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General Introduction

Norovirus belongs to the Caliciviridae family and is a non-enveloped, positive single-stranded
RNA virus. Following the introduction of rotavirus vaccines and the consequent reduction in
the disease burden associated with rotavirus infection, now norovirus has become the main
cause of outbreaks of viral gastroenteritis epidemics worldwide (1). Different from rotavirus,
which is mainly a problem for young children, norovirus is prone to infect humans of all ages
and is associated with 699 million gastroenteritis cases per year. The impact of norovirus on
human societies is further aggravated by that it provokes approximately 200,000 deaths in
children under 5 years of age in developing countries (2,3). Hence, norovirus poses a

substantial burden on our species.

Epidemics of human norovirus (HuNV) infection often start with virus-contaminated food, but
subsequent transmission of HuUNV infection is predominantly by the fecal-oral route and
through person-to-person contact. Symptoms associated with HuNV infection are diarrhea,
vomiting, abdominal cramps and fever (4). Although norovirus gastroenteritis is usually self-
limiting, severe cases may occur in infants, elderly or immunocompromised patients, the
latter in particular recipients of orthotopic organ transplantation requiring
immunosuppressive medication. In such patients chronic infection may develop accompanied
by persistent gastrointestinal symptoms (5,6). Management of such patients is highly
troublesome and often restricted to supportive therapy and it is fair to say that there is an
urgent need for better therapeutic options.

Despite the substantial disease burden associated with norovirus, compared to other
pathogens such as influenza virus and coronavirus, norovirus has been given less attention.
One of the reasons of the paucity of information on the molecular details of HuNV infection is
the absence of robust experimental models sustaining viral infection. Thus there is an urgent
need for more research into the molecular pathology of norovirus infection in general and the
establishment of better experimental models in particular. In this thesis | hope to address
these issues, but before | shall sketch my strategy in this regard, | first need to introduce

various biological aspects of both the virus and the associated infectious process.

Norovirus genomic composition

Noroviruses can infect a wide range of mammalian hosts, maybe even all mammalian species,
and evident examples of mammals subject to norovirus infection include cattle, swine, mice
and of course humans. With the continuous identification of new strains, proper taxonomy
remains a challenge. Noroviruses have recently been classified into at least 10 genogroups
(GI-GX) and two tentative genogroups, based on sequence variation in the capsid protein (VP1)
and the RNA-dependent RNA polymerase (7). The viruses in the Gl, Gll, GIV, GVIII and GIX

classes can infect humans, with Gll being reported as to be dominant with respect to most of
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human infections. The virus in GV is the murine norovirus (MNV). The variety in different
strains necessitates careful evaluation before general statements on norovirus biology are

made.

The genome of norovirus is approximately 7.5 kilobases (kb) in length and encodes three or
four open reading frames (ORFs) (8,9). The 5’-end of the genome is covalently linked to a viral
protein (VPg) and the 3’-end of the genome is polyadenylated (Fig. 1). The ORF1 encodes a
polyprotein that is post-translationally cleaved into six non-structural proteins (NS1/2 to NS7)
by the viral protease (NS6) (10). ORF2 encodes the major structural protein referred to as VP1
and in which shell (S) and protruding (P) domains are recognized. Within the P domain, there
is a highly variable region, named P2, that contains sites that act as antigens in anti-norovirus
immunity and interacts with histo-blood group antigens (HBGAs) (11,12). ORF3 encodes a
minor structural protein (VP2) that is associated with capsid assembly and genome
encapsidation, as well as cell entry of the virions into cytoplasm of host cells (13). Specific for
MNYV, an additional ORF (designated as ORF4) in the ORF2 coding region produces a protein
named as virulence factor (VF1), and that acts as an antagonist of the innate antiviral immune
response (9). The non-structural proteins are associated with the viral replication complex (RC)
induced membrane clusters, and interaction with host factors to regulate cellular homeostasis
and promote viral replication (14,15). Further information on the importance of specific
sequence elements from the norovirus genome with host cell biology would help the design

of rational approaches to combat disease associated with the virus.

non-structural proteins structural proteins
genomic RNA ORF1 ORF2 ORF3

Human NS1/2 NS3 NS4 NS5 | NS6 NS7
norovirus (p48) |(NTPase)| (022) |(VPg) (o)l (RaRp) || i || Vel ‘ Aln)
subgenomic RNA VP1 || VP2 |—A(n)
major sructural protein [STRNIEEENE

non-structural proteins structural proteins
genomic RNA ORF1 ORF2 ORF3
Murine
nomvims NS1/2 | NS3 | NS4 |NSS|NSG| NS7 || VP1 || VP2 ‘—A(n)
VF1 | ORF4
subgenomic RNA VP1 || VP2 l—A(n)
VE1 | ORF4

Figure 1. Genomic composition of the HUNV and MNV. (A) The 5’-end of HUNV genome is covalently
linked to aviral protein (VPg) and the 3’-end of the genome is polyadenylated, consisting of three ORFs.
ORF1 encodes a polyprotein that is cleaved by the viral protease NS6 into six non-structural proteins
(NS1/2 to NS7). ORF2 and ORF3 are translated from a subgenomic RNA, encoding the structural protein
VP1 and VP2, respectively. (B) MNV shares a similar genome organization with HuNV. Specifically, MNV
has an additional ORF (designated as ORF4) overlapping with ORF2, named as virulence factor (VF1).
Figure was adapted from (10).
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General Introduction

Norovirus experimental models

The lack of in vitro culture systems that allow for robust infection and replication of HUNV has
impeded of both understanding norovirus viral biology as well as of its interaction with human
immunity. Consequently the development of antivirals and vaccines has been minimal.
Nevertheless advances are made and the work towards establishment of cell culture models
that support HuUNV replication is gradually progressing. The HUNV Gll.4 strain has been
reported to have the capacity to infect human B cell lines, as deduced from a significant
increase in viral genomic copy numbers following inoculation, whereas this experimental
system also allowed the detection of the finding that HBGAs probably serve as a cofactor for
binding and attachment of HUNV to B cells (16). Generally speaking, the establishment of
human intestinal enteroids (HIEs) that contain multiple intestinal epithelial cell types,
advances our understanding of the human intestinal epithelium and such structures
constitute good culture systems for studying viral pathogenesis and viral-host interactions and
their potential for norovirus research was quickly recognized. Already in 2016, HIEs derived
from intestinal crypts were reported to support HuNV replication (17), and this observation
was exploited in subsequent studies using this culture model to successfully uncover novel
aspects of HUNV pathogenesis (18-20). Although HuNV replication following inoculation of
experimental animals has been reported in some animal species including chimpanzees,
gnotobiotic pigs, calves, and BALB/c Rag-y c-deficient mice, these animal models are not
suited for extensive experimentation and often only show viral replication of a short duration,
and it is fair to say that the impact of such animal laboratory studies has been limited (21-24).
Recently, studies have reported that HUNV Gl and Gll replicate and produce high titers in
zebrafish (Danio rerio) larvae, which would constitute a simple and robust replication model
and will facilitate studies of HUNV biology and development of antiviral strategies, even if
translation to the human situation will not always be evident due to the substantial
differences in biology and especially immunity between fish and mice (25). A replicon model
in the Huh7 cell line that stably expresses a HUNV RNA replicon was developed by Chang and
colleagues (26), and is currently widely used for studying antivirals against on HuNV
replication, including ribavirin, mycophenolic acid (MPA) and calcineurin inhibitors (27,28).
Further development of such models should prove instrumental for enlarging our insight in

norovirus biology and uncover novel leads for improved treatment of disease.

Vaccines and treatment against norovirus infection

Currently, several candidate norovirus vaccines are in development, utilizing virus-like
particles (VLPs), P particles, and recombinant adenoviruses as vectors for immune system

antigen education. There are, however, no licensed norovirus vaccines yet, although a bivalent
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Gl.1/GIl.4 VLP-based intramuscular vaccine (Phase Ilb) and a Gl.1 oral vaccine (Phase 1) are
currently undergoing evaluation in clinical trials, whereas others show promise in preclinical
investigations (29). For now, however, there are is evident lack of available vaccines or for that
matter specific antiviral treatment. The development of specific antiviral drugs against
norovirus infection may help bridge the time interval until effective vaccination becomes

available.

Some potential inhibitors against norovirus have been identified and their possible efficacy
for treating disease was demonstrated in relevant experimental models. For instance, ribavirin
has been widely studied in general and been shown to exhibit a broad antiviral activity against
multiple viruses, including norovirus (30). Clinical studies have reported that ribavirin
treatment resulted in complete viral clearance in a subset of norovirus-infected patients, but
treatment failure was observed as well (31). Thus the usefulness of this medication as
monotherapy remains in doubt. Favipiravir, also known as T-705, has been approved for the
treatment of influenza in Japan, and was repositioned to treat patients with Ebola virus
infection (32,33). The medication has also been shown to be effective against norovirus, but
its implementation in clinical practice for treating chronic norovirus infection is complicated
by the observation that the drug is mutagenic in both mice and in patients (34). More general,
despite the broad nature of clinical applications of various antiviral drug candidates, side
effects and off-target effects continue to be problematic issues. It is clear that further research

is necessary.
Host innate immune response following norovirus infection

Interferon (IFN)-mediated innate immune response provides a forward line of cell-
autonomous defense against viral infections. Early viral recognition is possible through the
presence of specific non-self motifs in viral particles that can bind pattern recognition
receptors (PRRs). Important representatives of such receptors are the RIG-I-like receptors
(RLRs) and Toll-like receptors (TLRs). RLRs mainly sense the viral replicative intermediates that
accumulate in the cytosol following RNA virus infection (35). Three RLR members, including
retinoic acid-inducible gene (RIG-1), melanoma differentiation associated gene 5 (MDA5) and
laboratory of genetics and physiology gene 2 (LGP2), are widely expressed in mammalian cells
and may all three contribute to defense against norovirus infection. All these three RLRs
contain a distinctive C-terminal domain (CTD) that is linked to a helicase domain via a so-called
‘pincer’ sequence whereas RIG-I and MDA5 also possess two caspase activation and
recruitment domains (CARDs) in their N-terminal domains (36). MDAS has been described to
act as a sensor that can recognize MNV infection (37). Silencing of RIG-I had no significant
effect on viral replication in the HUNV replicon Huh-7 cell model (38), but RIG-I overexpression

restricts norovirus replicon replication in this model, as well as MNV in human cells ectopically
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expressing viral receptor (39,40). Upon binding with viral RNA, the CARD domains of MDA5S
and RIG-I interact with the mitochondrial antiviral-signaling protein (MAVS, also known as IPS-
1, VISA, or Cardif) to activate signaling cascades that leading to nuclear translocation of
interferon-regulatory factors (IRFs, including IRF3 and IRF7) and nuclear factor kB (NF-kB),
which in turn trigger the production of IFNs and proinflammatory cytokines (Fig. 2). Both HUNV
and MNV are subject to cell-autonomous immune responses restricting viral replication, and

hence are sensitive to IFNs (20,41).

IFN-receptor
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Figure 2. Recognition of MNV infection and MNV-induced IFN response. Upon infection, MNV is

recognized by MDAS. The signals transduce through interaction with MAVS, and activates the
downstream transcriptional factors, including NF-kB and IRF3, leading to production of IFNs. TLR3 may
also participate in MNV recognition. Then, the released IFNs bind to their receptors and further
activate JAK/STAT signaling pathway, inducing transcription of hundreds of ISGs.

Activation of this signaling module, however, also provokes production and secretion of IFNs
and leading to further cell-autonomous immunity while also preparing neighboring cells for
viral attack through a paracrine mechanism. IFNs bind to plasma membrane transversing
receptors and the binding of the receptors to their cognate ligands provokes intracellular
activation of the Janus kinase/signal transducer and activator of transcription (JAK/STAT)
signaling pathway, culminating in the induction of transcription of hundreds of IFN-stimulated

genes (ISGs), and some of them are considered as ultimate antiviral effectors (42). For instance,
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the STAT1-dependent innate immune response has been reported to be sufficient to prevent
lethal MNV infection (43). IFN-stimulated gene 15 (ISG15) inhibits an early stage in the viral
life cycle located upstream of viral genome transcription, at the viral entry/uncoating step (44).
IFN-inducible GTPases, including the guanylate-binding proteins (GBPs), have recently been
reported to exert broad antiviral activity, and are important for IFN-y mediated inhibition of
MNYV replication by blocking the viral replication complexes formation (45,46). Thus a cell
autonomous network potentially capable of norovirus infection is present in mammalian

target cells for norovirus infection.

Indeed, TLRs can participate in such responses as well, recognizing the non-replicative
incoming viral nucleic acids and subsequently triggering the production of IFNs and other
cytokines, through different signal transduction cascades (35,36). Studies have demonstrated
that virus like particles (VLPs) from Gll.4 HuNV can induce activation of TLR2 and TLR5 (47).
The use of TLR agonists as therapeutics is a rapidly growing area of research, and some TLR
agonists (such as R-848, GS-9620 and R-837 for TLR7) have been reported to present anti-
norovirus activity (48). Consistently, TLR3 deficient mice have a slight increase in viral titers
upon MNV infection, indicating a minor tissue-specific role of TLR3 in vivo (37). Hence,
stimulation of TLR-mediated anti-viral immunity should be considered a potential avenue for

combating norovirus infection deserving further investigation.

The understanding of cell-autonomous immunity has recently gained a new impetus through
the recognition of the importance of the inflammasome in this process. The inflammasome is
located in the cytosol and is viewed as a multimeric signaling complex essential for
coordinating host cell immune responses in response to invading pathogens and associated
damage to the host. Accordingly, it is seen as critical for the initiation of both innate and
adaptive immunity following infection with RNA viruses (49,50). Upon detecting activating
signals, PRRs such as NLRP3 bind and engage the apoptosis-associated speck-like protein
containing a CARD (ASC) to recruit and activate pro-caspase-1. The activated caspase-1 further
cleaves pro-interleukin (IL)-1B and pro-IL-18 into the mature forms of IL-1 and IL-18, leading
to the release from cells and executing a form of inflammatory cell death known as pyroptosis
(49). Studies have reported that MNV persists much longer in NLRP6-deficient mice when
compared with wild-type mice (51). MNV infection activates NLRP3 inflammasome and
induces secretion of mature IL-1B in primary bone marrow-derived macrophages (BMDMs)
that primed with TLR2 agonist, and in STAT1-deficient BMDMs without TLR2 priming, while
blocking the NLRP3 inflammasome activation presents a beneficial effect with regard to MNV-
induced immunopathology in STAT1-deficient mice (52). The crosstalk between IFN immune
response and inflammasome activation in response to norovirus infection remains to be
studied.
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Aim of this thesis

Norovirus is the most common etiology of diarrheal iliness globally, causing both sporadic and
epidemic infection. The quantity and quality of host immune responses in response to
norovirus infection are essential for determining viral infection course and the clinical
outcomes. Thus, there is clear need for gaining better understanding of virus-host interactions
and to develop novel antiviral treatment against norovirus, which are the main aims of this

thesis.

Outline of this thesis

Currently, no vaccination or specific antiviral treatment is available against norovirus, and
consequently the virus inflicts globally untold misery and represents a clear global health
burden. On a quest to identify novel avenues for controlling norovirus infection, in Chapter 2,
| show that a nucleoside analogue, 2'-Fluoro-2'-deoxycytidine potently inhibits MNV
replication in macrophages, and exerts moderate inhibition on HUNV replication in HG23 cells.
Subsequently, | decided to identify the mechanisms the body uses for combating norovirus
infection. Pursuing this research direction in Chapter 3, | show that MNV infection induces IL-
1B transcription but not release of mature IL-1B. Pharmacological inflammasome inhibitors
slightly reverse the inflammasome activator lipopolysaccharide (LPS)-mediated inhibition of
viral replication. This antiviral effect mediated by LPS partially requires ISG induction mainly
through NF-kB and JAK-STAT signaling pathway in mouse macrophages.

