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Abstract: The widespread nature of calicivirus infections globally has a substantial impact on the
health and well-being of humans and animals alike. Currently, the only vaccines approved against
caliciviruses are for feline and rabbit-specific members of this group, and thus there is a growing
effort towards the development of broad-spectrum antivirals for calicivirus infections. In this study,
we evaluated the antiviral activity of the adenosine analogue NITD008 in vitro using three calicivirus
model systems namely; feline calicivirus (FCV), murine norovirus (MNV), and the human norovirus
replicon. We show that the nucleoside analogue (NA), NITD008, has limited toxicity and inhibits
calicivirus replication in all three model systems with ECs( values of 0.94 uM, 0.91 uM, and 0.21 pM
for MNV, FCV, and the Norwalk replicon, respectively. NITD0O0S8 has a similar level of potency to
the most well-studied NA 2’-C-methylcytidine in vitro. Significantly, we also show that continual
NITDO08 treatment effectively cleared the Norwalk replicon from cells and treatment with 5 uM
NITDO008 was sufficient to completely prevent rebound. Given the potency displayed by NITD008
against several caliciviruses, we propose that this compound should be interrogated further to assess
its effectiveness in vivo. In summary, we have added a potent NA to the current suite of antiviral
compounds and provide a NA scaffold that could be further modified for therapeutic use against
calicivirus infections.

Keywords: norovirus; antivirals; polymerase inhibitor; nucleoside analogue; caliciviruses

1. Introduction

The Caliciviridae family is a group of positive-sense single stranded RNA viruses that are divided
into five genera including Vesivirus, Nebovirus, Lagovirus, Sapovirus, and Norovirus [1]. Ubiquitous
in nature, caliciviruses can infect a wide range of animal hosts, which usually manifest as either
upper respiratory infections, acute gastroenteritis (AGE), encephalitis, or haemorrhagic disease [2].
In comparison, calicivirus infections within humans result solely in AGE, which is caused by members
of the Norovirus and Sapovirus genera [3]. Human noroviruses are recognized as a predominant cause
of AGE across all ages [4], and are estimated to cause around 700 million infections annually which
results in over 200,000 deaths worldwide [5]. Furthermore, human noroviruses have a marked effect
on the global economy, costing over $60 billion USD annually, most of which is associated with medical
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care, hospitalizations and loss of productive days at work [6]. Thus, the pathogenic nature and high
prevalence of caliciviruses in human and animals warrants the development of antiviral strategies
against this family of viruses.

Currently, there are no approved calicivirus-specific antivirals, and vaccination is only available for
a subset of viruses including feline calicivirus (FCV) [7], rabbit haemorrhagic disease virus (RHDV)-1,
and RHDV-2 [8], whilst human norovirus vaccines are in Phase II clinical trials [9-12]. Current animal
calicivirus vaccines have biological and logistical shortfalls that limit their efficacy. For example, the
RHDV-1 vaccine provides poor cross-protection against RHDV-2, whilst the RHDV-2 vaccine has had
limited testing and is currently available only in the UK [8,13-15]. Similarly, approved FCV vaccines
(including strains F9, 255, 431 and G1) do not provide complete protection against the antigenically
distinct virulent systemic FCV (VS-FCV) [7,16,17]. In the absence of efficacious calicivirus vaccines,
broad-spectrum antivirals are highly desired to cure or prevent calicivirus infections in animals
and humans.

Antiviral compounds screened against caliciviruses so far have mostly involved in vitro enzyme
and in vitro cell based models, notably murine norovirus (MNV), the human GI replicon [18], and to a
lesser extent FCV, RHDYV, rabbit calicivirus and porcine sapovirus (PSaV) [19-23]. These compounds
are broadly divided into host-targeting agents and direct-acting antivirals (DAAs), with the latter
targeting virus-encoded proteins essential for infection and replication, including the viral protease
and RNA-dependent RNA polymerase (RdRp) [24]. Inhibitors of the RdRp are further divided into
nucleoside analogues (NAs) and non-nucleoside inhibitors (NNIs) [2]. NNIs bind to allosteric sites
on the RdRp, which prevent conformational changes required for polymerase activity. Alternatively,
NAs are incorporated into the newly synthesized viral genome during polymerization, which results
in chain termination and inhibition of viral replication. The RdRp is an attractive antiviral target
for several reasons: (i) there is no host cell homologue which limits off-target effects; (ii) the highly
conserved nature of the active site confers broad-spectrum antiviral activity to NAs; and (iii) many
NAs have a high barrier to resistance, which is also related to the conserved nature of the active site
where nucleotide incorporation occurs during polymerization [25].

Currently, the antiviral which shows the greatest promise for the treatment of calicivirus infections
is 2’-C-methycytidine (2CMC), a NA which was first developed for the treatment of flaviviruses [26],
but has since been extensively examined as an antiviral scaffold against caliciviruses in vitro and
in vivo [19,27-32]. More recently, the NA 7-deaza-2’-C-methyladenosine (/DMA) has been shown to
display low micromolar potency against MNV, PSaV, and the Norwalk replicon [22], although we have
previously shown that it has no effect against FCV replication [19] and therefore it does not display
broad-spectrum activity against all caliciviruses. For this reason, we chose not to explore this compound
in this study. Other NAs have also been screened against members of the Caliciviridae, including
ribavirin and favipiravir (T-705), yet both displayed poor activity against the human norovirus replicon
with half maximal effective concentrations (ECsg) of 40 uM and 21 uM, respectively [27,30]. Ribavirin
and T-705 have also been used clinically in attempt to treat chronic norovirus infections [33,34]. Thus,
NAs represent an important therapeutic option for calicivirus infections as they generally display
broad-spectrum activity; 2CMC for example has been shown to be effective against several calicivirus
model systems including: MNV, FCV, PSaV, human norovirus, the Norwalk replicon [19,22,27-32].

