyl ester structure. (b) Protein expression of the transporters PEPT1 and HPT1 and the enzymes
BPHL and RBBP9 in different tissues. (c) Estimated tissue activity for the ester hydrolysis of valacyclovir and L-val-DAC. Data are the means of
three independent measurements with error bars representing SD. PEPT1: peptide transporters oligopeptide transporter 1; HPT1: human peptide-
associated transporter 1; BPHL: biphenyl hydrolase-like protein; RBBP9: retinoblastoma-binding protein 9.
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tissue-dependent activation profiles for many antiviral prodrugs
based on the abundance and activity of activating enzymes in
different tissues. The results indicated that designing prodrugs
to target specific activating enzymes abundant in the target
tissue could improve the antiviral effect at the target site and
reduce the prodrug’s off-target effects. Our study thus leads to
recommendations for the future development and application
of anti-COVID-19 prodrugs (Table 3).
Admittedly, the materials (i.e., tissue S9 fractions) used in

the proteomics analysis may carry a potential limitation.
Although S9 fractions are a good representation of the overall
proteome of a tissue of interest, the tissue may contain
different types of cells with distinct protein expression profiles.
For example, lung tissue contains multiple types of cells, such
as type I (AT1), type II alveolar epithelial cells (AT2),
macrophages, and capillary endothelial cells. The protein
expression patterns of prodrug-activating enzymes could differ
significantly among these cells. SARS-CoV-2 has been
indicated to mainly infect AT2 cells,59 which comprise a
relatively small fraction of the total lung cells60 and do not
express CES1 and CTSA at high levels. According to The
Human Protein Atlas (www.proteinatlas.org), the expression
levels of CTSA and CES1 in AT2 cells are approximately 2-
fold and 3- to 9-fold lower, respectively, than those in the
macrophages. As such, the ProTides bioactivation efficacy
predicted based on the expression levels of activating enzymes
in the whole lung may have been overestimated. Thus, in situ
cellular metabolism profiling may offer additional insights into

prodrug activation in the sites of action and their anti-SARS-
CoV-2 efficacy.
Nine ProTides were selected for the analysis: Sofosbuvir and

TAF were included because they have been approved for use in
the clinic and have shown anti-SARS-CoV-2 efficacy in in vitro
studies.4,7 Isopropyl ester ProTides of GS-914828 and PSI-
35366129 were selected because their structures are very
similar to sofosbuvir and have shown promising anti-HIV and
anti-hepatitis C virus (HCV) effects in vitro, respectively. GS-
465124, GS-6620,30 and GS231 were included because of their
structural similarity to remdesivir in the nucleoside core, which
may render their anti-SARS-CoV-2 effects. Among these nine
ProTides, two belong to the phosphonate prodrug class,
namely, TAF and the isopropyl ester ProTide of GS-9148,
while the other seven are phosphate prodrugs. The activity of
CTSA on metabolizing these two phosphonate prodrugs were
generally higher than that for phosphate prodrugs (Table 1).
Whether this is because of the structure−activity relationship
or interstudy variance remains to be determined. It appears
plausible that increasing the CTSA preference may be
favorable for the pulmonary activation of prodrugs given the
relatively higher CTSA expression level in the lung.
Importantly, our results suggested that the liver was the
primary site of activation for most oral antiviral ProTides. Most
antiviral ProTides, such as sofosbuvir and TAF, were initially
designed for the treatment of hepatitis B virus (HBV) and
hepatitis C virus (HCV) infections. In these contexts, extensive
hepatic activation is considered an advantage because it allows

Figure 6. Hydrolysis efficiency of laninamivir octanoate in different human tissues. (a) Activation pathway of laninamivir octanoate activation.40

