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Norovirus (NoV) is the leading cause of acute gastroenteritis worldwide, causing over 200,000 deaths a year. NoV is nonenvel-
oped, with a single-stranded RNA genome, and is primarily transmitted person to person. The viral RNA-dependent RNA poly-
merase (RdRp) is critical for the production of genomic and subgenomic RNA and is therefore a prime target for antiviral thera-
pies. Using high-throughput screening, nearly 20,000 “lead-like” compounds were tested for inhibitory activity against the NoV
genogroup II, genotype 4 (GIL.4) RdRp. The four most potent hits demonstrated half-maximal inhibitory concentrations (ICs,s)
between 5.0 uM and 9.8 pM against the target RARp. Compounds NIC02 and NIC04 revealed a mixed mode of inhibition, while

NIC10 and NIC12 were uncompetitive RARp inhibitors. When examined using enzymes from related viruses, NIC02 demon-
strated broad inhibitory activity while NIC04 was the most specific GII.4 RdRp inhibitor. The antiviral activity was examined
using available NoV cell culture models; the GI.1 replicon and the infectious GV.1 murine norovirus (MNV). NIC02 and NIC04
inhibited the replication of the GI.1 replicon, with 50% effective concentrations (EC,,s) of 30.1 pM and 71.1 pM, respectively,
while NIC10 and NIC12 had no observable effect on the NoV GI.1 replicon. In the MNV model, NIC02 reduced plaque numbers,
size, and viral RNA levels in a dose-dependent manner (EC;,s between 2.3 pM and 4.8 pM). The remaining three compounds
also reduced MNV replication, although with higher EC,s, ranging from 32 pM to 38 pM. In summary, we have identified novel
nonnucleoside inhibitor scaffolds that will provide a starting framework for the development and future optimization of tar-

geted antivirals against NoV.

N oroviruses (NoVs) cause around 50% of all gastroenteritis
cases worldwide (1) and are associated with the deaths of
more than 200,000 people per year, mainly in developing coun-
tries (2). Of particular importance are NoVs that belong to geno-
group II, genotype 4 (GII.4), which have been associated with all
six major pandemics of acute gastroenteritis in the last 2 decades,
and account for 80% of all human NoV infections (3). In addition,
NoV is increasingly recognized as an important cause of chronic
gastroenteritis in immunocompromised patients (4, 5). Apart
from the human costs, NoV infections cause severe economic
losses (6). The virus is highly transmissible, with a low infectious
dose, and high numbers are excreted during acute illness: approx-
imately 10® virions per gram of feces (7). Following an incubation
period of 1 to 2 days, the clinical features of NoV infections in-
clude acute onset of nausea, vomiting, abdominal cramps, head-
aches, and diarrhea that generally last for 2 to 4 days (8). A mem-
ber of the family Caliciviridae, NoV is nonenveloped and 27 to 35
nm in diameter with a single-stranded RNA genome of 7,400 to
7,700 nucleotides. The genome includes three open reading
frames (ORFs). ORF1 encodes seven nonstructural (NS) proteins
(NS1 to NS7) and includes a viral genome-linked protein (VPg)
(NS5), a 3C-like protease (NS6), and an RNA-dependent RNA
polymerase (RdRp) (NS7). ORF2 and ORF3 encode the major
capsid protein (VP1) and minor basic protein (VP2), respectively
9).

Significant efforts have been made to identify a permissive cell
line for human NoV; however, these attempts have largely failed
(10). The lack of a cell culture system for human NoV has hin-
dered both replication studies and the identification of NoV ther-
apeutic agents. In 2003, murine NoV (MNV) was identified (11),
which led to the development of the first cell culture system and
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small-animal model for NoV infection (12). Wobus et al. demon-
strated that MNV replicates in cells of mononuclear origin, such as
primary dendritic cells and macrophages (12). Building on this
work with MNV, it has been recently shown that BALB/c Rag-yc-
deficient mice could also support the replication of human GII.4
NoV (13). Another important breakthrough in the establishment
of human NoV cell culture models was the development of a sub-
genomic replicon based on the prototype NoV GI strain, Norwalk
virus (14). The replicon consists of the complete ORF1, encoding
the viral replicative enzymes (NS1 to -7), while ORF2, which en-
codes the major structural protein, is disrupted by the insertion of
a neomycin resistance gene. This allows replication of autono-
mous RNA in Huh-7 cells without the expression of viral struc-
tural genes, and therefore, no virions are produced (14). Replicons
are invaluable for studying viral RNA replication and provide a
very useful platform for antiviral development; for example, they
have been instrumental in the recent advances in hepatitis C virus
(HCV) antiviral development (reviewed in reference 15).

