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SARS-CoV-2is the causative agent for the ongoing COVID19 pandemic, and this virus belongs to the Coronaviridae
family. The nsp14 protein of SARS-CoV-2 houses a 3′ to 5′ exoribonuclease activity responsible for removingmis-
matches that arise during genomeduplication. A homologymodel of nsp10-nsp14 complexwas used to carry out
in silico screening to identify molecules among natural products, or FDA approved drugs that can potentially in-
hibit the activity of nsp14. This exercise showed that ritonavirmight bind to the exoribonuclease active site of the
nsp14 protein. A model of the SARS-CoV-2-nsp10-nsp14 complex bound to substrate RNA showed that the rito-
navir binding site overlaps with that of the 3′ nucleotide of substrate RNA. A comparison of the calculated ener-
gies of binding for RNA and ritonavir suggested that the drugmay bind to the active site of nsp14with significant
affinity. It is, therefore, possible that ritonavir may prevent association with substrate RNA and thus inhibit the
exoribonuclease activity of nsp14. Overall, our computational studies suggest that ritonavir may serve as an ef-
fective inhibitor of the nsp14 protein. nsp14 is known to attenuate the inhibitory effect of drugs that function
through premature termination of viral genome replication. Hence, ritonavir may potentiate the therapeutic
properties of drugs such as remdesivir, favipiravir and ribavirin.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The SARS-CoV-2 virus is responsible for the ongoing pandemic of
COVID-19, which has now spread tomore than 200 countries. Presently,
there are more than 3 million confirmed cases of the disease caused by
this pathogen, with more than 250,000 fatalities [1]. There are no effec-
tive therapeutic or prophylactic available against COVID-19, although
there are few promising drugs and vaccines currently under trial [2].

Like other members of the Coronaviridae family, SARS-CoV-2 pos-
sesses a single-stranded positive-sense RNA genome. The genome is
roughly 30 kb long with a gene at the 5′ end known as orf1ab that en-
codes for all the polyprotein bearing the non-structural proteins [3].
The virus also possesses genes that code for structural proteins, namely
spike (S), envelope (E), membrane (M), and nucleocapsid (N) [3,4]. In
addition, the genome codes for nine ORF proteins namely ORF 3a, ORF
3b, ORF6, ORF 7a, ORF7b, ORF8, ORF 9a, ORF9b, andORF 10 that are pre-
dicted to play accessory roles during the viral infection [3,5]. The
polyprotein arising from orf1ab may undergo proteolytic processing to
give rise to 16 non-structural proteins namely nsps 1–16 [6]. Among
the cleaved products of the ORF1Ab polyprotein, the proteins of
known function include themulti-domain nsp3which has an adenosine
diphosphate-ribose 1″-phosphatase activity [7]. The protease activity
that is responsible for the cleavage of the polyprotein is present in the
nsp5 protein [8]. The nsp12 protein houses the RNA-dependent RNA
polymerases that is responsible for duplication of the genome [9]. The
RNA helicase activity that is critical for genome duplication is present
in the nsp13 protein [9]. Exoribonuclease (exoN) and N7-
methyltransferase activities are present in the nsp14 protein [10]. The
nsp15 protein houses a Nidoviral endoribonuclease specific for U, and
the nsp16 protein has a SAM-dependent O-methyltransferase activity
[3]. The structure of a number of non-structural proteins and their com-
plexes has been determined recently. The structure of SARS-CoV-2-
nsp12 in complex with nsp7 and nsp8 [11,12], nsp12-nsp7-nsp8 in
complex with remdesivir [13] stalled pre-and post-translocated
nsp12-nsp7-nsp8 [14], nsp12-nsp7-nsp8-RNA [15,16] nsp12-nsp7-
nsp8 along with helicase and RNA [16,17] complex were determined
by Cryo-EM. Similarly structures of nsp15 endoribonuclease [18] and
nsp10/nsp16 in complex with sinefungin (a methyltransferase inhibi-
tor) were also determined by X-Ray crystallography [19].

There is an urgent need for the identification of new molecules that
can reduce viral titers and thus limit the severity of the disease. Towards
this end, we have used a homology model of the nsp10-nsp14 complex
from SARS-CoV-2 (SARS-CoV-2-nsp10-nsp14) to carry out in silico
screening to identify potential inhibitors of exoribonuclease activity
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resident in nsp14. Our studies suggest that ritonavir may serve as an ef-
fective inhibitor of the exoribonuclease activity of nsp14 and can possi-
bly potentiate the antiviral activity of chain terminating drugs such as
remdesivir.

