Open Access Article. Published on 02 January 2026. Downloaded on 1/8/2026 11:58:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC

Medicinal Chemistry

REVIEW

{ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5md00810g

Received 11th September 2025,
Accepted 6th December 2025

DOI: 10.1039/d5md00810g

rsc.li/medchem

1. Introduction

¥ ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal

Prodrug strategies in developing antiviral
nucleoside analogs
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Mohammed Loubidi, HongWang Zhang, Longhu Zhou, Shaoman Zhou, Chenwei Li,
Amita Kumari, Sijia Tao, John M. Wiseman, Selwyn J. Hurwitz,

Franck Amblard* and Raymond F. Schinazi (2*

Prodrug strategies are used to enhance the physicochemical and pharmaceutical properties of drug candidates
that may not be suitable for specific delivery or are limited by formulation options. A prodrug derivative is
converted into its active pharmaceutical ingredient (drug) through enzymatic or chemical reactions within the
body. Antiviral nucleoside prodrugs have garnered considerable interest in drug discovery, leading to the
approval of key drugs such as remdesivir (SARS-CoV-2), Sovaldi (hepatitis C virus, HCV), and tenofovir disoproxil
fumarate [hepatitis B virus (HBV) and human immunodeficiency viruses (HIV)]. Their success lies in improving
the oral bioavailability and delivering the parent drug to the targeted tissues. This review focuses on the
prodrugs of antiviral nucleosides evaluated in humans (approved, in development or terminated), providing an
overview of the different approaches utilized and discussing their in vitro and in vivo benefits.

HCV), cytomegalovirus (CMV), and SARS-CoV-2 infections.'™
For these NAs to become active, they must be phosphorylated

Medical professionals commonly prescribe antiviral nucleoside  within the cell by various cellular kinases, converting them into
analogs (NA) to treat herpes simplex virus (HSV), human  their respective NA-triphosphate forms (NTP). The NTPs then
immunodeficiency virus type 1 (HIV-1), hepatitis B and C (HBV, = compete with the natural nucleotide triphosphates for
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incorporation by the viral polymerases, ultimately inhibiting the
virus's genetic replication.

However, some nucleoside analogs can exhibit poor oral
absorption, and low bioavailability. Therefore, prodrugs have
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been developed to enhance oral drug absorption, improve
cellular uptake, and ensure the selective phosphorylation of
nucleoside analogs in tissues vulnerable to viral infections.
The term prodrug was coined in 1958 by Adrien Albert;
however, the concept has historical roots from earlier
medical applications, such as methenamine (prodrug of
formaldehyde, discovered in 1859), phenacetin (prodrug of
acetaminophen, discovered in 1887), and prontosil (prodrug
of sulfanilamide, discovered in 1932). A prodrug is a
biologically inert or weakly active molecule that, upon
biotransformation in vivo, releases the pharmacologically
active parent compound.’

When considering the development of nucleoside
prodrugs, several approaches have been successfully used
over the years including; 1) derivatization of the free hydroxy
groups at the nucleoside 2', 3" and 5’ positions of the sugar
moiety, with simple aliphatic acetates, amino acid esters; In
general, simple ester prodrugs (e.g., isobutarate) increase
passive permeation or active transport (e.g:, amino acid
prodrugs via PEPT-1) to alter pharmacokinetic parameters.
Amino acid esters increase bioavailability and solubility in
addition to modular properties such as quick release (e.g.,
glycine) or extended release patterns (e.g., isoleucine)®” 2)
functionalization of the nucleoside heterobase using
enzymatically labile groups (Fig. 1). These lipophilic prodrugs
intend to reduce pre-systemic metabolism and enhance
tissue- and cell-selective delivery of the NA. This selective
delivery enables subsequent phosphorylation by intracellular
kinases, generating the active NTP form.

Since the initial monophosphorylating step of a nucleoside
analogs can be rate-limiting, nucleoside monophosphate (MP)
prodrugs, such as phosphoramidates (ProTides) or phosphonates
[(Bis (POM), and Bis (POC) derivatives] containing “masked” and
intracellularly cleavable monophosphate moieties, have also been
developed” (Fig. 1).

This review focuses on these different strategies, discussing
the benefits and their success in improving pharmacokinetics,
targeting properties, and antiviral in vivo efficacy of NA,
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Fig. 1 Generic structures of representative prodrug types discussed in this

~

RSC Med. Chem.

View Article Online

RSC Medicinal Chemistry

emphasizing the most recent preclinical or clinical developments
(Table 1).

2. Ester prodrugs
Valacyclovir

Acyclovir, a purine acyclic nucleoside, is used to treat herpes
simplex, chickenpox, and shingles virus infections.® It is
activated by the viral thymidine kinase, which converts it to
acyclovir monophosphate. This monophosphate is further
converted to active acyclovir triphosphate, which inhibits viral
DNA synthesis by competitive inhibition of the viral DNA
polymerase and acts as a viral DNA chain terminator. However,
the drug has poor oral bioavailability (10-20%) and a short half-
life of approximately 2.5-3.0 h.® Therefore, a prodrug approach
was adopted for improving the PK parameters of acyclovir.
Valacyclovir is an r-valyl ester prodrug that is converted to
acyclovir during first-pass metabolism, thus enhancing the
bioavailability of the active drug by three to four times, while
retaining its safety profile’ (Fig. 2).

Valganciclovir

Valganciclovir is the r-valine amino acid prodrug of ganciclovir.
Valganciclovir was FDA-approved in 1988 for the treatment of
cytomegalovirus in HIV infected persons as well as persons
having undergone organ transplants. Valganciclovir is not a
curative treatment. The 5-amino acid adduct of ganciclovir
enhances oral bioavailability by improving absorption in the
intestines and liver, where it is subsequently cleaved by
esterases to release the active drug (Fig. 3). While ganciclovir
has an oral bioavailability of only 8.5%, valganciclovir
significantly increases this to 82.5%.'%"

Famciclovir

Famciclovir is a diacetyl ester prodrug of penciclovir, used to
treat herpes zoster (shingles) infections. Esterases in the
intestine quickly metabolize the ester moieties, and the purine