The highly infectious nature of NoV and its association with
outbreaks in hospitals, senior care facilities, and cruise ships high-
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light the need for specific approaches to control NoV infections,
through either vaccines or antivirals. This is of particular impor-
tance for individuals with a high risk of exposure, for immuno-
compromised patients with chronic NoV infections, and for those
who are susceptible to complications and dehydration, including
young children and the elderly. The NoV infectious cycle offers a
number of potential targets for the development of direct-acting
antivirals (DAAs). One key target for NoV antivirals is the viral
polymerase (RdRp) because of its essential role in viral replication
and the lack of homologous human enzymes. A number of studies
have used recombinant NoV RdRp to characterize its biochemical
properties in vitro, and the X-ray crystal structures of RdRps from
human GI and GII and mouse GV NoVs have been solved
(16-18).

There are only a few publications reporting NoV DAA devel-
opment (reviewed in reference 19). The most advanced preclinical
studies have so far focused on protease inhibitors (20, 21) or have
repurposed available drugs that were originally developed to treat
other viral (22-24) and nonviral (25) infections as NoV RdRp
inhibitors. However, thus far, no novel molecules or scaffolds
have been identified as specific inhibitors of the NoV RdRp.

In this study, we conducted a high-throughput screen (HTS) to
identify small-molecule inhibitors of GII.4 NoV RdRp transcrip-
tion that may provide a platform for the development of antivirals
against this important clinical pathogen. Four scaffolds were iden-
tified, and their modes of RARp inhibition were characterized. We
further examined the specificities of these compounds across a
range of calicivirus RdRps, and the antiviral activity was assessed
using the human Norwalk GI.1 subgenomic replicon and the
MNV infectious cell culture model.

MATERIALS AND METHODS

Recombinant RARp expression, purification, and comparison. Recom-
binant RdRps with a C-terminal hexahistidine tag were expressed in Esch-
erichia coli and purified by nickel affinity chromatography, as described
previously (26, 27). The RdRps of the following caliciviruses (shown with
their corresponding GenBank accession numbers) were used in this study:
NoV GII.4 Den Haag 2006b variant (EF684915), NoV GII.4 New Orleans
2009 variant (JQ613573), NoV GI.1 Norwalk (NC_001959), NoV GV.1
(MNV; DQ285629), NoV GIL.7 (GQ849131), and sapovirus (SaV) GII
(AY237420). Amino acid sequence analysis was performed using the
MEGAS5 software package (28), and a phylogenetic tree of protein se-
quences was produced using the neighbor-joining method.

Biochemical RdRp assays. Polymerase activity was measured by mon-
itoring the formation of double-stranded RNA (dsRNA) from a single-
stranded homopolymeric template, poly(C), using the fluorescent dye
PicoGreen (Life Technologies, Carlsbad, CA, USA), as described previ-
ously (29) with minor modifications. RdRp assays were performed in
384-well plates, and each reaction mixture contained 20 ng enzyme (13.3
nM), 5 uM GTP, 6 pug/ml poly(C) RNA, 2.5 mM MnCl,, 5 mM dithio-
threitol (DTT), 0.01% bovine serum albumin (BSA), and 0.005% Tween
20 in 20 mM Tris-HCI, pH 7.5, with a final volume of 25 pl. Reactions
were run for 10 min at 23°C and terminated with 10 mM EDTA, followed
by PicoGreen staining and dsRNA quantitation. Alternatively, radioac-
tive-GTP incorporation was measured on a scintillation counter, as de-
scribed previously (27).

High-throughput screening. An HTS was carried out to identify in-
hibitors of NoV using the RdRp of a representative GII.4 variant, Den
Haag 2006b, which was associated with a global pandemic and was the
predominant NoV in circulation between 2006 and 2008 (30). A random
selection of 19,956 compounds from the Walter and Eliza lead-like com-
pound library (The Walter and Eliza Hall Institute, Parkville, Australia)
were screened at a final concentration of 10 wM, as outlined previously
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(29). Hits from the HTS were subjected to a confirmatory counterassay at
10 M using radioactive-nucleotide incorporation to further exclude
false positives that could have affected the fluorescence signal in the pri-
mary assay.