The adenosine analogue, NITDO008, is a promising antiviral compound with a well-defined mode
of action, however, has yet to be tested against a calicivirus. NITD008 was originally designed as an
antiviral for dengue virus (DENV) [35], but further development was halted due to toxicity in dogs
with prolonged treatment [35]. Like many other NAs that have shown to be toxic in vivo (e.g., 2CMC
and T705), NITDO008 has continued to be explored for antiviral efficacy against other viruses in the hope
that it can be used as a scaffold for further development into non-toxic derivatives. Since the initial
discovery of NITDO0S, it has also been found to inhibit the replication of several additional flaviviruses
including, but not limited to: Zika virus (ZIKV), hepatitis C virus (HCV), West Nile virus (WNV),
and Yellow fever virus (YFV) [35-38]. Moreover, recent studies have shown that NITD008 effectively
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inhibited replication of enterovirus 71 (EV71) [39,40] of the Picornaviridae family and hepatitis E virus
of the Hepeviridae family [41]. Given the success of NITD00S8 against the abovementioned viruses we
hypothesized that this compound would also inhibit members of the Caliciviridae family.

In this study, we evaluated the in vitro antiviral effects of NITD008 against a trio of caliciviruses
(FCV, MNV and human norovirus) to provide insight on the applicability of this compound and its
derivatives as a therapeutic for calicivirus infections. Importantly, we found that NITDOOS is as potent
as many of the well-published NAs shown to be effective against caliciviruses and has limited toxicity
in vitro. Moreover, we show that NITDO008 displays inhibition against viruses that belong to two genera
of the Caliciviridae family (Norovirus and Vesivirus) demonstrating broad-spectrum properties desirable
for a calicivirus therapeutic.

2. Materials and Methods

2.1. Drugs, Cell Lines, Viruses

2’-C-methylcytidine (2CMC; Sigma-Aldrich, St. Louis, MO, USA) and NITD008 (In Vitro
Technologies, VIC, Australia) were dissolved in 100% (v/v) dimethyl sulfoxide (DMSO). CRFK
(ATCC CCL-94) cells were maintained in Eagle’s Minimum Medium (EMEM, ATCC 30-2003),
whereas RAW264.7 and the Norwalk replicon-bearing Huh7 (HG23) cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, Carlsbad, CA, USA). All media were
supplemented with 10% fetal bovine serum and 100 U/mL penicillin-streptomycin (Life Technologies).
HG23 media was further supplemented with 10 mM HEPES and 1.25 mg/mL Geneticin (G418, Life
Technologies). FCV (F-9 strain, ATCC VR-782) and MNV-1 (CW1 strain) were used for viral infections.
All cell maintenance, virus infections and assays were performed at 37 °C with 5% COs,.

2.2. Toxicity Analysis

Compound-induced toxicity of mammalian cells was assessed using CellTitre Blue (CTB) reagent
(Promega, Madison, WI, USA), as previously described [19,42-45]. Briefly, CRFK (3.5 x 10* cells/well),
RAW264.7 (2 x 10* cells/well) or Huh7 (5 x 103 cells/well) were seeded into 96-well plates and
incubated overnight. Monolayers were then treated with increasing concentrations of compound. For
consistency, the duration of a toxicity assay was matched to the corresponding antiviral assay. Following
incubation, the CTB reagent was added to wells and fluorescence (560g/590gm) was measured as per
the manufacturer’s instructions. The half-maximal cytotoxic concentrations (CCsp) were determined
from at least eight concentrations using GraphPad Prism v.7 (La Jolla, CA, USA).

2.3. Inhibition of Viral Infectivity

The effect of NITD008 on FCV and MNYV infection was assessed by plaque reduction assays, as
previously described [19,42-45]. Here, CRFK (8 x 10°) or RAW264.7 (2 X 10°) cells were seeded into
each well of 6-well plates and incubated overnight for attachment. The following morning, monolayers
were infected with approximately 80 plaque-forming units of MNV or FCV. After 1 h, unbound virus
was removed and replaced with a semi-solid agarose overlay containing the compound of interest at
the desired concentration. Plates were incubated for 24 or 48 h for FCV and MNYV, respectively, which
is the time required for each virus to generate visible and countable plaques. Plaques were enumerated
for each treatment condition and compared the vehicle (0.1% v/v DMSO) control to calculate percentage
inhibition. The half-maximal effective concentrations (ECsp) were determined from at least eight
concentrations of antiviral using GraphPad Prism v.7. For drug combination assays, five concentrations
of NITD008 (0-1 pM) and 2CMC (0-3 uM) were tested together against MNV in a plaque reduction
assay. A dose-response matrix of all combinations was then analysed for synergy or antagonism using
the Lowe-Additivity model on SynergyFinder [46,47].
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2.4. Inhibition of Viral Replication

The effect of NITDO008 on replication of FCV, MNV, and the Norwalk replicon was also assessed by
measuring viral RNA levels by reverse transcription quantitative PCR (RT-qPCR). For FCV, CRFK cells
(2 x 10°/well) were infected at a multiplicity of infection (MOI) of 0.0005, whilst for MNV, RAW264.7
cells (5 x 10°/cells) were infected at a MOI of 0.01. After 1 h infection, unbound virus was replaced
with media containing drug treatment and incubated for 24 h (FCV) or 48 h (MNV). For the Norwalk
replicon, HG23 cells (1 x 10°/well) were incubated for 24 h in G418-free media before drug treatment
for a further 48 h. All experiments were performed in 24-well plates. Following drug treatment, the
QIAmp viral RNA kit (Qiagen) and the RNAeasy mini kits (Qiagen) were used for RNA extraction
for virus and replicon assays, respectively. RT-qPCR was used to determine viral or replicon RNA
levels, as previously described [31,45]. Targets for qRT-PCR, primer sequences, cycling conditions and
plasmids for standard curve generation have been previously described [19,31,45].