R4 = methyl, isopropyl

R, = alkyl

B = purine, pyrimidine, triazole

X =0, phosphoramidate

X = CH,, phosphonamidate

Ar = phenyl, 1-naphthyl

Y = cyclic/acyclic, suger modifications
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Table 1 Advanced and approved antiviral nucleoside prodrugs (1980-2025)
Drug name, and Pharmacokinetics Approved date and
structure (PK) properties Mechanism of action medical uses Clinical status Ref.
N Improved aqueous HSV DNA polymerase Approved in June 1995 Zoster eye disease 121
NH, (ka"" solubility, absorption, inhibitor for herpes simplex virus  study (phase 4) page 3
Y 0\I/° \T N//k...., and oral bioavailability (HSV) infections
o
Valacyclovir
(Valtrex)
0 Improved aqueous Viral DNA polymerase Approved in March 2001 Glioblastoma (phase 2) 122, 123
NH, <," ftn: solubility, fabsorlpti(?r'l, inhibitor for the treatment of . Kidne}.l trgnsplant page 4
] *(° o) v ~w,  and oral bioavailability CMYV retinitis in patients complication, and
° \% with acquired cytomegalovirus (CMV)
on immunodeficiency (phase 4)
Valganciclovir syndrome (AIDS) Hepatocellular carcinoma
(HCC) (phase 2)
Major depressive
disorder (phase 2)
| =y Improved oral HSV DNA polymerase Approved in June 1994 Multiple sclerosis 124
o._o . N/)\N": bioavailability inhibitor for herpes simplex virus  (phase 1) page 4
f ]/\l (HSV) and varicella
o zoster virus (VZV)
Pt infections
0P\
Famciclovir
(Famvir)
NH; Improved aqueous HCV RNA-dependent Hepatitis C virus (HCV)  No longer in active 125
N solubility, absorption, =~ RNA polymerase (NS5B)  Discontinued due to the development page 5
| /L and oral bioavailability inhibitor safety concerns Hepatitis C virus
HO N (HCV) (phase 2)
o
- _~__0O OH
o
Valopicitabine
(NM-283)
_/  Improvedaqueous Viral DNA polymerase Herpes zoster Shingles 17 page
solubility, absorption,  inhibitor Herpes zoster 6
and oral bioavailability Postherpetic neuralgia
(phase 3)
Discontinued because
of availability of other
effective therapies and
Valﬁ;ivudine market dynamics
hydrochloride
(FV-100)
LOH Improved oral Viral RNA-dependent FDA granted an Coronavirus disease 23, 25
T bioavailability RNA polymerase (RARp)  emergency use (COVID-19) (phase 3), page 6
N inhibitor authorization (EUA) in influenza, and acute
) o | /& 2021 for the treatment  respiratory infections
\( T o] ©° of mild-to-moderate (ARIs)
o COVID-19
OH OH
Molnupiravir
(Lagevrio)
NH, Improved oral Viral RNA-dependent Respiratory syncytial Metapneumovirus (phase 29 page
Nn bioavailability RNA polymerase (RdRp)  virus (RSV) and human  2); discontinued due to 7
9\:..‘ | /& inhibitor metapneumovirus lack of sufficient clinical
_/ o N o (hMPV) infections efficacy and safety
\ci 0 concerns associated with
Me neutropenia
0::_(o F
Lumicitabine
(ALS-8176)
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Drug name, and Pharmacokinetics Approved date and
structure (PK) properties Mechanism of action medical uses Clinical status Ref.
NH, Improved oral HCV RNA-dependent Hepatitis C virus (HCV)  Chronic hepatitis C 126, 127
A bioavailability RNA polymerase (NS5B)  infection (phase 2) page 8
% | /L inhibitor
/) ° N o
— o
O:&(o F
Mericitabine
NH, Improved oral NS5B RNA polymerase Hepatitis C virus (HCV); Dengue (phase 1) 39 page
SN bioavailability inhibitor discontinued due to the 9
A | Y safety concerns
»/"Ro ° N o (mitochondrial toxicity)
\ N;% ?
o o
o = »_/ W’; o]
Balapiravir
(R1626)
Improved permeability, Viral RNA-dependent Hepatitis C virus (HCV) COVID-19 (phase 3) 128
and oral bioavailability RNA polymerase (RARp) and COVID-19 (terminated due to low page 10
inhibitor rate of exposure)
OH OH
Obeldesivir
(GS-5245, ATV006)
Improvedpermeability, Viral RNA-dependent Approved for COVID-19  Chinese infants 129
and oral bioavailability RNA polymerase (RARp) treatment in China and hospitalized with page 11
inhibitor Uzbekistan RSV (phase 2)
Deuremidevir
(VV116)
Nt Improved cellular Viral DNA polymerase Approved in June 2021 Adenoviruses (AdV) 130
‘ \/L uptake and lower inhibitor for the treatment of and cytomegalovirus page 12
Y. plasma concentrations smallpox (CMV) (phase 2)
{ I° of cidofovir
oH
Brincidofovir
(CMX001, Tembexa)
P HaN Improved permeability Viral reverse Approved in September  Liver cirrhosis, and 131
‘o n_/ =N (absorption) and transcriptase (HIV) or 2002 for the treatment  portal hypertension page 13
/ 4 \ J  cellular uptake viral DNA polymerase of chronic hepatitis B (unknown status)
o N (HBV) inhibitor
o/"\/°\/'
/“:
o
Adefovir
dipivoxil
(Hepsera)
HN Improvedoral HBYV reverse Chronic hepatitis B Chronic hepatitis B 132, 133
N "\> bioavailability and transcriptase inhibitor virus (HBV) infection (phase 2 and 3) page 13
K, ° target selectivity (terminated due
\j *Z’°" (hepatocytes) to nonclinical
0= Vi carcinogenicity)
o;,"’_o\
—
Pradefovir mesylate
(MB-06886)
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Table 1 (continued)
Drug name, and Pharmacokinetics Approved date and
structure (PK) properties Mechanism of action medical uses Clinical status Ref.
R I Improved intestinal Viral reverse Approved in June 2002  Observational study: 134
) : ) b (":]\%J absorption and oral transcriptase (HIV) or for the treatment of impact of fatty liver page 14
| g \f‘} . " .  Dbioavailability viral DNA polymerase HIV-1 infection on hepatitis B therapy
° e (HBV) inhibitor Approved in August 2008 Parkinson's disease
Tenofovir disoproxil for the treatment of (phase I)
fumarate (Viread, TDF) chronic hepatitis B
Y, T Improved intestinal Inhibitor of the HBV Approved in September ~ Renal impairment 135
S W, O J«)\\n*um absorption and oral DNA polymerase 2017 in South Korea for  (phase 1) page 15
il X bioavailability the treatment of HBV, Hepatitis B (phase 4)
Besifovir dipivoxil and in China (January
maleate (LB80380) 2019)
Improved potency and  Viral reverse Approved in November  Observational study: 136-138
target selectivity transcriptase in HIV and 2015 for the treatment  impact of fatty liver on page 18
< (lymphoid tissues and the HBV polymerase in  of HIV-1 and for chronic hepatitis B therapy,
hepatocytes/liver cells) hepatitis B inhibitor hepatitis B virus NCT06535048
g infection in April 2016 ~ Accelerated ART initiation
Tenofovir alafenamide fqr protocol for people
(Vemlidy, TAF) with HIV who are out of
care (phase 4)
° Improved cellular NS5B RNA-dependent HCV infection No longer in active 76 page
o, (“\%\ I uptake and 500 times ~ RNA polymerase Discontinued due to the development 19
o :iv\; Lo}" % s  more potent than the  inhibitor safety concerns Phase 2 (terminated)
° ~ parent nucleoside associated with heart
& and kidney toxicity
BMS-986094
(INX-08189)
o, i Improved potency and HCV NS5B RNA- Discontinued due to the HCV (phase 2) 79 page
oy, ¢TI " target selectivity (liver  polymerase inhibitor safety concerns (serious  No longer in active 19
o) "M cells) cardiac adverse events)  development
IDX-184
NH, Improved potency and NS5B RNA-dependent Discontinued because HCV (phase 2) 83 page
(gn target selectivity (liver =~ RNA polymerase of availability of other No longer in active 20
PR N/KO cells) inhibitor effective therapies development
i \H//\o i°? for HCV
( TN oM oH
\_7
ALS-2200
(epimeric mixture)
VX-135 Improved potency and NS5B RNA-dependent Discontinued because HCV (phase 2) 127
(single diastereomer target selectivity (liver ~ RNA polymerase of availability of other No longer in active page 21
of ALS-2200) cells) inhibitor effective therapies for development
HCV and market
dynamics
° Improved potency NS5B RNA-dependent First approved in 443 clinical trials for 87, 88
A fknu and target selectivity RNA polymerase September 2013 in HCV, liver cancer, page 21
—o ° NAO (liver cells) inhibitor South Korea for the Covid-19, and male
“ % °~ - Binds to two Mg”* ions  treatment of HCV, infertility
NS cn & present in HCV NS5B HCV, and cirrhosis
Sofosbuvir polymerase's GDD active
(Sovaldi) site motif and preventing
further replication of
HCV
a Improved potency and HCV NS5B inhibitor Hepatitis C virus Phase 2 (terminated 139
°\/;A Do | /t target selectivity (HCV) infjection dug to lack of clinical page 22
—o  HN:PoO v S (hepatocytes) efficacy as a
“" S0 % ° jm standalone drug)
on
Uprifosbuvir
(MK-3682)
0 Improved oral HBV polymerase HBYV infection HBV, phase 2 (terminated 140
bioavailability with inhibitor due to lack of clear page 23

OH

ATI-2173

better safety

This journal is © The Royal Society of Chemistry 2025
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Table 1 (continued)
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Drug name, and