Mode of RdRp inhibition. To examine the mode of enzyme inhibition
by the lead hits, the kinetics of substrate (GTP) incorporation was exam-
ined in the presence or absence of inhibitor. Reactions were performed
with increasing concentrations of GTP (from 0.2 to 66 uM) and 5, 10, 15,
or 20 uM inhibitor. Kinetic parameters for each compound were deter-
mined by nonlinear regression and used to generate Lineweaver-Burk
double-reciprocal plots.

Cell culture and cytotoxicity. HG23 cells, a human hepatoma
(Huh-7) cell line bearing the Norwalk virus (GI.1) subgenomic replicon
(14), were kindly supplied by Kim Green (NIAID, NIH, Bethesda, MD,
USA). MNV strain CW1 (12) was kindly provided by Herbert Virgin
(Washington University, St. Louis, MO, USA). MNV stocks were pre-
pared as described previously (31).

HG23 and RAW 264.7 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Life Technologies) supplemented with 10%
fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA), Glutamax
(Life Technologies), and 100 U/ml penicillin-streptomycin (Life Technol-
ogies). G418 (Geneticin; Life Technologies) was also added to HG23 cells
(750 pg/ml). To examine the cytotoxicity of compounds identified in this
study, cell monolayers (1 X 10*/well for HG23 or 2.0 X 10*/well for RAW
264.7 cells) were treated with various concentrations of each compound
for 72 h in 96-well plates. Cytotoxicity was measured by a resazurin-to-
resorufin conversion assay (CellTiter-Blue; Promega, Madison, WI,
USA), and fluorescence was measured on a Fluostar Optima microplate
reader (BMG Labtech, Ortenberg, Germany).

Inhibition of the GI.1 Norwalk replicon. The effects of the identified
compounds on the replication of the Norwalk subgenomic replicon (14)
were examined. The nucleoside inhibitor (NI) 2'-C-methylcytidine
(2CM) (Sigma-Aldrich), which has previously been shown to inhibit the
replication of the Norwalk replicon (23, 32), was used as a positive control
in all cell culture experiments, and dimethyl sulfoxide (DMSO) (0.5%
[vol/vol]) was added to untreated cells. HG23 cells were seeded in 96-well
plates at a density of 1 X 10* cells/well in antibiotic-free medium and
treated with test compounds as described for cytotoxicity analysis. Total
RNA was isolated using the RNeasy kit (Qiagen) 72 h later for the quan-
titation of replicon RNA levels.

Inhibition of murine norovirus replication. Inhibition of MNV rep-
lication in RAW 264.7 cells was determined by plaque reduction assays, as
described previously (33) with modifications. Briefly, 6-well plates were
seeded with 1 X 10®° RAW 264.7 cells/well and incubated overnight at
37°C. The monolayers were then inoculated with 80 PFU of MNV in
DMEM. After a 1-h adsorption at 37°C, the medium was removed, and
the wells were overlaid with 0.75% (wt/vol) low-melting-point agarose in
minimum essential medium (MEM) (Life Technologies) containing test
compounds. Cells were incubated for 48 h at 37°C and then fixed with
formaldehyde (4% [vol/vol]) and stained with crystal violet (0.2% [wt/
vol]). Inhibition of MNV was measured by quantitation of the total
plaque surface area using the image-processing program Image] (34). To
measure MNV RNA replication, RAW 264.7 cells were seeded in 96-well
plates at a density of 2.0 X 10* cells/well. Test compounds were added on
the following day, and the cells were incubated for 1 h at 37°C. The cells
were then infected with MNV (multiplicity of infection [MOI] = 0.1) and
incubated for 48 h. Total RNA was extracted for quantitation using a
QIAamp Viral RNA Mini kit (Qiagen).

qRT-PCR. Viral RNA was quantitated from either HG23 cells or
MNV-infected RAW 264.7 cells by quantitative reverse transcriptase
(qRT) PCR (7). In brief, cDNA was synthesized using a SuperScript Vilo
c¢DNA Synthesis Kit (Life Technologies). Replicon (GI.1) and MNV
(GV.1) RNAs were measured using an iTaq Universal SYBR green Super-
mix (Bio-Rad, CA) as described previously (7). NS7-specific primers were
used for both GI-based replicon and MNV quantitation and included
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CPrimary HTS: 19,956 compounds>