Some ISGs are considered as ultimate antiviral effectors, and this class of ISGs includes
guanylate-binding proteins (GBPs). Their role in constraining norovirus infection remained
however enigmatic. Encouraged by the results obtained in my studies described in Chapter 3,
in Chapter 4, | characterize the anti-MNV effects of GBP2. | observe the ISG is important for
IFN-y—dependent anti-MNV activity in murine macrophages, and potently inhibits MNV
replication in HEK293T epithelial cells that are ectopically expressing MNV receptor (CD300If)
and thus susceptible to infection. Moreover, the viral replicase (NS7) antagonizes GBP2-
mediated antiviral effects, suggesting relevant evolutionary pressure of this ISG on norovirus
biology. As an ISG, MDA?S is an important cytoplasmic receptor sensing viral infection to trigger
interferon production, but its functionality in combating norovirus infection remains obscure,
prompting investigation in this respect. In Chapter 5, | show that human MDAS restricts
replication of several enteric viruses including HUNV. MDA5 overexpression induces some
antiviral ISG induction through IFN-like response, without triggering functional IFN production,
whereas blocking the JAK-STAT cascade only partially attenuates ISG induction and antiviral
function of MDAS. Encouraged by these findings and prompted by the description of

regulation of viral replicases of RLRs-mediated IFN responses in Chapter 6, | investigate the
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regulation of MNV NS7 on human RIG-I and MDA5 mediated antiviral immune response. |
show that viral NS7 enhances RIG-I and MDAS5-triggered antiviral IFN response, which
conceivably involves interactions with the caspase activation and recruitment domains
(CARDs) of RIG-I and MDAS. Accordingly, RIG-1 and MDAS exert anti-MNV activity in human
HEK293T cells expressing CD300If, and this effect is further enhanced by NS7 overexpression,

yielding further detailed insight into how the epithelium combats norovirus infection.

A last issue that | needed to address was clarifying the potential involvement of cGAS-STING
regulation in response to RNA virus infection. Thus in Chapter 7, | investigate the role of cGAS-
STING in the responses to MNV infection. | show knocking out mouse cGAS or STING leads to
defects in induction of antiviral ISGs upon MNV infection and enhances viral replication in
mouse macrophages, whereas cGAS and STING overexpression moderately increases I1SG
transcription but potently inhibits MNV replication in human HEK293T cells that ectopically
expressing CD300If. | further characterize that STING but not cGAS interacts with mouse RIG-

I, and attenuates its N-terminus of RIG-I mediated antiviral effects.

Thus overall, | feel my studies significantly enhance our insight into the intricacies of host
responses to norovirus infection, and | hope my studies will allow better development of

antiviral strategies against norovirus infection.
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Abstract

Noroviruses are the main causative agents for acute viral gastroenteritis worldwide. However,
no vaccination or specific antiviral treatment is available, imposing a heavy global health
burden. The nucleoside analogue 2'-Fluoro-2'-deoxycytidine (2’-FdC) has been reported to
exert broad antiviral activities. Here, we report that 2’-FdC significantly inhibits murine
norovirus replication in macrophages. This effect was partially reversed by exogenous
supplementation of cytidine triphosphate. The combination of 2’-FdC with mycophenolic acid,
ribavirin or favipiravir (T705), exerts synergistic antiviral effects. Our results indicate that 2’-

FdC serves as a potential candidate for antiviral drug development against norovirus infection.

Keywords: 2'-Fluoro-2'-deoxycytidine, norovirus, replication, ISG, antiviral drug
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Introduction

Human norovirus (HuNV) is a non-enveloped, positive single-stranded RNA virus [1]. Recently,
noroviruses have been classified into at least 10 genogroups (GI-GX) on the basis of the VP1
amino acid sequence diversity [2]. Of these, viruses in the Gl, Gll, GIV, GVIII and GIX
genogroups can infect humans and are a major cause of acute epidemic viral gastroenteritis
worldwide [2]. It is estimated that noroviruses are responsible for 699 million gastroenteritis
cases per year [3], and 200,000 deaths in children under 5 years of age in developing countries
[4]. Although norovirus gastroenteritis is usually self-limiting, it has been recognized as an
emerging burden in immunocompromised populations, particularly transplant recipients [5,
6]. However, research into HUNV infection has been hampered by the lack of availability of
robust experimental models sustaining viral infection. Murine norovirus (MNV), capable of
replicating in both cell culture and small-animal models, shares similar traits with HUNV in
structural and genetic features, and has thus been widely used as a surrogate model [7, 8]. To
date, no vaccination or specific antiviral treatment is available and clinical management is
restricted to supportive care and oral rehydration. Thus, the development of specific antiviral

drugs for norovirus infection is urgently needed.

Currently, potential inhibitors of noroviruses have been identified and some of these have
been demonstrated efficacy in experimental models. Ribavirin has been widely studied and
exhibits broad antiviral activity against multiple viruses including hepatitis C virus (HCV) [9],
hemorrhagic fever virus [10], hepatitis E virus [11, 12], and norovirus [13]. Clinical studies have
reported that ribavirin treatment resulted in complete viral clearance in a subset of norovirus
infected patients, but treatment failure have occurred in two cases [14]. We previously have
demonstrated that mycophenolic acid (MPA), a potent inhibitor of IMP dehydrogenase
(IMPDH), can inhibit norovirus replication in cell culture [15]. Favipiravir, also known as T-705,
has been approved for the treatment of influenza in Japan, and was repositioned to treat
patients with Ebola virus infection [16, 17]. It has been shown to be effective against norovirus
but the treatment can induce mutagenesis in mice and in patients, challenged the application

of favipiravir for treating chronic norovirus infection [18].

Recently, 2’-fluoro-2’-deoxycytidine (2’-FdC), also known as 2’-deoxy-2’-fluorocytidine, has
been reported to exert broad antiviral activity against HCV, Lassa virus, Crimean-Congo
hemorrhagic fever virus and bunyaviruses [19-22]. Given the success of 2’-FdC against the
abovementioned viruses, we aimed to investigate the potential antiviral activity of this

compound against MNV replication
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Materials and Methods

Reagents

2’-fluoro-2’-deoxycytidine was purchased from Biosynth Carbosynth and dissolved in
Dimethyl sulfoxide (DMSO, Sigma, Zwijndrecht, the Netherlands). MPA (Sigma), ribavirin (Bio-
Connect BV), T705 (BioVision), cytidine triphosphate (CTP; Sigma), guanosine triphosphate
(GTP; Sigma), human IFN-a (Thermo Scientific, the Netherlands) and JAK inhibitor 1 (Santa
Cruz Biotechnology, USA) were used. Rabbit polyclonal antisera to MNV NS1/2 [23] was kindly
provided by Prof. Vernon K. Ward (School of Biomedical Sciences, University of Otago, New
Zealand). B-actin antibody (#sc-47778) was purchased from Santa Cruz Biotechnology. IRDye®
800CW-conjugated goat anti-rabbit and goat anti-mouse IgGs (Li-Cor Bioscience, Lincoln, USA)
were used as secondary antibodies, as appropriate.

Cells and viruses

RAW264.7 and J774A.1 were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Lonza
Verviers, Belgium) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum (FCS;
Hyclone, Logan, UT, USA), 100 pg/mL of streptomycin, and 100 IU/mL of penicillin. Murine
norovirus strains MNV-1 (MNV-1.CW1), the acutely cleared strain MNVV3 and the persistent
strain MNVR®, were produced by consecutively inoculating the virus (kindly provided by Prof.
Herbert Virgin, Department of Pathology and Immunology, Washington University School of
Medicine) into RAW264.7 cells [24]. Human Huh7 hepatocellular carcinoma cells harboring a
genotype 1 HUNV replicon (HG23) were kindly provided by Dr. Kyeong-Ok Chang (Kansas State
University) [25]. A neomycin resistant gene was engineered into ORF2, conferring HG23
resistance to neomycin. Gentamicin (G418; Gibco) was added to HG23 culture medium at 0.5

mg/mL for selection before experimentation.

TCID50

MNV was quantified by TCID50 assay. Briefly, 10-fold dilutions of MNV were inoculated into
RAW?264.7 cells grown in 96-well tissue culture plate at 1,000 cells/well. The plate was
incubated at 37°C for another 5 days, followed by observing the cytopathic effect (CPE) of
each well under a light scope. The TCID50 was calculated by using the Reed-Muench method.

Antiviral assay with MNV

The antiviral assay with MNV was initiated by inoculating the virus into RAW264.7 or J774A.1
cells at a multiplicity of infection (MOI) of 1. After 1 h of infection, cells were washed with

phosphate-buffered saline (PBS) for two times to remove free viruses and were subsequently

19| Page




Chapter 2

treated with indicated compounds. For combination assay, RAW264.7 cells were infected with
the virus for 1 h, then refreshed with the meidum containing 2’-FdC, MPA, ribavirin or T705
alone or in combination, with indicated concentrations. After 20 h of treatment, total RNA,
protein and the supernatant samples were collected and further analyzed by qRT-PCR,
western-blotting and TCID50 assay, respectively.

qRT-PCR

Total RNA was isolated with a Macherey NucleoSpin RNA 11 Kit (Bioke, Leiden, The Netherlands)
and quantified with a Nanodrop ND-1000 (Wilmington, DE, USA). cDNA was synthesized from
500 ng of RNA using a cDNA synthesis kit (TaKaRa Bio, Inc., Shiga, Japan). The cDNA of all
targeted genes were quantified by SYBR-Green-based (Applied Biosystems) real-time PCR on
the StepOnePlusTM System (Thermo Fisher Scientific LifeSciences) according to the
manufacturer’s instructions. Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and murine GAPDH genes were used as reference genes to normalize gene expression. The
relative expression of targeted gene was calculated as 2-AACT, where AACT = ACTsample -
ACTcontrol (ACT = CT[targeted gene] - CT[GAPDH]). All primer sequences are listed in
supplementary table 1.

Western blotting

Cultured cells were lysed in Laemmli sample buffer containing 0.1 M DTT and heated 5 mins
at 95 °C, then loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Then proteins were electrophoretically transferred onto a polyvinylidene
difluoride (PVDF) membrane (pore size, 0.45 pM; Invitrogen) for 2 h with an electric current
of 250 mA. Subsequently, the membrane was blocked with a mixture of 2.5 mL blocking buffer
(Odyssey) and 2.5 mL PBS containing 0.05% Tween 20 for 1 h, followed by overnight
incubation with primary antibodies (1:1000) at 4 °C. The membrane was washed three times
and then incubated with IRDye-conjugated secondary antibody (1:5000) for 1 h. After washing
three times, protein bands were detected with the Odyssey 3.0 Infrared Imaging System (Li-

Cor Biosciences).
Confocal fluorescence microscopy

RAW?264.7 or J774A.1 cells infected with MNV-1 (MOI 1) for 1 h, then refreshed with culture
medium containing different concentrations of 2’-FdC in p-slide 8-well chamber (Cat. no.
80826; ibidi GmbH) for 20 h. The cells were fixed with 4% paraformaldehyde in PBS,
permeablized with 0.2% Triton X-100, blocked with 5% skim milk for 1 h, reacted with the
rabbit polyclonal antisera to MNV NS1/2, and stained with 4’,6-diamidino-2-phenylindole
(DAPI). Secondary antibody anti-rabbit 1gG (H+L), F(ab')2 Fragment (Alexa Fluor® 488
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conjugate) was used. Imaging was performed on a Leica SP5 confocal microscopy using a 63x

oil objective.
IC50 and CC50 calculation

The 50% inhibitory concentration (IC50) value and 50% cytotoxic concentration (CC50) were
calculated based on the model Y%Bottom p (Top-Bottom)/ (1 p 10~((LogIC50-X)*HillSlope))
using GraphPad Prism 5 software (GraphPad Prism 5; GraphPad Software Inc., La Jolla, CA,
USA).

MTT assay

Cells were seeded into 96-well tissue culture plates and cell viability was assessed by adding
10 mM 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma,
Zwijndrecht, the Netherlands). After 3 h, the medium was replaced with 100 uL of DMSO and
was incubated at 37°C for 50 mins. The absorbance at 490 nm was recorded on the microplate
absorbance reader (Bio-Rad, CA, USA).

Statistical analysis

Data are presented as the mean £ SEM. Comparisons between groups were performed with
Mann-Whitney test using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA).

Differences were considered significant at a P value less than 0.05.

Results and discussion

To test the potential anti-norovirus activity of 2’-FdC, we used the surrogate model murine
norovirus. We found that 2’-FdC significantly decreased the viral RNA and NS1/2 protein
expression of MNV-1 in RAW264.7 cells, a murine macrophage cell line that is susceptible for
MNYV propagation (Fig. 1A and 1B). The inhibitory effects was further confirmed as shown the
decreased viral NS1/2 expression by confocal fluorescence microscopy (Fig. 1C). Moreover,
the viral titer was decreased by 2’-FdC (100 uM) treatment (Fig. 1D). To further examine the
antiviral effects, another murine macrophage cell line J774A.1 cells was used, and similar
inhibitory effect of 2’-FdC against MNV-1 replication was found as shown the attenuated viral

RNA and NS1/2 protein expression (supplementary Fig. 1).
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Figure 1. 2’-FdC exerts anti-MNV activity in RAW264.7 cells. RAW264.7 cells were infected with MNV-
1 (MOI 1) for 1 h, then refreshed with culture medium containing different concentrations of 2’-FdC
for 20 h. (A) The viral RNA level and (B) NS1/2 protein expression were analyzed by qRT-PCR (n = 6)
and western blotting, respectively. (C) RAW264.7 cells were infected with MNV-1 (MOI 1) for 1 h, then
refreshed with culture medium containing different concentrations of 2’-FdC for 20 h. The viral NS1/2
protein expression was analyzed by confocal assay. (D) RAW264.7 cells were infected with MNV-1 (MOI
1) for 1 h, then untreated or treated with 2’-FdC (100 uM) for 20 h. The viral titers were determined
by TCID50 assay (n = 6). RAW264.7 cells were infected with (E) MNV"3 or (F) MNV® at a MOl of 1
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for 1 h, then untreated or treated with 2’-FdC (10 uM and 100 uM, respectively) for 20 h. The viral RNA
level and NS1/2 protein expression were analyzed by qRT-PCR (n = 6) and western blotting, respectively.
(G) RAW264.7 cells were uninfected or infected with MNV-1 (MOI 1) for 1 h, then untreated or treated
with different concentrations of 2’-FdC for 20 h. The 50% cytotoxic concentration (CC50) (n = 16) and
50% inhibition concentration (IC50) (n = 4-6) against viral replication were calculated using GraphPad
Prism 5 software. Data were normalized to the untreated control (set as 1). **P < 0.01. B-actin was
used as a loading control. For immunoblot results (E and F), band intensity of NS1/2 protein in each
lane was quantified by Odyssey software, and the quantification results were normalized to B-actin

expression (control, set as 1).

With 2’-FdC emerging as a potential anti-MNV candidate, we further evaluated this antiviral
effect on another two MNV strains with distinct biological behaviors, the acutely cleared strain
MNVW3 and the persistent strain MNVCRé, Notably, 2’-FdC inhibited viral RNA replication and
protein expression of both viral strains (Fig. 1E and 1F), respectively. In addition, the IC50 value
of 2’-FdC against MNV-1 replication in RAW264.7 cells was 20.92 uM (Fig. 1G), and CC50 of 2’-
FdC to RAW264.7 cells was 1.768 mM (Fig. 1G). Moreover, we tested the antiviral effects of
2’-FdC on HuNV by using the HG23 cells harboring HuNV replicon, and found moderate

inhibition on viral replication (Supplementary Fig. 2).