2. Methods

2.1. Homology model of the SARS-CoV-2-nsp10-nsp14 complex and model
of the functional complex with RNA

The homology model of SARS-CoV-2-nsp10-nsp14 available at the
SWISS-MODEL server [20] was used. The validation of the model was
carried out by the SWISS-MODEL server [20]. To generate a computa-
tional model of the functional ternary complex (SARS-CoV-2-nsp10-
nsp14:RNA), initially, DALI searches were carried with the model of
apo- structure to identify structural orthologues of nsp10-nsp14
bound to RNA [21]. These searches showed that, on superimposition,
MTREX-1 exhibits significant structural homology with the
exoribonuclease module of nsp14 [22]. The DNA from the transformed
coordinates of the binary complex of MTRX-1 (3AVX) were transferred
onto the homologymodel of SARS-CoV-2-nsp14 [22]. TheDNAwas con-
verted to RNA, and the structure prepared in this way was subjected to
energy minimization using DESMOND module of the SCHRÖDINGER
suite. The structure was minimized in an orthorhombic box containing
single point and charge water model and subjected to steepest descent
Fig. 1. Alignment of the sequence of SARS-CoV-2-nsp10 and SARS-CoV-2-nsp14 with the sequ
two proteins from SARS-CoV-2sequence exhibits about 97% identity with the corresponding se
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and LBGFS vectors minimization until the difference in energy con-
verged to 0.1 kcal/mol [23].

2.2. In silico screening

The model of SARS-CoV-2- nsp10-nsp14 was assigned hydrogens
using protein preparation wizard program in SCHRÖDINGER suite.
Thus prepared structure was searched for potential ligand-binding
sites using SITEMAP program in the PRIME module [24]. This program
scores the potential sites according to its size, functionality, and extent
of solvent exposure [25]. All the sites with a site score above 0.8 were
carefully analyzed using PyMOL and the best site was used to generate
a receptor grid using the Receptor Grid Generation program in
SCHRÖDINGER.

The ligand libraries of FDA approved drugs (L1300) that contains
2698 molecules, Natural product library (L1400) that contains 2267
molecules and Antiviral Compound library that contains 347molecules,
were downloaded from selleckchem.com [26]. In total we have
screened 5312 molecules with the SARS-CoV-2-nsp10-nsp14 complex.
These libraries have molecules in 2D representation, and LIGPREP was
used to convert them to energy minimized 3D structures. LIGPREP
was also used to expand their tautomeric states, ionization states, ste-
reoisomers, and ring conformers. The ligands prepared in this manner
were then docked to the receptor grid using GLIDE program in PRIME
module of SCHRÖDINGER [27]. Docking was carried out in standard-
ence of the available structure of SARS-nsp10-nsp14 complex (5C8S). The sequence of the
quences from SARS. The differences in the alignment are highlighted in red.
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Fig. 2. Model of SARS-CoV-2-nsp10-nsp14 complex. The homology model is displayed
here and the nsp10 chain is shown in magenta. The exoribonuclease (exoN) domain of
nsp14 is coloured green and the methyltransferase (MTase) region is displayed in cyan.
The N- and C-termini of the two chains are highlighted. The active site residues
responsible for the exoribonuclease activity are shown in stick representation and
coloured according to element.
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precision (SP) mode by generating multiple poses per ligand, which
were scored based on the fit onto the receptor grid by ChemScore func-
tion. Poses with top scores were further minimized with respect to the
receptor grid to calculate the binding energy. The ligands with high
docking scores and binding energies were used for further analysis.

2.3. Minimization and molecular dynamics (MD) of SARS-CoV-2-nsp10-
nsp14:ritonavir complex or SARS-CoV-2-nsp14-RNA complex

The SARS-CoV-2-nsp10-nsp14 -ligand complex or SARS-CoV-2-
nsp10-nsp14-RNA complex was minimized using the minimization
program in DESMOND module of SCHRÖDINGER [23]. The structure
was minimized in an orthorhombic box containing single point and
charge water (SPC) and Cl− ions to neutralize the system. The minimi-
zation was carried out with steepest descent (SD) and LBGFS vectors
until the difference in energy between two consecutive steps was not
more than 0.1 kcal/mol. For the minimization of RNA complex, a
restraining force constant of 20 was applied onto RNA and coordinating
metal ions.