2.5. Clearance-Rebound Studies

Clearance and rebound assays were performed by combining previously described methods [31,48]
which are outlined in Figure 4A. These assays provided insight into the ability of NITDO008 to inhibit
replicon/virus replication to an extent that prevents replication from reoccurring once treatment has
completed. For the clearance phase, HG23 monolayers (in T25 flasks) were treated with complete
media (without G418) containing either DMSO (vehicle only-0.1% ©v/v) or selected concentrations
of NITDO0S (1, 5 and 10 uM) and passaged every four days over a 12-day period. At each passage,
(i) 1.5 x 10° HG23 cells were harvested for RNA extraction and RT-qPCR to quantify Norwalk replicon
RNA levels and (ii) 2.5 x 10° HG23 cells were seeded into new T25 flasks with media containing the
identical compound concentration for further incubation.

For the rebound phase, 2.5 x 10° HG23 cells from the second and third passages were seeded
into 6-well plates with complete media (containing 1.25 mg/mL G418) in the absence of any drug
treatment. After seven days, cells were fixed and stained with 0.5% (w/v) crystal violet for visualization
of G418-resistant colonies containing the Norwalk replicon.

3. Results

3.1. NITDO008 is Inhibitory against Animal Calicivirus Infection In vitro

The antiviral effects of NITD008 were evaluated against FCV and MNYV in vitro using plaque
reduction assays and quantification of viral genomes by RT-qPCR. NITD008 markedly inhibited the
replication of both viruses with limited cellular toxicity (Figure 1). Specifically, the ECsy of NITD008
was 0.91 uM (95% CI: 0.84-0.99) and 0.94 uM (95% CI: 0.88-1.02) for MNV and FCV, respectively
(Figure 1A,B). Furthermore, the CCsy value of NITD008 was 15.7 uM (95% CI: 14.23-17.72) for
RAW264.7 cells, whereas no toxicity was observed in the CRFK cell line at concentrations up to 120
uM (Figure 1C,D). This was the highest concentration of NITD008 achievable in this assay without
causing solvent (DMSO)-induced cellular toxicity. The therapeutic index (TI = CC5(/ECsp) for NITD008
was therefore estimated to be 17.2 and >127.6 for MNV and FCV, respectively. In addition, we also
confirmed the antiviral effects of NITD008 by quantification of viral genomes following treatment at
1 uM and 5 pM. We observed a dose-responsive inhibition of FCV and MNYV replication with >90%
reduction in genome count at 5 uM (Figure 1E,F). Importantly, we observed that 5 uM NITD008 was
more potent than 10 pM 2CMC against both viruses (Figure 1E,F).
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Figure 1. NITDO08 is a potent inhibitor of FCV and MNV infection. The antiviral potential of NITD008
was explored against two animal caliciviruses closely related to human norovirus. Panels with black
data points/bars are related to MNV and involve 48 h incubations whereas panels with red data
points/bars are related to FCV and involve 24 h incubations. (A,B) Infectious virus levels following
NITDO008 treatment (0.01-10 uM) were quantified by plaque reduction assay. The percentage of
maximal viral infectivity is relative to DMSO controls and is plotted as a dose-response curve. The
cytotoxic effects of NITDO0O0S8 (0.2-120 uM) against (C) RAW264.7 and (D) CRFK cell lines, permissive
for MNV and FCV respectively, were quantified after treatment using the fluorescent CellTiter-Blue
assay. The percentage cell viability is relative to DMSO controls. (E,F) Viral genome levels following
NITDO08 treatment (1 uM and 5 uM) were quantified by qRT-PCR. The nucleoside analogue 2CMC
(10 uM) and DMSO were used as positive and negative controls respectively. Triplicate data from at
least two independent experiments are presented for each panel. Error bars represent the mean +
standard deviations.

50f12
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3.2. NITD008 Combined with 2CMC has an Antagonistic Antiviral Effect

NITDO008 has been reported to inhibit the replication of numerous flaviviruses and functions
as a chain terminator through interaction with the polymerase active site [35-40]. To determine
whether NITDO008 shares the same binding site in caliciviruses, we performed a drug combination
analysis with NITD008 and 2CMC (a known calicivirus NA). We tested five concentrations of NITD008
(0-1 uM) and 2CMC (0-3 uM) in combination to assess for synergistic or antagonist effects using
a MNV plaque reduction assay. The Lowe-Additivity model demonstrated a strong antagonism
between the two compounds (average delta synergy score —39.58 across the matrix), which was more
prominent with increasing drug concentrations (delta synergy score-76.79 at the combined maximum
drug concentration (Figure 2).

Loewe synergy score: -39.58

2CMC concentration (uM)

0.5 0.75 1.0
NITDO008 concentration (uM)

Figure 2. The interaction between the NITD008 and 2CMC is strongly antagonistic. The combinational
effects of 2CMC (0-3 pM) and NITD008 (0-1 uM) against MNV infection were tested over a range of
concentrations using a plaque reduction assay. The percentage of inhibition observed across all drug
combinations were tabled into a dose-response matrix and analyzed for synergy and antagonism using
the Lowe-Additivity model on SynergyFinder. The synergy scores obtained for each drug combination
across the entire matrix are presented as a heatmap. Synergistic (positive §-score) and antagonistic
(negative d-score) interactions are represented in red and green respectively, and no observable effect
(86 = 0) is represented as white.

3.3. NITD008 is a Potent Inhibitor of Human Norovirus Replication

To determine if NITD008 has antiviral activity against human norovirus, we examined its inhibitory
effects against the Norwalk virus replicon using RT-qPCR to measure RNA levels (Figure 3). NITD008
effectively reduced Norwalk replicon levels in a dose-dependent manner (ECsj of 0.21 uM, 95% CI:
0.17-0.26) (Figure 3A) and displayed no toxicity against the HG23 cell line when tested up to 120 uM
(Figure 3B). The TI for NITDO0O0S in this replicon system was calculated at >571.4.
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Figure 3. NITDO008 is a potent inhibitor of human norovirus replication. (A) Norwalk replicon levels
were measured using RT-qPCR following NITD008 treatment (0-20 uM) for 48 h. The norovirus RdRp
sequence was amplified for the replicon and S-actin was amplified as the normalizer for the AACt
method (where Cr is threshold cycle). (B) The cytotoxic effects of NITD008 (0.2-120 uM) against the
hepatoma cell line (Huh?7) were assessed after 48 h using the fluorescent CellTitre-Blue assay. The
percentage cell viability is relative to DMSO controls. Triplicate data from two independent experiments
are presented for each panel. Error bars represent the mean + standard deviations.