Nucleoside analogues have been reported to harnessing antiviral interferon response [13, 26].
Since interferon-stimulated genes (ISGs) are considered as the ultimate effectors against viral
infection. However, we found that 2’-FdC did not significantly trigger ISG expression
(supplementary Fig. 3A). By using a JAK inhibitor, we found that the inhibition of viral RNA
level by 2’-FdC was not affected (supplementary Fig. 3B), suggesting that the antiviral effect
of 2’-FdC does not require ISG induction. Theoretically, nucleoside analogues exert potential
antiviral activity because they bind to the viral RNA polymerase active site to impede viral
replication. Since 2’-FdC is an analogue of cytidine and fluorine is isosteric with a hydroxyl
group, chemical conversion of 2’-FdC to the corresponding 2’-FdC-triphosphate (FACTP)
presented antiviral ability against HCV possibly targeting the viral NS5B enzyme [20]. Thus, we
performed a competition assay by using CTP and GTP. Consistently, the results showed that
CTP partially reversed the inhibitory effects of 2’-FdC on MNV replication from the viral RNA
and protein levels (Fig. 2A and 2B), as well as the viral titers (Fig. 2D). In contrast, no significant
effect of GTP on 2’-FdC mediated inhibition of viral replication was observed (Fig. 2C and 2D).
Interestingly, we found that both CTP and GTP decreased the viral RNA level and NS1/2 protein
expression (Fig. 2A-2D). It has been shown that MNV infection can induce viperin transcription
in RAW264.7 cells [27], and viperin can convert CTP into 3’-deoxy-3’,4’-didehydro-CTP
(ddhCTP), which can act as a chain terminator for the RNA-dependent RNA-polymerases and
inhibit replication of ZIKA virus [28]. Moreover, exogenous CTP/GTP might complete with the
endogenous usage of CTP/GTP for MNV replication [29]. These mechanism-of-actions might
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partially explain the effects on MNV. These results suggested a potential mechanism of action
of 2’-FdC against MNV, and it needs to be further investigated whether 2’-FdC exerts anti-
MNYV activity by targeting the viral replicase.
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Figure 2. CTP but not GTP reverses 2’-FdC mediated inhibition of MNV replication. RAW264.7 cells
were infected with MNV-1 (MOI 1) for 1 h, then untreated or treated with 2’-FdC, CTP or combinations
with indicated concentrations for 20 h. (A) The viral RNA and (B) NS1/2 protein expression were
analyzed by gRT-PCR (n = 6) and western blotting, respectively. RAW264.7 cells were infected with
MNV-1 (MOI 1) for 1 h, then untreated or treated with 2’-FdC, GTP or combinations with indicated
concentrations for 20 h. (C) The viral RNA and (D) NS1/2 protein expression were analyzed by qRT-PCR
(n = 6) and western blotting, respectively. (E) RAW264.7 cells were infected with MNV-1 (MOI 1) for 1
h, then untreated or treated with 2’-FdC (100 uM), CTP (100 uM), GTP (100 uM) or combinations for
20 h. The viral titers were determined by TCID50 assay (n = 4). Data were normalized to the untreated
control (set as 1). *P < 0.05; **P < 0.01. ns; not significant. B-actin was used as a loading control. For
immunoblot results (B and D), band intensity of NS1/2 protein in each lane was quantified by Odyssey

software, and the quantification results were normalized to B-actin expression (control, set as 1).
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Figure 3. Synergistic anti-MNV effects of 2’-FdC with MPA, ribavirin or T-705. (A) RAW264.7 cells were
infected MNV-1 (MOI 1) for 1 h, then untreated or treated with 2’-FdC and MPA with indicated
concentrations for 20 h, alone or in combination. The combinatory effect of 2’-FdC and MPA on viral
replication was analyzed by using qRT-PCR assay (n = 4) and the mathematical model MacSynergy. (B)
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RAW264.7 cells were infected MNV-1 (MOI 1) for 1 h, then untreated or treated with 2’-FdC and
ribavirin with indicated concentrations for 20 h, alone or in combination. The combinatory effect of 2’-
FdC and ribavirin on viral replication was analyzed by using qRT-PCR assay (n = 2-4) and the
mathematical model MacSynergy. (C) RAW264.7 cells were infected MNV-1 (MOI 1) for 1 h, then
untreated or treated with 2’-FdC and T705 with indicated concentrations for 20 h, alone or in
combination. The combinatory effect of 2’-FdC and T705 on viral replication was analyzed by using
gRT-PCR assay (n = 4) and the mathematical model MacSynergy. The three-dimensional surface plot
represents the differences (within 95% confidence interval) between actual experimental effects and
theoretical additive effects of the combination at various concentrations of the two compounds.
RAW?264.7 cells were infected MNV-1 (MOI 1) for 1 h, then untreated or treated with 2’-FdC and MPA,
ribavirin, or T705 with indicated concentrations for 20 h, alone or in combination. (D) The viral RNA
level and NS1/2 protein expression, and (E) viral titers were analyzed by qRT-PCR (n = 4; data were
derived from A, B and C), western blotting, and TCID50 (n = 4) assays, respectively. (F) RAW264.7 cells
were untreated or treated with 2’-FdC (50 uM), MPA (1 uM), ribavirin (20 uM), T705 (20 pg/ml) or in
combinations for 20 h. The cytotoxicity was determined by MTT assay (n = 16). *P < 0.05. B-actin was
used as a loading control. For immunoblot results (D), band intensity of NS1/2 protein in each lane was
qguantified by Odyssey software, and the quantification results were normalized to B-actin expression
(control, set as 1).

Since MPA, ribavirin and T705 have been reported to have anti-norovirus activity, a combined
treatment of 2’-FdC with these compounds might be envisaged. To achieve better antiviral
efficacy, we evaluated the combinatory antiviral effects of 2’-FdC with MPA by using the
mathematical model MacSynergy [30]. Surprisingly, the results showed a moderate synergistic
antiviral effect (36.57 uM?%), which is greater than either 2’-FdC or MPA alone (Fig. 3A).
Similar synergistic antiviral effects were observed when combining with ribavirin (99.18 pM?%)
or T705 (112.47 uM?%) (Fig. 3B and 3C). To further confirm the synergistic antiviral effects, we
evaluated viral protein expression and viral titers by using the high concentrations of the
antivirals without major cytotoxicities (Fig. 3F). As shown in Fig. 3D and 3E, the viral NS1/2
protein expression and viral titers were further decreased by combination of the antivirals,
supporting the synergistic antiviral effects of 2’-FdC with MPA, ribavirin or T705 against MNV

replication.

Despite the wide clinical applications, potential side effects or unintended off-target effects
should be considered for clinical usage of nucleoside analogues. Induction of mutagenesis by
T705 treatment in patients has raised question for treating chronic norovirus infection [18].
Previous studies have reported that 2’-FdC exhibits delayed toxicity after prolonged exposure
in 6- or 7-day assays, and no adverse clinical effects were observed in rats and woodchucks
after 90 days of treatment [20]. Several derivatives of 2’-FdC have exerted promise as anti-
HCV drugs with progress to clinical trials [31, 32]. However, due to the potential mitochondrial

toxicity, long-term adverse effects of 2’-deoxynucleoside analogues treatment remain to be
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concerned [33]. Thus, although 2’-FdC is an interesting antiviral compound, the potential

adverse effects as well as combination with other compounds, should be carefully evaluated

in future studies.

In conclusion, 2’-FdC exerts potent anti-MNV effects in macrophages. Importantly, 2’-FdC acts

synergistically with the well-known antivirals including MPA, ribavirin and T705. Further

studies are still required for evaluation of antiviral effects against HUNV infection in robust

models by 2’-FdC or its derivatives. Nevertheless, our results have suggested that 2’-FdC can

serve as a potential backbone for anti-norovirus drug design.
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Supplementary Table 1. Primers used for gRT-PCR.

Gene F-sequence (5’to 3’) R-sequence (5’ to 3’)

MNV-1 CACGCCACCGATCTGTTCTG GCGCTGCGCCATCACTC

MGAPDH TTCCAGTATGACTCCACTCACGG TGAAGACACCAGTAGACTCCACGAC
mSTAT1  GCCTCTCATTGTCACCGAAGAAC TGGCTGACGTTGGAGATCACCA
miISG15  TGACGCAGACTGTAGACACG TGGGGCTTTAGGCCATACTC
mMX1 GGGGAGGAAATAGAGAAAATGAT GTTTACAAAGGGCTTGCTTGCT
mMX2 CCAGTTCCTCTCAGTCCCAAGATT  TACTGGATGATCAAGGGAACGTGG
mGBP2 ACCAGCTGCACTATGTGACG TCAGAAGTGACGGGTTTTCC
mIRF1 CAGAGGAAAGAGAGAAAGTCC CACACGGTGACAGTGCTGG

mIFIT1 CCATAGCGGAGGTGAATATC GGCAGGACAATGTGCAAGAA
hGAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT
HuNV? CGYTGGATGCGNTTYCATGA CTTAGACGCATCATCATTYAC

Y=C+T;R=A+G; W=A+T; N=any
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Abstract

The inflammasome machinery has recently been recognized as an emerging pillar of innate
immunity. However, little is known regarding the interaction between the classical interferon
(IFN) response and inflammasome activation in response to norovirus infection. We found
that murine norovirus (MNV-1) infection induces the transcription of IL-1B, a hallmark of
inflammasome activation, which is further increased by inhibition of IFN response, but fails to
trigger the release of mature IL-1B. Interestingly, pharmacological inflammasome inhibitors
do not affect viral replication, but slightly reverse the inflammasome activator
lipopolysaccharide (LPS)-mediated inhibition of MNV replication. LPS efficiently stimulates the
transcription of IFN-B through NF-kB, which requires the transcription factors IRF3 and IRF7.
This activates downstream antiviral IFN-stimulated genes (ISGs) via the JAK-STAT pathway.
Moreover, inhibition of NF-kB and JAK-STAT signaling partially reverse LPS-mediated anti-
MNV activity, suggesting additional antiviral mechanisms activated by NF-kB. This study

reveals additional insight in host defense against MNV infection.

Keywords: norovirus, inflammasome, interferon, lipopolysaccharide, macrophages
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Introduction

Norovirus is a major cause of epidemic nonbacterial gastroenteritis worldwide. Currently, no
vaccination or specific antiviral treatment is available except for supportive care and
supplementation of fluids, exerting a great global economic burden and significant impact on
public health (1). The lack of a robust human norovirus (HUNV) cell culture system is a key
bottleneck for norovirus research. Recent studies have achieved some success in culturing
HuNV in intestinal enteroid or B cells with modest viral replication level (2,3), and in zebrafish
larvae (4) and human induced pluripotent stem cell-derived intestinal epithelial cells (5), but
these systems have not been widely used. A HUNV subgenomic replicon model in Huh7 cell
line is widely used, for instance for antiviral drug evaluation (6). Murine norovirus (MNV),
permissive for replication in both cell culture and small-animal models, shares similar
structural, biochemical and genetic features with HuNV, and thus has become a useful model

for studying norovirus biology and associated pathology (7,8).

Innate immune response provides the first line of defense against viral infection through the
recognition of pathogen associated molecular patterns (PAMPs) by its pattern recognition
receptors (PRRs) including the recognized Toll-like receptors (TLRs), NOD-like receptors (NLRs),
RIG-I like receptor (RLRs) and the cyclic GMP-AMP synthase (cGAS) (9). During viral replication,
the accumulated nucleic acids within cells can be sensed by certain PRRs, and then rapidly
activate the following intracellular transcription factors such as nuclear factor-kB (NF-kB) and
IFN-regulatory factors (IRF3 and IRF7), leading to secretion of cytokines and chemokines
including IFNs (10). The released IFNs bind to their receptors on the cell surface, and in turn
activate Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling
pathway and further induce transcription of hundreds of IFN-stimulated genes (ISGs). A subset
of ISGs are ultimate antiviral effectors limiting viral replication and spread (11). More recently,
the inflammasome signaling has also been reported to exert a central role in the regulation of
gastrointestinal health and disease (12). Inflammasomes are multiprotein complexes that
induce downstream immune responses to specific pathogens and host cell damage (13). Once
activated, inflammasomes can induce the activation of caspases and release of mature
interleukin-1B (IL-1B) and IL-18, and execute a form of inflammatory cell death known as

pyroptosis (12,13).

Lipopolysaccharide (LPS) is an important structural component of the outer membrane of
gram-negative bacteria, acting as a potent inflammasome activator. Upon LPS recognition,
TLR4 signaling can be activated by undergoing oligomerization and recruiting its downstream
adaptors through interactions with the TIR (Toll-interleukin-1 receptor) domains, which
further induces the proinflammatory cytokine expression and IFNs secretion through myeloid

differentiation primary response gene 88 (MyD88)-dependent or MyD88-independent
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pathways (14). Moreover, LPS has been reported to associate with non-canonical
inflammasome activation by binding with caspase 11 and then cleaving gasdermin D to induce
pyroptotic cell death (15).

Inflammasome activation is essential in controlling viral infection, such as rotavirus and
influenza virus (16,17). Previous studies have reported that MNV-1 was rapidly cleared in wild-
type mice (18), but persisted much longer in NLRP6-deficient mice (19), suggesting the
potential involvement of inflammasome activation in norovirus infection. A recent study has
revealed that MNV infection induced secretion of mature IL-1B by activating NLRP3
inflammasome in primary bone marrow-derived macrophages (BMDMs) that primed with
TLR2 agonist, and in STAT1 deficient BMDMs that without TLR2 priming (20). In this study, we
investigated whether the IFN and inflammasome machineries interact and collectively

respond to norovirus infection, and LPS-mediated anti-norovirus response.

Materials and methods

Reagents

Human IFN-a (Thermo Scientific, the Netherlands) and mouse IFN-y (ab9922, Abcam) were
dissolved in PBS. Lipopolysaccharide (LPS; L6529, Sigma) and adenosine 5-triphosphate
disodium salt hydrate (ATP; A3377, Sigma) were dissolved in PBS. Stocks of JAK inhibitor 1
(Santa Cruz Biotech, CA), Bayer 11-7085 (Santa Cruz Biotech, CA), MCC950 (inh-mcc, Invivogen)
and Ac-YVAD-cmK (inh-yvad, Invivogen) were dissolved in DMSO. Antibodies against phospho-
STAT1 (Ser727) (#9177), STAT1 (#9172), MDAS (D74E4, #5321) and IRF1 (D5E4, #8478), were
purchased from Cell Signaling Technology. GBP2 antibody (11854-1-AP) was purchased from
Proteintech. Rabbit polyclonal antisera to MNV NS1-2 (21) was kindly provided by Prof.
Vernon K. Ward (School of Biomedical Sciences, University of Otago, New Zealand). B-actin
antibody (#sc-47778) was purchased from Santa Cruz Biotechnology. IRDye® 800CW-
conjugated goat anti-rabbit and goat anti-mouse IgGs (Li-Cor Bioscience, Lincoln, USA) were

used as secondary antibodies, as appropriate.
Cell culture and viruses

RAW264.7 and J774A.1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,;
Lonza Verviers, Belgium) supplemented with 10% (vol/vol) heat-inactivated fetal calf serum
(FCS; Hyclone, Logan, UT, USA), 100 pg/mL of streptomycin, and 100 IU/mL of penicillin.

Human Huh7 hepatocellular carcinoma cells harboring a genotype 1 HuNV replicon (HG23)
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were kindly provided by Dr. Kyeong-Ok Chang (Kansas State University) (6). A neomycin
resistant gene was engineered into ORF2, conferring HG23 resistance to neomycin.
Gentamicin (G418; Gibco) was added to HG23 culture medium at 1.5 mg/mL for selection
before experimentation. Mouse embryonic fibroblast cells (MEFs) (WT, NF-kB7- and IRF3/77")
were kindly provided by Dr. Sanna M. Makela (National Institute for Health and Welfare Viral
Infections Unit, Helsinki, Finland) with the permission of Dr. Michael J. Gale and Dr. A.
Hoffmann (22). Wild-type (WT) MEFs and MEFs from STAT1”- mice were generously provided
by Prof. Andrea Kréger (Helmholtz Centre for Infection Research) (23).

