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ABSTRACT We report that ribavirin exerts an inhibitory and mutagenic activity on
SARS-CoV-2-infecting Vero cells, with a therapeutic index higher than 10. Deep
sequencing analysis of the mutant spectrum of SARS-CoV-2 replicating in the ab-
sence or presence of ribavirin indicated an increase in the number of mutations, but
not in deletions, and modification of diversity indices, expected from a mutagenic
activity. Notably, the major mutation types enhanced by replication in the presence
of ribavirin were A—G and U—C transitions, a pattern which is opposite to the dom-
inance of G—A and C—U transitions previously described for most RNA viruses.
Implications of the inhibitory activity of ribavirin, and the atypical mutational bias
produced on SARS-CoV-2, for the search for synergistic anti-COVID-19 lethal mutagen
combinations are discussed.
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ethal mutagenesis (defined as extinction by an excess of mutations) is a broad-
spectrum antiviral design which is increasingly applied to treat viral infections. Its
conceptual foundation was formulated as a corollary of quasispecies theory developed

by Eigen and Schuster (1). Such a corollary stated that for a replicative system, there is Copyright © 2023 American Society for
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the operation of Muller’s ratchet (4-6). Experimental proof of the concept was pro- Received 30 September 2022
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presence of mutagenic agents (7-11). To date, at least 25 different RNA viruses have Published 5 January 2023

been suppressed or extinguished in cell culture or in vivo assays by base and
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nucleoside analogues, which exert at least part of their antiviral activity through viral
mutagenesis by the corresponding nucleoside-triphosphates (examples of specific
studies in references 12 to 15; recent reviews in references 16 and 17).

Lethal mutagenesis is one of the mechanisms of antiviral activity of the purine ana-
logue ribavirin (1-B-p-ribofuranosyl-1-H-1,2,4-triazole-3-carboxamide) (Rib), an antiviral
agent used since the 1970s (18). For decades, there was no awareness that its multiple
mechanisms of action (depletion of GTP levels through inhibition of cellular inosine-
monophosphate dehydrogenase, enhancement of the antiviral Th1 immune response,
inhibition of mMRNA cap formation, polyamine depletion, etc.) included also a muta-
genic activity in viral RNA (13, 19). Rib has proven effective against several viruses (20—
22). It induced lethal mutagenesis of hantaviruses (23-25) and West Nile virus (WNV)
(26). It exerted a mutagenic activity on lymphocytic choriomeningitis virus (LCMV) (27),
6B virus B (28), hepatitis E virus (29), and hepatitis C virus (HCV) in cell culture and in
vivo (30-35). Serial passages in cell culture of Zika virus (ZIKV) and Usutu virus in the
presence of Rib correlated with increases in mutation frequency and resulted in virus
extinction (36). Curing of cells persistently infected with foot-and-mouth disease virus
(FMDV) involved mutagenesis by Rib (37).

The emergence of COVID-19, and the partial efficacy of the vaccines available to
date, has triggered interest in the search for antiviral agents against coronaviruses, in
particular for SARS-CoV-2 infections (38). Several anti-SARS-CoV-2 inhibitors are cur-
rently in use, including molnupiravir, the isopropyl ester prodrug of B-o-N*-hydroxycy-
tidine (NHC), which acts as a lethal mutagen (39-42). Concerning Rib, infection of Vero
E6 cells with nCoV-2019 (BetaCoV/Wuhan/WIV04/20192) at a multiplicity of infection
(MOI) of 0.05 PFU/cell in the presence of the analogue resulted in a half-maximal effec-
tive concentration (ECg,) of 109.50 uM, half cytotoxic concentration (CCg,) of >400 uM,
and a selectivity index (SI) of >3.65 (43). A retrospective study that involved 19 crit-
ically ill (intensive care unit-admitted) COVID-19 patients who were treated with Rib
suggested a benefit in virus clearance and patient survival following ribavirin treat-
ment (44). The analogue mediated a cell type-dependent suppression of several SARS-
CoV-2 and host proteins (45).

Despite the widespread use of Rib as an antiviral agent, administered either alone
or in combination with other inhibitors, quantifications of its inhibition of SARS-CoV-2,
and possible alterations of the mutational spectrum it evokes on the virus, are lacking.
We have adapted a deep sequencing protocol that allows examination of point muta-
tions and deletions in mutant spectra of SARS-CoV-2 with a mutant frequency cutoff of
0.1%, which has greatly expanded the potential to reliably detect low-frequency muta-
tions in mutant spectra of diagnostic samples from COVID-19 patients, relative to using
a 0.5% cutoff (46). These high-resolution deep-sequencing data provide a solid basis
for comparison of the corresponding mutational spectra during a single infection of
SARS-CoV-2 in Vero E6 cells in the presence of Rib. Here, we show that ribavirin dis-
plays a good therapeutic index for SARS-CoV-2 under cell culture conditions and that it
induces an unusual mutational bias in the virus even after a single round of infection.
The results encourage extending preclinical trials to consider the use of ribavirin, de-
spite its recognized side effects (47), in combination therapies for severe COVID-19
infections.