3.4. NITD008 Effectively Clears the Human Norovirus Replicon from Cells

To evaluate whether repeated NITDO0O08 treatment could eliminate the Norwalk replicon from
host cells, clearance-rebound assays were performed, as described in Figure 4A. During the clearance
phase, G418 was absent from the culture media and HG23 replicon-bearing cells were passaged in the
presence of either 1, 5, or 10 uM of NITDO0O0S for 12 consecutive days. Norwalk replicon RNA levels
were measured by RT-qPCR at each passage for all concentrations of NITD00S tested and compared to
the mock control (Figure 4A). Following the first passage treatment with 1 pM, NITD0O0S resulted in an
86.3% =+ 4.9% reduction in replicon RNA levels, whereas treatment with 5 pM and 10 puM resulted in a
99.5% =+ 0.1% and 99.7% + 0.1% reduction, respectively (Figure 4B). At the third passage, 1 uM reduced
the replicon population by 93.4% + 0.8% and treatment at 5 and 10 pM reduced the population by
more than 99.9% (Figure 4B).

To determine whether the genome reduction observed in the clearance phase was sufficient to
prevent a resurgence of replicon replication, a colony formation assay was used to check for rebound
(Figure 4C). Cells from the second and third passage (P2 and P3) at each drug concentration of the
clearance-phase were incubated in the presence of G418 to select for replicon-bearing cells (Figure 4A).
We observed no rebound for NITDOOS treatment at 5 uM and 10 uM at either P2 or P3 (Figure 4C),
however, there was complete rebound with 1 uM treatment at P2 and partial rebound at P3 (Figure 1C).
In summary, the effectiveness of both clearance and prevention of replicon rebound was enhanced by
increasing both NITD008 dosage and treatment duration.
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Figure 4. NITDO0OS effectively clears the Norwalk replicon from replicon-bearing cells. (A) Schematic
overview of the clearance-rebound assays performed against the Norwalk replicon. The light green
panel represents the clearance phase in which replicon-bearing cells were passaged every 4 days in
the presence of DMSO or NITDO008 at 1, 5, and 10 uM (~ 5, 25, 50 the ECs( value). The dark green
panel represents the rebound phase in which NITD00S is removed from the media and G418 is used to
selected for replicon-bearing cells. (B) Clearance of the Norwalk replicon from cells was determined by
RT-qPCR. Norwalk replicon levels following NITD0O08 treatment at every passage are plotted relative to
the corresponding DMSO controls. The dotted line represents the qPCR limit of detection. (C) Rebound
of the Norwalk replicon was assessed by performing colony formation assays on cells passaged in the
presence of NITD008 for either 8 or 12 days. Colonies were fixed and stained with crystal violet before
visualization. Triplicate data from at least two independent experiments are presented for each panel.
Error bars represent the mean + standard deviations.

4. Discussion

In the absence of efficacious calicivirus vaccines, broad-spectrum antivirals represent a practical
solution to limit calicivirus disease and transmission. NAs are a class of antiviral drug that generally
display broad-spectrum antiviral activity, which is attributed to the highly conserved polymerase
active site that they interact with. So far, the only NAs shown to be effective against caliciviruses
include 7DMA, T-705, ribavirin, 2CMC and its derivatives [22,33]. Of these, 2CMC is the most effective
and has low micromolar potency against caliciviruses, with reported ECs; values of 2.6 uM, 1.6 uM,
and 1.3 uM against FCV, MNYV, and the Norwalk replicon, respectively [19,30,32]. In this study, we
report that NITDO008 has ECs( values of 0.94 uM, 0.91 pM, and 0.21 pM against FCV, MNV, and the
Norwalk replicon systems, respectively. The high level of potency displayed by NITD008 across
all three models, and the comparable level of in vitro efficiency between NITD008 and previously
published NAs, demonstrates that NITD0O0S is an excellent candidate for further studies and eventual
refinement as an antiviral agent for calicivirus infections.

The potency displayed by NITDO008 against caliciviruses is comparable to that against other
viruses including ZIKV, DENV, and EV71 with ECsy values of 0.24 uM, 0.64 uM, and 0.67 uM,
respectively [35,36,40]. Despite this potency, NITD008 has not yet progressed to clinical trials for the
treatment of virus infections. Pre-clinical animal testing of NITDO008 for DENV infection revealed
toxicity in dogs following two weeks of daily compound treatment [35]. However, in vivo toxicity was
absent within the first week of this study and thus derivatives NITD008 may still be a viable treatment
of virus infections with a short treatment schedule or instead could be used as a scaffold for further
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pharmacological improvement. Indeed, we observed toxicity against the RAW264.7 cells with a CCsy
of 15.8 uM, yet this value is >15-fold higher than the ECsy and confirmed that the antiviral activity
observed is not a result of cell death.

To confirm that NITDO00S inhibited calicivirus replication through interaction with the active
site, we tested the combined effects of NITD008 and 2CMC against MNV infection. We show that
when combined, a strong antagonistic effect was observed. This antagonism is most likely a result of
competition for the active site within the polymerase and demonstrates that NITD00S likely works
by a typical NA mechanism. The antiviral activity displayed by NITD008 against members of the
Caliciviridae (cross-genera and cross-genogroup) supports the idea that it could be used widely for
the treatment of animal and human calicivirus infections including variants that emerge through
rapid evolution.