MNV-1 (murine norovirus strain MNV-1.CW1) was produced by inoculating the virus (kindly
provided by Prof. Herbert Virgin, Department of Pathology and Immunology, Washington
University School of Medicine) into RAW264.7 cells (7). The MNV-1 cultures were purified,
aliquoted, and stored at -80 ‘C for all subsequent experiments. The MNV-1 stock was

guantified three independent times by the 50% tissue culture infective dose (TCID50).
TCID50

MNV-1 was quantified by TCID50 assay (24). Briefly, 10-fold dilutions of MNV-1 were
inoculated into RAW264.7 cells grown in 96-well tissue culture plate at 1,000 cells/well. The
plate was incubated at 37°C for another 5 days, followed by observing the cytopathic effect
(CPE) of each well under a light scope. The TCID50 was calculated by using the Reed-Muench

method.
MNV-1 infection in macrophages

To determine whether MNV-1 infection could activate the inflammasome, RAW264.7 (1X10°
cells/well) and J774A.1 (1X10° cells/well) cells were plated at 12-well plate and were rested
for 24 h at 37°C. Cells were then either left uninfected or infected with MNV-1 at indicated
multiplicity of infection (MOI) for 1 h at 37°C. The MNV-1 inoculum was removed and the cells
were washed three times with phosphate-buffered saline (PBS), and fresh medium was added
back onto cells. LPS and ATP treated cells were set as positive control. Total RNA and cell

supernatant samples were prepared at indicated time and stored at -80 °C before use.

For MNV-1 antiviral assay, RAW264.7 and J774A.1 cells were either left untreated or treated
with LPS, IFN-y or combination with indicated compounds for 6 h before inoculation with
MNV-1 at 1 MOI. After 1 h inoculation, the cells were washed with PBS for three times to
remove the residual viruses, and control medium or medium supplemented with LPS or mouse
IFN-y was added back onto cells. After 24 h of infection, total RNA, protein and supernatant

samples were collected from the cells for further analysis.
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HuNV antiviral assay

Twenty-four hours before experimentation, HG23 cells were cultured in the medium without
gentamicin. HG23 cells were seeded into 48-well tissue culture plates (2.5 x 10% cells per well),
treated with different concentrations of LPS or human IFN-a. After 48 h of treatment, total

RNA was extracted from cells, and HuNV replication was determined by gRT-PCR analysis.
Enzyme-linked immunosorbent assay (ELISA)

Supernatant was analyzed for cytokine IL-1f secretion by an ELISA kit (KMC0012; Invitrogen)
according to manufacturer’s instructions. The absorbance was measured at 450 nm in an

automatic microplate reader. Results were calculated based on a standard curve.
Quantitative real-time polymerase chain reaction

Total RNA was isolated with a Macherey NucleoSpin RNA |l Kit (Bioke, Leiden, The Netherlands)
and quantified with a Nanodrop ND-1000 (Wilmington, DE, USA). During RNA isolation, DNase
was added to remove genomic DNA according to the manufacturer’s instructions. cDNA was
synthesized from 500 ng of RNA using a cDNA synthesis kit (TaKaRa Bio, Inc., Shiga, Japan).
The cDNA of all targeted genes transcript were quantified by SYBR-Green-based (Applied
Biosystems) real-time PCR on the StepOnePlus™ System (Thermo Fisher Scientific Life
Sciences) according to the manufacturer’s instructions. Human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and murine GAPDH genes were used as reference genes to normalize
gene expression. The relative expression of targeted gene was calculated as 2"22¢T, where AACt
= ACrsample - ACrcontrol (ACr = Cr[targeted gene] - Cf[GAPDH]). All primer sequences are
listed in Supplementary Table 1 and Table 2.

Western blotting

Cultured cells were lysed in Laemmli sample buffer containing 0.1 M DTT and heated 5 mins
at 95 °C, then loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel, then proteins were electrophoretically transferred onto a polyvinylidene
difluoride (PVDF) membrane (pore size, 0.45 uM; Invitrogen) for 2 h with an electric current
of 250 mA. Subsequently, the membrane was blocked with a mixture of 2.5 mL blocking buffer
(Odyssey) and 2.5 mL PBS containing 0.05% Tween 20 for 1 h, followed by overnight
incubation with primary antibodies (1:1000) at 4 °C. The membrane was washed 3 times and
then incubated with IRDye-conjugated secondary antibody (1:5000) for 1 h. After washing 3
times, protein bands were detected with the Odyssey 3.0 Infrared Imaging System (Li-Cor

Biosciences).
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MTT assay

Cells were seeded into 96-well tissue culture plates and cell viability was assessed by adding
10 mM 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma,
Zwijndrecht, the Netherlands). After 3 h, the medium was replaced with 100 pL of DMSO and
was incubated at 37°C for another 50 mins. The absorbance at 490 nm was recorded on the

microplate absorbance reader (Bio-Rad, CA, USA).
Statistical analysis

Data are presented as the mean £ SEM. Comparisons between groups were performed with
Mann-Whitney test using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA).
Differences were covnsidered significant at a P value less than 0.05.

Results

MNV-1 infection did not induce the release of mature IL-1B, but increased its
mRNA expression, which was further augmented by inhibition of IFN pathway

in macrophages

To investigate whether MNV-1 can activate inflammasome, J774A.1 cells were used because
of its permissiveness for MNV-1 infection and competence in inflammasome activation (7,25).
We first determined the expression of IL-1B and IL-18 as markers of inflammasome activation
in J774A.1 cells treated with LPS (the component in the outer membrane of gram-negative
bacteria) and ATP, the potent activators for inflammasome activation. We found that under
stimulation by LPS and ATP, the mRNA and protein levels of IL-1B were significantly increased
(Fig. 1A-1C), and IL-18 mRNA level was moderately elevated (Fig. 1A). Although the IL-1B
mMRNA level was modestly elevated in MNV-1 infected J774A.1 cells (Fig. 1B), no significant
differences in IL-1B protein level were observed in the supernatant of these cells (Fig. 1C). We
confirmed active viral infection by detecting the viral NS1/2 protein in J774A.1 cells (Fig. 1D).
In another macrophage cell line RAW264.7 cells, the IL-1B and IL-18 mRNA levels were hardly
changed upon MNV-1 infection (Supplementary Fig. 1). However, treatment with LPS and ATP
also failed to induce the expression of these genes (Supplementary Fig. 1A and 1B), indicating
possible defects of the inflammasome machinery in RAW264.7 cells, which is consistent with

a previous study (26).
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Figure 1. MNV-1 infection did not induce the release of mature IL-1B, but increased its mRNA level
in macrophages. J774A.1 cells were untreated or treated with LPS (400 ng/ul) for 4 h and then ATP (5
mM) for 40 mins, or left uninfected or infected with MNV-1 (MOI 1) for 24 h, and total RNA and cell
culture supernatants were collected. mRNA levels of IL-1B (A and B) (n = 6) and IL-18 (A) (n = 6), and
protein level of IL-1B (C) (n = 4) were analyzed by qRT-PCR and ELISA, respectively. Western blotting
(D) was used to analyze the viral infection in J774A.1 cells at indicated times. (E) J774A.1 cells were
uninfected or infected with MNV-1 (MOI 1) for 20 h, then treated with LPS (400 ng/ul) for 4 h and ATP
(5 mM) for 40 mins. mRNA level of IL-1B and cytotoxicity were analyzed by gRT-PCR (n = 8). (F) J774A.1
cells were untreated or treated with LPS (400 ng/ul) for 4 h then uninfected or infected with MNV-1
(MOI 1) for 24 h. mRNA level of IL-1B and cytotoxicity were analyzed by qRT-PCR (n = 8). J774A.1 cells
were untreated or treated with JAK inhibitor 1 (10 uM) for 6 h then uninfected or infected with MNV-
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1 (MOI 1) for 24 h. mRNA levels of indicated genes (G) (n = 6), MNV-1 RNA (H) (n = 6) and IL-13 mRNA
() (n =6) were analyzed by gRT-PCR, respectively. Data were normalized to the untreated control (CTR,
setas 1). *P <0.05; **P < 0.01; ***P < 0.001; ns, not significant. B-actin was used as a loading control.
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Figure 2. LPS potently inhibits MNV-1 replication largely independent of inflammasome. J774A.1
cells were treated with LPS (400 ng/ul), MCC950 (5 uM), YVAD-cmk (5 uM), or combination for 6 h,
then infected with MNV-1 (MOI 1) for 24 h. (A) The viral RNA, NS1/2 protein and cytotoxicity were
analyzed by qRT-PCR (n = 6), western bloting, and MTT (n = 16) assays, respectively. (B) The viral titers
were also analyzed by TCID50 assay (n = 4-6). (C) J774A.1 cells were untreated or treated with LPS (400
ng/ul), MCC950 (5 uM), YVAD-cmk (5 uM), or combination for 4 h and then ATP (5 mM) for 40 mins.
The cell culture supernatants were collected and used for analysis of IL-1B by ELISA assay (n = 6). (D)
RAW264.7 cells were untreated or treated with different concentrations of LPS as indicated, or IFN-y
(100 U/ml) for 6 h, then infected with MNV-1 (MOI 1) for 24 h. The viral RNA, NS1/2 protein and
cytotoxicity were analyzed by gRT-PCR (n = 6), western blotting and MTT (n = 8) assay, respectively. (E)
RAW264.7 cells were infected with MNV-1 (MOI 1) for 1 h, then added fresh medium or medium
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supplemented with LPS at indicated concentrations or IFN-y (100 U/ml) for 24 h. The viral RNA, NS1/2
protein and cytotoxicity were analyzed by gRT-PCR (n = 3 independent experiments with 2-3 replicates
each), western blotting and MTT (n = 8) assays, respectively. (F) RAW264.7 cells were untreated or
treated with different concentrations of LPS as indicated, or IFN-y (100 U/ml) for 6 h, then infected
with MNV-1 (MOI 1) for 24 h. The viral titers were analyzed by TCID50 assay (n = 6). Data were
normalized to the untreated control (CTR, set as 1). *P < 0.05; **P < 0.01; ns, not significant. ND, not

determined. B-actin was used as a loading control.

We next investigated whether MNV-1 infection has a role in LPS-induced IL-1B transcription.
As expected, the IL-1B mRNA level was further increased in MNV-1 infected J774A.1 cells by
LPS and ATP stimulation (Fig. 1E), and this effect was also observed in LPS-pretreated cells (Fig.
1F). A recent study reported that MNV infection stimulated IL-1B RNA transcription and
protein release in STAT1 deficient BMDMs (20). Thus, we blocked the JAK-STAT pathway by
using JAK-STAT inhibitor (JAK inhibitor 1), and found that inhibition of JAK-STAT pathway
attenuated MNV-1 induced ISG transcription (Fig. 1G), but increased MNV-1 RNA level (Fig.
1H) and viral infection-induced IL-1B mRNA transcription (Fig. 11), which is in accordance with
the recent study (20).

LPS potently inhibits MNV-1 replication largely independent of inflammasome

Norovirus cohabits with bacteria in the intestine. Co-infection of MNV and bacteria in
macrophages has been reported to reduce the viral load (27,28). Thus, we further investigated
the direct effects of bacteria-derived LPS on MNV-1 replication, and found that treatment with
LPS potently inhibits viral replication in J774A.1 cells (Fig. 2A and 2B). However, this inhibitory
effect on MNV-1 is only partially reversed by pharmacological inflammasome inhibitors
MCC950 and YVAD-cmk, which did not affect viral replication (Fig. 2A and 2B) but decreased
the release of mature IL-1B triggered by LPS and ATP stimulation in J774A.1 cells (Fig. 2C).

We next evaluated the anti-MNV effect of LPS in RAW264.7 cells, which are incompetent of
inflammasome activation (26). IFN-y was used as a control. Pre-treatment with LPS potently
inhibited viral RNA and NS1-2 protein levels in a dose-dependently manner (Fig. 2D). Similar
effects were observed when cells were first infected with MNV-1 then subjected to treatment
with LPS (Fig. 2E). Moreover, the viral titers were also decreased by LPS and IFN-y pre-
treatment (Fig. 2F).

These results urged us to investigate the antiviral effect of LPS on HuNV replication by using
the Huh7-based HuNV replicon cells (HG23). After two days of treatment, LPS failed to but
human IFN-a effectively restricted HUNV replication without triggering major cytotoxicities
(Fig. 3A). It is widely recognized that IFNs exert antiviral effects via induction of the

transcription of ISGs through JAK-STAT signaling pathway. We further revealed that
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expression of type | IFNs (IFN-a and IFN-B) were not significantly induced by both LPS and IFN-
o (Fig. 3B and 3C). However, IFN-a but not LPS triggered the expression and phosphorylation
of STAT1 (Fig. 3D), and induction of ISGs including ISG15, IFIT1 and MX1 in HG23 cells (Fig. 3E).
This is consistent with previous findings that hepatic epithelia cells do not respond to LPS
stimulation (29). This previous study also showed that LPS suppresses IFN response in
hepatocytes by upregulating ubiquitin-like protease 18 (USP18) expression, a negative
regulator of type | IFN signaling (29). However, LPS stimulation did not affect USP18 gene
transcription in our study (Fig. 3F). These results have demonstrated that LPS potently inhibits
MNYV replication in macrophages, but has no significant effect on HUNV replication in HG23
cells. This is probably related to the intrinsic property that epithelial HG23 cells are

nonresponsive to LPS stimulation.
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Figure 3. HUNV replication is not affected by LPS in the replicon model. (A) HG23 cells were untreated
or treated with different concentrations of LPS as indicated, or IFN-a (200 IU/ml). After 2 days of
treatment the antiviral activities and cytotoxicity were measured by qRT-PCR (n = 6) and MTT assay (n
= 16), respectively. qRT-PCR analysis (n = 4) of mRNA levels of IFN-a (B), IFN-B (C), STAT1 (D upper
panel), ISGs (E), USP18 (F) and western blotting analysis of STAT1 expression and phosphorylation (D
lower panel) in HG23 cells untreated or treated with LPS (100 ng/ml) or IFN-a (200 IU/ml). Data were
normalized to the untreated control (CTR, set as 1). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not

significant. B-actin was used as a loading control.
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Figure 4. LPS stimulates the transcription of a wide range of ISGs. Western blotting analysis of ISG
protein levels in RAW264.7 cells (A) and J774A.1 cells (B) untreated or treated with LPS (100 ng/ml) or
IFN-y (100 U/ml) for 6 h. gRT-PCR analysis of mRNA level of IFNs (C and D) (n = 6) and ISGs (E and F) (n
= 4) in RAW264.7 cells and J774A.1 cells that untreated or treated with LPS (100 ng/ml) for 6 h,
respectively. Data were normalized to the untreated control (CTR, set as 1). *P < 0.05; **P < 0.01; ns,

not significant. B-actin was used as a loading control.
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< Figure 5. NF-kB signaling is important for LPS-induced IFN-B and ISG transcription. Cells were
untreated or treated with LPS (100 ng/ml), Bay 11-7085 (5 uM) or combination for 6 h. gRT-PCR
analysis of IFN-B (A) and ISG (B) mRNA levels in RAW264.7 cells (n = 6). gRT-PCR analysis of IFN- (C)
and ISG (D) mRNA levels in J774A.1 cells (n = 6). Western blotting analysis of STAT1 expression and
phosphorylation, and expression of IRF1 and GBP2 in RAW264.7 cells (E) and J774A.1 cells (F)
untreated or treated with LPS (100 ng/ml), IFN-y (100 U/ml), Bay 11-7085 (5 uM) or combination for 6
h. gRT-PCR analysis of mRNA levels of IFN-B (G) (n = 6) and ISGs (H) (n = 6) in WT and NF-kB”- MEFs
untreated or treated with LPS (100 ng/ml) for 6 h. Data in (A, B, C, D and G) were normalized to the
untreated control (CTR, set as 1). Data in (H) were normalized to untreated WT and NF-kB”~ MEFs,

respectively (both set as 1). *P < 0.05; **P < 0.01. B-actin was used as a loading control.
LPS stimulates the transcription of IFN-B and a wide range of ISGs

Given the dispensability of inflammasome in anti-MNV activity of LPS, we explored other
possible mechanisms. It is generally recognized that LPS stimulation of macrophages induces
production of many cytokines and inflammatory mediators including IRF-1, IL-6 and IFNs
(30,31). We found that LPS stimulated the expression of the viral RNA sensor MDAS in
RAW264.7 and J774A.1 cells (Fig. 4A and 4B), and the increased transcription of IFN-B in both
cell lines (Fig. 4C and 4D), respectively. ISGs are the ultimate antiviral effectors induced by
IFNs through the JAK-STAT pathway. We found the activation of JAK-STAT pathway by
detecting the increased expression of STAT1 at both the protein (Fig. 4A and 4B) and
transcriptional levels (Fig. 4E and 4F), respectively. Moreover, the transcription of a wide
range of ISGs was also stimulated by LPS (Fig. 4E and 4F), and IFN-y treatment also induced
the transcription of many ISGs in both cell lines (Supplementary Fig. 2). The induction of

several important genes were further confirmed by immunoblotting (Fig. 4A and 4B).
NF-kB signaling is important for LPS-induced IFN-B and ISG transcription

It has been reported that recognition of LPS by TLR4 activates downstream transcription
factors NF-kB, leading to the transcription of IFNs and ISGs (32). Thus, we further investigated
whether NF-kB signaling is involved in LPS-induced IFN-f and ISG transcription in macrophages.
Treatment with Bay 11-7085, a pharmacological inhibitor of NF-kB activation, largely inhibits
LPS-triggered transcription of IFN-B (Fig. 5A and 5C) and most of the ISGs (Fig. 5B and 5D) in
both macrophage cell lines. Moreover, this inhibitor also attenuated LPS-induced expression
and phosphorylation of STAT1, as well as ISG expression such as IRF1 and GBP2 (Fig. 5E and
5F). Similarly, some ISGs induced by IFN-y were also affected by Bay 11-7085 treatment in
both cell lines (Supplementary Fig. 3).