Thus minimized complexes were subjected to molecular dynamics
using the MD program in the DESMOND module of SCHRÖDINGER
[23]. For the SARS-CoV-2-nsp10-nsp14:ritonavir complex, the length
of the unrestrained MD run was 50 ns, and frames were written out
with a time step of 50ps. Amodel system similar to that ofminimization
with an orthorhombic box, SPC water, and Cl− ions were used for MD.
The simulations were carried out at 300 K temperature and 1.0325 bar
pressure. The system was equilibrated using the NVT ensemble with
constant number of particles, constant volume, and constant tempera-
ture. For MD involving the SARS-CoV-2-nsp10-nsp14: RNA complex,
the RNA and metal ions were restrained with force constant of 20. The
length of the MD run was 100 ns, and frames were written out with a
time step of 50 ps. The frames from the MD runs were further analyzed
using the simulation interaction diagram program in SCHRÖDINGER as
well as VMD (Visual Molecular Dynamics) program. The frames having
maximum ligand /RNA interactions with nsp14 were subjected to en-
ergy minimization and used for further analysis.

2.4. Comparison of binding energies

To understand the strength of the interaction between SARS-CoV-2-
nsp10-nsp14 complex and Ritonavir, the binding energy of association
was calculated through Molecular Mechanics energies combined with
Generalized Born and Surface Area continuum(MMGBSA) [28]. The
binding energy was calculated for docked structure with the maximum
number of contacts in theMD run. MMGBSA programwas used tomin-
imize the protein and ligand separately as well as in combination using
VSGB 2.0 (Variable dielectric Surface Generalized Born) solvationmodel
[29]. The energy of binding was then calculated by subtracting the en-
ergy of the optimized free receptor and optimized free ligand from the
energy of the optimized complex. The binding energy was also calcu-
lated for the SARS-CoV-2-nsp14:RNA complex with RNA as ligand and
the protein as a receptor. These calculations were also carried out for
the frames which showed higher number of contacts during the MD
run to identify the ligand pose/RNA conformation associated with max-
imal binding energy.

3. Results

3.1. Model of the SARS-CoV-2-nsp14 in its apo- and functional state

The SARS-CoV-2-nsp14 and SARS-CoV-2-nsp10 proteins show 97%
identity with the corresponding protein from SARS (Fig. 1). The model
of the SARS-CoV-2-nsp10-nsp14 complex, prepared using the structure
of the corresponding complex from the SARS virus (PDB Code: 5C8S
[10]) was available at the SWISS-MODEL website (Fig. 2). The stereo-
chemistry of the model was good, with 98% residues in the allowed
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regions and less than 1% residues in the disallowed regions. The
QMEAN score for this model was −2.70 which means that it can be
used for further analysis [30]. The nsp14 and nsp10 models encompass
residues 5925–6452 and 4239–4298 of the polyprotein translated from
orf1ab of the COVID-19 genome. The exoribonuclease activity is resident
in the region 1–299 and the methyltransferase activity is present in the
region corresponding to residues 300–525 (Fig. 2). The active site resi-
dues for exoribonuclease activity are Asp90, Glu92, Glu191, His268
and Asp273 [10].

To generate the structure of the SARS-CoV-2-nsp10-nsp14 complex
in its functional state, initially, a DALI search was carried out with resi-
dues 1–300 of the nsp14 enzyme to identify structural orthologs of
the exoribonuclease component. The list of enzymes that showed
good superimposition with the nsp14 model was analyzed to identify
structures of functional ternary complexes. The structure of MTREX1
in complex with RNA (2OA8 [22]) gave a Z-score of 3.7 and an RMSD
of 3.0 in the DALI search (Fig. S1). The superimpositionwas used to gen-
erate a model of the SARS-CoV-2-nsp14 protein in complex with RNA
and two Ca2+ ions. The model was subjected to energy minimization
which converged to a minimum energy of −4.96 × 105 kcal/mol. The



Table 1
List of possible binder from different small molecule databases with GLIDE score better
than−9.5.