Compounds screened at 10 yM
Hit: > 15.5 % inhibitory activity
Hit rate: 0.18 %

CSecondary screen: 35 compou nds>

Compounds screened with a radioactive assay
Hit: > 40 % inhibitory activity

CDose-response curves: 12 compounds)

Half-maximal inhibitory concentrations calculated
Hit: ICs0 < 10 pM

CCharacterisation of top inhibitors: 4 compounds)

FIG 1 Outline of the pathway to identify NoV RdRp inhibitors in this study.

Replicon Fwd (5'-CCAACTGAAACCCTTTGCGG-3"), Replicon Rev
(5'-AGGCATCAGCGTAAGACCAC-3"), MNV Fwd (5'-TGGACGTCG
GCGACTATAAG-3"), and MNV Rev (5'-ACCACCTCGTCATCACCAT
A-3").

Structure-activity relationship analysis. To identify molecules from
the remaining 90,000 compounds in the library with structural similarity
to leading HTS hits, all functionality was removed from the hit structures,
and the library was screened using ActivityBase SARview software (IDBS,
Guilford, United Kingdom), as described previously (35). All identified
molecules were screened in triplicate at 10 uM for the ability to inhibit the
NoV GIIL.4 RdRp, and the results were compared to the primary HTS hits.

RESULTS

Identification of RdRp inhibitors by high-throughput screen-
ing. Using an in vitro HTS, nonnucleoside inhibitors (NNI) of the
NoV GII.4 RdRp (Den Haag 2006b variant) were identified from
19,956 compounds randomly selected from a larger, 110,000-
compound library. Figure 1 shows a summary of the pathway to
the identification of the four most potent RdRp inhibitors in this
study. Overall, test plates demonstrated suitable measures for HTS
quality quantitated by Z’ and Z factors, as described in reference
36 (Fig. 2A). Both measures were above the acceptable limit of 0.5
(average Z' = 0.77 = 0.06; Z = 0.72 % 0.07), with the exception of
2 out of 57 plates, which had Z factor scores of —0.64 and 0.31. The
apparent drop in quality was attributed to two highly fluorescent
compounds, which were subsequently omitted from the analysis.
Of the 19,956 compounds screened, 35 hits demonstrated greater
than 3 times the standard deviation (SD) of the average inhibition
relative to control reactions, or >15.5% inhibition of RdRp activ-
ity (Fig. 2B). All 35 hits were subsequently counterscreened using
a radioactive-nucleotide incorporation RdRp assay, and 12 com-
pounds demonstrated >40% inhibition of RARp activity, while 14
had no inhibitory activity and were most likely fluorescence
quenchers. Four other compounds that appeared to increase the
activity of NoV RdRp by ~2-fold (Fig. 2B) also had no effect when
retested at 10 wM using the fluorescence and radioactivity assays
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FIG 2 HTS for inhibitors of the NoV GII.4 RdRp. Compounds were screened
for inhibitory activity against the NoV RdRp. (A) Control measurement for
test plates in chronological order. The Z' factor and Z factor were determined
for each plate, and a value of >0.5 was considered acceptable, which is high-
lighted with a dashed red line. (B) Inhibition results of the HTS. RdRp inhibi-
tion was calculated as a percentage of internal plate controls. The hit selection
cutoff, which represented inhibition exceeding 3 times the SD of the mean
distribution, is shown as a dashed red line.

(data not shown). Dose-response curves for RARp inhibition were
generated for the 12 most potent hits, and the half-maximal in-
hibitory concentrations (IC5,s) ranged from 5 to 30 WM. The most
potent of these compounds, a phenylthiazole carboxamide
(NIC02) and a pyrazole acetamide (NIC04), inhibited the GIL.4
NoV RdRp with IC;4s of 5.0 and 5.5 wM, respectively (Fig. 3 and
Table 1). NIC10, a triazole, and NIC12, a pyrazolidinedione, dem-
onstrated slightly higher IC,,s 0f 9.2 and 9.8 M, respectively (Fig.
3 and Table 1).