Pharmacokinetics

Approved date and

structure (PK) properties Mechanism of action medical uses Clinical status Ref.
o Improved oral NS5B RNA polymerase HCYV infection HCV (phase 1) (J&J 93 page
A . (Lnn bioavailability, and inhibitor withdrawn because 23
o e bso «So  higher levels of TP of availability of other
“";!/ . j? ° ZJ e compared to the effective therapies
on oH parent nucleoside for HCV)
AL-335 (JNJ-4178, Phase 2, NCT02993250
and adafosbuvir) (completed)
Renal impairment
(phase 1)
. N e Improved potency and Viral RNA-dependent Approved in October Respiratory syncytial virus =~ 141
A o\'*.;/.‘ 2. Q{j‘ target selectivity RNA polymerase 2020 for hospitalized (RSV) (phase 2) page 24
S e (Calu-3 cells) (RdRp) inhibitor COVID-19 patients COVID-19, SARS-CoV-2
P jm « infection, and influenza
(observational study) 167
Remdesivir clinical trials
(Veklury)
. - Improved solubility, Viral RNA-dependent HCYV infection and HCV (phase 2) 105, 142
e (11 and plasma RNA polymerase COVID-19 COVID-19, and page 25
& o) W e concentration of the (RdRp) inhibitor SARS-CoV-2 (phase 3)
‘ T "™ active guanosine TP
Bemnifosbuvir metabolite (AT-9010)
(BEM; AT-527)
. w7 Improved solubility, Viral RNA-dependent A range of RNA viruses, Dengue (phase 2; 104
D </"],)i 1 and plasma RNA polymerase including COVID-19 and terminated) page 25
F o] Ve concentration of the (RdRp) inhibitor dengue Development of AT-752
T P active guanosine TP for COVID-19 has been
AT-752 metabolite (AT-9010) discontinued due to
(Rp-diastereomer) business strategic
considerations
. i Improved potency and RNA-dependent viral Preclinical drug for RSV, Preclinical candidate for 97 page
D Al target selectivity (lung RNA polymerase human RSV African green monkey 26
B o v epithelial cells) (RdRp) metapneumovirus (AGM) challenge model
A e B (hMPV), and human
2"-a-Fluoro-2'-p-C- rhinovirus (HRV)
(fluoromethyl)guanosine
o Improved potency and HCV NS5B Discontinued due to the HCV (phase 2) 143, 144
</~ Sw target selectivity RNA-polymerase safety concerns No longer in active page 16
N u/)\m, (hepatocytes) inhibitor (elevations in liver development
;’ i°_\f enzymes (ALT/AST)
N S B causing to
lo hepatotoxicity)
PSI-352938
(PSI-938, GS-0938)
HN Improved solubility DNA and RNA viral HCV Phase 2, NCT00446134 113, 145
NH, and target selectivity polymerases inhibitor (completed) for HCV page 29
N‘(\ (liver tissues) - less HCV (phase 3)
/ N exposure to red blood RSV (phase 2)
HO. N cells Crimean-Congo
2 hemorrhagic fever
(phase 2), and Lassa
OH OH fever (phase 2)
Taribavirin/hydrochloride
(Viramidine)
AN Improved oral HIV-1 reverse Approved in December  Amyotrophic lateral 58 page
wo bioavailability, and transcriptase inhibitor 1998 for the treatment  sclerosis (phase 3, 30
N q CNS permeability of HIV-1 terminated not due
¢ )"\ to the safety issues)
Ho NN SN, High grade glioma
\Q (phase 1)
Abacavir
NH; Improve solubility, Inhibits viral reverse HIV-1/HBV HIV-1 (phase 2; terminated 146
NT/&N selectivity (liver and transcriptase (for HIV) or due to poor recruitment)  page 28
"o ¢ /I\ L intestine) and oral DNA polymerase (for
} o_ |7 N7 "ww;  Dbioavailability HBV)
—
Amdoxovir/DAPD
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o}
N
NH, </ | NH
e 10 N N/)\ NH
W \l/o\’ 2
o
Valaciclovir
Fig. 2 Structures of acyclovir and valaciclovir.
0
NH, </N | NH
: \ r
N NH,

Wokow
OH

Valganciclovir

Fig. 3 Structures of valganciclovir and ganciclovir.

base is subsequently oxidized in the liver by an aldehyde
oxidase to deliver the active drug, penciclovir which gets
phosphorylated by the viral thymidine kinase (TK).
Phosphorylation of one of the hydroxyl groups of penciclovir
generates a chiral center, leading to either R- or S-enantiomer. It
was found that the S-enantiomer appeared to be amplified for
the active triphosphate form, which acts as a DNA polymerase
inhibitor in the infected herpes simplex virus cells'* (Fig. 4).
Clinical studies demonstrated that the prodrug significantly
improves the absorption and the oral bioavailability of
penciclovir, achieving up to 77% following a single dose of
famciclovir."?

Valopicitabine (NM283)

Although 2'-C-methylcytidine exhibited potent in vitro activity,
its clinical development for the treatment of chronic hepatitis
C virus (HCV) infection was impeded by poor oral
bioavailability and formulation challenges."* To address
these limitations, valopicitabine, a 3'-O-1-valinyl ester prodrug
of 2'-C-methylcytidine was designed, resulting in improved

oo L

NH,

1. Esterase

View Article Online

Review
o
N
NH
Esterase 4
B e AL
\I/o\f N NH,
Acyclovir
o
Esterase </N | HH
- = HO N /J\
N NH,
O\‘
HO

Ganciclovir

oral bioavailability by 34% in rats (Fig. 5)."* Valopicitabine is
cleaved by esterases in the gut and/or liver to deliver 2'-C-
methylcytidine (Fig. 5). A phase 2 study showed that
valopicitabine in conjunction with pegylated interferon-alpha
(PEG-IFN-a) led to significant reductions in HCV RNA levels
compared to PEG-IFN-a. alone, with viral load decreases
surpassing -3 log;, IU per mL in some cases by week 12."
However, valopicitabine's development faced setbacks due to
dose-dependent  gastrointestinal ~ side  effects and
hematological toxicity, such as neutropenia and anemia,
leading to the discontinuation of its clinical development.

FV-100

Bicyclic nucleoside analog (BCNA), CF-1743, is a highly
specific inhibitor of varicella-zoster virus (VZV) replication
(ECso ~ 440 pM).'® Despite its potency, CF-1743 has poor oral
bioavailability (<14%) due to its high lipophilicity and very
low water solubility (0.9 pug mL™). To overcome these
limitations, a 5'-valyl ester prodrug (FV-100) was developed as
a hydrochloride salt (Fig. 6). This modification significantly

o}

</N | NH
HO N N/)\ NH,

2. Aldehyde oxidase

Famciclovir

Fig. 4 Structures of famciclovir and penciclovir.

This journal is © The Royal Society of Chemistry 2025
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NH, NH,
B B
HO N/go HO N/&O
o Esterase o
HCI"NH, ) Me —_— Me
Wo OH OH OH
(o]
Valopicitabine 2'- C-Methylcytidine

Fig. 5 Structures of valopicitabine (NM-283) and 2'-C-methylcytidine (NM-107).

OH

FV-100
Fig. 6 Structures of FV-100 and CF1743.

increases water solubility, bioavailability, and systemic
absorption, enabling effective delivery of CF-1743 to the
infected tissues. After oral administration, FV-100 is rapidly
hydrolyzed into CF-1743, which is then selectively
phosphorylated in infected cells by VZV thymidine kinase
(TK) to generate its active triphosphate metabolite (CF-1743-
TP)."” The prodrug exhibits 500 times greater solubility and a
10-fold increase in bioavailability compared to its parent
drug.'® Additionally, FV-100 shows approximately a 10-fold
improvement in both AUC and Cp,,x compared to CF-1743.%°
FV-100 has successfully completed phase I and II clinical
trials for the treatment of herpes zoster (shingles).

Molnupiravir

Nucleoside derivative B-p-N*-hydroxycytidine (NHC, PSI-0194,
EIDD-1931) shows antiviral activity against several viruses
including HCV, zika virus, chikungunya virus, yellow fever
virus, influenza, Jamestown Canyon virus, Cache Valley virus
and SARS-CoV-2.%°7*?

Because of its ability to tautomerism, NHC-TP can substitute
for either cytidine-TP or uridine-TP in the elongating RNA
strand and subsequently pairs with either guanosine or

RSC Med. Chem.

Esterase

y HO

OH
CF1743

adenosine in the RNA template.>® This unique property results
in an accumulation of nucleotide errors in viral RNA/genome
and probably explain the broad-spectrum antiviral activity of
NHC/molnupiravir.** Although NHC exhibited good oral
availability in mice (56%),>” its plasma concentration was low in
cynomolgus monkeys, causing poor bioavailability (8.4%). To
improve the oral bioavailability of NHC, a 5-isobutyl ester
prodrug was developed (molnupiravir - EIDD-2801), which is
quickly absorbed and hydrolyzed by esterases to NHC during
absorption and first-pass metabolism, resulting in an increased
bioavailability of NHC (45% in cynomolgus monkeys)*® (Fig. 7).
Molnupiravir showed excellent pharmacokinetic properties
in cynomolgus monkeys and ferrets, and the single ascending
dose oral pharmacokinetic (PK) profile in ferrets provided
information on dose selection for clinical trials.>” Molnupiravir
received authorization from regulators in the United States, the
United Kingdom, and Australia in late 2021 and early 2022. The
US Food and Drug Administration (FDA) granted emergency use
authorization on December 23, 2021, for the treatment of mild-
to-moderate COVID-19 in adults with positive SARS-CoV-2 viral
testing who are at high risk for progression to severe COVID-19.
Although the drug exhibits activity against pathogenic RNA
viruses, NHC was shown to display host mutational activity in

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Structures of molnupiravir and EIDD-1931.

an animal cell culture assay indicating that NHC/molnupiravir
could hold long terms risks for the patients.>>*®