Next, we wanted to assess whether NITD008 could effectively prevent viral rebound after
completion of a short treatment regime. We exposed the Norwalk replicon to NITD00S for 12 days
and quantified replicon RNA at multiple time points to determine whether treatment could reduce
replication and subsequently prevent replicon rebound. A decrease in the replicon RNA levels was
observed with consecutive passages in the presence of NITD00S (between 1 pM and 5 uM, and between
5 uM and 10 uM) and treatment with 5 uM for four days was sufficient to completely prevent rebound
of the Norwalk replicon. The ability of NITDO008 to prevent viral rebound is likely to be a critical factor
towards the therapeutic efficacy of this compound against caliciviruses. However, these experiments
were performed in vitro and thus the concentrations of NITD00S used in this study may not reflect
clinically effective dosages. Nonetheless, our preliminary findings warrant more extensive assessment
of NITDO008 using in vivo studies. This would involve screening NITD008 against MNV using the
well described mouse model infection [31] to determine whether treatment can reduce MN V-induced
diarrhoea, reduce viral load, prevent mortality and limit viral transmission.

The development of antiviral resistance is important clinically since rebound of resistant
populations can have a dramatic impact on treatment success [49]. Several NITDOOS8 resistance
mutations have been documented in EV71 [40] and HCV [37] following passage of these viruses with
increasing concentrations of NITD008. For EV71, mutations that confer resistance are within the 3A
and 3D domains which encode replication complex proteins, including viral the polymerase [40]. For
HCV, mutations occur within motif B of the polymerase, as well in the finger and thumb domains [37].
In comparison, other studies have shown that long-term passage in the presence of NITD008 failed
to induce mutations within DENV [35], WNV [35], ZIKV [36], and EV71 [39]. For the two studies on
EV71, which show conflicting data (i.e., resistance induced versus no resistance induced) in response to
continual NITDO008 treatment [39,40], this is likely attributed to the different experimental techniques
performed for resistance selection. However, it is clear from these studies that resistance only emerged
with long-term exposure and overall NITDO008 has a high barrier to resistance. Although we show that
the cell line was completely cured of the Norwalk replicon with NITD008 treatment, we did not perform
an analysis to detect antiviral escape mutants. Future evaluation of resistance to NITD008 within
caliciviruses should be performed to better characterise the clinical applicability of this compound.

In summary, we present a new potent NA to the current suite of compounds with antiviral
activity against caliciviruses. The sub-micromolar potency, low toxicity, large therapeutic window
of inhibition displayed by NITD008 against several caliciviruses in vitro suggest that this compound
will be of considerable benefit as a scaffold for therapeutic development. Moreover, since resistance
profiles against NITD008 have been documented, combination therapy with other DAAs would be an
appropriate strategy to limit antiviral resistance to NITD008. Our data provide evidence that NITD008
would likely be a suitable backbone for calicivirus therapies and further investigations into potential
drug combinations are warranted.



Viruses 2019, 11, 496 10 of 12

Author Contributions: Conceptualization, D.E.T., ].M., and PW.; methodology, D.E.T., TE, and N.N.; validation
D.E.T, T.F, and N.N.; formal analysis, D.E.T., T.F, and N.N.; investigation, D.E.T., T.E,, and N.N.; resources,
PW. and J.M.; data curation, D.E.T.; writing—original draft preparation, D.E.T. and PW.; writing—review and
editing, D.E.T., TE, N.N., .M., and PW,; visualization, D.E.T.; supervision, ]. M. and PW.; funding acquisition, J.M.
and P.W.

Funding: This work was partially funded by a National Health and Medical Research Council project grants
(APP1083139 and APP1123135) awarded to JM and PW. DET and NN acknowledge support through Australian
Government Research Training Program (RTP) scholarships. TMF received a Postdoctoral fellowship from the
Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) - Brasil, Brazilian Ministry of Education
(grant n: POS DOC 88881.120009/2016-01), Finance Code 001. The funding bodies had no role in the project design,
data collection, analysis, interpretation, writing or decision to submit this article.

Acknowledgments: We thank Herbert W Virgin from Washington University for providing MNV-1 and the
RAW264.7 cell line. We also thank Kim Y Green from NIAID in Bethesda for kindly providing the HG23 cell line.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Clarke, IN.; Estes, M.K,; Green, K.Y.; Hansman, G.S.; Knowles, N.J.; Koopmans, M.K.; Matson, D.O.;
Meyers, G.; Neill, J.D.; Radford, A.; et al. Caliciviridae; 9th Report; Elsevier: San Diego, CA, USA, 2012;
pp- 977-986.

2. Rohayem, J.; Bergmann, M.; Gebhardt, J.; Gould, E.; Tucker, P.; Mattevi, A.; Unge, T.; Hilgenfeld, R.; Neyts, J.
Antiviral strategies to control calicivirus infections. Antivir. Res. 2010, 87, 162-178. [CrossRef] [PubMed]

3. Green, K; Chanock, R.; Kapikian, A. Fields virology. In Human Caliciviruses; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2001; pp. 841-874.

4. Ahmed, SM.; Hall, A.J.; Robinson, A.E.; Verhoef, L.; Premkumar, P.; Parashar, U.D.; Koopmans, M.;
Lopman, B.A. Global prevalence of norovirus in cases of gastroenteritis: A systematic review and
meta-analysis. Lancet Infect. Dis. 2014, 14, 725-730. [CrossRef]

5. Pires, S.M.; Fischer-Walker, C.L.; Lanata, C.E; Devleesschauwer, B.; Hall, A.J.; Kirk, M.D.; Duarte, A.S.;
Black, R.E.; Angulo, E]J. Aetiology-specific estimates of the global and regional incidence and mortality of
diarrhoeal diseases commonly transmitted through food. PLoS ONE 2015, 10, e0142927. [CrossRef]

6. Bartsch, SM.; Lopman, B.A.; Ozawa, S.; Hall, AJ; Lee, B.Y. Global economic burden of norovirus
gastroenteritis. PLoS ONE 2016, 11, e0151219. [CrossRef] [PubMed]

7. Radford, A.D.; Coyne, K.P,; Dawson, S.; Porter, C.J.; Gaskell, R.M. Feline calicivirus. Vet. Res. 2007, 38,
319-335. [CrossRef]

