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Can changing the prodrug moiety in remdesivir be a life-saving strategy in
COVID-19 infection?

The emergence of the COVID-19 pandemic in
November 2019 put the whole world in a state of
turmoil as the death toll kept on surging across the
globe with no cure available to tackle the emergency
situation the infection posed!. At such time, drug
repurposing seemed to be the most suitable alternative
to face the crisis until new vaccines and drugs could
be developed for treating symptoms of COVID-19
infection?.

The antiviral drug remdesivir (RDV) (or GS-5734)
got approval from the Food and Drug Administration
(FDA) to treat infection caused by SARS-CoV-2
virus®. RDV exhibited potent antiviral activity against
many members of Coronaviridae family, bringing it
under consideration to be tested against the SARS-
CoV-2 virus'*7. Initial clinical trials with RDV showed
improved symptoms for COVID-19, subsequently
leading to its Emergency Use Authorization by the The
United States Food and Drug Administration (US-FDA)
for the treatment of hospitalized patients®. However,
data from most of the clinical trials, including the
Solidarity Trial (NCT04321616) by the WHO, hinted
that RDV might have little or no effect on all-cause
mortality up to 28 days in hospitalized patients infected
with SARS-CoV-2 virus®.

Certain limitations regarding the clinical utility
of RDV in COVID-19-infected patients question
the relevance of its synthesis. These include poor
oral bioavailability, rapid decomposition to parent
nucleoside due to plasma instability and complex
bioactivation together with complex synthesis process
of RDV*!!, This short communication focuses on
mechanisms/pathways limiting the use of RDV in the
treatment of COVID-19 infection. It also highlights a
new approach i.e the development of lipid analogues
of RDV nucleoside (RVn, GS-441524), shown to
overcome limitations posed for RDV to serve as an

efficient therapeutic drug for treating COVID-19
infection in outpatient settings.

Remdesivir: Mechanism of bioactivation

RDYV, administered intravenously, reaches different
parts of the body through bloodstream, ultimately
diffusing into cells. Ideally, the prodrug metabolizes
intracellularly to its active metabolite, RVn-triphosphate
by sequential hydrolytic steps®. First, RDV prodrug
is acted on by esterases (namely, cathepsin A/CTSA
and carboxylesterase 1/CES1) to form an alanine
metabolite GS-704277 which is further hydrolyzed by
phosphoramidases (such as histidine triad nucleotide
proteins, HINTs 1-3) to monophosphorylated
nucleotide (RVn-monophosphate). Owing to high
polarity, RVn-monophosphate cannot diffuse back
across the cell membrane, and is phosphorylated by
kinases to ultimately form RVn-triphosphate, which
interacts with SARS-CoV-2 RdRp (RNA-dependent
RNA polymerase), thereby interrupting viral replication
process>’.

Purpose of synthesis

RDV (or GS-5734) is a prodrug of a nucleoside
monophosphate, structurally analogous to adenosine
monophosphate®!>!3, Tt was synthesized from parent
nucleoside, GS-441524 (or RDV nucleoside, RVn)
to overcome two main limitations in the case of
latter molecule. First, RDV has additional McGuigan
prodrug moieties (phenol and L-alaninate ethylbutyl
ester), conferring more enhanced cellular permeability
compared to RVn'2!3, Second, it could bypass the first
phosphorylation step involving RVn, a rate-limiting
step in RVn-triphosphate synthesis™'*. These factors
were expected to enhance the antiviral efficacy of the
prodrug by increasing RVn-monophosphate availability
inside the cells, and speeding up intracellular RVn-
triphosphate accumulation.
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Challenges in administration of RDV