RESULTS

Inhibition of SARS-CoV-2 replication in Vero E6 cells by ribavirin. The cytotoxic-
ity of Rib for Vero E6 cells was quantified by measuring cell viability, following expo-
sure of subconfluent cell monolayers for 72 h to different drug concentrations. The Rib
concentration that reduced cell viability by 50% (CCs,) was >500 uM (Fig. 1A and D).
SARS-CoV-2, isolate USA-WA1/2020 (GenBank accession number MT246667), was used
to infect 2 x 10° Vero E6 cells at a multiplicity of infection (MOI) of 0.001 PFU/cell, in
the absence or the presence of increasing concentrations of Rib, and the infections
were allowed to proceed for 48 h. The inhibition was dose dependent (Fig. 1B), and
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FIG 1 Cytotoxicity for Vero E6 cells and inhibition of SARS-CoV-2 progeny production by Rib. (A)
Determinations of cytotoxic concentration 50 (CC,,); percent cell death is plotted as a function of Rib
concentration. (B) Inhibition of SARS-CoV-2 infectious progeny production by Rib. The experiments
and titrations were performed in triplicate; values and standard deviations were calculated using the
program SigmaPlot. (C) Determinations of inhibitory concentration 50 (IC.,); percent inhibition is
plotted as a function of Rib concentration. (D) Function and values that correspond to the
discontinuous lines depicted in panels A and C. Mock infections were carried out in parallel (negative
control). Experimental conditions for cell growth, SARS-CoV-2 infection, determination of cell viability,
and SARS-CoV-2 infectivity are described in Materials and Methods.

the Rib concentration that produced a 50% decrease in infectious progeny production
(ICs0) of SARS-CoV-2 was 50.30 * 24.01 uM (Fig. 1C and D). Both CCs, and ICs, exhib-
ited a good fit with a logarithmic function, y = y, + [A x log (x — x,)] (R? = 0.98) (Fig.
1D). These values yield a therapeutic index (Tl = CC,,/ICs,) higher than 10, suggesting a
good inhibitory activity of Rib on SARS-CoV-2, very close to the value calculated for
hepatitis C virus (HCV) in cell culture (35).

Mutant spectrum of SARS-CoV-2 in the absence or presence of ribavirin. To
examine if SARS-CoV-2 inhibition by Rib was associated with increased mutagenesis of
the viral RNA, total RNA of the cell culture supernatants at 48 h postinfection in the ab-
sence or presence of 100 and 150 uM Rib was extracted. Viral RNA corresponding to
the nsp12 (polymerase)- and spike (S)-coding region was amplified using specific oligo-
nucleotide primers (Materials and Methods; see Table S1 posted at https://saco.csic.es/
index.php/s/S094ey5ECYgMZdX), and subjected to ultradeep sequencing (UDS) analy-
ses using MiSeq platform (lllumina) as previously described (46, 48, 49). These genomic
regions were chosen because the amplification and bioinformatics data processing
provided a high resolution of minority mutations, covering the important functional
domains of the proteins. Four amplicons (A1 to A4) covering nucleotides 14,534 to
16,054 of the nsp12 (polymerase)-coding region and two amplicons (A5 and A6) cover-
ing nucleotides 22,872 to 23,645 of the S-coding region were analyzed with a 0.1% cut-
off frequency for point mutations and deletions (see Fig. S1 posted at https://saco.csic
.es/index.php/s/S094ey5ECYgMZdX). The total number of clean reads was 2,041,147,
which yielded an average of 113,397 reads per amplicon (see Table S2 posted at
https://saco.csic.es/index.php/s/S094ey5ECYgMZdX). The use of a 0.1% mutation fre-
quency cutoff for a reliable representation of SARS-CoV-2 mutant spectra is justified by
(i) the clean read coverage, (ii) the observation that the mutations found with a 0.5%
mutant frequency cutoff were also included among the set identified with the 0.1%
cutoff, and (iii) because, with the two cutoff levels, there was an identical mutation
composition, amino acid representation, and predicted functional effects (46) (see also
Materials and Methods).
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A heatmap was constructed to represent the point mutations and their frequencies
within the mutant spectrum of the populations that resulted from the infection in the
absence or presence of Rib (Fig. 2 and Table S3 posted at https://saco.csic.es/index
.php/s/So94ey5ECYgMZdX). Mutations were counted using, as reference, the genomic
sequence of the parental Wuhan isolate (GenBank accession no. NC_045512). Most
point mutations were found at frequencies in the range of 0.1% to 0.49% in each mu-
tant spectrum, with the exception of 5 and 13 mutations in the nsp12 (polymerase)-
and S-coding regions, respectively (color coded in Fig. 2). There was a statistically sig-
nificant increase in the number of different mutations and haplotypes associated with
Rib treatment (P < 0.0001 in all comparisons; proportion test) (Fig. 3).