8. Rocchi, M.; Dagleish, M. Diagnosis and prevention of RHDV2 infection. Vet. Rec. 2018, 182, 604. [CrossRef]
[PubMed]

9. Bernstein, D.I; Atmar, R.L.; Lyon, G.M.; Treanor, ].J.; Chen, W.H.; Jiang, X.; Vinjé, J.; Gregoricus, N.; Frenck
Jr, RW.; Moe, C.L. Norovirus vaccine against experimental human GII.4 virus illness: A challenge study in
healthy adults. J. Infect. Dis. 2014, 211, 870-878. [CrossRef]

10. Atmar, R.L.; Bernstein, D.I,; Lyon, G.M.; Treanor, J.J.; Al-Ibrahim, M.S.; Graham, D.Y.; Vinjé, J.; Jiang, X.;
Gregoricus, N.; Frenck, R.W. Serological correlates of protection against a GII.4 norovirus. Clin. Vaccine
Immunol. 2015, 22, 923-929. [CrossRef]

11. Atmar, R.L.; Baehner, F; Cramer, ]J.P; Song, E.; Borkowski, A.; Mendelman, PM.; Group, N.-S.;
Al-Ibrahim, M.S.; Bernstein, D.L.; Brandon, D.M. Rapid responses to 2 virus-like particle norovirus vaccine
candidate formulations in healthy adults: A randomized controlled trial. |. Infect. Dis. 2016, 214, 845-853.
[CrossRef]

12.  Leroux-Roels, G.; Cramer, J.P.; Mendelman, PM.; Sherwood, J.; Clemens, R.; Aerssens, A.; de Coster, I.;
Borkowski, A.; Baehner, F.; van Damme, P. Safety and immunogenicity of different formulations of norovirus
vaccine candidate in healthy adults: A randomized, controlled, double-blind clinical trial. J. Infect. Dis. 2017,
217,597-607. [CrossRef]

13. Barcena, J.; Guerra, B.; Angulo, I.; Gonzdlez, J.; Valcarcel, F; Mata, C.P; Caston, J.R.; Blanco, E.; Alejo, A.
Comparative analysis of rabbit hemorrhagic disease virus (RHDV) and new RHDV?2 virus antigenicity, using
specific virus-like particles. Vet. Res. 2015, 46, 106. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.antiviral.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20471996
http://dx.doi.org/10.1016/S1473-3099(14)70767-4
http://dx.doi.org/10.1371/journal.pone.0142927
http://dx.doi.org/10.1371/journal.pone.0151219
http://www.ncbi.nlm.nih.gov/pubmed/27115736
http://dx.doi.org/10.1051/vetres:2006056
http://dx.doi.org/10.1136/vr.k2313
http://www.ncbi.nlm.nih.gov/pubmed/29794187
http://dx.doi.org/10.1093/infdis/jiu497
http://dx.doi.org/10.1128/CVI.00196-15
http://dx.doi.org/10.1093/infdis/jiw259
http://dx.doi.org/10.1093/infdis/jix572
http://dx.doi.org/10.1186/s13567-015-0245-5
http://www.ncbi.nlm.nih.gov/pubmed/26403184

Viruses 2019, 11, 496 11 of 12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Abrantes, J.; Van Der Loo, W.; Le Pendu, J.; Esteves, PJ. Rabbit haemorrhagic disease (RHD) and rabbit
haemorrhagic disease virus (RHDV): A review. Vet. Res. 2012, 43, 12. [CrossRef] [PubMed]

Peacock, D.; Kovaliski, J.; Sinclair, R.; Mutze, G.; Iannella, A.; Capucci, L. RHDV2 overcoming RHDV
immunity in wild rabbits (Oryctolagus cuniculus) in Australia. Vet. Rec. 2017, 180, 280. [CrossRef]

Coyne, K.; Jones, B.; Kipar, A.; Chantrey, J.; Porter, C.; Barber, P; Dawson, S.; Gaskell, R.; Radford, A. Lethal
outbreak of disease associated with feline calicivirus infection in cats. Vet. Rec. 2006, 158, 544. [CrossRef]
Radford, A.D.; Dawson, S.; Coyne, K.P; Porter, C.J.; Gaskell, R M. The challenge for the next generation of
feline calicivirus vaccines. Vet. Microbiol. 2006, 117, 14-18. [CrossRef]

Chang, K.-O.; Sosnovtsev, S.V.; Belliot, G.; King, A.D.; Green, K.Y. Stable expression of a Norwalk virus RNA
replicon in a human hepatoma cell line. Virology 2006, 353, 463—473. [CrossRef]

Fumian, T.; Tuipulotu, D.; Netzler, N.; Lun, J.; Russo, A.; Yan, G.; White, P. Potential therapeutic agents for
feline calicivirus infection. Viruses 2018, 10, 433. [CrossRef] [PubMed]

Kaufman, S.S.; Green, K.Y.; Korba, B.E. Treatment of norovirus infections: Moving antivirals from the bench
to the bedside. Antivir. Res. 2014, 105, 80-91. [CrossRef] [PubMed]

Urakova, N.; Netzler, N.; Kelly, A.G.; Frese, M.; White, P.A.; Strive, T. Purification and biochemical
characterisation of rabbit calicivirus RNA-dependent RNA polymerases and identification of non-nucleoside
inhibitors. Viruses 2016, 8, 100. [CrossRef] [PubMed]

Van Dycke, J.; Arnoldi, E; Papa, G.; Vandepoele, J.; Burrone, O.R.; Mastrangelo, E.; Tarantino, D.; Heylen, E.;
Neyts, J.; Rocha-Pereira, J. A single nucleoside viral polymerase inhibitor against norovirus, rotavirus, and
sapovirus-induced diarrhea. J. Infect. Dis. 2018, 218, 1753—-1758. [CrossRef]

