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Background

Long considered to be pathogens exclusive to the gastrointestinal tract, astroviruses have
been the focus of renewed interest due to the recognition of invasive infection in humans and
other mammals, including central nervous system (CNS) infection and viremia[1-4]. While
gastrointestinal astrovirus infection is a self-limited disease, six out of ten cases of human
meningoencephalitis caused by astroviruses have resulted in death [5-12]. Currently, there
are no drugs approved by the US or European regulatory agencies for treatment of astrovirus
infections, and there are no published treatment trials of astrovirus infections. It is unclear
what role broad-spectrum antivirals may against astroviruses because they have not been
empirically tested /in vitro or in vivo. In one case of survival from astrovirus encephalitis, the
patient received intravenous immunoglobulin, steroids, ribavirin, and pegylated interferon-
a2b[5]. In a fatal case, the patient received intravenous immunoglobulin and ribavirin prior
to death[6]. Flavonoids and immunomodulatory drugs like interferon-a./p have also
demonstrated efficacy in reducing astrovirus replication in cell culture[13-16].

Ribavirin is the prototypical broad-spectrum antiviral as it has multiple mechanisms of
action against many RNA viruses, including direct inhibition of the RNA-dependent RNA
polymerase (RdRp)[17]. Ribavirin has /n vitro activity against noroviruses (10 uM caused
64% reduction in human norovirus replication) and enteroviruses (ECsg range of 106 to
>1100uM), members of two viral families that share phylogenetic relationships to the
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astrovirus RdRp, but the activity of ribavirin against astroviruses has not been quantified[18—
20]. Favipiravir also has /n vitro antiviral activity against many RNA viruses, including
enteroviruses and noroviruses (ECsg range 31-248uM); however, the efficacy of favipiravir
against astroviruses has also not been determined[21].

We quantified the effect of both ribavirin and favipiravir on the /n vitro replication of two
astrovirus genotypes, astrovirus VA1 (VA1) and human astrovirus 4 (HAstV4), two strains
that have been associated with central nervous system disease in humans[2].

Study Design

Ribavirin (Sigma-Aldrich) was suspended in Dulbecco’s Modified Eagle Media (DMEM,
Gibco) with serial dilutions performed to generate dosages over a range of 0.1-1000uM.

Due to poor water solubility, favipiravir (Biovision) was suspended in dimethyl sulfoxide
(DMSO; Sigma-Aldrich) at 5mM with serial dilutions made into DMEM over a range of

0.1-1000uM. All cells treated with favipiravir had 1% DMSO (v/v) added to each well to
normalize to the DMSO concentration present in 2000uM of favipiravir.

Caco-2 cells were grown to confluence in 96-well plates. Both VA1 and HAstV4 stocks
were originally isolated from stool specimens and propagated in Caco-2 cells [13, 22].
HAstV4 was pretreated with 100pg/mL of trypsin for 30 minutes as HAstV4 but not VA1
requires trypsin for propagation in cell culture[13, 23]. Cells were infected with a MOI 0.01
of VAL, HAstV4, or Influenza A WSN (1AV) in the presence of ribavirin or favipiravir for
one hour, the cells were then washed once, and growth media added to the cells containing
ribavirin or favipiravir[22, 24]. 1AV was used to confirm the efficacy of both drugs. For VAL,
the cells were maintained in growth media containing DMEM with 10% fetal bovine serum
(FBS), For HAstV4 and IAV infections, the cells were maintained in DMEM with 3.3ug/mL
of trypsin and no FBS. At 72 hours post-inoculation, the supernatant was removed, TRIzol
(ThermoFisher) was added to the cells, and RNA extracted using Direct-zol 96-well RNA
extraction plates (Zymo Research). VA1, HAstV4, and 1AV RNA were quantified using
previously published gRT-PCR assays[13, 22, 25]. Viral RNA cycle threshold (CT) values
were normalized to the CT values for the housekeeping gene, Ribosomal Protein Lateral
Stalk Subunit PO (RPLPQ), using the delta CT method and then normalized to no drug
treatment using the delta-delta CT method[26]. Geometric means of the change in RNA
relative to no treatment was graphed in Prism 8.1.0 (GraphPad) and compared using one-
way or Brown-Forsythe ANOVA tests with post-hoc analysis by Dunnett’s with or without
T3 multiple comparisons test. The 50% effective concentration (ECsg) values were
calculated using Prism. Cells treated with favipiravir or ribavirin in the absence of virus
using the aforementioned media conditions for 72 hours were also analyzed by the CellTiter-
Glo assay (Promega) for quantification of toxicity. Mean relative luminescence units (RLU)
were plotted in GraphPad. Because we did not detect >50% cytotoxicity over the
concentrations of the drugs tested, the lower limit 50% cytotoxicity concentration (CCsg)
value was set at 1000uM for calculation of selectivity indices (SI; CCsg value divided by
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ECsq value). For all analyses, two independent experiments were conducted with 3
replicates per experiment.