Deletions in the mutant spectra were more abundant in the S- than in the nsp12
(polymerase)-coding region (P = 0.01; proportion test). Rib did not induce an increase
in the number of deletions (P = 0.657 and P = 0.668 for Rib 100 uM and Rib 150 uM,
respectively; proportion test) (Fig. 4 and Fig. S2 posted at https://saco.csic.es/index
.php/s/So94ey5ECYgMZdX). Contrary to the majority of point mutations, which were
found at frequencies below 0.49%, 46% of the deletions were present at a frequency
higher than 0.49% (Fig. 4). The deletions affected 3 to 36 nucleotides, and they did not
occur at homopolymeric tracts or recognizable sequence signatures; in 36% of them,
the reading frame was altered and originated a downstream stop codon (Fig. S2
posted at https://saco.csic.es/index.php/s/S094ey5ECYgMZdX).

Therefore, the main effect associated with Rib inhibition of SARS-CoV-2 was to
increase the number of mutations and corresponding haplotypes, but not the number
of deletions.

Effect of ribavirin on SARS-CoV-2 mutant spectrum complexity. The SARS-CoV-2
mutant spectra produced in the infections in the absence or presence of Rib were
further analyzed by determining the diversity indices that were proposed by Gregori
and colleagues to characterize viral population complexity (50). Indices were calculated
on the basis of the number of point mutations derived from clean reads, and deletions
enter the calculation by considering each different deletion as one point mutation. The
results, which are presented as the ratio of each index obtained in the presence to ab-
sence of Rib (Fig. 5; numerical values shown in Table S4 posted at https://saco.csic.es/
index.php/s/So94ey5ECYgMZdX), show a statistically significant increase of the major-
ity of diversity indices, in agreement with a mutagenic activity of Rib. An exception to
the increase was the Simpson index (Hsi) because this index represents the probability
that two randomly chosen genomes from a population belong to the same haplotype
(50); such probability is not expected to increase as a result of mutagenesis (see also
Discussion). No significant differences were observed in the effect of Rib on the com-
plexity of the nsp12 (polymerase)- and the S-coding regions, and the index variations
were not affected by counting mutations relative to the Wuhan reference isolate or rel-
ative to the consensus sequence of the corresponding populations.

Mutations evoked by ribavirin, as well as mutation site preferences. The types
of different mutations at the nsp12 (polymerase) and S-coding regions analyzed in the
virus grown in the presence of Rib (Fig. 6 and Table S3 posted at https://saco.csic.es/
index.php/s/So94ey5ECYgMZdX) indicate a predominance of A—G and U—C transi-
tions over other mutation types, relative to the virus grown in the absence of Rib (Fig.
6A). In particular, the ratio [(A—G) + (U—C)J/[(G—A) + (C—U)] reached values that
ranged between 9.88 and 69.00 (Fig. 6A).

To determine if there was some preference for mutation sites, haplotypes were
aligned without considering their abundance. Quantification of the nucleotide type at
the 5" and 3’ sides of the A—G or U—C mutation sites indicated a statistically signifi-
cant preference for the presence of a G residue at the 5’ side of A—G transitions at the
nsp12 (polymerase)-coding region (P = 0.035 and P = 0.023 for Rib 100 M and Rib
150 wM, respectively; proportion test). Other additional neighbor preferences were
noted, but they did not reach statistical significance (Fig. 6B). Thus, Rib is a mutagenic
agent for SARS-CoV-2 that greatly accentuated a bias in favor of A—G and U—C
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FIG 2 Heatmap of SARS-CoV-2 point mutations in the mutant spectrum of SARS-CoV-2 populations grown in the absence (no drug) or presence of
ribavirin (Rib), with a cutoff mutation frequency of 0.1%. Frequency values are color coded, as depicted in the upper box. Data are presented in two blocs,
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FIG 3 Number of different point mutations and haplotypes in mutant spectra of SARS-CoV-2 populations
grown in the absence (no drug) or presence of ribavirin (Rib) (color code in the top box). The genomic region
is indicated at the top of each panel group, and the amplicons (A) are depicted in abscissa. The number of
mutations per amplicon has not been presented due to the overlapping regions among successive amplicons
(Fig. S1 at https://saco.csic.es/index.php/s/S094ey5ECYgMZdX) that contain mutations that would be counted
twice. The statistical significance of the differences was calculated using the proportion test (***, P < 0.001).
The complete list of mutations and amino acid substitutions is given in Table S3 posted at https://saco.csic.es/

index.php/s/S094ey5ECYgMZdX.

transitions. At least in the case of A—G transitions in the nsp12 (polymerase)-coding
region, the mutated sites were not random.

