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A B S T R A C T

Parechoviruses A (HPeV, Picornaviridae) are neglected human pathogens that cause sepsis-like illness and severe
neurological complications in infants. There are no antivirals available for the treatment of HPeV infections. We
here report on cell-based assays that allow for medium-throughput antiviral screening of compound libraries
against HPeV. The nucleoside viral polymerase inhibitor 2′-C-methylcytidine was identified as being an in vitro
replication inhibitor of HPeV1 and HPeV3 that can serve as a reference molecule for further antiviral studies.

Parechoviruses A are being increasingly recognized as important
human pathogens. Although these viruses cause typically asympto-
matic/subclinical or mild respiratory or gastrointestinal disease, they
may in particular in children under the age of 2 years, cause severe
manifestations such as neurological complications and sepsis-like ill-
ness (Olijve et al., 2018). Similarly to enteroviruses, which also belong
to the family of the Picornaviridae, HPeVs are very prevalent viruses. It
has been estimated that 90% of children encounter infection with at
least one type of HPeV by the age of 2 (de Crom et al., 2016).

There are currently 16 types of human parechoviruses, with HPeV1,
HPeV3 and HPeV6 being the most prevalent in recent outbreaks re-
ported in Australia (Cumming et al., 2015), Japan (Aizawa et al., 2016),
The Netherlands (Benschop et al., 2008) and Denmark (Fischer et al.,
2014). Most severe manifestations (such as neurological complications
and sepsis-like illness) are attributed to infections with HPeV3 (Aizawa
et al., 2017). The majority of severe manifestations of HPeV infections
occur in infants below the age of 3 months (Black et al., 2018). Long-
term sequelae have been reported; in a follow-up study after the HPeV3
outbreak in Australia in 2013, 50% of the observed children exhibited
impaired developmental attainment (Britton et al., 2017). Despite the
prevalence and clinical relevance, no specific antiviral therapy is
available for the treatment of HPeV infected infants, although in-
travenous administration of immunoglobulins (IVIG) has been reported
to result in some clinical benefit (Wildenbeest et al., 2013).

We aimed to develop a robust antiviral assay for the identification of
inhibitors of HPeV1 and HPeV3 (strains commonly isolated from pa-
tients) replication. We first infected selected cell lines [human: RD,

HeLa and a549; monkey: Vero A, Vero E6 and BGM; mouse: N2A] to
explore whether HPeV1 and 3 can cause a cytopathic effect (CPE) and if
so in which cells such CPE develops most efficiently. CPE was clearly
detected in Vero A, BGM and A549 cells after HPeV1 infection. No
obvious CPE was observed following HPeV3 infection in any of the cell
lines tested. This is in line with a previous report where infected Vero
and BGM cells were used for diagnostic purposes (Benschop et al., 2010;
Westerhuis et al., 2012). Since the HPeV1 induced CPE in BGM cells
was most prominent, we selected these cells for the phenotypic
screening with microscopical readout.

Next, the kinetics of replication of HPeV1 and HPev3 were analyzed
in BGM cells (Fig. 1A–B). Intracellular viral RNA peaked at 6 h after
HPeV1 infection and at 12 h after HPeV3 infection. Extracellular RNA
levels started to increase at 10 h p.i. for HPeV1 and at 16 h for HPeV3.
The kinetics of HPeV1 replication was faster than that of HPeV3, but at
3 days p.i. the extracellular genome copy numbers of both viruses were
comparable (1,44ˆ107 and 2,12ˆ107 genome copies/μl respectively).

We then studied whether a panel of molecules that were earlier
shown to inhibit entero/picornavirus replication, are able to inhibit the
in vitro HPeV1/3 replication. For this panel we selected molecules with
different mechanisms of action and tested their effect first in the CPE-
based HPeV1 assay. Reduction in virus-induced CPE was observed
when cultures were treated with nucleoside analogues 7-deaza-2′C-
methyladenosine (7′DMA) and 2-C′-methylcytidine (2′CMC). These
observations were confirmed by using ATPLite and qRT-PCR as read-
outs. Both compounds also inhibited HPeV3 replication (Table 1;
Fig. 2A–C), with 2′CMC being the most effective (EC50 21 μM and 4 μM
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for HPeV1 and HPeV3 respectively). 2-C′-methyladenosine and 2-C′-
methylguanosine resulted in a minor reduction of virus-induced CPE at
the highest concentration tested (100 μM).