Results and discussion

Ribavirin treatment of Caco-2 cells infected with VA1 or HAstV4 caused a 10-100-fold
reduction of viral RNA with greater effect on VA1 replication (Figure 1). The ECsgq value
was also lower for VAL (154uM) compared to HAstV4 (268uM) (Table 1). Only mild
toxicity of ribavirin was observed at 1000uM as a 17-31% decrease in luminescence in the
CellTiter-Glo assay was observed (Figure 2; P< 0.004). Favipiravir treatment resulted in a
10-fold reduction of VAL replication, but in contrast, only a 44% reduction of HAstV4
replication was observed at 1000uM (Figure 1). No significant reduction of cell viability was
observed at any concentration of favipiravir (Figure 2). We confirmed the activity of our
formulations of ribavirin and favipiravir as both significantly inhibited AV with ECgq values
consistent with previously published values (Table 1)[21, 27].

The recent recognition of fatal astrovirus infections in humans has highlighted a greater need
effective anti-astrovirus therapies. Previously, there was no /n vitro data regarding the
inhibitory effect of broad-spectrum antivirals on astroviruses. Our results demonstrate that
both ribavirin and favipiravir inhibit replication of VA1 and ribavirin inhibits HAstV4 in cell
culture. The in vitro ECsg values identified for both drugs have similar activities for other
enteric viruses like enteroviruses and noroviruses[18, 19, 21].

Interestingly, very modest inhibition of HAstV4 with favipiravir was observed, despite the
drug demonstrating greater activity against VA1 and IAV. The cause of this differential effect
of favipiravir could be specific to differences in the RdRp of HAstV4 (AZB52200.1), which
shares 52.3% amino acid identity with VAL (YP_003090286.1). Resistance to favipiravir has
been described in other viruses with amino acid substitutions in the RARp[28]. Alternatively,
HAstV4 may utilize unique host factors for replication that are not inhibited by favipiravir.

Currently, there are no animal models of human astrovirus infection, precluding our ability
perform in vivo efficacy studies. The ribavirin and favipiravir ECsg concentrations for VAL
are comparable to the ECgq concentrations identified for yellow fever virus (YFV), and both
drugs were found to be protective in a hepatitis model of fatal YFV infection[29].
Nonetheless, effective treatment of astrovirus infection of the central nervous system may
require penetration of the blood-brain barrier (BBB) by the candidate antiviral. There is
conflicting data whether ribavirin is able to penetrate the human BBB while the penetration
of favipiravir into the CNS has not been described[30].

We did not observe significant cytopathic effect with our drug concentrations of ribavirin or
favipiravir, with or without trypsin/FBS, consistent with other previously published CCsgg
values that were also >1000uM [18, 19, 21]. We did observe a small increase in cellular
adenosine triphosphate (ATP) in the CellTiter-Glo assay in ribavirin treated cells at 10—
200uM (Figure 2), consistent with a previous publication[31]. Because of the limits of
solubility and the need to maintain sufficient volume of cell culture media, we did not
achieve 50% cytopathic effect with the drug concentrations that were tested, so our
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estimation of the Sl is an underestimate. Nonetheless, the calculated Sls indicate the
likelihood of a narrow therapeutic window for these drugs /7 vivoand it could be difficult to
achieve serum concentrations for sufficient inhibition of astrovirus replication. In future
studies, the possibility of additive or synergistic effects of combination therapy of ribavirin
and favipiravir can be evaluated, and the addition of recombinant interferon may also
enhance the activity of either drug. Future studies may also lead to identification of novel
antivirals that are astrovirus specific.
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Highlights
. Ribavirin inhibits replication of astrovirus VA1 and classic human astrovirus
4.
. Replication of astrovirus VA1 is reduced by favipiravir
. No significant cytotoxicity was detected for favipiravir or ribavirin
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Figure 1:

Quantification of VA1 or HAstV4 RNA upon treatment with ribavirin or favipiravir,
normalized to no drug treatment. Error bars represent one geometric standard deviation. *,
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.
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Figure 2:
Measurement of luminescence (RLU, relative luminescence units) for each antiviral drug

concentration, reflecting the number of viable cells in each treatment group. Error bars
represent one geometric standard deviation. *, P<0.05; **, P<0.01; ***, P<0.001.
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Table 1:

Calculated ECsg concentrations in UM of each virus-antiviral treatment with £95% confidence intervals and
selectivity indices (SI).

VA1l HAstv4 1AV

ECso sl ECso sI ECso sI

Ribavirin 154 uyM = 21 >6.5 | 268 uM £39.5 | >3.7 | 454 uM £0.97 | >220

Favipiravir | 246 uM £76.4 | >4.1 >1000 pM 1 473uM +£1.01 | >211
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