To further determine the essential role of NF-kB pathway in LPS-induced ISG expression, wild-
type (WT) and NF-kB deficient (NF-kB”/") MEFs were used. In NF-kB”~ but not the WT cells, LPS
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failed to induce the transcription of IFN-B (Fig. 5G). A similar ISG induction pattern was also
observed in NF-kB” cells. All of the genes detected such as IRF1, ISG15, MX1 and GBP2 were
significantly induced by LPS in WT cells but not in NF-kB” cells (Fig. 5H). Moreover,
transcription of some ISGs induced by IFN-y were largely decreased in NF-kB” cells
(Supplementary Fig. 4A). Taken together, these findings revealed that NF-kB pathway is
important for LPS-induced IFN-B and ISG transcription.

IRF3 and IRF7 are important for LPS-induced IFN-B and ISG transcription

LPS as the ligand activates TLR4, which in turn phosphorylates downstream IRF3 and IRF7,
leading to their nuclear translocation and induction of type | IFN genes and co-stimulatory
molecules (32). Moreover, IRF3 and IRF7 have been reported to play an important role in
controlling MNV-1 replication (33). Thus, by using WT and IRF3/7 deficient (IRF3/77-) MEFs,
we found that IFN-B was not induced by LPS in IRF3/77/ cells (Fig. 6A). Moreover, the detected
genes induced by LPS in WT cells were reduced in IRF3/77 cells (Fig. 6B). Compared to the WT
cells, transcription of ISG15, 1SG20, MX1 and IFIT1 appeared to be unchanged, while
transcription of other ISGs such as IRF1, MX2, GBP2 and GBP5 induced by IFN-y was decreased
in IRF3/77" cells (Supplementary Fig. 4B). These results suggested that IRF3 and IRF7 are also
important for LPS-induced IFN-B and ISG transcription.
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Figure 6. IRF3 and IRF7 are important for LPS-induced IFN-B and ISG transcription. qRT-PCR analysis
of mRNA levels of IFN-B (A) (n = 6) and ISGs (B) (n = 6) in WT and IRF3/77/- MEFs untreated or treated
with LPS (100 ng/ml) for 6 h. Data in (A) were normalized to the untreated control (CTR, set as 1). Data
in (B) were normalized to untreated WT and IRF3/77/° MEFs, respectively (both set as 1). **P < 0.01.
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Figure 7. LPS induces ISG transcription largely through activation of JAK-STAT pathway. qRT-PCR
analysis of IFN-B mRNA levels in RAW264.7 cells (A) and J774A.1 cells (B) untreated or treated with LPS
(100 ng/ml) or JAK inhibitor 1 (10 uM) for 6 h (n = 4). Western blotting analysis of STAT1 expression
and phosphorylation in RAW264.7 cells (C) and J774A.1 cells (D) untreated or treated with LPS (100
ng/ml), IFN-y (100 U/ml), JAK inhibitor 1 (10 uM) or combination for 6 h. qRT-PCR analysis of ISG mRNA
levels in RAW264.7 cells (E) and J774A.1 cells (F) untreated or treated with LPS (100 ng/ml), IFN-y (100
U/ml), JAK inhibitor 1 (10 uM) or combination for 6 h (n = 4). WT and STAT17- MEFs were analyzed to
determine the relative abundance of STAT1 mRNA level (G) by gRT-PCR (n = 6) and protein level (H) by
western blotting. (I) qRT-PCR analysis of ISG mRNA levels in WT and STAT17 MEFs untreated or treated
with LPS (100 ng/ml) for 6 h (n = 6). Data in (A, B, E, F and G) were normalized to untreated control
(CTR, set as 1). Data in (I) were normalized to untreated WT and STAT17- MEFs, respectively (both set

as 1). *P <0.05; **P < 0.01. B-actin was used as a loading control.
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LPS induces ISG transcription largely through activation of JAK-STAT pathway

The JAK-STAT signaling pathway has been shown to be essential for LPS-mediated gene
expression in macrophages (34,35). Consistent with these results, we also observed that LPS
induced the expression and phosphorylation of STAT1 in both RAW264.7 and J774A.1 cells,
respectively (Fig. 7C and 7D). To determine whether ISG induction by LPS is through the
activation of STAT1, we used JAK-STAT inhibitor to pharmacologically block the JAK-STAT
pathway. We found that JAK inhibitor 1 partially blocked LPS induced transcription of IFN- in
both RAW264.7 and J774A.1 cells (Fig. 7A and 7B), while both the expression and
phosphorylation of STAT1 triggered by LPS and IFN-y were largely attenuated by this inhibitor
(Fig. 7C and 7D). Next, we tested the mRNA level of some ISGs in LPS-stimulated macrophages
treated with JAK inhibitor 1, and found that most of the LPS inducible genes were affected by
JAK inhibitor 1 (Fig. 7E and 7F), without triggering major cytotoxicities (Supplementary Fig. 5D).
In addition, the mRNA levels of these genes induced by IFN-y were largely diminished by this
inhibitor (Supplementary Fig. 5A and 5B).

To further confirm the ISG induction ability of LPS is partially dependent on the JAK-STAT
pathway, we performed experiments with MEFs from WT and STAT1”" mice to examine the
effect of STAT1 on ISG expression (Fig. 7G and 7H). We found that the abundance of detected
ISGs triggered by LPS were also largely decreased in STAT17- cells compared to those in WT
cells (Fig. 71). As a control, the transcription of IFN-y induced ISGs was significantly blocked in
STAT1” cells (Supplementary Fig. 5C). Together, these results demonstrated that LPS activates
ISG transcription largely through the activation of the JAK-STAT pathway.

In respect to the anti-MNV effects of LPS, we found that Bay 11-7085, the NF-kB signaling
inhibitor, partially reversed LPS and IFN-y-mediated antiviral response against MNV-1
infection in RAW264.7 cells (Fig. 8A and 8E). Similar results were also observed in J774A.1 cells
(Fig. 8B). Interestingly, the inhibitor alone enhanced viral replication (Fig. 8A, 8B and 8E),
suggesting a basal defense mechanism of NF-kB signaling against MNV-1 infection. Moreover,
we also determined the role of JAK-STAT pathway in LPS-mediated antiviral activity and found
that the anti-MNV activity of LPS was only moderately reversed, whereas the anti-MNV effect
of IFN-y was largely abolished by JAK inhibitor 1 (Fig. 8C-8E). Together, these results have
demonstrated that NF-kB cascade contributes to LPS-mediated control of MNV-1 replication
partially through the JAK-STAT pathway.
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Figure 8. The NF-kB cascade contributes to LPS-mediated inhibition of MNV-1 replication partially
through the JAK-STAT pathway. qRT-PCR (n = 6) and western blotting analysis of MNV-1 viral RNA and
protein levels in RAW264.7 cells (A) and J774A.1 cells (B) untreated or treated with LPS (100 ng/ml),
IFN-y (100 U/ml), Bay 11-7085 (5 pM) or combination for 6 h, then infected with MNV-1 (MOI 1) for 24
h. gRT-PCR (n = 6) and western blotting analysis of MNV-1 viral RNA and protein levels in RAW264.7
cells (C) and J774A.1 cells (D) untreated or treated with LPS (100 ng/ml), IFN-y (100 U/ml), JAK inhibitor
1 (10 uM) or combination for 6 h, then infected with MNV-1 (MOI 1) for 24 h. (E) The viral titers were
also analyzed by TCID50 assay (n = 4-9). Data were normalized to the untreated control (CTR, set as 1).

*P < 0.05; **P < 0.01. B-actin was used as a loading control.
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Discussion

Innate immune response provides the first line of defense against viral infection. Studies have
revealed that compared to wild-type mice, mice lacking either type | and type Il IFN receptors
or STAT1 have higher titers and succumb to lethal MNV infection (18,33), indicating the
importance of IFNs in controlling norovirus infection. Besides IFNs, inflammasome signaling
also has a central role in innate immune response against viral infections (16). Previous
evidence indicated the potential role of inflammasome in norovirus replication (19). However,
in this study, MNV-1 infection failed to adequately activate inflammasome activation in
macrophages, although moderate activation of IL-1p transcription was observed in J774A.1
cells. Similar results have been reported that MNV failed to secrete IL-1B in WT BMDMs, but
presented caspase-1 processing ability (20). In inflammasome-incompetent RAW264.7 cells,
which lack the expression of ASC, one of the components for inflammasome complex
formation (26), MNV-1 infection appeared not to affect IL-1B transcription. A recent study
reported that MNV infection induced mature IL-1B secretion in STAT1 deficient BMDMs (20).
Compared to MNV-1 infection alone, we also observed the increased IL-1B transcription level
induced by MNV-1 with JAK-STAT pathway inhibition. Studies have reported the crosstalk
between IFN response and inflammasome activation (36). Here we revealed that inhibition of
JAK-STAT pathway reduced MNV-1 infection triggered IFN response, but increased MNV-
induced IL-1B transcription. Moreover, decreased IFN response by inhibition of JAK-STAT
pathway resulted in increased viral replication, which might further contribute to the
upregulation of IL-1B transcription. Thus, whether there is a potential crosstalk between IFN
response and inflammasome activation in response to MNV infection needs to be further
studied.

Norovirus and bacteria are cohabitants of the intestine. Gram-negative bacteria produce a
large amount of LPS, which are naturally potent activators of inflammasome. It has been
reported that hepatitis B virus (HBV) infection inhibits LPS-induced inflammasome activation,
although HBV alone does not activate inflammasome (37). Moreover, studies have revealed
that MNV infection can induced mature IL-1B release in primed BMDMs with TLR2 agonist
(Pam3CSK4) and TLR4 agonist (LPS) (20), and here we found that MNV-1 augmented LPS-
induced IL-1B transcription. Interestingly, we observed that LPS inhibited MNV-1 replication,
but this inhibitory effect was only slightly reversed by inflammasome inhibitors, suggesting
additional mechanisms contributing to the anti-MNV activity of LPS. These inhibitors might
have a negative role on LPS-triggered expression of inflammatory factors, which could aid to
LPS-mediated antiviral response against MNV infection to some extent. However, we do not
exclude that there could be more active interactions of norovirus with inflammasome in other

cell types, which deserve to be further investigated. Moreover, blocking NLRP3 inflammasome
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activation has been reported to reduce MNV-induced immunopathology in STAT1-deficient
mice (20). In addition, we found that inflammasome inhibitors alone appear not to affect the
viral replication, and similar results were also demonstrated that MNV replication rates were
not affected in WT or NLRP3”- BMDMs (20).

As a type of PRRs, TLRs are responsible for the recognition of infectious agents leading to
activation of innate immune response (38). It has been reported that TLR7 activation by its
agonists displays potent antiviral effects against norovirus infection by stimulating innate
immune response genes (39). As a ligand of TLR4, LPS can activate transcription factors NF-kB
and IRFs, leading to the activation of IFN signaling (32). IFNs are central to the innate control
of MNV infection (40-42). Here we found that LPS potently induces IFN-B transcription, and
pharmacological inhibition of NF-kB signaling significantly blunts LPS-triggered IFN-B
transcription, which is further confirmed in NF-kB deficient cells. Moreover, transcription
factors IRF3 and IRF7 can regulate IFN-mediated inhibition of MNV-1 replication (33), and we
found in this study that IFN-B transcription induced by LPS is largely attenuated in IRF3 and
IRF7 deficient cells.

ISGs are regarded as the ultimate antiviral effectors, and several ISGs such as IRF1, ISG15 and
GBP2 have been reported to mediate the anti-norovirus effect of IFN (43-46). In this study, we
found that LPS also potently triggers ISG expression via the transcription factors including NF-
kB, IRF3 and IRF7. Moreover, blocking NF-kB signaling attenuates LPS and IFN-y mediated
control of MNV-1 replication. JAK-STAT pathway is essential for IFN-induced ISG expression
(34,47) and host innate immunity against MNV infection (18). We revealed that induction of
ISGs triggered by LPS or IFN-y are dramatically decreased by inhibition of the JAK-STAT
pathway, which also largely abolishes IFN-y mediated inhibition for MNV-1 replication.
However, blocking this pathway partially reverses LPS-mediated anti-MNV ability. This
indicates that LPS-triggered ISGs are partially responsible for its antiviral response against
MNV-1 infection in macrophages, and other unknown antiviral mechanisms mediated by LPS
may be involved. Furthermore, the non-canonical mechanisms regulating ISG transcription
have been reported (48). Induction of ISGs via NF-kB cascade might do not require JAK-STAT

signaling, and this may account for the partial restoration of MNV replication by the inhibitors.

Accumulating evidences have demonstrated the interaction between gut microbiota and
intestinal viruses including norovirus (49-51). Several mechanisms have been reported on how
intestinal viruses interact with bacteria. On one hand, gut microbiota has been revealed to
facilitate MNV replication through an antagonistic mechanism to IFN-lambda in the intestine
(50), and prompt HuNV infection in intestinal B cells (51). Bacterial component of the enteric
microbiome plays an essential role in the establishment of viral persistent infection. For

instance, histo-blood group antigen (HBGA)-like substances improve virion stability and

51|Page



https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enteric-virus

Chapter 3

protect HUNV from acute heat stress (52), and infection of B cells (51). It has been also
reported that LPS binding promotes viral infectivity by enhancing virion stability and cell
attachment (53,54), but fails to enhance HuNV infection of B cells in vitro (51), and inhibits
MNV-1 replication in macrophages in this study. On the other hand, previous studies have
presented the antagonistic mechanisms that Enterobacter cloacae, a member of enteric
commensal bacteria specifically binds HuNV, and inhibits virus infectivity in gnotobiotic pigs
by enhancing the gut immunity (55). In addition, the microbiota-host interaction can also
modulate the production of immune system molecules, resulting in anti-MNV effects. Thus,
the interactions between intestinal bacteria and viruses collectively modulate the infection

outcomes.