Mode of inhibition. To characterize the mode of NoV GII.4
RdRp inhibition by each of the four lead hits, the kinetics of
GTP incorporation was examined in the absence or presence of
increasing inhibitor concentrations (see Fig. S1 in the supple-
mental material). Double-reciprocal Lineweaver-Burk plots
indicated a mixed mode of inhibition for NIC02 and NIC04,
where both the substrate affinity and the reaction velocity de-
creased with higher inhibitor concentrations (Fig. 4A and B).
In contrast, the Lineweaver-Burk plots for NIC10 and NIC12
were representative of an uncompetitive mechanism of RdRp
inhibition (Fig. 4C and D). For these two compounds, the ap-
parent substrate affinity increased at higher compound con-
centrations, as indicated by a decrease in K,, values, while the
reaction velocity decreased.
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FIG 3 Chemical structures of the NoV RdRp inhibitors in this study.

Activities of identified NNIs across related calicivirus RdRps.
To determine the breadth of the inhibitory activities for the four
identified compounds, purified recombinant RdRps from five
caliciviruses of varying relatedness to the target GII.4 Den Haag
2006b were used (Fig. 5A). These RdRps represented a different
variant within GIL.4 (GII.4 New Orleans 2009 variant), a different
genotype within the same genogroup (GIL.7), and different geno-
groups within the genus (GI.1 Norwalk and GV.1 MNV). Addi-
tionally, an RdRp from sapovirus (GII), which represents another
genus within the family Caliciviridae, was examined. A phyloge-
netic analysis of the protein sequences revealed the relationship of
the enzymes examined in this study (Fig. 5A), with amino acid
identities ranging from 32.6% (sapovirus) to 97.1% (New Orleans
2009) compared to the target GII.4 Den Haag 2006b RdRp se-
quence (Fig. 5B).

All four lead hits demonstrated inhibitory activity against both
GII.4 enzymes (New Orleans 2009 and Den Haag 2006b variants;
97% identity), with similar IC,,s for each NIC (Fig. 5C), as as-
sessed by in vitro RARp assays. Of the four lead hits, NIC02 showed
the broadest inhibitory activity, with similar levels of inhibition
across RdRps from all six caliciviruses (=0.19-fold change in the
ICs,) (Fig. 5C). Given its inhibitory activity against distantly re-
lated RdRps, we examined the inhibitory activities of NIC02
against different classes of polymerases. NIC02 did not demon-
strate any inhibition of enzyme activity, even at concentrations up
to 100 wM, against an RNA-dependent DNA polymerase (RdDp)
(avian myeloblastosis virus RdDp) or a DNA-dependent DNA
polymerase (DdDp) (Tag DdDp) (data not shown).

NIC10 had a narrower spectrum of inhibitory activity. When
compared to the GII.4 RdRp, NIC10 demonstrated 11-fold and
56-fold reductions in the IC;, values against SaV and GI.1 RdRps,
respectively, and a 1.9-fold reduction against MNV but had com-
parable activity against the GILI.7 RdRp (Fig. 5C). NIC12 showed a
modest loss of potency against the GI.1 (2.3-fold) and GII.7 (4.6-
fold) RdRps compared to GII.4 and had little inhibitory activity
against the SaV RdRp, with 33.9% = 14.1% inhibition of RdRp
activity at 100 uM (Fig. 5C). Interestingly, however, NIC12 was
4-fold more active against the MNV RdRp than the GII.4 enzymes.
Finally, NIC04 appeared to be the most specific scaffold for the
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GII.4 enzymes, with significant losses of inhibitory activity against
GIL.7 (4.6-fold), GL.1 (3.1-fold), and SaV RdRp (8.7-fold), while
no inhibition was observed against the MNV RdRp (Fig. 5C).