The enterovirus capsid binder pirodavir proved inactive against
HPeV1 which is in line with the absence of a canyon structure in the
capsid of HPeV, such canyon is typical for enteroviruses (Shakeel et al.,
2017). The 2C-targeting enterovirus inhibitors dibucaine, fluoxetine
(Ulferts et al., 2016) and N-(2-Phenylethyl)adenosine (Drenichev et al.,
2016) or the enterovirus 3C protease inhibitor rupintrivir were also
devoid of antiviral activity against HPeV1 and 3. Inhibitors of the host-
factor PI4KIIIb (BF738735), or the host-factor OSBP (OSW-1), all of
which were shown to inhibit in vitro enterovirus replication (Albulescu

Fig. 1. Replication of HPeV1 and HPeV3 in BGM cells. BGM cells were infected with HPeV1 (●) or HPeV3 (▪) at a MOI of 2 for 1 h, cells were washed with PBS to
remove the inoculum and intracellular (panel A) or extracellular (panel B) viral RNA production was measured at the indicated timepoints by means of qPCR. Data
are mean values for 2 independent experiments ± standard deviation.

Table 1
Effect of 2′CMC and 7′DMA on the replication of HPeV1 and HPeV3 in BGM
cells.

EC50 (μM) CC50 (μM)

HPeV1 HPeV3

Compound CPE-based qPCR qPCR

2′CMC 13 ± 4 21 ± 4 4 ± 1 >100
7′DMA 37 ± 10 66 ± 4 11 ± 4 >100

Data are mean values ± standard deviations (SD) from 3 independent ex-
periments.

Fig. 2. In vitro antiviral effect of 2′CMC and 7′DMA against HPeV1 and HPeV3. Antiviral effect and effect on uninfected cells of 2′CMC and 7′DMA as assessed in
a CPE-based assay with ATPLite readout (A). Inhibition of viral RNA production by 2′CMC and 7′DMA was assessed for HPeV1 (B) and HPeV3 (C). Data are mean
values for 3 independent experiments ± standard deviation.
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et al., 2015) did not elicit any activity against either HPeV1 or HPeV3.
Recently the in vitro antiviral activity of itraconazole [(ITZ) another
OSBP-targeting compound] was reported against HPeV3 but not HPeV1
(Rhoden et al., 2018). We obtained similar results in our assays where
ITZ was found to inhibit HPeV3 (EC90 of 0,5 ± 0,2 μM) but not HPeV1
replication. The fact that OSW-1 is, in contrast to ITZ, not active against
HPeV3, indicates that the anti-HPeV3 activity is possibly not mediated
through OSBP. Following validation of the screening assays with the
above-mentioned reference compounds, we performed a screening of
∼2000 compounds of the diverse set and oncology drug set from the
National Cancer Institute library (NCI, USA). BGM cells were seeded in
96-well plates and the next day serial dilutions of the compounds were
added to the cells and cultures were infected with HPeV1. CPE-based
readout was performed at day 3 post infection. However, none of the
hits identified in this assay resulted in more than 1-1,5 log10 inhibition
of viral RNA production at a non-toxic concentrations and were thus not
further considered.

In conclusion we established and validated in vitro assays that will
allow the identification of inhibitors of human parechovirus replication.
Typical inhibitors of enterovirus replication (such as capsid binders, 2C
or 3C targeting compounds) were found not to inhibit parechovirus
replication. Given the medical need it will be important to develop
either specific parechovirus inhibitors or to further consider the de-
velopment of broad-spectrum RNA virus inhibitors that can also be used
to treat infections with human parechoviruses.
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