(b) Protein levels of ESD and LYPLA1. (c) Predicted ester hydrolysis rate of laninamivir octanoate in different tissues. Data are the means of three
independent measurements with error bars representing SD. ESD: esterase D; LYPLA1: lysophospholipase 1.
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Figure 7. Prodrug design of favipiravir and GS-441524. (a) Proposed ProTide and L-valyl ester prodrugs of favipiravir and GS-441524. ProTide
technology was used to modify T-705-ribonucleoside (T-705-R) and GS-441524 to form the isopropyl-alanyl phosphamide prodrugs: ProTide-T-
705-R and isopropyl-GS-441524. A L-valyl group was added as the masking group to the 5′-T-705-R and GS-441524 to form the L-valyl ester
prodrugs L-valyl-705-R and L-valyl-GS-441524. (b) Interactions between the binding-site residues of CES1 (PDB ID: 1YA4) and CTSA (PDB ID:
4CIA) and the ligands of ProTide form ProTide-T-705-R, isopropyl-GS-441524, and sofosbuvir. (c) Interactions between the binding-site residues
of PEPT1 (PDB ID: 4TPH) and BPHL (PDB ID: 2OCI) and the ligands of L-valyl ester prodrugs L-valyl-T-705-R, L-valyl-GS-441524, and
valacyclovir. Ligands are shown as sticks and colored by elements. Proteins are represented as cartoons, and residues at binding sites are shown in
lines and colored by elements. Polar contacts formed between ligands and proteins are shown in the dashed magenta lines.
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for rapid TP-Nuc formation in hepatocytes and the consequent
exertion of antiviral effects in the liver. However, when
prodrugs are used for COVID-19 treatment, the lung becomes
the primary target; thus, oral dosing may no longer be
desirable because of the extensive hepatic activation that
results. This may partially explain why orally dosed sofosbuvir
did not bring significant benefits to patients with COVID-19
after 1 week of treatment.61 Therefore, we suggest that when
sofosbuvir, TAF, and other antiviral ProTides are repurposed
for COVID-19 treatment, parenteral dosing such as inhalation
or IV infusion should be adopted to circumvent the extensive
hepatic first-pass effect.
Ester prodrugs usually have significantly improved cell

permeability relative to that of their nucleotide forms due to a
neutrally charged structure and high lipophilicity. From this
perspective, drug delivery to the action site can be improved
with a prodrug that is able to remain intact in its prodrug form
until after reaching the target cells. Therefore, for IV-dosed
antiviral prodrugs such as remdesivir, increasing plasma
stability could improve drug accumulation in pulmonary cells
and thus enhance efficacy for COVID-19 therapy. However,
our data analysis (Table 1) showed that remdesivir had lower
plasma stability compared to other ProTides evaluated in this
study. This could be attributed to the choice of ester group in
each ProTide’s design. Most ProTides, such as TAF and

sofosbuvir, use isopropyl as the ester group, while remdesivir
adopts the 2-ethylbutyl (2-EtBu) structure. According to a
recent human PK study, after a single IV dose of remdesivir, its
nucleoside form, GS-441524, becomes the predominant
metabolite in the plasma with t1/2 > 24 h.45 Some researchers
have argued that a large portion of remdesivir could be
hydrolyzed by serum or hepatic esterase before reaching the
lung, causing GS-441524 to be the predominant metabolite to
which pulmonary cells are exposed.11 When developing a
prodrug, researchers usually test different ester structures for
use as the masking moiety; changing the ester structure could
change the prodrug’s plasma stability.28,44 During remdesivir
development, several GS-441524 ester prodrugs were synthe-
sized and evaluated for their plasma stability and antiviral
activity in Hela cells, TERT-immortalized human foreskin
microvascular endothelial cells (HMVEC), and human macro-
phage cells.44 Remdesivir was chosen as the drug candidate
because of its superior antiviral activity relative to other
prodrugs. Among the tested prodrugs, the isopropyl ester
ProTide of GS-441524 (isopropyl-GS-441524) showed
relatively lower antiviral potency but much greater plasma
stability than remdesivir (t1/2: 1561 vs 69 min).44 The in vivo
human plasma t1/2 of remdesivir was also short, with the mean
value being 54 and 63 min after IV administration of single
doses of 75 and 225 mg, respectively.45 Notably, the
differences in antiviral activity among the tested GS-441524
prodrugs are solely attributed to differences in their intra-
cellular accumulation and activation rates because they all
share the identical active metabolite. Our docking results
showed that the isopropyl-GS-441524 prodrug appears to be a
specific substrate for CTSA and CES1. Our quantitative
proteomic analysis revealed that both CES1 and CTSA are
highly expressed in the human lung (Figure 3b), indicating that
the isopropyl-GS-441524 prodrug could be efficiently activated
in the lung. Therefore, the isopropyl-GS-441524 prodrug
warrants further investigation for its anti-COVID-19 effect.
Generally, MP-Nuc formation is a slow rate-limiting step in

