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ARTICLE INFO ABSTRACT

Recently, a novel antiviral compound (K22) that inhibits replication of a broad range of animal and human
coronaviruses was reported to interfere with viral RNA synthesis by impairing double-membrane vesicle (DMV)
K22 formation (Lundin et al., 2014). Here we assessed potential antiviral activities of K22 against a range of viruses
Antiviral drug representing two (sub)families of the order Nidovirales, the Arteriviridae (porcine reproductive and respiratory
Replication Organeues, syndrome virus [PRRSV], equine arteritis virus [EAV] and simian hemorrhagic fever virus [SHFV]), and the
Double membrane vesicles . . ] A .

Torovirinae (equine torovirus [EToV] and White Bream virus [WBV]).

Possible effects of K22 on nidovirus replication were studied in suitable cell lines. K22 concentrations sig-
nificantly decreasing infectious titres of the viruses included in this study ranged from 25 to 50 pM. Reduction of
double-stranded RNA intermediates of viral replication in nidovirus-infected cells treated with K22 confirmed
the anti-viral potential of K22. Collectively, the data show that K22 has antiviral activity against diverse lineages
of nidoviruses, suggesting that the inhibitor targets a critical and conserved step during nidovirus replication.

Keywords:
Nidoviruses

The order Nidovirales was defined by the International Committee
on Taxonomy of Viruses (ICTV) at the X™ International Congress of
Virology in Jerusalem in 1996, and currently includes four virus fa-
milies: Arteriviridae, Mesoniviridae, Roniviridae and Coronaviridae, the
latter being divided into the sub-families Coronavirinae and Torovirinae.
Nidoviruses infect diverse host species ranging from mammals to birds,
fish, crustaceans and insects (Blanck and Ziebuhr, 2016; Faisal et al.,
2016; Wernery et al., 2016; Wickramasinghe et al., 2011; Zeng et al.,
2016). Despite considerable diversity in terms of genome size and
virion morphology, nidoviruses have been grouped together in the same
virus order based on their similar genome organization, a conserved set
of domains and enzymatic functions in their replicase polyproteins, and

their unique transcription strategy that results in production of a set of
nested (Latin nidus; nest) subgenomic mRNAs (Gorbalenya et al., 2006).

Nidoviruses share a positive single-stranded, non-segmented, poly-
cistronic genomic RNA that is 3’-polyadenylated and possesses a 5’ cap
structure (Nga et al., 2011; Ulferts and Ziebuhr, 2011; Zirkel et al.,
2011). Translation of the genomic RNA gives rise to two polyproteins —
ppla and pplab, derived from the overlapping open reading frames
ORFla and ORFla/b, respectively. Synthesis of pplab involves a —1
ribosomal frameshift event occurring a few nucleotides upstream the
ORF1la stop codon (Firth and Brierley, 2012; Lauber et al., 2013). Ppla
and pplab are co- and post-translationally cleaved autoproteolytically
to produce the 12-16 non-structural proteins (nsps) that form the

Abbreviations: CAVV, Cavally virus; CM, convoluted membrane; DMEM, Dulbecco’s modified Eagle’s medium; DMSO, dimethyl sulfoxide; DMV, double membrane vesicles; DNA,
deoxyribonucleic acid; dsRNA, double-stranded RNA; EAV, equine arteritis virus; EToV, equine torovirus; ER, endoplasmic reticulum; FBS, foetal bovine serum; FCoV, feline coronavirus;
HCV, hepatitis C virus; IBV, avian infectious bronchitis virus; ICTV, International Committee for the Taxonomy of Viruses; MERS-CoV, Middle East respiratory syndrome coronavirus;
mRNA, messenger RNA; NS5A, non-structural protein 5A; nsp6, non-structural protein 6; ORF, open reading frame; PEDV, porcine epidemic diarrhea virus; PRRSV, porcine reproductive
and respiratory syndrome virus; RNA, ribonucleic acid; RTC, replication-transcription complex; RVN, reticulo-vesicular network; SARS-CoV, severe acute respiratory syndrome cor-
onavirus; SHFV, simian haemorrhagic fever virus; TCID, tissue culture infective dose; UTR, untranslated region
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replication-transcription complex (RTC) (Ziebuhr et al., 2000). Three
enzymatic activities encoded in the nidovirus replicase gene are re-
markably conserved: a chymotrypsin-like protease (Blanck et al., 2014;
Ziebuhr and Siddell, 1999; Ziebuhr et al., 2000), an RNA-dependent
RNA polymerase (De Vries et al., 1997; Dennis and Brian, 1981; Koonin,
1991; Lehmann et al.,, 2016; Nedialkova et al., 2009; Snijder and
Meulenberg, 1998) and a superfamily 1 helicase (Lehmann et al., 2015;
Seybert et al., 2000; Snijder and Horzinek, 1993).