DISCUSSION

In the present study, we have quantified the inhibitory effect of Rib in a SARS-CoV-
2-Vero E6 infection model and analyzed, by high-resolution ultradeep sequencing, the
mutation and deletion repertoire that resulted from virus replication in the presence of
Rib in a single infection initiated at a low MOI. The therapeutic index (TI > 10) is com-
parable to that calculated for Rib on hepatitis C virus (Tl = 12.8 [35]). Rib increased the
number of point mutations but not of deletions compared with virus grown in parallel
in the absence of drug. Four of the 11 different deletions present in the mutant spectra
of virus replicated in the absence or presence of ribavirin affected the furin-like cleav-
age site, as an expected outcome of SARS-CoV-2 replication in Vero cells (51, 52).

The diversity indices also reflected the mutagenic activity of ribavirin. In addition to
the expected lack of increase of Hsi in populations replicated in the presence of riba-
virin, it is noteworthy that indices 'D and 2D (Hill numbers for g = 1 and g = 2, respec-
tively) show a decreasing trend in the effect of Rib (Fig. 5). As g increases, the D value
becomes progressively less sensitive to rare haplotypes, whose frequency is a good
marker of lethal mutagenesis (53). The index comparisons confirm also, for a mutagen-
ized viral population, the correlation of 'D and 2D with Shannon entropy (Hs) and Hsi,
respectively (50). This was revealed by a minimal (or absent) effect of Rib on Hsi and
2D, in contrast with a significant increase of Hs and 'D. Thus, nonuniform effects on di-
versity indices constitute a complementary diagnosis of mutagenic effects of drugs on

FIG 2 Legend (Continued)
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one for the nsp12 (polymerase)-coding region (genomic residues 14,534 to 16,054) and another for the S-coding region (genomic residues 22,872 to
23,645). Only positions with a mutation are represented; mutations have been identified relative to GenBank accession no. NC_045512. The complete set of
mutations, their frequency and type, codon position, amino acid substitutions, tolerability, and potential functional effect are given in Table S3 at https:/

saco.csic.es/index.php/s/S094ey5ECYgMZdX. Procedures are detailed in Materials and Methods.
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FIG 4 Heatmap of SARS-CoV-2 deletions in SARS-CoV-2 populations grown in the absence (no drug) or presence of ribavirin (Rib), with a cutoff deletion
frequency of 0.1%. Frequency values are color coded, as depicted in the top box. Data are presented in two blocks, one for the nsp12 (polymerase)-
coding region (genomic residues 14,534 to 16,054) and another for the S-coding region (genomic residues 22,872 to 23,645). Only positions within a
deletion are represented; deletions have been identified relative to NCBI reference sequence, GenBank accession no. NC_045512. The position, length,
sequence context, frequency, and the number of affected haplotypes for each deletion are given in Fig. S2 at https://saco.csic.es/index.php/s/
S094ey5ECYgMZdX. Procedures are detailed in Materials and Methods.

viral populations. The 2- to 11-fold Rib-mediated increase of maximum mutation fre-
quency (Mfmax) and minimum mutation frequency (Mfmin) on SARS-CoV-2 (Fig. 5 and
Table S4 posted at https://saco.csic.es/index.php/s/So94ey5ECYgMZdX) is comparable
to the increases observed with mutagenic base and nucleoside analogues acting on
other RNA viruses for which early molecular cloning and Sanger sequencing data are
available (such values are reviewed in reference 16).
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FIG 5 Effect of ribavirin mutagenesis on the complexity of mutant spectra of SARS-CoV-2
populations. The diversity indices are those previously defined (50). Abbreviations (written at the top
empty, elongated boxes) are as follows: Hpl, number of haplotypes; dHpl (Hpl/N), number of
haplotypes normalized to the number of reads; nM, number of mutations; Hs, Shannon entropy; HsN,
Shannon entropy normalized to the number of reads; HsH, Shannon entropy normalized to the
number of haplotypes; Hsi, Simpson index; Hgs, Gini-Simpson index; 'D, Hill number for g = 1; 2D, Hill
number for g = 2; Mfmax, maximum mutation frequency; Mfmin, minimum mutation frequency; and
7, nucleotide diversity. Bars represent the average ratios of the four nsp12 (polymerase) amplicons or
the two spike amplicons (indicated in the filled boxes) (value obtained in the presence of Rib divided
by the corresponding value in the absence of drug). The statistical significance of the increase of the
values (Rib versus no drug) was a P value of <0.05 for all comparisons, except for the difference in
Mfmax and 7 for Rib 100 uM and in Hsi that did not reach statistical significance (Wilcoxon test).