Title Docking
score

GLIDE
gscore

GLIDE
energy

FDA
Guanosine −10.559 −10.559 −50.109
Carfilzomib (PR-171) −10.411 −10.411 −70.15
Inosine −10.335 −10.335 −45.499
Ritonavir −10.144 −10.144 −68.779
Adrenalone hydrochloride −10.03 −10.03 −40.834
Paclitaxel −9.972 −9.972 −62.916
Danoprevir −9.958 −9.958 −67.981
Chlorhexidine hydrochloride −9.59 −9.59 −74.705

Antiviral compounds
Ritonavir −10.144 −10.144 −68.779
VIRA-A (vidarabine) −10.117 −10.117 −47.451
Ammonium glycyrrhizinate −9.959 −9.959 −73.835
Danoprevir (RG7227, ITMN-191, RO5190591) −9.958 −9.958 −67.981

Natural products
Adenosine −10.128 −10.128 −47.4
VIRA-A (vidarabine) −10.117 −10.117 −47.451
Vitamin B12 −10.008 −10.008 −86.131
Paclitaxel −9.842 −9.842 −63.528
Docetaxel −9.81 −9.81 −69.759
Etoposide −9.634 −9.634 −57.574
Tigecycline −9.629 −9.629 −58.596
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Ramachandran plot of the minimized model showed that only 1.69%
residues were in the disallowed regions.

3.2. In silico screening identifies ritonavir as a potential binder

The SITEMAP program showed three possible binding sites in the
SARS-CoV-2-nsp14 protein, which were ranked according to their abil-
ity to bind to various ligands. Site 3, with a site score of 0.839 was se-
lected as it overlapped with RNA binding site. The residues spanning
site 3 were used to generate a receptor grid used for molecular docking.
Molecular docking was carried out using annotated libraries of
Q254
W186

Q245

Q246

E191

A187

5’

Fig. 3. Model of the SARS-CoV-2-nsp10-nsp14 complex bound to RNA. nsp10 and nsp14 are
residues from nsp14 are shown in stick representation and coloured according to element. Th
an arrow.
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molecules that could bind to the exoribonuclease active site of SARS-
CoV-2-nsp10-nsp14 complex using GLIDE docking program. The top
hits from each of these libraries were ranked according to their docking
score and GLIDE energy based on the interaction between the protein
and ligand (Table 1). Based on the docking score, the top fourmolecules
(Table 1) were Guanosine (−10.56), carfilzomib (−10.41), Inosine
(−10.34) and Ritonavir (−10.144). Among these ritonavir showed
the highest GLIDE energy value of −68.78 kcal/mol. Guanosine and
Insoine are naturally occurring nucleotides in humans. Guanosine is a
product of pentose phosphate pathway and inosine is produced by de-
amination of adenosine [31]. Carfilzomib on the other hand is a chemo-
therapy drug used in the treatment of multiple myeloma, it forms
covalent bond with 20S proteasome and inhibit its activity [32]. Ritona-
vir is a known inhibitor of the HIV-1 protease and therefore, the possi-
bility of adverse side effects is lower as compared to carfizomib. Also,
the GLIDE energy value for ritonavir is better than that for carfilzomib
(−50.11 kcal/mol) and for these reasons ritonavir was used for further
analysis.

The model of the SARS-CoV-2-nsp14:ritonavir complex prepared
this way was then subjected to energy minimization. The model con-
verged to minimum energy of −5.7 × 105 kcal/mol. The final model of
the complex shows the presence of one molecule of ritonavir bound in
the exoribonuclease active site of the nsp14 enzyme.

3.3. Energy of binding of SARS-CoV-2-nsp10-nsp14 with natural substrates
versus ritonavir

MD simulation was utilized to improve the fit between ritonavir/
RNA and the SARS-CoV-2-nsp10-nsp14 complex. Based on the number
of contacts, the best frame was selected from theMD run. These frames
correspond to 5.9 ns and 52.5 ns for the SARS-CoV-2-nsp10-nsp14:
ritonivar and SARS-CoV-2-nsp10-nsp14:RNA complexes, respectively.
After energy minimization, the energy of interaction between SARS-
CoV-2-nsp10-nsp14 and RNA was compared with that of between the
protein complex and ritonavir. The calculatedMMGBSA binding energy
for the interaction of RNA and incoming nucleotide with SARS-CoV-2-
nsp10-nsp14 is −98.4 kcal/mol. In comparison, the calculated
D273
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V91

P141C94

H95

D90
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coloured magenta and light orange, respectively. The RNA molecule and the interacting
e cofactor ions are shown in the form of blue spheres. The site of cleavage is marked by
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MMGBSA binding energy value for the interaction of ritonavir with
SARS-CoV-2-nsp10-nsp14 is −78.3 kcal/mol. These values suggest
that ritonavir can bind with a significant affinity at the exoribonuclease
active site of the SARS-CoV-2-nsp10-nsp14 enzyme.