the activation of nucleoside analogs.62 Phosphate/phosphonate
prodrugs are often made by adding an ester group to the
monophosphate structure, allowing for the first phosphor-
ylation step to be bypassed and the MP-Nuc metabolite to be
formed after cleavage of the ester group. This design

Table 2. Calculated Binding Free Energies (kcal/mol,
Docking Scores) of Specific Activating Enzymes and
Transporters Complexed with Designed Prodrugs

prodrug
type protein proposed prodrug

control
prodrug

favipiravir
(T-705) GS-441524

ProTide ProTide-T-705-Ra isopropyl-GS-441524 sofosbuvir

CES1 −8.12 −5.16 −8.25
CTSA −7.84 −9.26 −6.86

L-valyl ester
prodrug L-valyl-T-705-R L-valyl-GS-441524 valacyclovir

PEPT1 −6.15 −5.68 −6.06
BPHL −7.99 −7.23 −7.60

aT-705-R: T-705-ribonucleoside.

Table 3. Inspirations for the Nucleoside/Nucleotide Analog Prodrug Design for COVID-19 Treatmenta

prodrug type examples
original
indication

original
target site

dosing
route

major
activation

site ideas for COVID-19 drug development and applications

ProTide

TAF HBV/HIV liver/
PBMCs

oral liver
Parenteral dosing is recommended in order to bypass the extensive first-
passing effect in the liver; this may be helpful when the first phosphorylation
is the rate-limiting step in the activation. Increasing the plasma stability may
be favorable for pulmonary loading.

sofosbuvir

HCV liver
PSI-353661

GS-6620/
GS-465124

GS2

remdesivir Ebola virus PBMCs IV infusion

cyclic
monophosphate
prodrug

PSI-352938
HCV liver oral liver This may be not suitable for COVID-19 because their activating enzyme

CYP3A4 is deficient in the lung.JNJ-54257099

L-valyl ester
prodrug

valacyclovir HSV genital
oral intestine

and liver

It is possible to improve the oral bioavailability of parent nucleoside form,
especially when the first phosphorylation is not the rate-limiting step in the
activation; May be capable of targeting intestinal SARS-CoV-2.L-val-DAC cancer tumor

octanoate prodrug laninamivir
octanoate

influenza
virus lung inhalation lung example of long-acting inhaled antiviral prodrug