The dominant number of A—G and U—C transitions (Fig. 6 and Table S3 at https://
saco.csic.es/index.php/s/S094ey5ECYgMZdX) coincides with the ranking of mutation
preferences quantified in SARS-CoV-2 mutant spectra of COVID-19 patients
[(U—=Q) > (A—G) = (C—U)] (48). Thus, Rib forced an increase in the mutational types
which are the most frequent also in diagnostic samples of the virus. The percentage of
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nonsynonymous mutations in the nsp12 (polymerase)-coding region was 53.5% in
nonmutagenized (control) populations and 63.7% in Rib-mutagenized populations.
The corresponding values for the spike-coding region were 64.7% and 57.2%, respec-
tively. Only one nonsense point mutation was detected in the spike-coding region in
the population passaged in the presence of 150 uM Rib. The complete information on
mutation types is given in Table S3 posted at https://saco.csic.es/index.php/s/
So094ey5ECYgMZdX.

The major mutation types (A—G and U—C) induced by Rib on SARS-CoV-2 are op-
posite to those preferentially induced by Rib on other RNA viruses. A dominance of
G—A and C—U transitions induced by Rib (comparing mutant spectra with those of
the corresponding viruses passaged in the absence of drug) has been documented for
Hantaan virus (54), Usutu virus (36), West Nile virus (26), poliovirus (19), foot-and-
mouth disease virus (37, 55, 56), lymphocytic choriomeningitis virus (27), and HCV (35).
In contrast, Rib produced an excess of A—G and U—C on Zika virus RNA, with a ratio
(A—G) + (C—U)/(G—A) + (C—U) of around 2, lower than the range of 9.88 to 69.00
obtained for SARS-CoV-2 (Fig. 6). The mutational pattern renders unlikely that the Rib-
mediated mutagenesis was the result of activated cellular editing activities. APOBEC
enzymes evoke an excess of C—U transitions (57). The frequency of A—G transitions is
unlikely to be explained by ADAR-promoted viral genome variation (58). Moreover,
contrary to the observed preference of a G residue at the 5’ side of the A—G mutated
sites found in our analysis (Fig. 6B), G at the 5’ side is not a preferred residue for the
ADAR-edited sites (59, 60). The preference for A—G and U—C mutations suggests that
during SARS-CoV-2 RNA synthesis, Rib-triphosphate competed more favorably with
ATP than with GTP for incorporation. In line with our mutational analysis, a predictive
in silico study of molecular docking suggested a higher affinity of Rib-triphosphate
than ATP for the SARS-CoV-2 polymerase (61).

The molecular basis of the different mutational preferences for the same mutagen
acting on different viruses is unknown. Competitive preferences between standard
and modified nucleotides are influenced by several structural and environmental fac-
tors (reviewed in reference 62), which include the electronic structures of the ana-
logues (63), and by relative affinities for standard and modified nucleotides dictated by
the active site of the polymerases and neighbor residues (64, 65). Whatever their origin,
such preferences may inform of potential synergies between lethal mutagens, as those
described for HCV (66), Hantaan virus (67), and Junin virus (12). Synergy may be
favored by the individual nucleotide analogues acting on nonidentical steps of cellular
metabolism or the virus replication cycle, despite the analogues sharing a mutagenic
activity, resulting in reinforcement of the inhibition. Synergy increase may also come
about by different types of induced mutations, for example, as a result of combining
pyrimidine and purine analogues, or different preferred template sites where muta-
tions are introduced in the RNA product. For example, despite ribavirin and favipiravir
sharing a preference to produce G—A and C—U transitions in HCV, favipiravir, but not
ribavirin, favored the introduction of G—A mutations when A was present at the 5’
side of the mutation site and C—U mutations when U was present at the 3’ side of the
mutation site; such a difference might have contributed to the strong synergy between
the two analogues (66). A mutation bias—not only the increase in mutation load—is,
by itself, a factor of vulnerability to lethal mutagenesis. This was documented with a
triple FMDV polymerase mutant that conferred resistance to ribavirin through modula-
tion of mutation types, which counteracted the mutational bias produced by ribavirin

FIG 6 Legend (Continued)
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the spike-coding region. Of the observed biases, the preference for A—G transitions reached statistical significance for the nsp12 (polymerase)-coding
region (*, P < 0.05; proportion test). Mutation bias is reflected in transition type ratios, as depicted in the bottom panels; nd, not determined because the
denominator for that ratio was zero. (B) Analysis of nucleotide preference at the 5’ side or 3’ side of the mutation sites. Coding region and nucleotide type
are indicated in the top boxes, and mutation types are displayed in the boxes at the right of each panel. Absence or presence of ribavirin is given in the
abscissae. The number of each type of nucleotide located at the 5’ side or 3’ side of the mutation site is written in ordinate; note the different scales for
the two coding regions. The complete list of mutations on which the calculations are based is given in Table S3 in the supplemental material at https://

saco.csic.es/index.php/s/So94ey5ECYgMZdX.
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(56). A mutation-type modulation operated also as a mechanism of FMDV resistance to
5-fluorouracil (68). Therefore, detailed deep sequencing-based screening of mutational
biases and mutation site preferences may be informative of potential synergism
between lethal mutagens.