Despite its potent antiviral efficacy in vitro, RDV
did not show the expected efficacy in rodent models"’.
High carboxylesterase activity in rodent serum can
be a reason for this reduced efficacy, unlike humans/
primates with low levels of serum esterase activity'>.
However, efficacy evaluation studies in rhesus
monkeys also revealed the rapid breakdown of RDV
to parent nucleoside RVn'®. Available data suggest
that instead of the expected path for bioactivation as
observed in in vitro studies, RDV is highly unstable in
plasma, being rapidly hydrolyzed to parent nucleoside
and alanine metabolite by ubiquitously present serum
esterases, phosphatases and nucleosidases’!""'. During
the development of plasma level determination methods
for RDV and its metabolites, observations revealed
that RDV degradation always led to an increase in
levels of GS-704277 and GS-441524; and GS-704277
degradation always led to an increase in the GS-441524
levels!''. GS-704277 was also found to be nephrotoxic
in rat models, contributing to renal adverse effects'”.
GS-441524 is the predominant metabolite in plasma
after intravenous administration of RDV. Non-human
primates like cynomolgus monkeys had higher levels
of RVn-triphosphate (active metabolite) in lung tissue
(1.39 nmol/g vs. 0.41 nmol/g) on the administration of
RDV (10 mg/kg) compared to administration of GS-
441524 alone (20 mg/kg) in a 30 min. i.v. dosing'’.
This efficacy can be attributed to the rapid distribution
of RDV before elimination from plasma compared to
more stable GS-441524 as was observed in peripheral
blood mononuclear cells (32.2 uM vs. 8.59 uM,
respectively)!’. However, this also strengthens the
possibility to enhance RDV efficacy furthermore by
designing more plasma-stable prodrug moieties.

Tissue-specific expression and localization of
enzymes involved in RDV bioactivationis also an aspect
worth consideration. SARS-CoV-2 predominantly
infects lungs and pharyngeal tissue, with type-II
pneumocytes being affected the most. On the contrary,
RDV bioactivation enzymes (viz. CTSA/CES1/
HINT1-3) are highly expressed in cells of the liver,
GI (gastrointestinal) tract and kidneys but minimally
expressed in pneumocytes’. Higher bioactivation in
these organs may lead to adverse effects of prodrug in
them, as observed in patients administered with RDV,
making the liver, especially the site for dose-limiting
toxicity®’. This was confirmed by in vitro studies where
RDV showed 50 per cent cytotoxicity at 15.2 uM
concentration in Huh7.5 cells (human hepatocyte

cell line) compared to concentration higher than 100
uM for Calu-3 cells (human lung epithelial cell line),
limiting the utility of RDV in treatment of COVID-19
like respiratory tract infections'*.

Overcoming the barriers: Are the efforts good
enough?

Since intravenous administration of RDV limits its
utility to hospitalized patients, efforts have been made
to develop its oral analogues that could reduce the risk
of hospitalization by serving as intervention in the
early stages of infection, consequently leading to the
development of GS-621763, an orally bioavailable
nucleoside analogue of RDV'®. Having the same parent
nucleoside, RDV is a monophosphoramidate prodrug,
while GS-621763 is a triester prodrug's. GS-621763
showed a potent antiviral effect in both in vitro and in
vivo studies with efficacy similar to molnupiravir on
oral administration in mice model'. Phase I clinical
trial of an oral form of RDV has been completed
(CTRI/2021/03/031661) in India".

These efforts to increase the oral bioavailability
of prodrug do not seem to solve problems related to
plasma instability and complex bioactivation process.
GS-621763 rapidly metabolizes to RVn in systemic
circulation. Since hydrolysis of RDV to RVn seems to
contribute to its reduced antiviral potency, synthesis
of a molecule rapidly converting to RVn might be a
nugatory approach'. Data from in vivo studies also
confirm the same, with GS-621763 possessing less
antiviral potency than RDV but similar to GS-441524'%.
Oral formulation of RDV might overcome the issue
of poor oral bioavailability, but other limiting factors
would still be a hurdle in achieving greater antiviral
potency as well as overcoming adverse effects seen
during RDV administration.