aPBMCs: peripheral blood mononuclear cells; HSV: herpes simplex virus.
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contributes significantly to prodrugs having greater antiviral
efficacy than their parent nucleoside forms.19,44 For multiple
phosphate/phosphonate prodrugs, efficient cellular absorption
and rapid formation of the active metabolite TP-Nuc have
been commonly observed in primary human hepato-
cytes.16,29,32,38,39 One of the strategies is cyclic monophosphate
prodrugs. PSI-352938 and JNJ-54257099 are two cyclic
monophosphate prodrugs and both of them undergo the
CYP3A4-mediated cleavage of their isopropyl group to form
the MP-Nuc.32,33 PSI-352938 and JNJ-54257099 were
originally designed as oral prodrugs. Our results showed that
these two prodrugs were mainly hydrolyzed in the liver and
intestine, suggesting that this type of prodrug may not be ideal
for COVID-19 treatment because the human lung lacks
CYP3A4 to activate them. In contrast, our results revealed that
the human lung has expression levels of serine hydrolases (e.g.,
CTSA and CES1) relatively higher than those in the liver
(except CES1), intestine, and kidney for the activation of
another type of monophosphate prodrug, ProTides. Of note,
cautions should be exercised when adopting ProTides for the
development of prodrugs against COVID-19. One potential
limitation is that the whole lung tissue proteomics data we
used may overestimate the AT2 cells’ ability of activating
ProTides since AT2 cells comprise a small fraction of the total
pulmonary cells and express relatively lower abundance of
CTSA and CES1 than other types of pulmonary cells.
Moreover, our analysis focused on the initial activation step
of ProTides, the ester hydrolysis. After cleavage of the ester
group, the carboxylate intermediate metabolite undergoes
further rapid chemical steps to form the alanine metabolite.
The alanine metabolite then requires deamination to cleave the
P−N bond and release the MP-Nuc. This step was believed to
be catalyzed by HINT1 and, to a lesser extent, HINT2.38,63,64

The abundance of HINT1 and HINT2 in various tissues is
given in Supplementary Figure 1; most notably, the pulmonary
expression of HINT1 was approximately half of its hepatic
expression. However, previous evidence has indicated that
conversion of the alanine metabolite to MP-Nuc for several
ProTides might not necessarily depend on HINT1. For
example, the P−N bond cleavage of TAF−Ala could be
spontaneous in the acidic environment of a lysosome (pH 4.5),
which is where the ProTide hydrolyzing enzyme CTSA is
mainly expressed and the site of alanine metabolite is formed.65

An in vitro study on sofosbuvir also found that HINT1 was not
the sole catalyzing factor for converting its alanine metabolite
to MP-Nuc.38 As such, whether the relatively low HINT1
abundance in the lung would limit ProTide prodrug activation
requires further investigation. Although MP-Nuc requires two
additional phosphorylation steps to form the final active
metabolite TP-Nuc, the formation of MP-Nuc is most critical
due to the phosphate metabolites (MP-Nuc, DP-Nuc, and TP-
Nuc) having low cell permeability on account of their multiple
negative charges. Thus, once MP-Nuc is formed in a cell, the
metabolite is likely to be trapped in the intracellular space,
allowing for its efficient conversion to TP-Nuc by kinases. As
such, the ester hydrolysis and the metabolism from alanine
metabolite to MP-Nuc are the most essential steps for ProTide
activation. However, recent findings showed that compared
with remdesivir, GS-441524 had a stronger anti-SARS-CoV-2
efficacy in Vero E6 cells but a weaker efficacy in Calu-35,66 and
Caco-2 cells.5,66 Whether GS-441524 or isopropyl-GS-441524
can be more effective for COVID-19 treatment than remdesivir
warrants further in vivo investigations.

Aside from having relatively low drug concentrations in the
lung, another limitation of remdesivir is that the drug is
currently only available in an IV dosage form and must be
administered in an in-patient setting. Some efforts are being
made to develop an inhalation formulation of remdesivir,67