The effective mutagenic activity of Rib suggests that ExoN of SARS-CoV-2 might be
less effective than ExoN of other coronaviruses in excising Rib incorporated into nas-
cent RNA (69). The SARS-CoV-2 ExoN is active in vitro in removing misincorporated nu-
cleotides and some analogues (70-73). The Rib-enhanced SARS-CoV-2 mutation fre-
quency in our cell culture system suggests that the ExoN was ineffective in removing
terminally incorporated Rib-monophosphate or that it was insufficient to cope with all
incorporated Rib-monophosphate residues. Other possibilities are that Rib or some of
its metabolites inhibit ExoN activity or the interaction between nsp14 and the nsp12-
nsp7-nsp8 polymerase complex. Additional work is needed to clarify this point.

Molnupiravir appears to evoke mainly G—A and C—U in murine hepatitis virus
(MHV) and MERS-CoV (39, 74). The same mutational bias was predicted for molnupira-
vir-mutagenized SARS-CoV-2 by combining a biochemical and structural approach (42,
75). Furthermore, C—U transitions were the most frequent mutation type in virus from
swab nasopharyngeal samples of Omicron BA.2.2-infected patients that were treated
with molnupiravir (76). These data suggest the possibility of synergistic activity
between molnupiravir and Rib for SARS-CoV-2.

Administration of lower doses of an individual mutagenic analogue, which becomes
possible when synergisms operate, may reduce the side effects which are well estab-
lished for ribavirin and other polymerase inhibitors used in the clinic. For example, con-
tradictory information has been reported for a potential mutagenic activity of molnu-
piravir (or its metabolites) on the host cells (77-79). In favor of pursuing clinical trials
with ribavirin against COVID-19 are the promising results with Rib monotherapy
administered to critically ill patients (44) and the potential of finding synergistic combi-
nations suggested by the mutational spectrum revealed by our study. Additional sup-
portive considerations are the balance between risk and benefit and the transient ex-
posure to inhibitors in the case of acute respiratory infections (17, 79). An anti-COVID-
19 strategy of synergistic combinations with inclusion of ribavirin would follow the
paths of successful treatments of other RNA viral pathogens, such as HCV, for which
Rib continues being part of some direct-acting drug combinations (80).

MATERIALS AND METHODS

Cells and virus. Vero E6 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Merck)
supplemented with 1 mM sodium pyruvate (Merck), 1% nonessential amino acids (Merck), 4 mM L-gluta-
mine (Merck), 50 ng/mL gentamicin (PanReac), 0.2 ng/mL antifungal (Sigma), and 10% fetal bovine se-
rum (FBS; Sigma). Cells were cultured at 37°C and 5% CO,, and they were periodically thawed from a
large frozen stock and passaged a maximum of 30 times at a split ratio of 1:6 to 1:8.

The virus used in the experiments was USA-WA1/2020, NR-52281 (deposited by the Centers for
Disease Control and Prevention and obtained through BEI Resources, NIAID, NIH) (SRA accession no.
NR-52281_70036318). To prepare a virus stock, 3 x 10° Vero E6 cells were infected with the virus at a
multiplicity of infection (MOI) of 0.001 PFU/cell in DMEM supplemented with 25 mM HEPES (PanReac)
and 2% FBS, and the infection was allowed to proceed for 48 h at 37°C. The titer of the viral stock was
1 x 107 PFU/mL. Virus infections were performed following standard procedures using closed flasks. To
control for the absence of contamination, the supernatants of mock-infected cells, which were main-
tained in parallel with the infected cultures, were titrated; no infectivity in the mock-infected cultures
was detected in any of the experiments.

Virus titration. Virus titrations were performed in Vero E6 cells following standard procedures using
plates sealed in plastic bags. For titration of infectious SARS-CoV-2, cell culture supernatants were seri-
ally diluted and applied to 1 x 10° Vero E6 cells. After 1 h adsorption with gentle stirring every 15 min,
the inoculum was removed, and medium containing DMEM 2 x, agar 1% (Gibco), 1% FBS, and 1% DEAE-
Dextran (Sigma) was added to the plates. After 72 h, cells were fixed with 10% formaldehyde (PanReac)
for 1 h and then stained with 2% crystal violet (Merck) in formaldehyde.