Lumicitabine

4-Chloromethyl-2-deoxy-2-fluorocytidine (ALS-8112) is a potent
inhibitor of RSV replication in vitro (ECso = 0.15 uM., IC5, = 0.02
uM).%* However, the cytidine analog ALS-8112 does not achieve
good oral bioavailability due to its high polarity. Therefore,
lumicitabine (ALS-8176), a 3',5"-O-diester prodrug approach was
developed,* and eventually considered as a drug candidate to
treat respiratory syncytial virus (RSV) and human
metapneumovirus (hMPV) (Fig. 8).°°*' The diester prodrug
increased the oral bioavailability of ALS-8112 from 3% to 44%
in monkeys, allowing for the delivery of a high level of ALS-
8112-TP in vivo.”® ALS-8176 demonstrated excellent anti-RSV
efficacy and safety in a phase 2 clinical RSV challenge study,*
but was discontinued due to safety concerns associated with
neutropenia.*

Mericitabine (RG7128)

Mericitabine (RG7128) is a 3',5'-diisobutyrate ester prodrug of
the 2'-F-2'-C-methyl cytidine nucleoside analog PSI-6130,
specifically designed to combat HCV infections. PSI-6130
demonstrated antiviral activity by selectively inhibiting HCV
replication in sub genomic replicon assays with an ECy, of
4.6 uM.** Preclinical studies highlighted its strong safety

profile, showing no cytotoxicity at the highest concentrations
tested and a no-effect dose of 100 mg kg™' in a 6 day mouse
toxicity study.*® Despite having a satisfactory pharmacological
profile, PSI-6130 faced significant challenges related to its
metabolism and low bioavailability (25% in rhesus monkeys).
In vitro studies revealed that PSI-6130 is a substrate for
cytidine deaminase (CDA), which deaminates it into the
inactive uridine analog PSI-6206 (ref. 36) (Fig. 9).

To overcome these limitations, mericitabine (RG7128) was
developed, which improved its pharmacokinetic properties
and enhanced bioavailability. In clinical trials, mericitabine
demonstrated remarkable efficacy. During a 14 day
monotherapy study in patients with HCV genotype 1, a
dosage of 1500 mg twice daily resulted in an average
reduction of 2.7 log;, IU per mL in HCV RNA levels.*’
Importantly, no adverse effects or viral rebound were
observed, underscoring the safety and effectiveness of this
approach. However, mericitabine (RG7128) was discontinued
in 2013 during phase II clinical trials. Although it
demonstrated promising antiviral activity and safety in early
studies, its development was halted due to its limited efficacy
compared to other direct-acting antivirals such as sofosbuvir.

Balapiravir (R-1626)

Balapiravir (R-1626) is the tri-isobutyrate prodrug of nucleoside
R-1479, a highly potent and selective inhibitor of NS5B HCV
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0 | N | NN
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o
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Fig. 8 Structures of lumicitabine and ALS-8112.
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RNA polymerase.®® This lipophilic prodrug (R-1626) was
developed to increase permeability/bioavailability and improve
antiviral activity of R-1479 (Fig. 10).*° R-1626 is efficiently
converted to R-1479 after oral administration by esterases in the
cellular membranes before the first-pass metabolism.** The
mean elimination half-life ranged from 20 to 25 h, while the
effective half-life of R-1479 ranged from 4.62 to 5.87 h. Phase 1b
study showed that doses up to 3000 mg twice a day were well
tolerated after 14 days of treatment. The clinical development of
balapiravir for HCV infection was halted due to safety concerns
identified in patients receiving extended courses (2-3 months).
It is worth noting that balapiravir was also evaluated for the
treatment of dengue virus but did not produce significant
changes in viral load, viremia kinetics, cytokine expression
levels, or hematological and biochemical parameters in dengue-
infected patients.***>

Obeldesivir (GS-5245, ATV006)

The 1-CN adenosine analog GS-441512 was designed to avoid
adenine deamination by adenosine deaminase (ADA) and
improve nucleoside stability by circumventing the breakdown of
the C-N bond by purine nucleoside phosphorylase (PNP)
enzymes. Although remdesivir, a phosphoramidate prodrug of
GS-441524 (see below), has been approved for the treatment of
COVID-19 patients, its partial efficacy and intravenous (IV)
administration restricts its use in clinical settings. In addition,

N

3
(o] (o]
0 io

Balapiravir, R-1626
Fig. 10 Structures of balapiravir and R-1479.
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a meta-analysis of nonhuman primates model study, showed
that remdesivir is quickly metabolized and that the parent
compound GS-441524 may contribute to the major clinical
antiviral efficacy. Because the GS-441524 bioavailability is about
5% in Sprague-Dawley (SD) rats when administrated
intravenous or intragastric (IG), the development of GS-441524
as an oral drug was hampered.** Subsequently, the monoester
prodrug of GS-441524 Obeldesivir (GS-5245) was evaluated
(Fig. 11). When administered orally at a dose of 25 mg kg™ to
Sprague Dawley rats, the bioavailability of obeldesivir (ATV006)
was 81.5%, an improvement over GS-441524 at 21.7%.
Furthermore, the oral bioavailability of GS-441524 after oral
administration of obeldesivir in mice, rats, ferrets, dogs, and
cynomolgus monkeys was also found to be 41%, 63.9%, 154%,
94%, and 38%, respectively.**

The ester prodrug demonstrates promising PK values that
balance solubility, stability, and permeability, thus enhancing
the plasma concentration and bioavailability of GS-441524. It
also reduced viral loads and alleviated lung damage when
administered to K18-hACE2 mice challenged with the Delta
variant of SARS-CoV-2."* In a phase 3 clinical trial, obeldesivir
reduced SARS-CoV-2 infectious titers. Viral load levels were
reduced by 30% and 24% at days 3 and 5, respectively,
compared to placebo.”” Very recently, clinical studies were
terminated for both RSV (NCT06784973) and COVID-19
(NCT05603143) due to low infection rates and challenging
patient recruitment.

R-1479

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Structures of obeldesivir and Shen26.

Shen26 (ATV014)

Shen26 (ATV014) is another 5-ester prodrug of GS-441524
developed by the Southern University of Science and
Technology (Shenzhen, China) demonstrating anti-SARS-CoV-
2 activity. After a single oral administration of Shen26, 25 mg
kg™ to SD rats, the oral bioavailability of GS-441524 was
found to be 53.4% whereas GS-441524 had 21.7%.*° In
comparison, the oral bioavailability of GS-441524 after
administration of remdesivir (RDV) was only 14% in rats.

GS-621763

GS-621763, the triisobutyl ester prodrug of GS-441524, was also
considered as an alternative to obeldesivir, based on its high
oral exposure (57% and 28% oral bioavailability in rats and
non-human primates, respectively (Fig. 12).*” However, its poor
aqueous solubility and issues to obtain crystalized forms
effectively complicated its formulation for drug development.

Mindeudesivir (VV116)

Junshi Biosciences developed Mindeudesivir (VV116), a
deuterated version of GS-621763. As expected, the deuterated
parent nucleoside performed the same as its non-deuterated
version GS-441524, showing in vitro anti-SARS-CoV-2 activity but
low oral bioavailability (F = 21.7% in rats) due to its poor
aqueous  solubility and permeability. However, the
corresponding tri-isobutyrate ester VV116 shows improved oral

o} (o}
1 r
Fig. 12 Structures of GS-621763 and VV116.
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bioavailability (F = ~50%) in rats, with a half-life ranging from
4.80 h to 6.95 h.*®* After significant effort to find the suitable
crystallization salt, the hydrobromide salt (VV116) was selected
due to its good oral bioavailability (F = ~80% in rats).*® Oral
administration of VV116 demonstrated dose-dependent anti-
SARS-CoV-2 efficacy in mice.”* Mindeudesivir received
conditional approval in January 2023 for the treatment of adult
patients with mild to moderate COVID-19.%°

3. Phosphonate prodrugs
Brincidofovir (CMX001)

Cidofovir is an acyclophosphonate nucleoside analog that was
approved by the FDA in 1996 for the treatment of
cytomegalovirus (CMV) retinitis in HIV/AIDS patients.”"*”
Brincidofovir (CMX001) is a lipid conjugate prodrug of
cidofovir, developed by Chimerix to address the limitations of
cidofovir, particularly its nephrotoxicity and poor oral
bioavailability.”* Brincidofovir contains a hexadecyloxypropyl
moiety that masks the phosphate group of cidofovir (Fig. 13).>
This 3-hexadecyloxy-1-propanol (HDP) lipid modification is
adopted from the endogenous lysophosphatidylcholine, but
with an ether linkage at the sn-1 position, instead of an acyl
group. This modification prevents the hydrolysis of acyl group
by lysophospholipase during absorption. The (HDP) lipid
moiety significantly enhances lipophilicity, plasma stability, and
allowing the prodrug to cross cellular membranes more