aiming to increase drug loading in the respiratory system. The
inhalation formulation will also be more accessible for
outpatients, offering an opportunity to treat COVID-19 during
the early stage of infection. In addition, optimizing the prodrug
structure should also be considered during the development of
an inhalation formation, especially in the interest of achieving a
long-lasting anti-SARS-CoV-2 effect. One example is the
inhaled prodrug laninamivir octanoate, a long-acting neurami-
nidase inhibitor for the treatment of influenza.30 After a single
inhalation of 160 mg prodrug, its active metabolite laninamivir
can maintain a concentration > EC50 in the epithelial lining
fluid (ELF) for 164 h.30 Moreover, at its standard dosage (40
mg daily), it showed a favorable safety profile and was effective
in the Japanese population.68,69 Our analysis indicated that
hydrolysis of laninamivir octanoate in the lung and other
tissues was very slow, at least 100-fold lower than for other
types of prodrugs. The t1/2 values reported for laninamivir
octanoate in human alveolar macrophages and epithelial lining
fluid were approximately 41 and 70−90 h, respectively.30 This
long t1/2 supports our prediction that laninamivir octanoate has
a slow hydrolysis rate in the lung. The long-lasting antiviral
effect of laninamivir octanoate can be partially explained by the
high dosage loading used (40−160 mg per inhalation) and its
slow pulmonary hydrolysis. ESD and LYPLA1 are the major
enzymes for the ester hydrolysis of laninamivir octanoate, and
have much lower hydrolysis activity for this prodrug than is
observed for CTSA hydrolyzing ProTides or BPHL hydro-
lyzing L-valyl ester prodrugs.40 The O-octanoyl ester linkage on
the structure of laninamivir octanoate, similar to that of sialic
acid, may account for the specificity and susceptivity of this
prodrug to ESD and LYPLA1,40 so it may offer a reference for
developing long-lasting inhaled antivirals for COVID-19
treatment.
Although the human lung is considered the primary site of

the SARS-CoV-2 infection, increasing evidence suggests that
extrapulmonary infections, such as of the intestine, are
imperative for COVID-19 treatment outcomes.70 It has also
been recommended that antivirals should be given as early as
possible after being infected with SARS-CoV-2.71 However,
the IV formulation of remdesivir limits its outpatient
application in those who are at an early stage of COVID-19
and have mild symptoms. An oral antiviral drug can be a
preferred option for this cohort and offers the benefit of
eradicating the virus within the gastrointestinal system, thereby
preventing feces−oral spread. Valacyclovir72 and L-val-DAC56

are two L-valyl ester prodrugs that are specific substrates of the
intestinal transporter PEPT1 and enzyme BPHL. Data from
PK studies in male Sprague−Dawley rats showed that
valacyclovir72 and L-val-DAC56 both had significantly improved
bioavailability over their parent nucleosides (46 vs 14% and
48.6 vs 27.86%, respectively). Once in the intestinal wall, a
large portion of these L-valyl ester prodrugs are rapidly
hydrolyzed by intestinal BPHL, and the remaining portion
could be nearly completely hydrolyzed by hepatic BPHL,
releasing the parent nucleosides to the circulation.54,56 Unlike
ProTides and cyclic phosphate prodrugs that are designed to
bypass the first phosphorylation step, the L-valyl prodrug
strategy is intended to improve bioavailability through
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enhancing intestinal uptake and leveraging rapid first-pass
metabolism. Furthermore, since this type of prodrug can be
efficiently delivered into intestinal cells by intestinal trans-
porters and extensively hydrolyzed by intestinal BPHL, we
envision that L-valyl ester prodrugs could be particularly
effective in treating SARS-CoV-2 infection in the intestine.
Favipiravir, an antiviral nucleobase analog, was approved in

Japan in 2014 for the treatment of influenza, and it has recently
been granted emergency use authorization in Russia and Japan
for COVID-19 treatment due to its potential against SARS-
CoV-2.42 An in vitro study showed that its active metabolite, T-
705-RTP, is a potent inhibitor of the SARS-CoV-2 RdRp.73