Infections in the presence of ribavirin. Rib (Sigma) solutions were prepared in phosphate-buffered
saline (PBS), sterilized by filtration, and stored at —70°C. Prior to use, the stock solutions were diluted in
DMEM to reach the desired concentration. Vero E6 cells were pretreated with the appropriate concentra-
tions (or with DMEM without drug) for 16 h prior to infection. Then, 2 x 10° Vero E6 cells were infected
(or mock infected) with USA-WA1/2020 (MOI of 0.001 PFU/cell); the adsorption time was 1 h, and the
infection continued for 48 h in the absence or presence of the drug.
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Drug toxicity and inhibitory activity assays. Rib toxicity was measured in Vero E6 cells by seeding
1 x 10* cells in 96-well plates and adding different drug concentrations to the cells for 72 h. Then, cells
were incubated for 4 h with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma)
at a final concentration of 500 wg/mL. Then, 100 uL of dimethyl sulfoxide (DMSO) (Merck) was added to
the cells, and the optical density at 550 nm was measured. The drug concentration required for 50% cell
killing (CC,) was calculated as previously described (81).

Rib inhibitory activity was determined by seeding 1 x 10° Vero E6 cells in 24-well plates, and cells
were treated with Rib for 16 h before the infection. Then, the cells were infected with SARS-CoV-2 at an
MOI of 0.001 PFU/cell. After 1 h of incubation at 37°C, the inoculum was removed, and medium with or
without different concentrations of Rib was added to each well. The infections were maintained for 48 h.
Viral titers were determined, and the drug concentration required for 50% inhibition of infectious SARS-
CoV-2 yield (IC,,) was calculated using the program CompuSyn. CC,, and IC;, values were calculated as
the average of the results of at least three determinations.

RNA extraction and SARS-CoV-2 amplification. Total RNA was extracted from 140 uL of cell cul-
ture supernatants using the QlAamp viral RNA minikit (250) (Qiagen) as specified by the manufacturer.
Amplifications of nsp12 (polymerase)- and S-coding regions were performed by reverse transcriptase
PCR (RT-PCR). Each region was amplified from 5 uL of the RNA preparation by RT-PCR using Transcriptor
one-step RT-PCR kit (Roche Applied Science). To perform the RT-PCR, 5 uL of the preparation was mixed
with 10 uL of 5x buffer, 2 uL of a solution containing the forward primer, 2 uL of a solution with the
reverse primer (50 ng/ul, each) (Table S1 at https://saco.csic.es/index.php/s/So94ey5ECYgMZdX), and
1 uL of polymerase. Reaction parameters were 50°C for 30 min for the reverse transcription, an initial
denaturing step at 94°C for 7 min, followed by 35 cycles of a denaturing step at 94°C for 10 s, an anneal-
ing step at 46 to 48°C for 30 s, an extension step at 68°C for 40 s, and then a final extension at 68°C for
7 min. Negative controls (amplification reactions in the absence of RNA) were included in parallel to as-
certain the absence of contamination by template nucleic acids. Amplification products were analyzed
by 2% agarose gel electrophoresis, using Gene Ruler 1-kb Plus DNA ladder (Thermo Scientific) as molar
mass standard. PCR products were purified (QIAquick gel extraction kit; Qiagen), quantified (Qubit dou-
ble-stranded DNA [dsDNA] assay kit; Thermo Fisher Scientific), and tested for quality (TapeStation sys-
tem, Agilent Technologies) prior to sequencing using the lllumina MiSeq platform. Dilutions of 1:10, 1:
100, and 1:1,000 of the initial RNA preparation and subsequent amplification by RT-PCR were carried out
for one patient of each disease severity. When amplification with the 1:1,000 dilution of the template
produced a visible DNA band, the ultradeep sequencing analysis was performed with the undiluted tem-
plate to avoid redundant copying of the same template molecules, as we have previously documented
(66, 82).

Ultradeep sequencing. PCR products were adjusted to 4 x 10° molecules/uL before generating
DNA pools that were purified using Kapa pure beads (Kapabiosystems; Roche), quantified using Qubit as
previously described (48, 83-85), and then adjusted at 1.5 ng/uL. Purified DNA pools were further proc-
essed using the DNA library preparation kit Kapa Hyper Prep kit (Roche), during which each pool was
indexed using SeqCap adapter kit A/B (Nimblegen) (24 index). Each DNA pool was quantified by
LightCycler 480 and sequenced using MiSeq sequencing platform with MiSeq reagent kit v3 (2 x 300-bp
mode with the 600 cycle kit) (Illumina).