A hallmark of nidovirus replication, which gave the order its name,
is the common transcription strategy that gives rise to a nested set of 3’
co-terminal sub-genomic mRNAs that are translated to produce the
structural and accessory proteins (van Vliet et al., 2002). In most ni-
doviruses (corona-, arteri-, and mesoniviruses), the 5’-terminal part of
their subgenomic mRNAs consist of the 5-terminal segment of the
genomic RNA and are therefore regarded as leader sequence (Pasternak
et al., 2006; Sawicki et al., 2007; Schutze et al., 2006; van Marle et al.,
1999; Zirkel et al., 2013). However, for the toroviruses, only the largest
subgenomic mRNA has a 5’ leader sequence (Smits et al., 2005) while
the smaller subgenomic mRNAs do not contain a leader sequence. No
common leader sequence has been identified for roniviral subgenomic
mRNAs (Cowley et al., 2002). The current model of nidovirus tran-
scription is a nested set of negative-stranded RNAs of subgenomic-
length produced by using the genomic RNA as template and specific
transcription-regulatory sequences (TRSs) to attenuate negative strand
RNA synthesis at these specific sites (Pasternak et al., 2006; Sawicki
et al., 2007). The subgenomic negative-strand RNAs templates the
synthesis of subgenomic mRNAs.

Positive-stranded RNA viruses are known to induce the formation of
replication organelles consisting of modified intracellular host mem-
branes associated with replicative enzyme complexes. These specialized
microenvironments are presumed to facilitate the assembly and func-
tion of the viral RNA-synthesizing machinery, and may also function to
delay or prevent the detection of double-stranded RNA (dsRNA) inter-
mediates of viral replication by innate immune sensors (Ahlquist et al.,
2003; Angelini et al., 2014; den Boon and Ahlquist, 2010; Neufeldt
et al., 2016; Salonen et al., 2005; Schwartz et al., 2004). Following the
emergence of new three-dimensional imaging techniques, such as
electron cryo-tomography, the ultrastructural organization of these
host-derived replication organelles have been intensively studied for a
number of positive-strand RNA viruses including coronaviruses, tor-
oviruses and arteriviruses (Avila-Perez et al., 2016; Knoops et al., 2012;
Knoops et al, 2008; Maier et al., 2013; Romero-Brey and
Bartenschlager, 2015; van der Hoeven et al., 2016). Coronavirus re-
plication occurs within the cytoplasm of infected cells where mainly
endoplasmic reticulum (ER) membranes appear to be recruited for the
formation of replication organelles. This results in the formation of a
reticulo-vesicular network (RVN) that is continuous with the ER and
includes double-membrane vesicles (DMV) and convoluted membranes
(CM) (de Wilde et al., 2013b; Gosert et al., 2002; Knoops et al., 2008;
Orenstein et al., 2008). Additionally, Avian infectious bronchitis virus
(IBV) was reported induce invaginated structures, identified as zippered
endoplasmic reticulum and double-membrane spherules (Maier et al.,
2013). The arterivirus prototype equine arteritis virus (EAV) induces
DMVs similar to those of coronaviruses, whose outer membranes are
interconnected with each other and with the ER, thus forming a RVN
(Knoops et al., 2012). Similar virus-induced membrane re-arrange-
ments were also described for other arteriviruses including porcine
reproductive and respiratory syndrome virus (PRRSV) and simian he-
morrhagic fever virus (SHFV) (Metwally et al., 2010; Sun et al., 2012;
Wood et al., 1970). The host-derived membrane structures induced by a
torovirus infection were described for the first time in a recent study
(Avila-Perez et al., 2016). Using cells infected with the equine torovirus
(EToV) prototype, Avila-Pérez and colleagues described the presence of
DMVs of heterogeneous size in the cytoplasm of infected cells, located
frequently in the perinuclear area and surrounded by mitochondria and
ER membranes. Unlike coronaviruses infected cells, no CM or spherules
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were identified. For the nidoviruses mentioned above (corona-, arteri-
and toroviruses), the use of confocal and transmission electron micro-
scopy showed the association of key replicative enzymes of the re-
plication transcription complex (RTC) with the modified host mem-
brane structures (Pedersen et al., 1999; Posthuma et al., 2008; Snijder
et al., 2006; van Hemert et al., 2008) and the accumulation of double-
stranded RNA in the DMV interior (Avila-Perez et al., 2016; Knoops
et al., 2012; Knoops et al., 2008).