Another in vitro study showed that high concentrations of
favipiravir could inhibit SARS-CoV-2 with an EC50 of 61.88
μM, suggesting a high dosage might be required for COVID-
19 therapy.74 In a phase III clinical trial, patients were treated
with favipiravir tablets [3600 mg (1800 mg twice daily) (day
1) + 1600 mg (800 mg twice daily) (day 2 or later)] for up to a
maximum of 14 days. The results showed significant benefits in
terms of reduced recovery time, but adverse events were more
frequent in the favipiravir arm than in the control arm (35.6 vs
8%).75 In Japanese patients receiving favipiravir at a lower dose
than the above phase III clinical trial, the frequency of adverse
reactions was about 20%.76 Hyperuricemia was the major
adverse event, a consequence of renal transporter inhibition by
favipiravir and its inactive metabolite T-705M1.77 Two
favipiravir inactivating enzymes, AO (major) and XO
(minor),78 are mainly expressed in the liver (Supplementary
Figure 2), indicating that an extensive hepatic first-pass effect
could exist. Moreover, considering that the intracellular
activation of favipiravir requires both ribosylation and first
phosphorylation, its activation may not be as efficient as that of
ester prodrugs. To address these limitations, we designed two
favipiravir prodrugs using the ProTide and L-valyl ester
prodrug design strategies. We also applied the same strategies
to design new prodrugs for GS-441524, the parent nucleoside
of remdesivir. Molecular docking analysis revealed that
compared with sofosbuvir the ProTide forms of favipiravir
exhibited very similar binding energies for CTSA and CES1.
Compared to sofosbuvir, the isopropyl ProTide form of GS-
441524 may have higher CTSA binding affinity but lower
CES1 binding affinity. The calculated binding energies of the
proposed L-valyl ester prodrugs to PEPT1 and BPHL were
generally comparable to those of valacyclovir. From a
thermodynamic point of view, our docking results suggest
that the ProTide and L-valyl ester prodrugs of favipiravir and
GS-441524 have favorable binding affinities for target enzymes
and transporters. Taken together, the metabolism and delivery
features of ProTides and L-valyl ester prodrugs can be
applicable to various nucleoside/nucleotide analogs with
demonstrated in vitro anti-SARS-CoV-2 effects, such as
favipiravir, ribavirin,74 and β-d-N4-hydroxycytidine (NHC;
EIDD-1931).71 Notably, whether the first phosphorylation is
the rate-limiting step in the activation of GS-441524 and
favipiravir in humans have not been fully established. Our
proposed prodrugs with the ProTide and L-valyl-ester
technology could offer two options: If the first phosphorylation
is the rate-limiting step, then the ProTide form may be of help
by bypassing the first phosphorylation. If not, then the L-valyl
ester prodrug form could improve their oral availability. A
recent study suggested that the second phosphorylation was
the rate-limiting step in the activation of favipiravir in Madin−
Darby canine kidney (MDCK) cells.79 If this also occurs in

SARS-CoV-2-infected cells, then the ProTide strategy may not
be able to significantly improve its activation and efficacy, while
the di- or triphosphate nucleoside/nucleotide prodrug design
could be more favorable.79 Thus, more work is needed to
determine whether these proposed prodrugs for favipiravir and
GS-441524 can boost their activations and anti-SARS-CoV-2
potency. The methods for synthesizing ProTide and L-valyl
ester prodrugs can be seen in the previous studies.44,80,81

One potential limitation of this study is that the activating
enzymes included in the analysis may not cover all enzymes
involved in prodrug activation in vivo, leading to potential
underestimation of the degree of activation in a tissue.
However, the original studies for TAF and sofosbuvir screened
more than 10 hydrolases when identifying the major activating
enzymes,37,38 and the enzymes responsible for hydrolysis of
valacyclovir36 and laninamivir octanoate40 were identified by
unbiased MS-based proteomics approaches, which had
excellent coverage and throughput.
In summary, the expression patterns of serine hydrolases

related to the activation and PK of anti-SARS-Cov-2 prodrugs
vary significantly between different human tissues; thus, the
activation rate of an antiviral prodrug can be tissue-dependent.
The primary site for ester hydrolysis of ProTides is the liver,
indicating that parenteral dosing should be considered when
using these prodrugs to treat COVID-19. The L-valyl ester
prodrug technology could be an effective approach for
improving the bioavailability of oral nucleoside/nucleotide
analogs, and probably offers the benefit of treating gastro-
intestinal viral infections. Moreover, a structure similar to that
of laninamivir octanoate could be used as a reference for
developing a long-acting inhaled anti-SARS-CoV-2 prodrug.
Further investigations into different formulations and prodrug
structures will lead to the development of a new generation of
nucleoside or nucleotide prodrugs with improved efficacy and
safety for COVID-19 treatment.
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