Inhibition of the NoV replicon. The antiviral activities of the
identified compounds were assessed by monitoring the replica-
tion of the GI.1 Norwalk virus replicon in Huh-7 cells (14). Cells
were treated with increasing concentrations of each compound (1
to 100 wM), and replicon RNA levels were quantitated 72 h later
by qRT-PCR. NIC02 and NICO04 inhibited replicon replication in
a dose-dependent manner, with 50% effective concentrations
(ECsgs) of 30.1 wM (95% confidence interval [CI], 19.6 to 45.9
pM) and 71.1 uM (95% CI, 56.7 to 89.1 uM), respectively (Fig. 6A
and Table 1). NIC10 and NIC12 had no effect on the replication of
the GI.1 replicon when tested at concentrations up to 100 pM.
The compound cytotoxicity was assessed simultaneously and
compared to that of vehicle (0.5% DMSO)-treated cells. NIC02
was toxic to the Huh-7 cells (Fig. 6B and Table 1) at concentra-
tions greater than 10 wM, with a half-maximal cytotoxic concen-
tration (CCs,) of 134 wM. In contrast, NIC04, NIC10, and NIC12
had no cytotoxic effects at concentrations up to 100 wM. The
nucleoside analogue 2CM, which was used as a positive control,
reduced RNA replicon levels by 84.9% = 1.4% relative to un-
treated cells with no observable cytotoxicity when examined at 10
M (data not shown).

Inhibition of infectious murine norovirus GV.1. To examine
the antiviral activities of the four lead hits (NIC02, NIC04, NIC10,
and NICI12) in an infectious norovirus cell culture system, the
GV.1 murine norovirus (MNV strain CW1) was used. Monolay-
ers of RAW 264.7 cells were treated with test compounds and
infected with MNV for 48 h. MNV replication was assessed either
by plaque reduction assays or by viral RNA genome quantitation
by qRT-PCR (NIC02 only). Inhibitory activity was demon-
strated by a reduction in both plaque size and numbers with all
four compounds compared to DMSO-treated MNV-infected cells
(see Fig. S2 in the supplemental material). Quantitation of inhib-
itory activity, based on reduction in plaque area, revealed an ECs,
of 4.8 uM for NICO02 (95% CI, 1.7 to 13.3), the most potent of the
four inhibitors (Fig. 7A). The quantitation of MNV RNA genomes
from infected cells also revealed an ECs,, of 2.3 uM for NICO02 (Fig.
7C). Higher concentrations were required to inhibit the replica-
tion of MNV with NIC04, NIC10, and NIC12, with EC,,s of 32.8
(95% CI, 22.0 to 48.9), 34.5 (95% CI, 22.6 to 52.5), and 38.1 (95%
CI, 17.7 to 82.4) wM, respectively (Table 1).

The reduction in plaque size for NIC04, NIC10, and NIC12
was not due to cytotoxic effects of the test compounds, as no cell

TABLE 1 Activities of the identified inhibitors using the NoV RdRp and
cell culture models

GIL4 RdRp GI.1 replicon GV.1 MNV
Compound CLogP* ICs, (uM)? ECs, (pM)© ECs, (LM)©
NIC02 3.6 5.0(3.6-6.9)  30.1(19.6-45.9) 4.8(1.7-13.3)
NIC04 35 5.5 (4.5-6.7)  71.1(56.7-89.1) 32.8 (22.0-48.9)
NIC10 0.8 9.2 (7.4-11.3) >100 34.5 (22.6-52.5)
NIC12 0.4 9.8 (7.4-13.0) >100 38.1(17.7-82.4)

“ CLogP, calculated partition coefficient.

¥ IC50s were determined by in vitro radioactive-GTP incorporation RARp assays (95%
CI in parentheses).

¢ ECss were determined using cell-based replicon and infectious-NoV model systems
(95% CI in parentheses).
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FIG 4 Differential mechanisms of RdRp inhibition by the four NIC compounds. In order to determine the mode of inhibition, RdRp activity was measured at
different concentrations of substrate (0.2 to 66 uM) in the presence of 0 to 20 wM inhibitors. Double-reciprocal plots were generated for NIC02 (A), NIC04 (B),

NIC10 (C), and NIC12 (D). RFU, relative fluorescence units.

death was observed with concentrations up to 100 uM (Fig. 7B).
However, toxicity to RAW 264.7 cells was observed with NIC02,
with a CCs, 0f 57.1 wM, which was more than 10-fold higher than
the EC, of NIC02. The nucleoside analogue 2CM was also cyto-
toxic to RAW 264.7 cells at concentrations above 1 pM (CCs,
value of 12.2 uM); however, at 1 M, the MNV plaque area was
reduced by 93.5% = 0.3% relative to untreated cells (data not
shown).