The first insect nidoviruses were isolated in Vietnam in 2001-2003
and Céte d’Ivoire in 2009, during surveillance studies of virus infection
rates in mosquitoes (Junglen et al., 2009; Nga et al., 2011). The Ivorian
isolate, Cavally virus (CavV), is the prototype of the newly established
nidovirus family Mesoniviridae (Zirkel et al., 2011). Details of the me-
sonivirus life cycle, however, have not yet been thoroughly studied,
including the question of whether or not similar host membrane
structures are involved in mesonivirus replication (Vasilakis et al.,
2014).

The striking conservation of the nidoviral strategies for RNA
synthesis and gene expression suggests that inhibitors targeting
common mechanisms of the nidovirus replication cycle may have broad
“anti-nidovirus” activity. Indeed, cyclophilin inhibitor was found to
affect the replication of diverse coronaviruses and arteriviruses in-
cluding MERS-CoV, SARS-CoV, human coronavirus 229E, feline cor-
onavirus (FCoV), mouse hepatitis virus (MHV), EAV and PRRSV in cell
culture (de Wilde et al., 2013a; de Wilde et al., 2013b; de Wilde et al.,
2011; Pfefferle et al., 2011; Tanaka et al., 2012). More recently, an
antiviral compound — K22, whose structural name is (Z)-N-(3-(4-(4-
bromophenyl)-4-hydroxypiperidin-1-yl)-3-oxo-1-phenylprop-1-en-2-yl)
benzamide — was demonstrated to inhibit the replication of six dif-
ferent coronaviruses in cell culture (Lundin et al., 2014). Electron mi-
croscopic analyses and the observation that K22-resistance can be due
to mutations in nsp6 (a membrane-spanning non-structural protein that
is an integral component of the coronavirus replication complex im-
plicated in DMV formation) suggest that the antiviral effect of K22 is
linked to the inhibition of membrane-bound coronaviruses RNA
synthesis.

Considering the similarities in genome organization and expression,
RNA replication and transcription, and the membrane structures in-
volved in RNA synthesis among viruses of the Nidovirales order, we
investigated whether K22 similarly inhibits the replication of nido-
viruses beyond the Coronaviridae subfamily, i.e. the arteri-, toro-, ba-
fini-, and mesoniviruses.