Ritonavir is generally prescribed for long term use and in some pa-
tients is known to cause side effects such as hepatotoxicity, pancreatitis,
retinal toxicity and allergic reactions/hypersensitivity. The oral lethal
dose for this drug inmice is about 2500mg/kg and the doses prescribed
to HIV patients are much lower than this value [33]. The normal main-
tenance dose for adult HIV patients is 600 mg daily twice a day. Overall,
the level of ritonavir induced toxicity appears to be low and adverse side
effects are observed in only certain patients.
3.4. Comparison of interactions in SARS-CoV-2-nsp10-nsp14:ritonavir
complex and the SARS-CoV-2-Nsp10-nsp14:RNA complex

The model of the functional complex of SARS-CoV-2-nsp10-nsp14
with RNA was analyzed to identify the interacting residues (Fig. 3).
The residues that form Van der Wall interactions with RNA are Asp90,
Val91, Glu92, Gly93, Cys94, His95, Ala96, Thr97, Pro141, Phe146,
Leu149, Trp186, Ala187, Gly189, Phe190, Gln245, Gln246, Gln254 and
Asp27 (Fig. 3). The residues Asp90, Glu92, Gly93, His95, Gln245,
Gln254, and Asp273 form polar interactions with RNA (Fig. 3).

The SARS-CoV-2-nsp10-nsp14:ritonavir complex was analyzed to
identify the residues that interact with the drug (Fig. 4). The nsp14 res-
idues that formVan derWaal contactswith the ritonavir includeMet58,
Gly59, Phe60, Asp90, Val91, Glu92, Gly93, Gln145, Phe146, His148,
A187, Ala187, Gly189, Phe190, Thr193, and His268. The residues
Asp90, Gln145, Phe190 also form polar interactions with the ritonavir
molecule. Among the five catalytic residues, Asp90, Glu92, and H268
form interactions with the Ritonavir molecule (Fig. 4).

A superimposition of the model of the SARS-CoV-2-nsp10-nsp14:
RNA and the SARS-CoV-2-nsp10-nsp14:ritonavir complexes were car-
ried out to ascertain the level of overlap between the binding sites of
the natural substrates of nsp14 and the ritonavir molecule. The super-
imposition showed that the binding site of ritonavir overlaps with that
of the RNA substrate (Fig. 5). Therefore, the binding of ritonavir may in-
hibit the formation of the complex of nsp14 with RNA and thus prevent
the excision of nucleotides from the 3′ end of the growing RNA strand
during genome duplication.
D90
E191A187

M58

F60

F

T193

Ritonavir

Fig. 4.Model of the SARS-CoV-2-nsp10-nsp14 complex bound to ritonavir. nsp10 and nsp14 ar
representation and coloured according to element (carbon = blue). The residues of nsp14 tha
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Since Ritonavir is a known protease inhibitor drug we also tried to
dock ritonavir into the active site of the SARS-CoV-2main protease (PDB
site: 6 LU7) [34]. It was found that Ritonavir docked at the ligand binding
site with a docking score of −8.527. The energy of binding as calculated
using theMMGBSAmethodwas found to be−68.66 kcal/mol. Therefore,
it is possible that ritonavir may also bind to the protease active site and
possibly inhibit the activity of this enzyme. However, it has been observed
that ritonavir in combination with lopinavir does not provide any mean-
ingful benefit in the treatment of COVID-19 and therefore the level of in-
hibition of the protease may not be significant [35].