OH OH

GS-441524

R =H, GS-621763
=D, VV116, Deuremidevir
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Fig. 14 Structures of adefovir dipivoxil and adefovir.

efficiently, thereby improving oral bioavailability (approximately
25-35%).>* Once inside the cells, phospholipase C cleaves the
lipid moiety, releasing cidofovir, which is then phosphorylated
into its active form, cidofovir diphosphate.”® Brincidofvir was
approved by FDA for the treatment of smallpox in 2021, and it
is also being investigated for the prevention and treatment of
cytomegalovirus (CMV), BK Virus (BKV), adenoviruses (AdV)
(NCT04706923), monkeypox, and Epstein-Barr virus (EBV).>®

Adefovir dipivoxil

Adefovir dipivoxil is a prodrug of adefovir and was approved by
the FDA in 2002 for the treatment of HBV (Fig. 14). The di-tert-
butyl ester prodrug exhibits better lipophilicity and cellular
permeability compared to adefovir. It is rapidly absorbed
through the intestine and hydrolyzed by esterases to adefovir,

which is then metabolized by the cellular adenylate kinase to
the active adefovir triphosphate. The triphosphate competes
with 2-deoxyadenosine triphosphate for incorporation into the
growing viral DNA strand, thereby blocking the HBV DNA
polymerase (reverse transcriptase). Notably, the prodrug is
effective against lamivudine-resistant HBV and increases the
bioavailability of adefovir by 3 to 4-fold.>”®

Pradefovir mesylate (MB-06886)

Pradefovir mesylate is an orally administered liver-targeted
prodrug of adefovir used to treat chronic hepatitis B virus (HBV)
infections. It was specifically designed to improve the
pharmacokinetic and safety profile of its parent compound,
adefovir (Fig. 15). Adefovir is associated with significant
systemic toxicity, particularly nephrotoxicity, due to its non-
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Fig. 15 Structures of pradefovir mesylate and adefovir.
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Fig. 16 Structures of tenofovir-disoproxil fumarate (TDF) and tenofovir (TFV).

selective distribution. The kidney-to-liver PMEA ratio of adefovir
dipivoxil is approximately 1:1, while pradefovir achieves a
substantially improved kidney-to-liver ratio of 1:20, which
reduces the risk of kidney damage while maintaining
therapeutic efficacy. Pradefovir is mainly metabolized to the
active antiviral agent adefovir diphosphate by the CYP3A4
enzyme in the liver,”*®° where HBV replication primarily occurs.

Pradefovir improves oral bioavailability compared to adefovir
dipivoxil, allowing for effective viral suppression at lower doses.
Clinical studies have demonstrated that patients treated with
pradefovir exhibit greater reductions in viral load and improved
safety outcomes, making the drug a promising option for the
long-term treatment of chronic HBV infections.”>*® Pradefovir
is currently under investigation in phase 3 trials (NCT04543565)
for treating chronic HBV infections.

Tenofovir-disoproxil fumarate (TDF)

Tenofovir (TFV) is an acyclic nucleoside that is poorly absorbed
orally [mice (<2%), and monkeys (5.3%)] due to the hydrophilic
nature of the negatively charged phosphonate group. Therefore,
tenofovir disoproxil fumarate (TDF) was developed (Fig. 16) and
is widely used for treating HIV and HBV. TDF has two alkyl
methyl carbonate ester moieties that can be cleaved by esterases

to release the TFV in vivo. These carbonate ester groups mask
the charged phosphonate moiety in TFV, significantly improving
intestinal absorption and oral bioavailability (25% in fasting
patients, and 39% after a high-fat meal).*"*>

Besifovir dipivoxil maleate

Besifovir dipivoxil maleate (BSV, LB80380 maleate) is a
prodrug designed to increase the oral absorption and
bioavailability of besifovir (LB80331) (Fig. 17). BSV displays
strong antiviral activity against HBV with a better safety
profile (low renal and bone toxicities) compared to TDF, and
a high barrier to resistance during long-term treatment.®
BSV is actually a double prodrug which is activated through
esterase cleavage in the intestine and liver, followed by
oxidation, to yield the corresponding guanosine intermediate
LB-80317, which is further phosphorylated to the active
diphosphate form.®* It was approved for the treatment of
CHB patients in Korea in May 2017 after a successful phase 3
trial (NCT01937806).°

PSI-352938

Based on the structure of PSI-6130, Pharmasset developed
several 2'-Me, 2'-F purine nucleoside derivatives as a second-
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Fig. 17 Structures of LB80380 and LB80317.
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Fig. 18 Structures of PSI-352938 and 2'-methylguanosine-5'-monophosphate.

generation anti-HCV agent. Among these, the guanosine
derivative PSI-352938 demonstrated broad genotype coverage
and was 60 times more active than the parent nucleoside.
The prodrug generated high levels of active triphosphate in
both primary human hepatocytes and rat liver tissues, and
demonstrated prolonged stability in gastrointestinal,
intestinal fluids, human plasma, and human liver S9 (an
in vitro model for liver stability). Further cytotoxicity testing
revealed no cytotoxicity across a range of cell lines and no
mitochondrial toxicity. The prodrug is activated in three steps
(Fig. 18). First, P450 3A4 (CYP3A4) removes the isopropyl
group from the 3',5-cyclic phosphate. Then, liver
phosphodiesterases (PDEs) open the cyclic phosphate ring,
followed by adenosine deaminase-like protein 1 cleaving the
O%-ethyl group on the nucleobase. This CYP3A4-dependent
metabolism highlights the prodrug's effectiveness in
targeting the liver.®®

Ultimately, PSI-352938 was chosen as the clinical candidate
for further investigation due to its favorable PK profile.” In
different clinical studies, PSI-352938 exhibited excellent antiviral

Cell membrane

activity, showing an average reduction of 4 log;, IU per mL in
HCV RNA from baseline and consistent decline in HCV RNA
levels without any instances of viral breakthrough.®® A phase I
trial confirmed its safety, with no reported adverse events.*’
However, routine safety monitoring revealed laboratory
abnormalities associated with liver function in 235 participants
receiving PSI-352938, either as monotherapy or in combination
with sofosbuvir or sofosbuvir and ribavirin (RBV)”® leading to
the end of the trial.

4. ProTides/phosphoramidate
prodrugs

To exhibit antiviral activity, a nucleoside analog must be
metabolized to its active 5-TP form. This mechanism involves a
series of enzymatical phosphorylation steps, with the first
phosphorylation often being rate-limiting step. Due to their
negative charges and relatively low stability, nucleosides
monophosphate cannot be used as a drug, as they cannot

efficiently cross the cellular membranes. Therefore, several
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Fig. 19 General mechanism for the metabolic activation of a nucleoside ProTide.
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Fig. 20 Structures of tenofovir alafenamide (TAV) and tenofovir (TFV).

monophosphate approaches have been developed over the years
to mask the monophosphate charges using intracellularly
cleavable groups.”! Among these methods, phosphoramidate
prodrug (ProTide), originally developed by Christopher
McGuigan quickly gained popularity and led to the approval of
several key antivirals such as sofosbuvir (HCV), TAF (HIV),
remdesivir (Cov2). Once inside the cell, the carboxyl ester bond
of the ProTide is cleaved by two liver enzymes, cathepsin A
(CatA), and carboxylesterase 1 (CES1), initiating a cascade of
chemical and enzymatic reactions. This sequence leads to the
release of an alaninyl phosphate intermediate, which is
subsequently converted into the active 5-monophosphate form
by human histidine triad nucleotide-binding protein 1 (Hint-1),
followed by further phosphorylation by cellular kinases to
generate the active nucleoside triphosphate (Fig. 19).