Preliminary structure-activity analysis. In order to gain ini-
tial insights into the structure-activity relationships (SARs) for the
four molecules, the compound library used in the primary HTS
was searched to identify relevant analogues to NIC02, NIC04,
NIC10, and NICI2. A total of 182 molecules were identified,
which were examined for inhibitory activity at 10 wM against the
NoV GII.4 RdRp (see Table S1 in the supplemental material).
Three analogues of NIC02 were found, and only one retained
some inhibitory activity at 10 wM: 17% compared to 63% enzyme
inhibition for the original hit (see Table SI in the supplemental
material). None of the analogues for NIC04 (112 compounds) or
NIC10 (33 compounds) demonstrated increased activity com-
pared to the original hit molecules (see Table S1 in the supplemen-
tal material). Of 34 NIC12 analogues identified, three were more
potent than the original hit (48% inhibition at 10 uM), with 55%,
62%, and 76% inhibition of RdRp activity at 10 M, respectively
(see Table S1 in the supplemental material).
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DISCUSSION

There is a clear unmet need for safe, effective antiviral therapies to
combat norovirus infections, both for prophylactic use to prevent
NoV transmission in an outbreak setting and to treat immuno-
compromised patients with chronic NoV infections. Four small
“drug-like” molecules were identified as inhibitors of NoV RdRp
activity and represent new scaffolds for the development of ther-
apeutic molecules (Fig. 3). The compounds demonstrated inhib-
itory activity in the low micromolar range and comprised a
phenylthiazole-5-carboxamide (NIC02), a pyrazole-4-acetamide
(NIC04), a triazole (NIC10), and a pyrazolidine-3,5-dione
(NIC12). Three of these compounds were novel scaffolds that
have not been previously reported as viral NNIs; however, NIC12
has been reported in a separate HTS as a “weak” inhibitor of the
poliovirus RdRp activity, with approximately 22% inhibition
when tested at 86 WM (37), suggesting NIC12 is more potent
against NoV than against poliovirus RdRp.

The mechanism by which each of these compounds inhib-
ited the NoV RdRp was examined using double-reciprocal Lin-
eweaver-Burk plots (Fig. 4). Interestingly, the two larger com-
pounds, NIC02 and NIC04 (365 and 347 Da, respectively),
inhibited the NoV RdRp by a mixed mechanism, whereas
NIC10 and NICI12 (189 and 233 Da, respectively) had a mode
of action that represented uncompetitive inhibition. This sug-
gests that NIC02 and NIC04 bind to both free enzyme and
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enzyme-substrate complexes, while NIC10 and NIC12 bind
only to the enzyme-substrate complex and therefore likely
bind to an allosteric pocket that is distinct from the substrate-
binding site. Taken together, these findings indicate that
NICO02 and NICO04 occupy a different binding pocket(s) of the
NoV RdRp than NIC10 and NIC12.

The four compounds demonstrated variable inhibition pro-
files when examined across a panel of related RdRps in vitro. A
broad spectrum of inhibitory activity was observed for NIC02,
with similar ICs,s across RdRps from different species within the
family Caliciviridae (Fig. 5). These results suggest that NIC02
could inhibit the enzymes in a nonspecific manner, e.g., protein
reactivity (38). However, the lack of NICO02 inhibitory activity
against an RdDp and a DdDp, as well as our subsequent validation
of its inhibitory activity in available cell culture models of NoV,
demonstrated that it was an inhibitor of the viral RARp. An expla-
nation for its broad inhibitory activity, therefore, could be that
NICO2 binds to a highly conserved RdRp motif. Using the infec-
tious GV.1 MNV system, the antiviral activity of NIC02 was dem-
onstrated both by reduction of plaque size (EC5, = 4.8 uM) (Fig.
7A) and by a reduction in viral genome replication in treated cells
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(ECso = 2.3 uM) (Table 1 and Fig. 7C). NIC02 also inhibited the
replication of the GI.1 NoV replicon, although it was less potent
than MNV, with an EC5, 0of 30.1 wM (Fig. 6A). It should be noted,
however, that NIC02 was the only compound of the four lead hits
to display cytotoxicity against Huh-7 cells (CCs, = 134 pM) and
RAW 264.7 cells (CCs = 57.1 pM).