4. Discussion

The studies presented here suggest that ritonavir may be a possible
inhibitor of the 3′ to 5′ exoribonuclease activity of the SARS-CoV-2-
nsp14 enzyme. The enzyme is involved in correcting mismatches that
arise during genome duplication, like the proofreading exonucleases
of DNA polymerases. Since this enzyme is critical for accurate replica-
tion of the viral enzyme, the inhibition of this enzyme can result in lethal
mutagenesis and lower viral titres to reduce the severity of the COVID-
19 disease [36,37]. In the case of Mouse hepatitis virus (MHV), amurine
coronavirus, the exoribonuclease activity of nsp14 is shown to be im-
portant for evading the host innate immune response [38]. It is, there-
fore, possible that ritonavir treatment may render the SARS-CoV-2
virus more susceptible to detection and clearance by the human im-
mune system.

The exoribonuclease activity of nsp14 has been implicated in the ex-
cision of drugs that are incorporated into RNA [39,40]. The inhibition of
proofreading may potentiate the effect of drugs such as remdesivir and
favipiravir [41,42]. Thesemolecules are prodrugs that get converted into
active triphosphate forms in the body and are incorporated into prog-
eny RNA by the viral RNA-dependent-RNA polymerase [41,43]. The
presence of the modified nucleotides corresponding to these drugs re-
sults in premature termination of viral replication [44–46]. It has been
seen before that a mutant version of MHV without the exoribonuclease
activity exhibited higher sensitivity to remdesivir [39]. The 3′ to 5′
exoribonuclease activity of nsp14 can potentially excise out the incor-
porated modified nucleotides and thus reduce the efficacy of the corre-
sponding drugs. For these reasons, it has been proposed that the
combination of nucleoside analogs with nsp14 inhibitors may be more
effective [47]. Consequently, inhibition of ritonavir by nsp14 may
H268

D273 Q145

H148

F146

E92

190

V91

C94

e colouredmagenta and light orange, respectively. The ritonavir molecule is shown in stick
t interact with ritonavir are shown in stick representation (carbon = yellow).
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Fig. 5. Binding site of ritonavir overlaps with that of substrate RNA. (A) SARS-CoV-2-
nsp10-nsp14:ritonavir where the surface of protein molecule is displayed in light
orange and ritonavir is displayed in stick representation and coloured cyan. (B) The
surface of the protein molecule is displayed and the RNA, is displayed in stick
representation and coloured red. The site of cleavage on RNA is marked by an arrow.
(C) Superimposition of the models of functional ternary complex (red) and that of
SARS-CoV-2-nsp10-nsp14:ritonavir (cyan) is displayed. The comparison suggests that
the presence of ritonavir may prevent binding of the natural RNA substrate.
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potentiate the effect of drugs that function through inhibition of viral
genome replication by premature chain termination. The C-terminal re-
gion of SARS-CoV-2 nsp14 houses a methyltransferase guanine-N7
methyltransferase. Recently, Selvaraj and colleagues have identified dif-
ferent compounds from traditional Chinesemedicinal preparations that
can potentially inhibit the RNA capping activity of nsp14 [48].

Ritonavir in combination with lopinavir has been found to be inef-
fective against COVID-19 and therefore its potential ability to inhibit
the exoribonuclease or protease activity may not be enough to prevent
viral replication [35]. Ritonavir may be more effective in combination
with chain terminating drugs such as remdesivir, favipiravir or ribavirin.
A recent clinical trialwherein the test patients exhibited significantly re-
duced hospitalization time on administration of a combination of
ritonavir-lopinavir, ribavirin and interferon β-1B provides support for
this idea [49,50]. The combination of lopinavir-ritonavir and ribavirin
was also found to be helpful during the first SARS epidemic [51].
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The number of patients suffering fromCOVID-19 are increasing daily
andmany of them are in serious condition. Hence, the ability of the rito-
navir plus chain terminators such as remdesivir, favipiravir or ribavirin
to inhibit viral replication should be tested urgently using in vivo assays
and inmodel animals. In addition, given the urgency of the situation and
the fact that separate clinical trials are already going on with ritonavir,
remdesivir and favipiravir, new trials involving a combination of ritona-
vir plus remdesivir and ritonavir plus favipiravir may be initiated [2].
Remdesivir treatment improved the condition of about 70% of COVID-
19 patients who were severely ill and treatment with a combination
of ritonavir and remdesivirmay significantly enhance the number of pa-
tients who recover completely from the viral infection [52]. Also,
remdesivir is known to cause liver damage at the currently prescribed
doses and a combination with ritonavir may permit formulation of
lower doses and thus reduce the possibility of liver damage [53].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2020.12.038.
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