Tenofovir alafenamide (TAF)

Tenofovir disoproxil fumarate (TDF) and tenofovir
alafenamide (TAF) are both used for the treatment of HIV
and hepatitis B. While both are prodrugs designed to
enhance the oral bioavailability of the parent drug tenofovir
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(TFV), their pharmacokinetic profiles differ significantly. The
oral bioavailability of TFV is about 25-39% from TDF,
resulting in higher levels of tenofovir in the circulation.®® In
contrast, the aryloxy phosphonamidate moiety in tenofovir
alafenamide (TAF, GS-7340) stabilizes the molecule against
esterases in the intestine, resulting in delivery of intact
prodrug into the hepatic circulation (Fig. 20).”>”°
Consequently, plasma levels of TFV with TAF decreased by
90% while still reaching effective concentrations in target
cells. This difference is key to TAF's improved renal and bone
safety profile, as less tenofovir reaches the kidneys and bone
when using TAF.”*

Prodrugs of 2'-C-methylguanosine

2'-C-Methylguanosine-5-triphosphate (2-C-MeG-TP) is a potent
active inhibitor of HCV NS5B-mediated RNA synthesis (ICs5, =
0.3 uM). However, the parent nucleoside (2-C-methylguanosine)
shows weak activity in a cell-based assay (ECso = 1.9 uM) due to
its poor uptake and metabolism to the active triphosphate in
hepatoma cells.”> Therefore, several prodrugs have been
developed to improve 2'-C-methylguanosine's pharmacokinetic

(o}
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Me Me
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BMS-986094 2'-C-methylguanosine IDX-184

B
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Fig. 21 Structures of 2'-C-methylguanosine, BMS-986094, IDX-184, and IDX-19638.
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and pharmacodynamic limitations and overall
properties.

BMS-986094 is a double prodrug of 2-C-methylguanosine,
showed high passive permeability and generates high
intracellular concentrations of the active triphosphate metabolite
within hepatocytes. This process is facilitated by hepatic uptake
transporters ~ OATP1B1  and  OATP1B3.  Furthermore,
phosphoramidate derivates of 6-O-methyl-2"-C-methyl guanosine
demonstrate improved potency, lipophilicity, cell permeability,
and rapid intracellular conversion to the active triphosphate in
human hepatocyte cultures.”® Preclinical data showed that BMS-
986094 exhibits nanomolar ECs, (0.9-12 nM),
demonstrating superior potency compared to the parent
nucleoside.”® During phase II trials, a dose-dependent reduction
in HCV RNA levels was observed, with a median decline of 2.53
log;o IU per mL at a daily dose of 100 mg after seven days of
treatment.”” However, despite its efficacy, the clinical
development of BMS-986094 was discontinued due to significant
safety concerns such as cardiovascular complications, including
heart failure and myocardial injury, as well as renal toxicity, were
reported.

IDX184 is an S-acyl-2-thioethyl (SATE) phosphoramidate
prodrug developed by Idenix Pharmaceuticals’”® that was shown
to improve the cellular uptake, permeability, and selective
delivery of the 5-monophosphate (5-MP) of 2'-C-methylguanosine
to human liver cells. Although the metabolism of IDX-184 to 2"-C-
methyl guanosine monophosphate is not fully understood, it
primarily occurs in liver cells and involves both esterases and the
intracellular phosphoramidase enzyme (Hint-1). In an HCV

druglike

values
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Fig. 23 Structures of PSI-6206, and sofosbuvir (Sovaldi).
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replicon assay, IDX184 demonstrated tenfold greater potency
(ECso = 0.4 uM) compared to the parent compound and exhibited
promising antiviral activity and toxicity profiles in infected
chimpanzees and monkeys.”® IDX184 was in several clinical trials
for HCV, but the FDA imposed a clinical hold in 2010 for the
phase 1 due to three serious adverse events related to elevated
liver function tests. Nevertheless, the FDA later placed IDX184
under the partial clinical hold to both IDX184 and IDX19368 -
another HCV nucleotide polymerase inhibitor for which Idenix
had filed an IND but not initiated clinical trials (Fig. 21).

ALS-2200 and VX-135

ALS-2200, a monophosphate prodrug of 2'-C-methylcytidine
licensed in June 2011 by Vertex, has emerged as a promising
candidate for the treatment of hepatitis C virus (HCV) infection
due to its potent antiviral activity across multiple genotypes
(Fig. 22).*° In vitro assays demonstrated an ECs, value of 150
nM in genotype 1b replicons and a broader activity range of 12—
390 nM across other genotypes.®’ Notably, ALS-2200 exhibits a
high specificity for HCV and does not interfere with
mitochondrial protein synthesis or human nucleic acid
polymerases. Resistance studies identified the S282T mutation
as the primary resistance-associated variant, conferring a >38-
fold reduction in susceptibility.®> When evaluated in
combination with other antivirals, ALS-2200 exhibited synergy
with the nucleotide polymerase inhibitor ALS-2158 and the
protease inhibitor telaprevir, while an additive effect was
observed with ribavirin.*!
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A phase I study with healthy volunteers and HCV-infected
individuals assessed its pharmacokinetics, revealing mean
HCV RNA reductions of 0.97, 3.02, and 4.03 log;, IU per mL
for doses of 15, 50, or 100 mg, respectively.** No virological
rebound was detected, and the compound was well tolerated
with no severe adverse effects reported, even in patients with
cirrhosis. A 200 mg dose resulted in median viral load
reductions of approximately 4.2 log;, IU per mL.**

VX-135, a single phosphorus diastereomer of ALS-2200,%
exhibited comparable antiviral efficacy during HCV clinical
trials (Fig. 23). Preclinical studies demonstrated similar
hepatic drug accumulation between VX-135 and ALS-2200,
supporting its potential as a liver-targeted antiviral agent.
However, concerns regarding hepatotoxicity emerged during
clinical development. In a study evaluating VX-135 in
combination with ribavirin for 12 weeks in genotype 1b-
infected patients, patients receiving the 200 mg dose had
significant reductions in HCV RNA levels, with 80% achieving
undetectable viral loads.*® Unfortunately, elevated liver
enzyme levels were noted in patients on higher doses,
leading to the discontinuation of the 400 mg dose arm.
Lower doses were generally well tolerated without severe
adverse events.

Sofosbuvir (Sovaldi)

Sofosbuvir (Sovaldi) is a phosphoramidate prodrug of 2'-o-F-
2'-B-C-methyluridine ~ nucleosides  (PSI-6206) initially
developed by Pharmasset (Fig. 23). It revolutionized the
treatment of chronic HCV infections and was approved by
the FDA in 2013 for use against HCV genotypes 1, 2, 3, and 4.
This marked the introduction of the first interferon-free
therapy for HCV. The parent compound PSI-6206 is
inherently an inactive nucleoside analog, but its triphosphate
form was shown to be a potent inhibitor of the HCV NS5B
polymerase in biochemical assays. The inactivity of the
parent uridine nucleoside is due to its inability to undergo
the critical initial phosphorylation step necessary for
activation. The ProTide moiety enhances cellular uptake and
generates the parent nucleoside PSI-6206 monophosphate
within the target cells by bypassing the first phosphorylation
step required for activation. Sofosbuvir exhibited pan-
genotypic efficacy against HCV genotypes 1 through 6 and is

Uprifosbuvir (MK-3682)

View Article Online
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notable for its immaculate safety profile among nucleotide
analogs.’” Even at high concentrations, it demonstrated
minimal off-target effects, with no sign of cytotoxicity,
mitochondrial toxicity or bone marrow toxicity.*® Today,
sofosbuvir is usually used clinically in combination with an
NS5A inhibitor such as velpatasvir, ledipasvir, or daclatasvir.

Uprifosbuvir (MK-3682)

Uprifosbuvir (MK-3682) is a 2-Me, 2'-Cl uracil prodrug
developed by Merck & Co. for the treatment of chronic
hepatitis C virus (HCV) infection (Fig. 24). The parent
nucleoside drug, 2'-a-chloro-2’-B-C-methyluridine exhibited
only modest activity in the RPL cell-based assay, with an ECs,
of 57 uM while its corresponding triphosphate form has
shown excellent potency (ICs, = 0.154 uM).*® On the other
hand, its monophospahte prodrug uprifosbuvir exhibits
potent antiviral effect across various HCV genotypes.®’

Like Sovaldi, the prodrug is intracellularly metabolized
extensively in hepatocytes to release the active triphosphate.
Preclinical studies demonstrated that MK-3682 generated
high triphosphate levels in the liver with no signs of
genotoxicity, mitochondrial toxicity or cardiotoxicity. A
dosage of up to 300 mg QD x 7 days was safe and well
tolerated in healthy subjects.”® Despite its promising safety
profile, the development of uprifosbuvir was eventually
discontinued in 2017 during phase II clinical trials. The
termination of these trials was likely due to the emergence of
more effective and simplified HCV therapies that set higher
efficacy benchmarks that uprifosbuvir could not meet.”*

ATI-2173

ATI-2173 is an  orally administered liver-targeted
monophosphate prodrug of clevudine used to treat chronic
HBV infections. It bypasses the initial phosphorylation step
required by clevudine (1-FMAU), thereby reducing systemic
exposure and minimizing the risk of extrahepatic toxicities,
such as skeletal myopathy associated with prolonged clevudine
use (Fig. 25). Once administered, ATI-2173 is converted to its
active triphosphate within the liver cells. The triphosphate
inhibits HBV DNA polymerase and reduces viral replication
through a noncompetitive, non-chain-terminating mechanism,
distinguishing it from traditional nucleos(t)ide analogs.