In summary, our study demonstrates that MNV-1 moderately triggers IL-1B transcription, and
is augmented by inhibition of IFN pathway in macrophages. Importantly, LPS potently inhibits
MNV-1 replication, might through inflammasome to some extent but mainly via the NF-kB
cascade. Activation of NF-kB by LPS drives the expression of IFN-B through IRF3 and IRF7. This
activates the downstream antiviral ISGs via the JAK-STAT pathway. Moreover, inhibition of NF-
kB and JAK-STAT signaling partially reversed the anti-MNV activity of LPS, suggesting
additional antiviral mechanisms activated by NF-kB, which need to be further studied. Our
study has revealed new insight in virus-cell interactions, and may provide rationale for new

therapeutic development against norovirus infection.
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Supplementary Fig. 1 IL-1B and IL-18 mRNA level were not upregulated by MNV-1 infection in
RAW264.7 cells. RAW264.7 cells were untreated or treated with LPS (400 ng/ul) for 4 h and then ATP
(5 mM) for 40 mins, or left uninfected or infected with MNV-1 at indicated MOls for 24 h. mRNA levels
of IL-1 (A) and IL-18 (B), and viral infection were analyzed by qRT-PCR (n = 6) and western blotting,
respectively. Data were normalized to the untreated control (CTR, set as 1). **P < 0.01. B-actin was
used as a loading control.
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Supplementary Fig. 2 IFN-y activates ISG transcription in macrophages. gRT-PCR analysis of ISG mRNA
levels in RAW264.7 cells (A) (n = 4), and J774A.1 cells (B) (n = 4) untreated or treated with IFN-y (100
ng/ul) for 6 h. Data were normalized to the untreated control (CTR, set as 1). *P < 0.05.
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Supplementary Fig. 4 The ISG induction ability of IFN-y is attenuated in NF-kB”- and IRF3/77 cells.
(A) gRT-PCR analysis of ISG mRNA levels in WT and NF-kB7- MEFs untreated or treated with IFN-y (100
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ng/ml) for 6 h (n = 6). (B) gRT-PCR analysis of ISG mRNA levels in WT and IRF3/77/- MEFs untreated or
treated with IFN-y (100 ng/ml) for 6 h (n = 6). Data were normalized to untreated WT and NF-kB” or
IRF3/77 MEFs, respectively (both set as 1). *P < 0.05; **P < 0.01.
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Supplementary Fig. 5 The ISG induction ability of IFN-y is dependent on JAK-STAT pathway. qRT-PCR
analysis of ISG mRNA levels in RAW264.7 cells (A) (n = 4) and J774A.1 cells (B) (n = 4) that untreated or
treated with IFN-y (100 ng/ul), JAK inhibitor 1 (10 uM) or combination for 6 h. (C) gRT-PCR analysis of
ISG mRNA levels in WT and STAT1”" MEFs untreated or treated with IFN-y (100 ng/ml) for 6 h (n = 6).
(D) Cell viability was determined by MTT assay in RAW264.7 and J774A.1 cells untreated or treated
with LPS (100 ng/ml), IFN-y (100 U/ml), JAK inhibitor 1 (10 uM), Bay 11-7085 (5 uM) or combination
for 6 h (n = 16). Data in (A, B and D) were normalized to the untreated control (CTR, set as 1). Data in
(C) were normalized to untreated WT and STAT17- MEFs, respectively (both set as 1). *P < 0.05; **P <
0.01.
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Supplementary Table 1. gRT-PCR primer sequences (mouse)

Gene F-Sequences (5'to 3’) R-Sequences (5’ to 3’)

MGAPDH TTCCAGTATGACTCCACTCACGG TGAAGACACCAGTAGACTCCACGAC
mlL-1B GCCACCTTTTGACAGTGATGAG ATGTGCTGCTGCGAGATTTG
miL-18 CAGGCCTGACATCTTCTGCAA TCTGACATGGCAGCCATTGT
mIFN-a  GGATGTGACCTTCCTCAGACTC ACCTTCTCCTGCGGGAATCCAA
mIFN-B  AAGAGTTACACTGCCTTTGCCATC CACTGTCTGCTGGTGGAGTTCATC
mIFN-y GATATCTGGAAGGAACTGGCAAAAG AGAGATAATCTGGCTCGGCTCTGCAGGAT
mMDAS  GTGATGACGAGGCCAGCAGTTG ATTCATCCGTTTCGTCCAGTTTCA
mSTAT1  GCCTCTCATTGTCACCGAAGAAC TGGCTGACGTTGGAGATCACCA
mIRF1 CAGAGGAAAGAGAGAAAGTCC CACACGGTGACAGTGCTGG
mISG15 TGACGCAGACTGTAGACACG TGGGGCTTTAGGCCATACTC
mISG20  CAATGCCCTGAAGGAGGATA TGTAGCAGGCGCTTACACAG
mMX1 GGGGAGGAAATAGAGAAAATGAT GTTTACAAAGGGCTTGCTTGCT
mMX2 CCAGTTCCTCTCAGTCCCAAGATT TACTGGATGATCAAGGGAACGTGG
mGbp2 ACCAGCTGCACTATGTGACG TCAGAAGTGACGGGTTTTCC
mGbp5 GTGACAGAACTGACAGACTTGC CATGCCCATTGGCTTGCAGGTC
mIFIT1 CCATAGCGGAGGTGAATATC GGCAGGACAATGTGCAAGAA
mIFIT2 TCAGCACCTGCTTCATCCAA CACCTTCGGTATGGCAACTT
mOAS2 CATCCTTCTGCACCAGCTCA TCAGTAGCTCCCAGAACCCA
mIRF7 CCTCTGCTTTCTAGTGATGCCG CGTAAACACGGTCTTGCTCCTG
mIRF9 CAACATAGGCGGTGGTGGCAAT GTTGATGCTCCAGGAACACTGG
mCXCL2  CGCTGTCAATGCCTGAAGAC ACACTCAAGCTCTGGATGTTCTTG
miL6 AGTCCGGAGAGGAGACTTCA TTGCCATTGCACAACTCTTT

MNV-1 CACGCCACCGATCTGTTCTG GCGCTGCGCCATCACTC

Supplementary Table 2. gRT-PCR primer sequences (human)

Gene

F-Sequences (5'to 3’)

R-Sequences (5’ to 3’)

GAPDH
IFN-a
IFN-B
STAT1
IRF1
1SG15
MX1
IFIT1
IRF7
IRF9
usP18

HuNV Gl-specific primer?

TGTCCCCACCCCCAATGTATC
GACTCCATCTTGGCTGTGA
CTTGGATTCCTACAAAGAAGCAG
ATGGCAGTCTGGCGGCTGAATT
GAGGAGGTGAAAGACCAGAGCA
CTCTGAGCATCCTGGTGAGGAA
GGCTGTTTACCAGACTCCGACA
GCCTTGCTGAAGTGTGGAGGAA
CCACGCTATACCATCTACCTGG
CCACCGAAGTTCCAGGTAACAC
AGGAGAAGCGTCCCTTTCCA
CGYTGGATGCGNTTYCATGA

CTCCGATGCCTGCTTCACTACCTT
TGATTTCTGCTCTGACAACCT
TCCTCCTTCTGGAACTGCTGCA
CCAAACCAGGCTGGCACAATTG
TAGCATCTCGGCTGGACTTCGA
AAGGTCAGCCAGAACAGGTCGT
CACAAAGCCTGGCAGCTCTCTA
ATCCAGGCGATAGGCAGAGATC
GCTGCTATCCAGGGAAGACACA
AGTCTGCTCCAGCAAGTATCGG
TGGTCCTTAATCAGGTTCCAGAG
CTTAGACGCATCATCATTYAC

a:Y=C+T;R=A+G; W=A+T; N=any
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GBP2 orchestrates host defense against MNV

Abstract

Noroviruses are the main causative agents of acute viral gastroenteritis, but the host factors
that restrict their replication remain poorly identified. Guanylate-binding proteins (GBPs) are
IFN-inducible GTPases that exert broad antiviral activity and are important mediators of host
defenses against viral infections. Here we show that both IFN-y-stimulation and murine
norovirus (MNV) infection induce GBP2 expression in murine macrophages. Results from loss-
and gain-of-function assays indicated that GBP2 is important for IFN-y—dependent anti-MNV
activity in murine macrophages. Ectopic expression of MNV receptor (CD300If) in human
HEK293T epithelial cells conferred susceptibility to MNV infection. Importantly, GBP2 potently
inhibited MNV in these human epithelial cells. Results from mechanistic dissection
experiments revealed that the N-terminal G domain of GBP2 mediates these anti-MNV effects.
R48A and K51A substitutions in GBP2, associated with loss of GBP2 GTPase activity,
attenuated the anti-MNV effects of GBP2. Finally, we found that non-structural protein 7 (NS7)
of MNV co-localizes with GBP2 and antagonizes the anti-MNV activity of GBP2. These findings

reveal that GBP2 is an important mediator of host defenses against murine norovirus.

Keywords: murine norovirus (MNV), guanylate-binding protein 2 (GBP2), interferon-

stimulated gene (ISG), non-structural protein 7 (NS7), antiviral restriction factor
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Introduction

Human norovirus (HUNV) infection is the major cause of epidemic nonbacterial gastroenteritis
worldwide (1,2). Currently, there is no vaccination or specific antiviral treatment available.
Clinical management is limited to supportive care and oral rehydration, and HUNV imposes a
heavy global health burden (3). Thus defining improved anti-HUNV therapy represents an
urgent clinical need. Research into HUNV infection, however, has been hampered by the lack
of robust experimental models. Murine norovirus (MNV), capable of replicating in both cell
culture and small-animal models, shares similar traits with HUNV in structural and genetic
features, and has thus been widely used as a surrogate model (4,5). The recent discovery of
the MNV receptor (CD300If) has now enabled MNV infection in human cells by ectopically
expressing this receptor. This has resulted in improved understanding of the mechanisms
underlying viral replication and the identification of cellular factors as potential antiviral
targets (6,7).

Noroviruses are non-enveloped, positive single-stranded RNA virus belonging to the
Caliciviridae family. The genome is about 7.5 kb in length that encodes three or four ORFs (3,8).
The 5’ proximal ORF1 encodes a polyprotein that is post-translationally cleaved into six non-
structural proteins (NS1/2 to NS7). ORF2 and ORF3 encoding the major and minor structural
proteins are referred as VP1 and VP2, respectively, which are translated from a subgenomic
RNA. VP2 has been reported to possess important functions in viral replication and virion
stability but may also corrupt host immune response (9). Specific for MNV, ORF4 overlaps with
ORF2, and produces an additional protein called virulence factor (VF1). VF1 has been reported
to antagonize innate immune response to MNV infection (8,9). MNV NS1/2 protein is
associated with cell tropism and mediates resistance to interferon-A (IFN-A)-mediated
clearance used for treating persistent viral infection (10). NS7 is the viral RNA-dependent RNA
polymerase that can also modulate innate immune response (11,12). However, the exact
interactions of these viral proteins with host innate antiviral immunity remain poorly

understood.

IFN-mediated innate immune responses provide the first line of host defense against viral
infections. Specific viral components sensed by pathogen recognition receptors including Toll-
like receptors and RIG-I-like receptors lead to IFN production (13,14). The released IFNs bind
to their cognate receptors to activate Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) signaling pathway, resulting in the transcription of hundreds of
interferon-stimulated genes (ISGs). A subset of ISGs are considered as the ultimate antiviral
effectors limiting viral replication and spread (15). Currently, only a few ISGs have been

identified to inhibit MNV infection including interferon regulatory factor 1 (IRF1) and
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interferon-stimulated gene 15 (ISG15) (16,17). Thus, it is largely unknown which factors are
important for effective cell-autonomous defense against MNV infection.

Interesting candidate molecules to act in the defense against MNV infection are the guanylate-
binding proteins (GBPs). They are members of the superfamily of IFN-inducible GTPases with
many typical characteristics of ISGs. These proteins are composed of three distinct domains
including the N-terminal globular GTPase domain containing all motifs responsible for
nucleotide binding and hydrolysis (G domain), the following helical part presenting as the
middle domain (M domain), and the C-terminal GTPase effector domain (E domain) (18,19).
To date, seven human GBPs and 11 murine GBPs as well as two mouse pseudogenes encoding
GBPs have been identified (20,21). Apart from host resistance against bacterial and protozoan
pathogens (18,22,23), GBPs (e.g., GBP1, GBP2 and GBP5) have been reported to exert broad
antiviral activity against human immunodeficiency virus (HIV), Zika virus, hepatitis C virus
(HCV), classical swine fever virus (CSFV) and influenza virus (24-27). They are capable of
regulating inflammasome activation (28,29), and this plays a role in controlling replication of
rotavirus and influenza virus (30,31). A recent study has indicated that IFN-inducible GTPases
(including GBP2) are important for IFN-y-mediated inhibition of MNV replication and help to
block the viral replication complexes formation (32). In this study, we detailed investigated
the regulation and function of GBP2 in MNV infection, revealing an important role in
orchestrating host response to MNV infection.

Materials and methods

Reagents

Mouse IFN-y (ab9922, Abcam) was dissolved in PBS. Stocks of JAK inhibitor 1 (SC-204021,
Santa Cruz Biotechnology) was dissolved in Dimethyl sulfoxide (DMSO, Sigma) with a final
concentration of 5 mg/ml. Puromycin (P8833, Sigma) was dissolved in PBS with a final
concentration of 10 mg/mL. Q5® Site-Directed Mutagenesis Kit (NEB) was used. GBP2
antibody (11854-1-AP) was purchased from Proteintech. STAT1 (#9172) antibody was
purchased from Cell Signaling Technology. Rabbit polyclonal antisera to MNV NS1/2 was
kindly provided by Prof. Vernon K. Ward (School of Biomedical Sciences, University of Otago,
New Zealand) (33). B-actin antibody (#sc-47778) was purchased from Santa Cruz
Biotechnology. Secondary antibodies including IRDye® 800CW-conjugated goat anti-rabbit
and goat anti-mouse IgGs (Li-Cor Bioscience, Lincoln, USA), and anti-rabbit I1gG (H+L), F(ab') 2
Fragment (Alexa Fluor® 488 Conjugate) and anti-mouse IgG(H+L), F(ab') 2 Fragment (Alexa

Fluor 594 conjugate) were used, as appropriate.
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Cells and viruses

RAW264.7, J774A.1, Cos-1 and human embryonic kidney (HEK293T) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Lonza Verviers, Belgium) supplemented with 10%
(vol/vol) heat-inactivated fetal calf serum (FCS; Hyclone, Logan, UT, USA), 100 pg/mL of
streptomycin, and 100 IU/mL of penicillin. MNV-1 (murine norovirus strain MNV-1.CW1) (4)
was produced by consecutively inoculating the virus (kindly provided by Prof. Herbert Virgin,
Department of Pathology and Immunology, Washington University School of Medicine) into
RAW264.7 cells. The MNV-1 cultures were purified, aliquoted, and stored at -80°C for all
subsequent experiments. The MNV-1 stock was quantified three independent times by the 50%

tissue culture infective dose (TCID50).