Due to the close phylogenetic relationship to coronaviruses, we
assessed potential anti-viral effects of K22 of two members of the cor-
onavirus subfamily Torovirinae, namely the equine torovirus (EToV;
genus Torovirus) and the white bream virus (WBV; genus Bafinivirus).
Horse dermal fibroblast cells (NBL-6, also known as E-Derm) were in-
fected with EToV (strain Berne virus) at a multiplicity of infection
(MOI) of 0.001. Four hours prior to infection, cells were treated with
different K22 concentrations or the solvent (DMSO) as a control. Two
days post infection, EToV infectivity titres in the supernatant were
determined by end-point dilution on E-Derm cells and expressed as
TCIDso/ml calculated using the Reed-Muench formula (Reed and
Muench, 1938). As shown in Fig. 1A, treatment of E-Derm cells with
40 uM of K22 resulted in significantly reduced EToV titres (3.5 log;o)
compared with titres obtained on cells treated with DMSO. Importantly,
E-Derm viability measured with a Promega CytoTox-Glo™ Cytotoxicity
Assay in the presence of K22 did not show any cytotoxic effect at the
concentrations used in our experiments, suggesting that K22 exerts
antiviral activity against EToV (Fig. 1A). We also assessed the effect of
K22 on fish EPC cells (Epithelioma Papulosum Cyprini) infected with the
bafinivirus WBV. Viral RNA levels in cells were measured by quanti-
tative PCR at 12 h post infection. As shown in Fig. 1B, WBV replication
was significantly reduced in a dose-dependent manner. At the highest
K22 concentration used (50 M), we observed a reduction of 1.6 log;q
WBV genome equivalents (GE)/ml while the viability of EPC cells
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Fig. 1. K22 affects diverse nidoviruses.
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The log reduction in virus yield (bars) and the percent of cell viability (solid line above bars) are shown for K22-treated torovirus- (A) bafinivirus- (B) and arterivirus-infected (C, D and E)
cell lines of equine (E-Derm for EToV), fish (EPC for WBV), primate (MARC-145 for PRRSV and MA-104 cells for SHFV) or rodent (BHK-21 for EAV) origin. The cells were infected 4 h
after treatment with different concentrations of K22 or solvent (DMSO) as a control. At 12h (WBV, EAV), 24 h (SHFV) or 48 h (EtoV, PRRSV) post infection, viral titres or intracellular
RNA levels were determined. Log reduction of virus production induced by K22 was calculated by comparing titres obtained in DMSO-treated cells (control) with titres obtained in cells
treated with different concentrations of K22. Cytotoxicity was assessed with a Promega CytoTox-Glo™ Cytotoxicity Assay (for EToV), a CellTiter 96 AQeous Nonradioactive cell pro-
liferation assay (for PRRSV and EAV) or a MTT assay (for SHFV and WBV) and expressed in% of cell viability. Maximal viral titre reduction and the associated cell viability were
determined for each virus and summarized in table format (F). Data are shown as mean ( = SD) of 3-9 biological repeats. Statistical test: Mann-Whitney. n.s. = non-significant, *:
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MARC-145 (A), E-Derm (B) and EPC (C) cells were infected with an arterivirus (PRRSV), a torovirus (EToV) and a bafinivirus (WBV), respectively and incubated for 12h (C), 16 h (B) or
24h (A) in the presence of 40 uM of K22 or DMSO. The cells were then fixed with 4% paraformaldehyde and processed for immunofluorescence staining with monoclonal anti-dsRNA J2

antibody (in red) and DAPI (cell nucleus in blue). Scale bar is 50 pm.

remained around 90%.

We next expanded our investigation to the arteriviruses. MARC-145,
BHK-21 and MA-104 cells were infected with PRRSV (genotype 2, strain
RVB-581, MOI of 0.5), EAV (strain Bucyrus, MOI of 5) and SHFV (strain
LVR 42-0/M6941, MOI of 1), respectively, 4h after treatment with
different concentrations of K22. PRRSV titres in the supernatant were
measured by end-point dilution at 48 h post infection and expressed as
TCIDso/ml calculated using the Reed-Muench formula whereas EAV
and SHFV titres in the supernatant at 12h and 24 h post infection, re-
spectively, were measured by plaque assays and expressed in PFU/ml.
As shown in Fig. 1C-E, PRRSV, EAV, and SHFV titres were reduced in a
dose-dependent manner by K22 treatment, with a maximal titre re-
duction of 6.1 logio (PRRSV), 4.5 Log;o (EAV) and 3.5 log;o (SHFV),
respectively. Notably, at the highest K22 concentration used for PRRSV
inhibition (40 uM), infectious PRRSV was no longer detectable in cell
culture supernatants. Concerning the reduction of SHFV replication
(Fig. 1E), we observed reduced cell viability of MA-104 cells measured
using an MTT assay at K22 concentrations of 20 and 40 uM, suggesting
that the observed 3.5 log;o reduction of SHFV replication may be
overestimated. In fact, since we did not observe reduction of SHFV
replication in a dose-dependent manner, we consider that K22 may
actually not, or only marginally, impact on SHFV replication. Im-
portantly, however, we did not observe any K22-related cytotoxicity in
MARC-145 and BHK-21 cells, using a CellTiter 96 AQueous nON-
radioactive cell proliferation assay (Promega), a colorimetric method
for determining the number of viable cells in proliferation. This de-
monstrates that K22 is highly active in inhibiting PRRSV and EAV re-
plication (Fig. 1C, D).
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Finally, we analysed whether K22 displays antiviral activity against
Cavally virus (CavV; family Mesoniviridae). CavV is an invertebrate ni-
dovirus infecting insects (mosquitoes) and C6/36 mosquito cells have
been used to propagate this virus in vitro. However, since we observed
considerable reduction in viability of K22-treated C6/36 cells, it was
not possible to assess any selective antiviral activity of K22 against
CavV (data not shown).