I/&
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a-chloro-2’-3-C-methyluridine

Fig. 24 Structures of 2'-a-chloro-2'-B-C-methyluridine, and uprifosbuvir (MK-3682).
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Fig. 25 Structures of clevudine (.-FMAU), and ATI-2173.

Phase Ib clinical trial found that ATI-2173 was well-
tolerated, with headache being the most reported adverse
event. Patients treated with ATI-2173 experienced mean
reductions in HBV DNA levels ranging from -2.72 to -2.78
logio IU per mL by day 28, compared to a +0.17 log;, IU per
mL increase in the placebo group. Many patients exhibited
sustained off-treatment viral suppression and reductions in
covalently closed circular DNA (cccDNA) biomarkers, with
one patient maintaining undetectable HBV DNA levels 24
weeks after treatment cessation.”> However, despite these
promising results from early-phase clinical trials, the clinical
development of ATI-2173 was halted due to numerous
regulatory hurdles.

Adafosbuvir

Adafosbuvir (AL-335) is a ProTide prodrug of 2-C-methyl-4"-F-
uridine, developed by Alios BioPharma to treat HCV infections
(Fig. 26). Adafosbuvir generates significantly higher levels of the
active nucleoside triphosphate (TP) compared to the parent
nucleoside, both in vitro in primary human hepatocytes and
Huh-7 cells, and in dog liver tissues after a single oral dose. The
triphosphates of the uridine analog demonstrated potent
inhibition of HCV NS5B polymerase, with ICs, of about 140 nM.
In an HCV subgenomic replicon assay, AL-335 showed strong
activity, with an ECs, of 0.07 pM and no cytotoxicity (CCso > 99
uM).93

AL-335 demonstrated promising results in phase 1 and phase
2 trials. A prospective 3-year follow-up study (NCT03099135,
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Adafosbuvir (AL-335)

Fig. 26 Structures of adafosbuvir (AL-335), and 2'-C-methyl 4'-F-uridine.

RSC Med. Chem.

phase 3) was initiated in May 2017, involving HCV-infected
subjects who had been treated in earlier phase 2 or phase 3
studies with a regimen containing NS5A inhibitor odalasvir and
A1-335, with or without simeprevir.”* However, the efficacy of AL-
335 was less compelling compared to other direct-acting
antivirals as and it did not demonstrate the same level of
effectiveness or rapid viral clearance as other treatments like
sofosbuvir, when used in combination with other agents.
Consequently, the phase 3 study (NCT03099135) was terminated.

Remdesivir

GS-441524 has been shown to be active in vitro against many
RNA viruses, including HCV, Ebola, RSV and coronaviruses.
However, its physicochemical properties, such as polarity and
solubility, impede oral bioavailability and permeability,
limiting its clinical benefit as an oral drug for SARS-CoV-2.>
To improve the delivery, cellular uptake, and efficacy of GS-
441512, a McGuigan ProTide was developed, Remdesivir.
Remdesivir exhibits favorable cell permeability and was
initially used to treat patients infected with HCV, Ebola and
RSV viruses. Remdesivir was later approved for emergency
treatment of COVID-19 infected persons®® (Fig. 27).

The bioactivation of this type of prodrug involves multiple
enzymes, such as carboxylesterase (CES1), cathepsin A (CTSA),
and phosphatase (histidine trinucleotide binding protein; Hint-
1), which are highly expressed in the liver cells and type II
alveolar cells in the lung tissues. The active metabolite,
remdesivir triphosphate, could trigger mitochondrial toxicity,
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Remdesivir
Fig. 27 Structures of GS-441524, and remdesivir.

which can lead to elevated aminotransferase levels in the liver,
causing liver injury.”” In addition, remdesivir is a substrate for
the P-glycoprotein (P-gp) transporter, which may decrease the
efflux of remdesivir out of the hepatocyte, resulting in a
hepatocellular concentration above the toxic threshold.”® 1t is
postulated that the kidney toxicity may occur due to the long-
term treatment, although the exact injury mechanisms are
unknown.”’

Bemnifosbuvir (AT-527) and AT-752

Bemnifosbuvir (AT-527) and AT-752, developed by Atea
Pharmaceuticals, Inc., are orally available double prodrugs of
2'-C-Me, 2'-F-guanosine is 2'-C-Me, 2'-F-guanosine nucleoside
analog (AT-273), with broad-spectrum antiviral activity
against several RNA viruses, including HCV and COVID-19.
Both compounds have a methyl group at the N°® position on
the purine ring, which stabilizes the glycosidic bond and
prevents the formation of toxic metabolites, such as
mutagenic O°-alkylated nucleobases associated with earlier
guanosine analogues (BMS-986094 and PSI-938). This
structural feature enhances target cell uptake and promotes
efficient formation of the active triphosphate metabolite (AT-
9010).%°

These two compounds are diastereomers, with the only
structural difference is the chirality at the phosphorous atom -
AT-752 is the Rp-diastereomer, while AT-527 1is the
Sp-diastereomer (Fig. 28). The hemisulfate salt forms influence
the physiochemical properties such as solubility, and stability,
allowing the prodrugs to be highly soluble and maintain a solid
form suitable for oral formulation. Due to their structural
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Fig. 28 Structures of AT-273, bemnifosbuvir (AT-527), and AT-752.
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similarity, both isomers produce the same active triphosphate
(AT-9010) and its plasma surrogate nucleoside marker AT-273.

Both AT-752 and AT-527, like other ProTide, are converted
into the same 5-monophosphate metabolite (AT-8001) in
infected cells. This metabolite is then subsequently
phosphorylated into the active 5-triphosphate metabolite (AT-
9010). This active triphosphate metabolite selectively inhibits
the nonstructural DENV2 NS5 protein, and viral RdRp of
HCV. 100,101

Bemnifosbuvir (AT-527) is prominent for its potential activity
against a range of RNA viruses, including HCV, and SARS-CoV-2
(Fig. 28). It advanced to phase 3 clinical trial for the treatment
of SARS-CoV-2 infections (NCT04889040). While early clinical
trials showed promising results with a unique mechanism
targeting the SARS-CoV-2 RNA polymerase, the later stages
yielded inconsistent results. The phase 3 study was terminated
early as it failed to meet its primary endpoint of symptom
alleviation and did not significantly reduce viral load. However,
the drug was well-tolerated and reduced relative hospitalization
risk by 71%."%>

The AT-752 (Rp-diastereomer) demonstrates strong antiviral
activity against all four serotypes of the dengue virus, with an
ECs, of about 0.50 uM and low cytotoxicity.'® A completed
phase 1 clinical trial confirmed its good tolerability, with no
serious adverse events reported.’®® The metabolite AT-273 (2'-
fluoro-2-C-methylguanosine) has a long halflife of
approximately 15-25 h, with plasma levels increasing at higher
doses, indicative of the long half-life of the active triphosphate
(AT-9010) formed intracellularly.’**'% AT-752's safety and
pharmacokinetic profiles make it a promising option for
dengue treatment. Additionally, it showed efficacy against the
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Fig. 29 Structures of 2'-a-fluoro-2’'-B-C-(fluoromethyl)guanosine, and its phosphoramidate prodrug.

yellow fever virus (YFV), with its free base, AT-281, exhibiting an
ECs, of 0.31 pM.*®

2'-o-Fluoro-2'-p-C-(fluoromethyl) purine nucleoside
phosphoramidate prodrug

The  phosphoramidate  prodrug of  2"-o-fluoro-2'-B-C-
(fluoromethyl)guanosine nucleoside demonstrated in vitro
antiviral activity against the SARS-CoV-2 20SF107 strain (ECs, =
0.56 + 0.06 uM) and the Omicron BA.5 variant (EC5o = 0.96 +
0.23 pM) with minimal cytotoxicity (Fig. 29).""” This is a
hemisulfate double prodrug similar to AT-527 and AT-752 with
good solubility and oral bioavailability compared to its parent
compound. Upon biotransformation, the active nucleoside
triphosphate effectively blocked RNA synthesis by inhibiting
SARS-CoV-2 RdRp. In vivo studies demonstrated that it was well-
tolerated in rats at doses up to 2000 mg kg™, and a single oral
dose of 40 mg kg™ resulted in high concentrations of the
bioactive nucleoside triphosphate in the target organ, the lungs,
with a prolonged halfife.'”” These results highlight the
potential of a prodrug as an orally available antiviral agent for
the treatment of SARS-CoV-2 infections.