TCID50

MNV-1 was quantified by TCID50 assay. Briefly, 10-fold dilutions of MNV-1 were inoculated
into RAW264.7 cells grown in 96-well tissue culture plate at 1,000 cells/well. The plate was
incubated at 37°C for another 5 days, followed by observing the cytopathic effect (CPE) of

each well under a light scope. TCID50 was calculated by using the Reed-Muench method.
Plasmid construction and cell transfection

The full-length mouse GBP2 gene was amplified from IFN-y-stimulated RAW264.7 cells and
cloned into pcDNA3.1/Flag-HA (Addgene), pcDNA3.1/Myc-His (provided by Dr. Shuaiyang
Zhao, Chinese Academy of Agricultural Sciences), and the lentiviral vector pCDH-CMV-MCS-
EF1-GFP-T2A-Puro (Sanbio BV) to generate pFlag-GBP2, pMyc-GBP2 and pCDH-GBP2,
respectively. The truncated mutants of GBP2 were further amplified and cloned into the Flag-
tagged and lentiviral vectors, respectively. The MNV NS7 gene was amplified from cDNA that
was extracted from MNV-1 infected RAW264.7 cells, and cloned into Flag- and Myc-tagged
empty vectors, respectively. The Flag-CD300If vector was kindly provided by Prof. Herbert
Virgin (Department of Pathology and Immunology, Washington University School of Medicine)

(6). All primer sequences used for plasmid construction are listed in supplementary table 1.

HEK293T cells were transfected with various plasmids at indicated concentrations using
FUGENE HD Transfection Reagent (catalog no. E2311; Promega) according to the
manufacturer’s instructions. Where necessary, the appropriate empty vector was used to
maintain a constant amount of plasmid DNA per transfection. At 6 h post-transfection (hpt),
fresh DMEM containing 10% FCS replaced the transfection mixture, and the cells were
incubated at 37 °C.

Silencing or overexpressing mouse GBP2 by lentiviral vectors
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Lentiviral pLKO.1 knockdown vectors (Sigma-Aldrich) targeting mouse GBP2 were obtained
from the Erasmus Biomics Center. The lentiviral pseudoparticles were produced in HEK293T
cells as previously described (34). After a pilot study, the shRNA vectors exerting optimal gene
knockdown were selected. These shRNA sequences are listed in supplementary table 2. Stable
gene knockdown cells were generated after lentiviral vector transduction and puromycin (5
ug/mL; Sigma) selection. For stable expression, GBP2 wild-type and truncated overexpression
lentiviral vectors were used to generate the GBP2 stable expression RAW264.7 cell lines.
Meanwhile, control shRNA and the lentiviral empty vectors were also used as control,

respectively.

qRT-PCR u
Total RNA was isolated with a Macherey NucleoSpin RNA 1l Kit (Bioke, Leiden, The Netherlands)
and quantified with a Nanodrop ND-1000 (Wilmington, DE, USA). cDNA was synthesized from
500 ng of RNA using a cDNA synthesis kit (TaKaRa Bio, Inc., Shiga, Japan). The cDNA of all
targeted genes transcript were quantified by SYBR-Green-based (Applied Biosystems) real-
time PCR on the StepOnePlus™ System (Thermo Fisher Scientific Life Sciences) according to
the manufacturer’s instructions. Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and murine GAPDH genes were used as reference genes to normalize gene expression. The
relative expression of targeted gene was calculated as 222¢T, where AACr = ACrsample -
ACrcontrol (ACy = Cy[targeted gene] - Cr[GAPDH]). All primer sequences are listed in

supplementary table 3.
Western blotting

Cultured cells were lysed in Laemmli sample buffer containing 0.1 M DTT and heated 5 mins
at 95°C, then loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Proteins were electrophoretically transferred onto a polyvinylidene difluoride
(PVDF) membrane (pore size, 0.45 uM; Invitrogen) for 2 h with an electric current of 250 mA.
Subsequently, the membrane was blocked with a mixture of 2.5 mL blocking buffer (Odyssey)
and 2.5 mL PBS containing 0.05% Tween 20 for 1 h, followed by overnight incubation with
primary antibodies (1:1000) at 4°C. The membrane was washed 3 times and then incubated
with IRDye-conjugated secondary antibody (1:5000) for 1 h. After washing 3 times, protein
bands were detected with the Odyssey 3.0 Infrared Imaging System (Li-Cor Biosciences).

Confocal fluorescence microscopy

HEK293T and Cos-1 cells (3 X 10* cells/well) were cotransfected with pFlag-GBP2 and pMyc-
NS7 (1 ug/each) into p-slide 8-well chamber (Cat. no. 80826; ibidi GmbH) at 37°C for 24 h. The
cells were fixed with 4% paraformaldehyde in PBS, permeablized with 0.2% Triton X-100,
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blocked with 5% skim milk for 1 h, reacted with the appropriate antibody, and stained with
4’,6-diamidino-2-phenylindole (DAPI). Antibodies used in this study were mouse anti-Flag Mab
(F1804; Sigma-Aldrich), rabbit anti-Myc PAb (Cell Signaling), and anti-rabbit IgG (H+L), F(ab')2
Fragment (Alexa Fluor® 488 Conjugate) or anti-mouse IgG(H+L), F(ab') 2 Fragment (Alexa Fluor
594 conjugate) secondary antibodies. Imaging was performed on a Leica SP5 confocal

microscopy using a 63x oil objective.
Statistical analysis

Data are presented as the mean + SD. Comparisons between groups were performed with
Mann-Whitney test using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA).

Differences were considered significant at a P value less than 0.05.

Results

IFN-y stimulation upregulates GBP2 expression in mouse macrophages

IFN-y signaling can potently inhibit MNV replication and induce expression of GBPs. In this
study, we observed upregulation of GBP2 following IFN-y treatment in RAW264.7 and J774A.1
cells (Fig. 1A and 1B), two murine macrophage cell lines susceptible to MNV infection. This
effect appears to be mediated by canonical JAK/STAT-mediated IFN signaling as the
pharmacological compound JAK inhibitor 1 blocked IFN-y-induced GBP2 expression both on
mRNA (Fig. 1Cand 1D) and protein levels (Fig. 1E) in RAW264.7 and J774A.1 cells. Furthermore,
IFN-y failed to stimulate GBP2 expression in STAT1 deficient mouse embryonic fibroblasts
(MEFs) (Fig. 1F and 1G). We thus concluded that upregulation of GBP2 is part of the canonical

IFN-y response.

GBP2 enhances IFN-y—mediated inhibition of MNV-1 replication in mouse

macrophages

We next examined whether MNV infection could induce GBP2 expression. Interestingly,
inoculation of both in RAW264.7 cells (Fig. 2A and 2B) and J774A.1 cells (Fig. 2C) with MNV-1
upregulated GBP2. To investigate the functional implication, we silenced GBP2 expression in
RAW?264.7 cells by lentiviral shRNAs. The efficacy of this approach was confirmed both with
or without IFN-y treatment (Fig. 3A-3C). Although GBP2 silence per se has no major effect on
MNV-1 replication, this strategy decreased anti-MNV activity of IFN-y (Fig. 3D). This is in

accordance with a study demonstrating that MNV replicates to a high level in GBP2 deficient
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murine bone marrow derived macrophages (BMDMs) in the presence of IFN-y (33). Thus GBP2
is necessary for the anti-MNV activity of IFN-y. Furthermore, we succeeded with stable GBP2
overexpression employing a lentiviral vector (Fig. 4A and 4B). This did not affect MNV-1 RNA
level (Fig. 4C), but augmented IFN-y-mediated inhibition of MNV-1 RNA transcription and
NS1/2 protein expression (Fig. 4D-4G), as well as the viral titers (Fig. 4H). Thus GBP2 is an

important mediator of IFN-y-triggered inhibition of MNV-1 replication in murine macrophages.
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Figure 1. IFN-y stimulation triggers GBP2 expression in mouse macrophages. Western blotting
analysis of GBP2 expression in RAW264.7 (A) and J774A.1 (B) cells that were treated or untreated with
IFN-y (100 U/ml) for 24 h. RAW264.7 and J774A.1 cells were treated or untreated with IFN-y (100 U/ml)
or JAK inhibitor 1 (10 uM) for 4 h or 6 h, respectively. mRNA (C; n = 6 and D; n = 6), and protein (E)
levels of STAT1 and GBP2 were analyzed by gRT-PCR and western blotting, respectively. (F) WT and
STAT17 MEFs were untreated or treated with IFN-y (100 U/ml) for 6 h. The mRNA level of GBP2 was
analyzed by gqRT-PCR (n = 6). (G) Expression of STAT1 and GBP2 in WT and STAT1”- MEFs treated with
IFN-y (100 U/ml) for 6 h were analyzed by western blotting. Data in (C and D) were normalized to the
untreated and JAK inhibitor treated cells (both set as 1). Data in (F) were normalized to untreated WT

and STAT17 MEFs, respectively (both set as 1). **P < 0.01. B-actin was used as a loading control.
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Figure 2. MNV-1 infection upregulates GBP2 expression. RAW264.7 cells were infected with MNV-1
at indicated MOls or treated with IFN-y (100 U/ml) for 24 h. (A) The GBP2 mRNA level was analyzed by
gRT-PCR (n = 5-6). (B) Expression of GBP2 and MNV NS1/2 were analyzed by western blotting. (C)
1774A.1 cells were infected with MNV-1 at a MOl of 1, or treated with IFN-y (100 U/ml) for 24 h. mRNA
level of GBP2 was analyzed by gRT-PCR (n = 6). Data were normalized to the untreated control (CTR,

set as 1). **P < 0.01. B-actin was used as a loading control.
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Figure 3. Knockdown of GBP2 attenuates IFN-y—mediated inhibition of MNV-1 NS1/2 protein
expression in mouse macrophages. (A) gRT-PCR analysis of GBP2 knockdown by lentiviral shRNA
vectors in RAW264.7 cells (n = 4). (B) qRT-PCR analysis of GBP2 knockdown by lentiviral shRNA vectors
in RAW264.7 cells that were stimulated with IFN-y (100 U/ml) for 6 h (n = 4). (C) Western blotting
analysis of GBP2 knockdown by lentiviral sShRNA vectors in RAW264.7 cells without or with IFN-y (100
U/ml) treatment. (D) GBP2-knockdown RAW264.7 cells were infected with MNV-1 at a MOl of 1 for 1
h, then untreated or treated with IFN-y (100 U/ml) for 24 h. The viral NS1/2 protein level was analyzed
by western blotting. Data in (A and B) were normalized to the control (CTR, set as 1). *P < 0.05. B-actin

was used as a loading control.
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GBP2 overexpression restricts MNV-1 replication in human epithelial cells

Discovery of the MNV receptor (CD300If) has enabled MNV infection in human cells by ectopic
expression of this receptor (6). We found that transfection with FLAG-tagged CD300If allowed
MNV-1 replication in human HEK293T cells (Fig. 5A). Studies have reported that the anti-MNV
ability of IFN-y is impaired in human HAP1 cells with complete loss of GBPs (33). To further
examine whether GBP2 exerts anti-norovirus activity in human cells, HEK293T cells were co-
transfected with FLAG-tagged CD300If and different concentrations of GBP2 vectors for 24 h,
and subsequently infected with MNV-1 for another 24 h. Mirroring the results in murine
macrophages, GBP2 overexpression alone can inhibit MNV-1 shown at both viral RNA (Fig. 5B)
and protein levels (Fig. 5C). Furthermore, transfection with Myc-tagged GBP2 into CD300If
expressing HEK293T cells confirmed the inhibitory effects on MNV-1 (Fig. 5D-5F). Thus a role
for GBP2 in constraining MNV replication is not restricted to murine macrophages but also
extends to human epithelial cells.

Of note, several ISGs with broad antiviral activity, including IRF1, RIG-1 and MDAS5, have been
shown to activate the transcription of many other ISGs (15,35-37). To address whether GBP2
also exerts its action in a similar manner, we measured the transcriptional level of several
selected ISGs in RAW264.7 cells in the absence or presence of stable GBP2 overexpression.
Overexpression GBP2 did not affect the expression of these tested ISGs (Fig. S1A). This was
further confirmed in HEK293T cells (Fig. S1B). These results suggest that the antiviral activity
of GBP2 is independent of ISG induction.

The N-terminus of GBP2 is essential for the anti-MNV activity

Structural analysis of human GBP1 has revealed three distinct domains, including the N-
terminal globular GTPase domain (G domain), the following two helical part presenting as the
middle domain (M domain), and the C-terminal GTPase effector domain (E domain) (19).
Based on the human GBP1 structure, we predicted and modelled the mouse GBP2 protein
structure (Fig. S2) by using the online software SWISS-MODEL (RRID:SCR_018123) and
mapped GBP2 into three corresponding domains (Fig. 6A). To investigate which domain is
responsible for the antiviral actions, we constructed Flag-tagged truncated mutants of GBP2,
and verified their expression in HEK293T cells (Fig. 6B). Their anti-MNV activities were
examined in HEK293T cells transfected with Flag-tagged CD300If. We found that the G and
GM domains of GBP2 inhibited viral replication shown at both viral RNA and protein levels (Fig.
6C and 6D). In contrast, the M, ME and E domains did not exert anti-MNV activity (Fig. 6C
and6D). To further confirm, we established stable expression of GBP2 truncated mutants in
RAW?264.7 cells (Fig. 6E). These cells were infected with MNV-1 then treated with IFN-y for 24
h. We found that the G and GM domains of GBP2 enhanced IFN-y-mediated anti-MNV activity,
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whereas the remaining domains appeared not to influence viral replication (Fig. 6F-6H). Taken
together, the N-terminus of GBP2 is indispensable for restricting MNV-1 replication in human

cells and augmenting IFN-y-mediated anti-MNV ability in murine macrophages.
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Figure 4. GBP2 overexpression enhances IFN-y—mediated inhibition of MNV-1 replication in mouse
macrophages. (A) HEK293T cells were transfected with pCDH-GBP2 (1 ug) or the empty vectors (1 ug)
for 24 h. Western blotting analysis of GBP2 expression by using rabbit anti-GBP2 antibody (1: 1000).
(B) qRT-PCR analysis of GBP2 overexpression by lentiviral vectors in RAW264.7 cells (n = 9). (C) gRT-
PCR analysis of MNV RNA level (n = 6) in GBP2 stable expression cells that were infected with MNV-1
with indicated MOls. gRT-PCR (D) analysis of MNV RNA level (n = 5-6) and western blotting (E) analysis
of MNV NS1/2 expression in GBP2 stable expression cells that were infected with MNV-1 (MOI 0.01)
for 1 h, then treated with indicated concentrations of IFN-y for 24 h. qRT-PCR (F) analysis of MNV RNA
level (n = 6) and western blotting (G) analysis (n = 4-6) of MNV NS1/2 expression in GBP2 stable
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expression cells that were infected with MNV-1 (MOI 1) for 1 h, then treated with indicated
concentrations of IFN-y for 24 h. (H) TCID50 assay analysis of viral titers in the supernatants from GBP2
stable expression cells that were infected with MNV-1 (MOI 1) for 1 h, then untreated or treated with
IFN-y for 24 h (n = 6). Data in (B, C, G lower panel and H) were normalized to the untreated control (set
as 1). Datain (D and F) were normalized to untreated EV and GBP2 stable expression cells, respectively
(both set as 1). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. B-actin was used as a loading
control.
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Figure 5. GBP2 restricts MNV-1 replication in human epithelial cells. (A) HEK2923T cells were
transfected with the pFlag-CD300If (0.5 ug) or the empty vectors (0.5 ug) for 24 h, then infected with
MNV-1 at MOI of 1 for 24 h. Western blotting analysis of MNV-1 infection by detecting the viral NS1/2
protein. qRT-PCR analysis of MNV RNA (B) (n = 6), and western blotting analysis of MNV NS1/2 and
GBP2 proteins (C) in HEK293T cells that were transfected with pFlag-CD300If (0.5 ug) and pFlag-GBP2
or empty vectors with indicated concentrations, then infected with MNV-1 at MOI of 1 for 24 h.
HEK293T cells were transfected with pFlag-CD300If (0.5 ug) and pMyc-GBP2 (1 ug) or empty vectors (1
ug) for 24 h, then infected with MNV-1 at MOI of 1 for 24 h. The viral RNA and NS1/2 protein levels
were analyzed by gRT-PCR (D) (n = 6) and western blotting (E) (n = 5), respectively. (F) HEK293T cells
were transfected with pFlag-CD300If (0.5 ug) and pMyc-GBP2 (1 ug) or empty vectors (1 ug), then
infected with MNV-1 at MOI of 1 for 24 h. Viral titers in the supernatants were analyzed by TCID50
assay (n =6). Datain (B, D, E right panel and F) were normalized to the EV control (set as 1). **P < 0.01.
B-actin was used as a loading control.
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Figure 6. The N-terminus of GBP2 is essential for its anti-MNV activity. (A) Schematic representation
of the protein domains of GBP2. (B) Expression of full-length or truncated forms of GBP2. The indicated
expression plasmids were transfected into HEK293T cells for 24 h, and the cell lysates were analyzed
by western blotting using antibodies against Flag tag and B-actin. (C and D) gRT-PCR (n = 4-6) and
western blotting analysis of MNV RNA level and NS1/2 protein in HEK293T cells that transfected with
pFlag-CD300If (0.5 ug) and indicated plasmids (1 ug) for 24 h, then infected with MNV-1 (MOI 1) for
another 24 h. (E) Identification of stable expression of GBP2 truncated mutants by lentiviral vectors in
RAW?264.7 cells by qRT-PCR assay (n = 4). Western blotting analysis of MNV NS1/2 protein level in
RAW264.7 cells with stable expression of GBP2 truncated mutants by lentiviral vectors that were
infected with MNV-1 at a MOI of 0.01 (F), or at a MOl of 1 (G) for 1 h, then treated with IFN-y (10 U/ml)
for 24 h. (H) Viral NS1/2 protein expression by western blotting was statistically analyzed (n = 5). Data
in (C, D, E and H) were normalized to the EV control (set as 1). *P < 0.05; **P < 0.01; ns, not significant.