Oral lipid prodrugs of RDV

In recent years, a few oral lipid prodrugs have
successfully entered the clinical trial phase, proving
themselves to be promising candidates against different
viruses. These include Brincidofovir (approved by
FDA for treatment of smallpox virus), and Tenofovir
exalidex or CMX157 (completed Phase 1 trial for the
treatment of hepatitis B virus (NCT03279146))22!,
Recently, Schooley et al'* synthesized three novel
oral lipid prodrugs of RDV analogous to RVn-
monophosphate, namely  hexadecyloxypropyl-,
octadecyloxyethyl- and 1-O-octadecyl-2-O-benzyl-
sn-glyceryl-esters of RVn-5’-monophosphate (or
HDP-P-RVn, ODE-P-RVn and ODBG-P-RVn,
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respectively). These prodrugs had antiviral potency
similar or greater than RDV and/or RVn against a
panel of viruses in different cell lines'**. Of the three,
ODBG-P-RVn showed higher antiviral potency and
more plasma stability with a half-life of 5 h during
oral administration (doses of 13.2 mg/kg and 16.9
mg/kg) in Syrian hamster models'®. In SARS-CoV-
2-infected Vero-6 cells, ODBG-P-RVn achieved
EC,, (half-maximal effect) and EC,, (90% effective
concentration) concentrations of 0.14 and 0.16 uM,
respectively, while RDV had EC, and EC, values of
1.13and 7.05, respectively'*. In addition, its absorption
through intestinal lymph, bypassing portal vein and
liver, delivers antiviral metabolites away from the
liver, reducing the chances of hepatotoxicity'**.

Lipid prodrugs are able to follow physiological
pathways of lipid metabolism, with high absorbance
in the gastrointestinal tract even in their intact form®.
These liponucleotides are stable in plasma and
can enter cells rapidly**. The lipid portion of such
prodrugs contributes to increased oral bioavailability
as well as increased cellular uptake*. OBDG-P-RVn
molecule had a half-life of more than 24 h in human
plasma [K,EDTA or sodium heparin (NaHep) as
anticoagulant] when incubated for 24 h, compared to
half-life of 69 min for RDV'. Unlike RDV, ODBG-
P-RVn is readily cleaved to RVn-monophosphate
by acid phospholipase C or acid sphingomyelinase,
reducing steps required for prodrug bioactivation'*.
Still, in vitro efficacy data cannot be ignored where
ODBG-P-RVn had cell-specific antiviral activity
moderately lower or nearly equal to RDV but greater
than RVn. Plasma stability of ODBG-P-RVn, however,
might serve as an advantage as observed in the Syrian
hamster model, being stable for more than 24 h after
oral administration, and reaching therapeutic plasma
levels i.e. above EC , for SARS-CoV-2 at a dose of
16.9 mg/kg'**. Despite all this, the lack of in vivo
efficacy data necessitates assessment studies for the
bioavailability, safety and efficacy of the ODBG-P-
RVn molecule, to be considered a therapeutic option
against COVID-19 infection in humans.

Conclusion

A few limiting factors of RDV affecting the
antiviral potency restrain its therapeutic utility in
treating COVID-19 patients. These include difficulty in
synthesis, poor oral bioavailability, plasma instability
and complex bioactivation process. Although different
oral formulations of RDV are being considered, apart

from improved oral bioavailability, none of these
formulations seem to guarantee enhanced antiviral
potency and/or improved clinical utility against SARS-
CoV-2 virus. Oral lipid analogues of RDV, particularly
OBDG-P-RVn offer to be a suitable alternative to
address these issues as observed during in vitro
studies. However, efforts to develop such analogues
cannot be justified unless issues with regard to plasma
stability and bioactivation are addressed. Success
of oral lipid prodrugs in the past against different
viruses, necessitates the need to carry out studies for
the assessment of bioavailability, safety and efficacy
of OBDG-P-RVn in humans*%. The class of lipid
prodrugs can be explored further to develop alternative
therapeutic interventions in case of COVID-19
infection.
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