Bioinformatics processing of deep sequencing data. To establish the reliability of deep sequenc-
ing data to characterize mutant spectra of viral populations, we previously carried out several experi-
mental and bioinformatics controls to show that conclusions on mutant spectrum complexity from mo-
lecular cloning and Sanger sequencing were coherent with the conclusions reached by pyrosequencing
(454 Life Sciences/Roche, Brandford, CT) (86). Then, the coherence was tested between results obtained
by pyrosequencing and the MiSeq Illumina platform (83). In addition, controls to establish basal error
rate, reproducibility of clean read composition upon subjecting different aliquots of the same sample to
deep sequencing, detection of minority variants from reconstructed mixtures of mutant HCV RNAs, and
read coverage requirement to attain a given mutation frequency cutoff were performed and have been
previously reported (46, 83, 84, 87, 88). Of particular relevance to the present analysis of SARS-CoV-2
replicated in the absence and presence of Rib is that the number of clean reads per amplicon (A1 to A6)
ranged from 83,593 to 177,211, with average values ranging from 91,759 to 128,426 (see Table S2
posted at https://saco.csic.es/index.php/s/So94ey5ECYgMZdX). The average quality score (Q) was higher
than 70%. The coverage and Q attained allowed the establishment of a mutation frequency cutoff of
0.1% for read analysis (46).

In addition to read coverage, the following quantifications validated the extension from a 0.5% to a
0.1% for mutant spectrum analysis of SARS-CoV-2: (i) detection of 98.9% of the different point mutations
and 100% of the deletions scored both with a 0.5% and a 0.1% cutoff; (ii) an agreement of 80% in the
number of positions with or without mutations in the regions which overlap among neighbor ampli-
cons; (iii) preservation at the two cutoff levels of the mutational bias and ranking of mutations in the
three codon positions that characterize SARS-CoV-2 mutant spectra; (iv) similar preservation of accept-
ability scores (PAM250 metric) of the amino acid substitutions deduced from haplotype mutations deter-
mined with 0.1% and 0.5% cutoffs; (v) a similar percentage (of around 97%) of amino acid substitutions
deduced with the two mutation frequency cutoffs were present in the “outbreak.info” database; and,
finally, (vi) when increasing the detection capacity from 0.5% to 0.1%, there was a statistically significant
increase in the number of amino acid substitutions, which, according to the SNAP2 (Screening for Non-
Acceptable Polymorphisms) predictor, have a predicted functional effect (89). Such an increase is incom-
patible with being a consequence of sequencing errors, and it is expected from deleterious amino acid
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substitutions populating low-frequency (low-fitness) SARS-CoV-2 genomes (90). Data on the six points
listed above to validate the 0.1% mutation frequency cutoff have been published (46, 48, 49).

FASTQ data were analyzed using the SeekDeep pipeline (91) with the following options:

"

--extra

ExtractorCmds=-- checkRevComplementForPrimers —primerNumOfMismatches 3" “—extraProcessCluster
Cmds=-fracCutOff0.001 --rescueExcludedOneOffLowFreqHaplotypes.”
Diversity indices. For the study of the genetic diversity of viral populations, several indices were
determined, typical of the field of ecology and common application also to virology (defined and
explained in reference 50). Since no diversity index can fully capture the complexity of a viral population,
a multivariate analysis was performed, examining the behavior of different indices for the same data set.
These indices were Hpl, number of haplotypes; dHpl (Hpl/N), number of haplotypes normalized to the
number of reads; nM, number of mutations; Hs, Shannon entropy; HsN, Shannon entropy normalized to
the logarithm of the number of reads; HsH, Shannon entropy normalized to the logarithm of the number
of haplotypes; Hsi, Simpson index; Hgs, Gini-Simpson index; qD, Hill number for g = 1, 2; Mfmax, maxi-
mum mutation frequency; Mfmin, minimum mutation frequency; and 7, nucleotide diversity. The diver-
sity indices were calculated according to references 50 and 92 and with an algorithm implemented in
the C programming language.
Statistics. The statistical significance of different comparisons was calculated by the proportion test.
One-way analysis of variance (ANOVA) followed by Dunnett’s test was used to compare the differences
in the viral titer between the control population and different concentrations of Rib using GraphPad
8.0.2. The statistical significance of differences between diversity indices was calculated with a Wilcoxon
test, using R software version 4.0.2.
Ethics approval and consent to participate. All experiments with SARS-CoV-2 were performed in
biosafety level 3 (BSL-3) facilities at Centro de Biologia Molecular Severo Ochoa (CBMSO) (Consejo
Superior de Investigaciones Cientificas-Autonomous University of Madrid [CSIC-UAM]) according to the
guidelines set forth by the institution. This study was approved by the Ethics Committee 082/2021 from
CSIC.
Data availability. FASTQ files of SARS-CoV-2 samples included in this study are available in ENA
under accession no. PRJEB56440.
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