Vashist, S.; Bailey, D.; Putics, A.; Goodfellow, I. Model systems for the study of human norovirus biology.
Future Virol. 2009, 4, 353-367. [CrossRef]

Weerasekara, S.; Prior, A.M.; Hua, D.H. Current tools for norovirus drug discovery. Expert Opin. Drug Discov.
2016, 11, 529-541. [CrossRef]

Najera, I. Resistance to HCV nucleoside analogue inhibitors of hepatitis C virus RNA-dependent RNA
polymerase. Curr. Opin. Virol. 2013, 3, 508-513. [CrossRef]

Benzaria, S.; Bardiot, D.; Bouisset, T.; Counor, C.; Rabeson, C.; Pierra, C.; Storer, R.; Loi, A.G.; Cadeddu, A.;
Mura, M. 2’-C-methyl branched pyrimidine ribonucleoside analogues: Potent inhibitors of RNA virus
replication. Antivir. Chem. Chemother. 2007, 18, 225-242. [CrossRef]

Jin, Z.; Tucker, K,; Lin, X.; Kao, C.C.; Shaw, K,; Tan, H.; Symons, J.; Behera, I.; Rajwanshi, V.K.; Dyatkina, N.
Biochemical evaluation of the inhibition properties of favipiravir (T-705) and 2’-C-methyl-cytidine
triphosphates against human and mouse norovirus RNA polymerases. Antimicrob. Agents Chemother.
2015, 59, 7504-7516. [CrossRef]

Kolawole, A.O.; Rocha-Pereira, J.; Elftman, M.D.; Neyts, J.; Wobus, C.E. Inhibition of human norovirus by a
viral polymerase inhibitor in the B cell culture system and in the mouse model. Antivir. Res. 2016, 132, 46-49.
[CrossRef]

Rocha-Pereira, J.; Jochmans, D.; Neyts, J. Prophylactic treatment with the nucleoside analogue
2’-C-methylcytidine completely prevents transmission of norovirus. J. Antimicrob. Chemother. 2014,
70,190-197. [CrossRef]

Costantini, V.P.; Whitaker, T; Barclay, L.; Lee, D.; McBrayer, T.R.; Schinazi, R.E; Vinjé, ]. Antiviral activity of
nucleoside analogues against norovirus. Antivir. Ther. 2012, 17, 981. [CrossRef]

Rocha-Pereira, J.; Jochmans, D.; Debing, Y.; Verbeken, E.; Nascimento, M.S.; Neyts, J. The viral polymerase
inhibitor 2’-C-methylcytidine inhibits Norwalk virus replication and protects against norovirus-induced
diarrhea and mortality in a mouse model. J. Virol. 2013, 87, 11798-11805. [CrossRef]

Rocha-Pereira, J.; Jochmans, D.; Dallmeier, K.; Leyssen, P.; Cunha, R.; Costa, I.; Nascimento, M.; Neyts, J.
Inhibition of norovirus replication by the nucleoside analogue 2’-C-methylcytidine. Biochem. Biophys. Res.
Commun. 2012, 427,796-800. [CrossRef]

Netzler, N.E.; Enosi Tuipulotu, D.; White, P.A. Norovirus antivirals: Where are we now? Med. Res. Rev. 2018,
39, 860-886. [CrossRef]

Ruis, C.; Brown, L.-A.K,; Roy, S.; Atkinson, C.; Williams, R.; Burns, S.O.; Yara-Romero, E.; Jacobs, M.;
Goldstein, R.; Breuer, J. Mutagenesis in norovirus in response to favipiravir treatment. N. Engl. J. Med. 2018,
379, 2173-2176. [CrossRef]


http://dx.doi.org/10.1186/1297-9716-43-12
http://www.ncbi.nlm.nih.gov/pubmed/22325049
http://dx.doi.org/10.1136/vr.104135
http://dx.doi.org/10.1136/vr.158.16.544
http://dx.doi.org/10.1016/j.vetmic.2006.04.004
http://dx.doi.org/10.1016/j.virol.2006.06.006
http://dx.doi.org/10.3390/v10080433
http://www.ncbi.nlm.nih.gov/pubmed/30115859
http://dx.doi.org/10.1016/j.antiviral.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24583027
http://dx.doi.org/10.3390/v8040100
http://www.ncbi.nlm.nih.gov/pubmed/27089358
http://dx.doi.org/10.1093/infdis/jiy398
http://dx.doi.org/10.2217/fvl.09.18
http://dx.doi.org/10.1080/17460441.2016.1178231
http://dx.doi.org/10.1016/j.coviro.2013.08.011
http://dx.doi.org/10.1177/095632020701800406
http://dx.doi.org/10.1128/AAC.01391-15
http://dx.doi.org/10.1016/j.antiviral.2016.05.011
http://dx.doi.org/10.1093/jac/dku363
http://dx.doi.org/10.3851/IMP2229
http://dx.doi.org/10.1128/JVI.02064-13
http://dx.doi.org/10.1016/j.bbrc.2012.10.003
http://dx.doi.org/10.1002/med.21545
http://dx.doi.org/10.1056/NEJMc1806941

Viruses 2019, 11, 496 12 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Yin, Z.; Chen, Y.-L.; Schul, W.; Wang, Q.-Y.; Gu, F,; Duraiswamy, J.; Kondreddi, R.R.; Niyomrattanakit, P.;
Lakshminarayana, S.B.; Goh, A. An adenosine nucleoside inhibitor of dengue virus. Proc. Natl. Acad. Sci.
USA 2009, 106, 20435-20439. [CrossRef]

Deng, Y.-Q.; Zhang, N.-N.; Li, C.-E; Tian, M.; Hao, ].-N.; Xie, X.-P,; Shi, P-Y.; Qin, C.-F. Adenosine analog
NITDO008 is a potent inhibitor of Zika virus. Open Forum Infect. Dis. 2016, 3, ofw175. [CrossRef]