The inhibitory profiles of the remaining three hits were more
restricted. NIC10 was significantly less potent against the RdRps
of NoV GI.1 and SaV (56- and 11-fold, respectively) than against
the GII and MNV RdRps. These findings were consistent with the
cell culture observations; NIC10 did not inhibit the replication of
the GI.1 replicon in Huh-7 cells but did inhibit MNV in cell cul-
ture, with an EC5, 0of 34.5 M (Table 1). Interestingly, in the RdRp
assays, NIC12 was more potent against GV.1 MNV than all three
GII enzymes; however, it demonstrated only modest activity
against MNV in cell culture (EC5, = 38.1 wM) (Table 1 and Fig.
7). When examined for inhibitory activity against NoV GIL.I,
NIC12 was only 2.3-fold less potent than the GII RdRps (Fig. 5)
but had no effect on the replication of the GI.1 replicon. The lack
of activity of NIC12 in the viral culture systems could be explained
by a lack of cell internalization or metabolic instability; these pa-
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Only a few studies have reported the development of small
compound inhibitors as potential NoV DAAs, targeting two of the
viral nonstructural proteins, the NS6 protease and the NS7 RdRp.
Using structure-based design approaches, Tiew et al. synthesized a
series of peptidyl protease inhibitors (21). Derivatives were later
developed from these scaffolds with inhibitory activities (ECs,s)
between 0.2 and 2.8 M, as assessed using the NoV GI.1 replicon
model. These compounds also had broad antiviral activity, inhib-
iting homologous proteases of coronaviruses and picornaviruses
(20). Two classes of NTs, originally developed for the treatment of
other viral infections (22-24), have also demonstrated activity
against the NoV RdRp. The nucleoside analogue 2CM, developed
as an inhibitor of viruses within the family Flaviviridae, including
HCV, has been shown to inhibit NoV replication in vitro (replicon
and MNV) with EC5s between 1.3 uM and 18 uM (23, 24). Re-
cently, the antiviral activity of 2CM has also been demonstrated in
mice infected with MNV (32). The use of 2CM in humans, how-
ever, remains in some doubt, as clinical trials of valopicitabine, an
oral prodrug of 2CM, were halted due to gastrointestinal adverse
effects in HCV-infected patients. T-705 (favipiravir) is another
nucleoside analogue with broad inhibitory activity against viral
RdRps, although it was originally developed as an influenza virus
inhibitor (39). T-705 was found to inhibit MNV replication (22),
but only at high concentrations (EC5, = 250 uM compared to 0.2
M for influenza virus).

Using available crystal structures, Mastrangelo et al. (25) tar-
geted the active site of the NoV RdRp with an in silico approach to
identify inhibitors from a panel of commercially available com-
pounds. Two molecules were identified as potential NoV NNIs:
suramin, a drug used in the treatment of sleeping sickness caused
by the protozoan Trypanosoma, and its analogue, NF023. These
relatively large compounds inhibited the NoV RdRp at nanomolar
concentrations, with ICy,s of 24.6 nM and 71.5 nM for suramin
and NF023, respectively (25). The studies described above have so
far been limited to the use of known viral polymerase inhibitors
repositioned against a new viral target, the NoV RdRp, or alterna-
tive uses for existing drugs. Therefore, no new compounds have
yet been explored as potential inhibitors of the NoV RdRp. The
identification of the new scaffolds in this study provides a plat-
form for NoV-specific antiviral development. However, current
limitations for NoV drug development associated with the lack of
ahuman GIL.4 NoV culture system indicate a more difficult path-
way to clinical use than that for other viruses that can be easily
cultured in vitro. Further screening of the compound library re-
vealed three NIC12-like molecules with increased potency against
the NoV GII.4 RdRp compared to the original hit (see Table S1 in
the supplemental material). This indicates that NIC12 could rep-
resent an attractive scaffold for medicinal chemistry optimization
in the search for viral polymerase inhibitors. The examination of
the three remaining scaffolds, in contrast, did not reveal any com-
pounds with increased RdRp-inhibitory activity. However, the
analysis was limited either by large structural modifications of the
hit molecules (NIC04 and NIC10) or by the limited number of
chemical analogues in the library (NIC02) (see Table SI in the
supplemental material), and further SAR would be useful to iden-
tify more potent derivatives.

In summary, through an HTS approach, we have identified
four inhibitors of the NoV polymerase with low micromolar ac-
tivity. They can be explored for further design efforts to yield
potent NNIs with minimal undesirable biological effects. We next
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intend to determine the RdRp binding sites through mutational
and crystallography studies, in order to guide structure-activity
relationship analyses for the development of effective NoV thera-
peutics.
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