GS-7682

GS-646089 is a 4-CN-C-ribonucleoside that demonstrates
activity against respiratory syncytial virus (RSV) in a cell-free
RSV-A2 ribonucleoprotein (RNP) complex assay (ICs, = 46 nM)
and in the RdRp enzymatic assay (ICs, = 43 nM). Enzyme
kinetics show that GS-646939-triphosphate is more efficiently

incorporated into the RdRp complex of several viruses,
including human metapneumovirus (HMPV), human rhinovirus
type 16 (HRV-16), and enterovirus 71 (EV-71) than its native ATP
counterpart. Once incorporated into the nascent RNA chain, GS-
646939 acts as an immediate chain terminator."*®

To efficiently deliver the GS-646089-TP to the lung epithelial
cells, the double prodrug GS-7682 was developed for a nebulized
inhaled formulation (Fig. 30). Prodrug optimization identified
5-methyl [(S)-hydroxy(phenoxy)phosphoryl]-L-alaninate, in
combination with 2,3-diisobutyrate as achieving high levels of
intracellular triphosphate formation in lung cells both in vitro
and in vivo.*® This phosphoramide prodrug exhibits high potency
against RSV (ECso < 7 nM) in human bronchial epithelial (NHBE)
cells, demonstrating a 400-fold improvement compared to the
corresponding parent nucleoside (GS-646089, ~2.8 uM). However,
oral administration of GS-7682 is subject to high first-pass
hepatic extraction, leading to limited lung exposure with
bioavailability of <1% in cynomolgus monkeys. In addition to
inconvenient intravenous (IV) dosing for the treatment in the
outpatient setting, GS-7682 also has a short half-life (¢,, = 0.34 =
0.17 h) from a 30 min IV infusion at 5 mg kg™ in cynomolgus
monbkeys. This short half-life is due to the rapidly degradation in
tissue and plasma, resulting in persistent plasma exposures of
parent nucleoside GS-646089 (¢, = 8.71 + 3.01 h).

When administered via inhalation, the prodrug GS-7682
showed high exposure and potent antiviral efficacy in the
African green monkey (AGM) RSV model. Following
intratracheal (IT) administration in cynomolgus monkeys (lung
deposited dose of 4.0 mg kg '), plasma concentrations of GS-

GS-7682
Fig. 30 Structures of GS-646089, and GS-7682.
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7682 were maintained with a prolonged half-life (¢, = 13.0 +
0.6 h). Moreover, the concentration levels of GS-646089 -TP in
lung tissue were approximately 6-fold higher at 24 hours post-
administration compared to intravenous infusion in
cynomolgus monkeys. Thus, inhaled GS-7682 could become an
effective treatment for RSV and potentially for pneumonia and
picornaviruses.*

5. Miscellaneous: nucleoside analogs
activated by purine degradation/
metabolic enzymes

APD and DAPD

9-(B-p-1,3-Dioxolan-4-yl)guanine (DXG) is a nucleoside analog
that exhibits potent activity against HIV and HBV in vitro."%>°
The limited aqueous solubility and low bioavailability of DXG
renders the compound difficult to administer in vivo, resulting
in the synthesis of several prodrugs of DXG such as (-)-f-p-2-
aminopurine dioxolane (APD) and (-)-B-p-2,6-diaminopurine
dioxolane (amdoxovir, DAPD) (Fig. 31).

APD is more water soluble than DXG and is metabolized into
DXG by xanthine oxidase, which is highly expressed in the liver
and the intestine.""* The serum concentration of DXG is higher
after the oral administration of APD in the woodchuck model of
chronic HBV infection, indicating significant first-pass
intestinal and/or hepatic metabolism. The reduction of
woodchuck hepatitis virus (WHV) viremia is dose dependent.'*
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DAPD is converted to DXG through the hydrolytic action
of adenosine deaminase at the 6-amino position. Although
the K;, value measured for DAPD is comparable to that of the
natural substrate adenosine, the overall substrate efficiency
of DAPD is substantially less due to a significantly slower k.,
value. Nonetheless, DAPD is efficiently converted to DXG in
whole human blood (half-life of ~1 h). DAPD exhibits all the
desirable preclinical attributes that a nucleoside analog must
possess to be considered a viable clinical candidate.'®®
Although clinical trials with DAPD were scheduled in
Argentina, the studies were stopped due to insufficient
patient recruitment and competition from integrase
inhibitors at that time.

Taribavirin and viramidine

Taribavirin and viramidine (taribavirin hydrochloride) are
prodrugs of ribavirin. Although ribavirin exhibits broad antiviral
properties both in vitro and in vivo, it is approved only for a
limited range of conditions, such as HCV and severe RSV
infections. The prodrug viramidine has reduced exposure to red
blood cells due to the partial protonation of the 3-carboximidine
group at the physiological pH,""> which decreases hematological
toxicity. It is metabolized during the first-pass metabolism by
liver cells and converted intracellularly by adenosine
kinase'"*'™ to the active form ribavirin triphosphate. Thus, the
active metabolite ribavirin is limited to the liver tissues, which
is the site of HCV replication. Viramidine acts through a dual-
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Fig. 31 Structures of nucleoside analogs activated by purine metabolic enzymes.
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Fig. 32 Pathway for the anabolism of abacavir to carbovir triphosphate in human cells.

action mechanism, serving as a prodrug of ribavirin and
concurrently as an inhibitor (K; = 2.5 puM) of nucleoside
phosphorylase, which catalyzes the catabolism of ribavirin.'*®
Ribavirin has side effects, particularly hemolytic anemia, which
often limits its dosage. In the phase III clinical trial, viramidine
was orally absorbed and rapidly converted to ribavirin with a
Tmax Of 1.5 to 3.0 h for both viramidine and ribavirin in
plasma.'*®

Abacavir

Abacavir, commonly known as Ziagen, was approved for use
against HIV in 1998. It is a nucleoside analog reverse-
transcriptase inhibitor typically used in combination with other
HIV treatments. Abacavir is a prodrug of carbocyclic nucleoside
carbovir, which is active/effective against HIV-1 and HIV-2. It is
a lipophilic prodrug that has excellent central nervous system
(CNS) penetration and has a great absolute bioavailability
(105% in rat, and 83% in humans) compared to carbovir (26%
and 23% in the rat and monkey, respectively).”® Unlike other
nucleoside analogous, abacavir is metabolized to its active
metabolite, carbovir triphosphate, through a unique
phosphorylation pathway. After oral administration, abacavir is
initially phosphorylated to abacavir monophosphate by
adenosine phosphotransferase within the cell. It is then
converted to carbovir monophosphate by a cytosolic deaminase
and subsequently transformed to carbovir triphosphate by
cellular kinases."'” This unique activation mechanism
overcomes the pharmacokinetic and toxicological deficiencies
of carbovir while preserving its potent and selective anti-HIV
activity (Fig. 32).""

6. Conclusions

Nucleoside prodrugs have significantly impacted the
development of antiviral drugs. In fact, most current antiviral
treatments include at least one nucleoside prodrug. (e.g., HIV:
TDF; HBV: TDF, HSV: valacyclovir; HCV: SOF; SARS-CoV-2:

RSC Med. Chem.

remdesivir). Compared to their parent compounds, these
prodrugs can lead to enhanced physiochemical,
pharmacokinetics properties and improved intracellular

phosphorylation. Furthermore, these prodrugs are targeted to
specific cellular accumulation and tissues susceptible to the
virus (or cancer), while also improving the oral bioavailability of
the active nucleoside with minimal off-target effects, thereby
enhancing the therapeutic index. Despite all these successes,
the race toward novel prodrug approaches is still ongoing,
including the development of nucleoside triphosphate prodrugs
that can deliver the active triphosphate nucleoside directly into
the cell, bypassing complete kinase activation.'*®'"?
Alternatively, novel controlled release/long-acting technologies
like implants are being developed for nucleoside analogs (i.e.,
islatravir). These analogs are designed to provide sustained drug
release and prolonged therapeutic activity, with the goal of
improving adherence and overall treatment outcomes in
individuals living with HIV. By leveraging optimized
pharmacokinetic profiles, these formulations aim to maintain
effective drug concentrations in the body over extended periods.
This has opened the door to dosing regimens that were
previously unattainable with traditional therapies, including
once-monthly intramuscular injections and even quarterly
subcutaneous implants. This approach represents a significant
step forward in simplifying HIV treatment and prevention
strategies, potentially reducing the burden of daily medication
and enhancing patient quality of life."*® Although significant
progress has been made, the development of any nucleoside
prodrugs remains a challenge as activation of these compounds
can be limited and vary across different cell types, tissues, or
patients, leading to suboptimal therapeutic outcomes.
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