Qing, J.; Luo, R.; Wang, Y.; Nong, J.; Wu, M,; Shao, Y.; Tang, R.; Yu, X,; Yin, Z.; Sun, Y. Resistance analysis and
characterization of NITD008 as an adenosine analog inhibitor against hepatitis C virus. Antivir. Res. 2016,
126, 43-54. [CrossRef]

Nelson, J.; Roe, K.; Orillo, B.; Shi, P-Y.; Verma, S. Combined treatment of adenosine nucleoside inhibitor
NITDO008 and histone deacetylase inhibitor vorinostat represents an immunotherapy strategy to ameliorate
West Nile virus infection. Antivir. Res. 2015, 122, 39-45. [CrossRef]

Shang, L.; Wang, Y.; Qing, J.; Shu, B.; Cao, L.; Lou, Z.; Gong, P.; Sun, Y.; Yin, Z. An adenosine nucleoside
analogue NITDO008 inhibits EV71 proliferation. Antivir. Res. 2014, 112, 47-58. [CrossRef]

Deng, C.-L.; Yeo, H.; Ye, H-Q.; Liu, S.-Q.; Shang, B.-D.; Gong, P; Alonso, S.; Shi, P--Y.; Zhang, B. Inhibition of
enterovirus 71 by adenosine analog NITDO00S. |. Virol. 2014, 88, 11915-11923. [CrossRef]

Netzler, N.E.; Tuipulotu, D.E.; Vasudevan, 5.G.; Mackenzie, ].M.; White, P.A. Antiviral candidates for treating
hepatitis E virus infection. Antimicrob. Agents Chemother. 2019, 63, €00003-19. [CrossRef]

Eltahla, A.A.; Lim, K.L.; Eden, ].-S.; Kelly, A.G.; Mackenzie, ] M.; White, P.A. Non-nucleoside inhibitors of
the norovirus RNA polymerase; scaffolds for rational drug design. Antimicrob. Agents Chemother. 2014, 58,
3115-3123. [CrossRef]

Ferla, S.; Netzler, N.E.; Ferla, S.; Veronese, S.; Tuipulotu, D.E.; Guccione, S.; Brancale, A.; White, P.A.;
Bassetto, M. In silico screening for human norovirus antivirals reveals a novel non-nucleoside inhibitor of the
viral polymerase. Sci. Rep. 2018, 8, 4129. [CrossRef]

Netzler, N.E.; Tuipulotu, D.E.; Eltahla, A.A.; Lun, ].H,; Ferla, S.; Brancale, A.; Urakova, N.; Frese, M.; Strive, T.;
Mackenzie, ].M. Broad-spectrum non-nucleoside inhibitors for caliciviruses. Antivir. Res. 2017, 146, 65-75.
[CrossRef]

Tuipulotu, D.E.; Netzler, N.E.; Lun, ].H.; Mackenzie, ].M.; White, P.A. TLR7 agonists display potent antiviral
effects against norovirus infection via innate stimulation. Antimicrob. Agents Chemother. 2018, 62, €02417-17.
[CrossRef] [PubMed]

Ianevski, A.; He, L.; Aittokallio, T.; Tang, ]. Synergyfinder: A web application for analyzing drug combination
dose-response matrix data. Bioinformatics 2017, 33, 2413-2415. [CrossRef]

Loewe, S. Die quantitativen probleme der pharmakologie. Ergeb. Physiol. 1928, 27, 47-187. [CrossRef]
Kitano, M.; Hosmillo, M.; Emmott, E.; Lu, J.; Goodfellow, I. Selection and characterization of
rupintrivir-resistant Norwalk virus replicon cells in vitro. Antimicrob. Agents Chemother. 2018, 62, €00201-18.
[CrossRef]

Pawlotsky, ]. M. Treatment failure and resistance with direct-acting antiviral drugs against hepatitis C virus.
Hepatology 2011, 53, 1742-1751. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.0907010106
http://dx.doi.org/10.1093/ofid/ofw175
http://dx.doi.org/10.1016/j.antiviral.2015.12.010
http://dx.doi.org/10.1016/j.antiviral.2015.07.008
http://dx.doi.org/10.1016/j.antiviral.2014.10.009
http://dx.doi.org/10.1128/JVI.01207-14
http://dx.doi.org/10.1128/AAC.00003-19
http://dx.doi.org/10.1128/AAC.02799-13
http://dx.doi.org/10.1038/s41598-018-22303-y
http://dx.doi.org/10.1016/j.antiviral.2017.07.014
http://dx.doi.org/10.1128/AAC.02417-17
http://www.ncbi.nlm.nih.gov/pubmed/29530841
http://dx.doi.org/10.1093/bioinformatics/btx162
http://dx.doi.org/10.1007/BF02322290
http://dx.doi.org/10.1128/AAC.00201-18
http://dx.doi.org/10.1002/hep.24262
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Tuipulotu, DE; Fumian, TM; Netzler, NE; Mackenzie, JM; White, PA

Title:
The Adenosine Analogue NITDO008 has Potent Antiviral Activity against Human and Animal
Caliciviruses

Date:
2019-06-01

Citation:

Tuipulotu, D. E., Fumian, T. M., Netzler, N. E., Mackenzie, J. M. & White, P. A. (2019). The
Adenosine Analogue NITDO008 has Potent Antiviral Activity against Human and Animal
Caliciviruses. VIRUSES-BASEL, 11 (6), https://doi.org/10.3390/v11060496.

Persistent Link:
http://hdl.handle.net/11343/249775

File Description:
published version
License:

CC BY



	Introduction 
	Materials and Methods 
	Drugs, Cell Lines, Viruses 
	Toxicity Analysis 
	Inhibition of Viral Infectivity 
	Inhibition of Viral Replication 
	Clearance-Rebound Studies 

	Results 
	NITD008 is Inhibitory against Animal Calicivirus Infection In vitro 
	NITD008 Combined with 2CMC has an Antagonistic Antiviral Effect 
	NITD008 is a Potent Inhibitor of Human Norovirus Replication 
	NITD008 Effectively Clears the Human Norovirus Replicon from Cells 

	Discussion 
	References