In order to confirm the effect of K22 on nidovirus replication, we
monitored the accumulation of double-stranded RNA (dsRNA) - inter-
mediates of viral RNA synthesis widely used as marker of positive RNA
virus replication — in infected cells by immunofluorescence microscopy.
MARC-145, E-Derm and EPC cells were treated with 40 pM of K22 or
DMSO and infected simultaneously with PRRSV (Fig. 2A), EToV
(Fig. 2B) and WBV (Fig. 2C), respectively. At 12-24 h post infection, the
cells were fixed and stained with anti-dsRNA monoclonal antibody J2
(English & Scientific Consulting Bt). As shown in Fig. 2, dsRNA was
readily detectable as a perinuclear punctate pattern in PRRSV-, EToV-,
and WBV-infected cells treated with the solvent control. In contrast,
dsRNA was not, or only barely detectable in infected cells treated with
K22, corroborating the observed reduction of virus titres in the super-
natants of infected cells (Fig. 1).

K22 was initially identified by screening the ChemBioNet collection
of 16671 compounds for anti-HCoV-229E activity. Subsequent analyses
revealed that K22 displayed potent inhibition against diverse human
and animal coronaviruses. Here we demonstrate that K22 also displays
antiviral activity beyond the Coronavirinae subfamily, namely against
nidoviruses of the Torovirinae subfamily (EToV and WBV) and members
of the Arteriviridae family (PRRSV, EAV, and possibly also SHFV)
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Fig. 3. Overview of confirmed antiviral activity of K22 among Nidovirales members. Members of the Nidovirales order confirmed to be affected by K22 according to the present study (2),
by Lundin and co-workers (Lundin et al., 2014) (1), as well as nidoviruses that have not yet been shown to be affected by K22 (3) are highlighted in this organigram.

(Fig. 3). As reported previously for diverse coronaviruses (Lundin et al.,
2014), the concentrations of K22 required for efficient inhibition of
replication varied depending on which virus used. Since the initial
screen was performed with HCoV-229E, K22 is most effective against
HCoV-229E, and for other nidoviruses higher concentrations are re-
quired. In this context it is important to note that there’s no indication
that at higher concentrations of K22 the cells were not able to process
and transport molecules, e.g. as it would be necessary for virus as-
sembly and release. This assumption is further reinforced considering
that K22 (up to 40 uM) has no or little effects on Poliovirus replication
(Lundin et al., 2014).

The wide anti-viral activity of K22 against nidoviruses suggests si-
milar replicative functions among the members of this order. Whether
K22 targets viral or cellular factors, either directly or indirectly, re-
mains to be determined and is currently being addressed in our la-
boratory. The mechanism of action of K22 has been partially solved for
the human coronavirus HCoV-229E (Lundin et al., 2014). Time-of-ad-
dition experiments showed that K22 exhibits potent antiviral activity
when added up to 6 h for coronaviruses (Lundin et al., 2014) and 8 h for
PRRSV (data not shown) after infection of cells, suggesting that K22
was acting at early stages of the post-entry phase. More specifically, the
combination of electron and immunofluorescence microscopy techni-
ques suggested that K22 reduces viral replication by targeting
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replication organelle formation. The selection of escape mutants re-
sistant to K22 by serial passages under increasing K22 concentrations
revealed that K22-resistant HCoV-229E mutants carried mutations in
nsp6. Unlike parental wild-type HCoV-229E, resistant viral mutants
were able to form DMVs and efficiently replicate, even in the presence
of K22. The Coronavirus nsp6 protein has multiple membrane-spanning
domains (Baliji et al., 2009) and has been implicated in the induction of
host cell membrane rearrangements that support coronavirus mem-
brane-bound RNA synthesis. Importantly, expression of nsp6 together
with nsp3 and nsp4, induces double-membrane vesicles resembling
those observed in coronavirus-infected cells (Angelini et al., 2013;
Hagemeijer et al., 2014). We speculate that K22 targets a specific virus-
host interaction required for virus-induced rearrangement of host
membranes. The wide range of K22 antiviral activity against diverse
nidoviruses — in cell lines originating from a variety of different host
species — suggests that the target of K22 is highly conserved and affects
a key step in the nidovirus life cycle. The elucidation of the cellular or
viral target of K22 will eventually reveal mechanistic insight about the
exact mode of action of K22 and will enhance the development of drugs
that target this vulnerable step of nidovirus replication.
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