B-actin was used as a loading control.
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The R48 and K51 residues are critical for GBP2 mediated anti-MNV activity

It has been reported that the GTPase activity of GBPs is important for the antiviral activity
(27,38). The R48 and K51 residues are important for its GTPase activity of both hGBP1 (38,39),
and mGBP2 (40). Thus, we constructed two GBP2 mutants including GBP2 (R48A) and GBP2
(K51A) (Fig. 7A), and confirmed their expression in HEK293T cells (Fig. 7B). To determine the
antiviral effects of these two GBP2 mutants, we transfected the constructed mutants and viral
receptor vectors into HEK293T cells, then infected with MNV-1 for 24 h. Compared with the
wild-type GBP2, these two mutants failed to restrict MNV-1 at both viral RNA (Fig. 7C), and
NS1/2 protein levels (Fig. 7D). Measuring viral titers in the supernatants of infected cells
further confirmed these results (Fig. 7E). Thus, the R48 and K51 residues of GBP2 are essential
for its anti-MNV activity.

MNV NS7 antagonizes the antiviral activity of GBP2

Studies have reported that the viral replicase has a negative regulation on porcine GBP1
mediated inhibition of CSFV (27) and human GBP1 mediated restriction of HCV (36). Thus, we
next determined whether the MNV replicase NS7 has a role on GBP2 mediated antiviral
activity. We co-transfected pFlag-GBP2 and pFlag-NS7 into HEK293T cells. We found that GBP2
expression was not affected by NS7 expression (Fig. 8A), and NS7 did not affect viral NS1/2
protein expression (Fig. 8B). Moreover, confocal microscopy indicated that besides
localization in the nucleus, NS7 could co-localize with GBP2 in the cytoplasm of the cells (Fig.
8C and 8D). To further investigate NS7 on GBP2 mediated antiviral activity, we co-transfected
pFlag-CD300If, pFlag-GBP2 and pMyc-NS7 into HEK293T cells, then infected with MNV-1 for
24 h. We found that NS7 attenuated GBP2 mediated anti-MNV effects shown at both viral
RNA and NS1/2 protein levels (Fig. 8E and 8F). These results indicated a potential antagonistic
effects of NS7 on GBP2 mediated anti-MNV activity.

Discussion

GBPs as a group of IFN-induced proteins are essential for innate immune response against
intracellular bacterial, viral and protozoan pathogens (18,22,25). With respect to viruses, it
has been shown that human GBP1 can restrict replication of vesicular stomatitis virus and
encephalomyocarditis virus (41), whereas several GBPs have been linked to host defense
against HIV, CSFV and influenza virus (25,27,42). A recent study suggested potential
interactions between this family of GTPases and norovirus replication (32). Here we further

show that GBP2 effectively responds to and defends murine norovirus infection. Our findings
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fit well with the increasing momentum and support for the notion that IFN-inducible GTPases
are crucial for cell-autonomous host defense against viral infection in general and norovirus
in particular (7). We first demonstrated that GBP2 mediates IFN-y-triggered anti-MNV activity
in murine macrophages, whereas GBP2 alone is not sufficient to inhibit MNV. By exploiting
ectopic expression of the viral receptors (6), we conferred susceptibility of human HEK293T
cells to MNV infection. We further demonstrated that GBP2 alone is sufficient to potently
inhibit MNV in human epithelial cells, without requiring the presence of IFN-y. We speculate

that the disparity in requiring IFN-y may be attributed to the differences in species, cell types
and the expression patterns of GBP2.
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Figure 7. The R48 and K51 residues of GBP2 are critical for its anti-MNV activity. (A) Schematic
representation of the GBP2 mutations. (B) Expression of GBP2 mutations. The indicated expression
plasmids were transfected into HEK293T cells for 24 h, and the cell lysates were analyzed by western
blotting using antibodies against Flag tag and B-actin. HEK293T cells were transfected with pFlag-
CD300If (0.5 ug), and pFlag-GBP2 (WT), pFlag-GBP2 (R48A), pFlag-GBP2 (K51A) or empty vectors for 24
h, then infected with MNV-1 at a MOI of 1 for 24 h. The MNV RNA (C) (n = 4-6), and NS1/2 protein (D)
levels were analyzed by gRT-PCR and western blotting, respectively. (E) The viral titers in the
supernatants were examined by TCID50 assay (n = 6). Data in (C and E) were normalized to the EV

control (set as 1). *P < 0.05; **P < 0.01; ns, not significant. B-actin was used as a loading control.
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Figure 8. MNV NS7 antagonizes GBP2 mediated anti-MNV activity. (A) HEK293T cells were co-
transfected with pFlag-GBP2 (1 ug) and pFlag-EV (1 ug) or pFlag-NS7 with indicated concentrations for
24 h. The cell lysates were collected for analysis by western blotting. (B) HEK293T cells were co-
transfected with pFlag-CD300If (0.5 ug) and pFlag-EV or pFlag-NS7 with indicated concentrations for
24 h, then infected with MNV-1 (MOI 1) for 24 h. The cell lysates were collected for analysis by western
blotting using antibodies against the NS1/2, Flag tag and B-actin. Co-localization of GBP2 with MNV
NS7 was examined. Expression plasmids pFlag-GBP2 (1 ug) and pMyc-NS7 (1 ug) or the vectors (1 ug)
were co-transfected into HEK293T (C) and Cos-1 (D) cells and subjected to a confocal assay,
respectively. HEK293T cells were cotransfected with pFlag-CD300If (0.5 ug), pFlag-GBP2, pMyc-NS7 or
the empty vectors with indicated concentrations for 24 h, then infected with MNV-1 (MOI 1) for 24 h.
The total RNA and cell lysates were collected and analyzed by qRT-PCR (E) (n = 5-6), and western
blotting (F) (n = 4-5). Data in (E and F right panel) were normalized to the EV control (set as 1). *P <

0.05; **P <0.01; ns, not significant. B-actin was used as a loading control.
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Although ISGs are known as antiviral effectors, their mode-of-actions are diverse including
direct and indirect anti-viral actions. Some ISGs have been linked to immunity against
norovirus infection. IRF1 has been reported to contribute to IFN-y-mediated inhibition of MNV
replication in macrophages (16). This may be an indirect effect as shown in the setting of
hepatitis E virus (HEV) infection. IRF1 activates STAT1 to induce the expression of a wide range
of ISGs that eventually inhibit HEV replication (35). ISG15 inhibits an early step of the MNV life
cycle upstream of viral genome transcription (17). GBP1 has been reported to restrict DENV
replication by modulating NF-kB activity, leading to the production of antiviral and pro-
inflammatory cytokines (43). As seen in this study, the inhibition of MNV replication by GBP2
appears to be independent of ISG induction. Interestingly, recent studies have shown an
association between GBPs and inflammasome activation. The inflammasome machinery is
essential for host defense against viral pathogens (28,29). MNV infection triggers NLRP3
inflammasome activation in primary BMDMs with STAT1 deficiency or in TLR2-primed BMDMs
(44). MNV infection persists much longer in NLRP6-deficient compared with the wild-type
mice (45). It is thus tempting to suggest that GBP2 functions through inflammasome activation

and this scenario should be investigated in future experimentation.

Structurally, hGBP1 can be mapped into three domains with distinct functionality (19). The N-
terminal domain of GBP1 is responsible for the antiviral activity against influenza A virus (1AV),
HCV and CSFV infections (27,38,39). The C-terminal domain of mGBP2 dictates the
recruitment to the Toxoplasma gondii parasitophorous vacuole and contributes to control of
its replication (18). Based on the hGBP1 structure (PDB, 1f5n) (19), we modeled the different
domains of mouse GBP2 including the G, M and E domains. By constructing the truncated
mutants of GBP2, we found that the N-terminal G-domain is important for the anti-MNV
activity in human epithelial cells, and for augmenting IFN-y-mediated anti-MNV response in

murine macrophages.

The R48 and K51 residues within the N-terminal domain are essential for the GTPase activity
and antiviral function of GBP1 (27,38). Arg-48 in the P-loop is highly conserved across different
GBPs, and functions as a GTPase-activating “arginine finger” involved in the multimerization
process. The R48A mutant has much weaker GTPase activity (40). Lys-51 (K51A) mutation in
mouse GBP2 leads to a nearly complete loss of function including hydrolysis, dimerization and
nucleotide binding (40). In this study, we found that the R48A and K51A mutants attenuate
the anti-MNV effects of GBP2, suggesting the potential requirement of GTPase activity.
Viruses have developed sophisticated strategies to evade host defense (46). MNV NS1/2
interacts with host protein VAPA to enhance viral replication (47), NS3 interacts with
microtubule-associated protein GEF-H1, which plays a role in immune detection of viral
replication (48). MNV NS7 is the viral replicase, and catalyzes replication of the viral genome.

NS7 presents a diffused pattern both in cell cytoplasm and nucleus (49,50). In this study, we
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revealed that NS7 co-localizes with GBP2 in the cytoplasm by transient expression, and
antagonizes GBP2 mediated anti-MNV activity. Viral replicases including NS5B of HCV and
NS5A of CSFV, and NS1 of IAV have been reported to interact with GBP1 (38,39), and attenuate
GBP1-mediated antiviral activity (27,38). Thus, the potential interaction of NS7 with GBP2, and
possible inhibitory role on GTPase activity of GBP2 are interesting to be further studied.

In summary, MNV-1 infection activates the expression of GBP2, an IFN-inducible GTPase.
GBP2 orchestrates innate immune defense against MNV independent of its N-terminus.
However, MNV NS7 can co-localize with GBP2 in the cytoplasm, and antagonize GBP2
mediated anti-MNV activity. These findings shed new light on norovirus-host interactions, and
shall be helpful for better understanding the pathogenesis and developing new antiviral

strategies.
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Supplementary Fig. 1 GBP2
trigger ISG
gRT-PCR
analysis of ISG mRNA levels in
GBP2
RAW264.7 cells by lentiviral-
based vectors (n = 4-6). (B)
gRT-PCR analysis of ISG mRNA
levels in HEK293T cells that
transfected with pFlag-GBP2

or empty vectors (n = 6). Data

does not

expression.  (A)

stable  expression

were normalized to the EV
control (set as 1). **P < 0.01.

Supplementary Fig. 2 A predicted model of the tertiary
structure of mouse GBP2. Based on the human GBP1 structure
(PDB, 1f5n), the structure of mouse GBP2 protein (NCBI
Reference Sequence: NP_034390) was predicated by using the
online software SWILL-MODEL, where the G domain (7 - 304
aa) is in red, the M domain (305 - 481 aa) in blue, and the E

domain (482 - 581 aa) in green. aa, amino acid.
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Supplementary Table 1. The primers used for plasmid construction

Primer

Sequence (5’to 3’)

Usage

pFlag-GBP2-F
pFlag-GBP2-R
pFlag-GBP2_G-F
pFlag-GBP2_G-R
pFlag-GBP2_GM-F
pFlag-GBP2_GM-R
pFlag-GBP2_M-F
pFlag-GBP2_M-R
pFlag-GBP2_ME-F
pFlag-GBP2_ME-R
pFlag-GBP2_E-F
pFlag-GBP2_E-R
pMyc-GBP2-F
pMyc-GBP2-R
pCDH-GBP2-F
pCDH-GBP2-R
pCDH-GBP2_G-F
pCDH-GBP2_G-R
pCDH-GBP2_GM-F
pCDH-GBP2_GM-R
pCDH-GBP2_M-F
pCDH-GBP2_M-R
pCDH-GBP2_ME-F
pCDH-GBP2_ME-R
pCDH-GBP2_E-F
pCDH-GBP2_E-R
pFlag-NS7-F
pFlag-NS7-R
pMyc-NS7-F
pMyc-NS7-R

TGCTCTAGAGCCTCAGAGATCCACATGTCGGAAC
CGGGGTACCGATCAGAGTATAGTGCACTTCCCAG
TGCTCTAGAGCCTCAGAGATCCACATGTCGGAAC
TTGCGGCCGCTCAATTGCTGATGGCACCAAC
TGCTCTAGAGCCTCAGAGATCCACATGTCGGAAC
TTGCGGCCGCTCATGTGAGTGACTGATCCGTC
TGCTCTAGAATGGGGTCTCTCCCCTGCATGGA
TTGCGGCCGCTCATGTGAGTGACTGATCCGTC
TGCTCTAGAATGGGGTCTCTCCCCTGCATGGA
CGGGGTACCTCAGAGTATAGTGCACTTCCCAGAC
TGCTCTAGAGAGGCAGCAAAGGAGGTAGAAGA
CGGGGTACCTCAGAGTATAGTGCACTTCCCAGAC
TGCTCTAGAATGGCCTCAGAGATCCACATGTCGG
CGGGGTACCGAGTATAGTGCACTTCCCAGACG
TGCTCTAGAATGGCCTCAGAGATCCACATGTCGG
TTGCGGCCGCTCAGAGTATAGTGCACTTCCCAGAC
TGCTCTAGAATGGCCTCAGAGATCCACATGTCGG
TTGCGGCCGCTCATGTGAGTGACTGATCCGTC
TGCTCTAGAATGGCCTCAGAGATCCACATGTCGG
TTGCGGCCGCTCATGTGAGTGACTGATCCGTC
TGCTCTAGAATGGGGTCTCTCCCCTGCATGGA
TTGCGGCCGCTCATGTGAGTGACTGATCCGTC
TGCTCTAGAATGGGGTCTCTCCCCTGCATGGA
TTGCGGCCGCTCAGAGTATAGTGCACTTCCCAGAC

TGCTCTAGAATGGAGGCAGCAAAGGAGGTAGAAG

TTGCGGCCGCTCAGAGTATAGTGCACTTCCCAGAC

TGCTCTAGAGGACCCCCCATGCTTCCCCGCCCCTCA

CGGAATTCTTACTCATCCTCATTCACAAAGAC

CTAGCTAGCATGGGACCCCCCATGCTTCCCCGCCCCTCA

CGGGATCCCTCATCCTCATTCACAAAGACTGC

Amplification of GBP2

Amplification of GBP2
(G domain)
Amplification of GBP2
(GM domain)
Amplification of GBP2
(M domain)
Amplification of GBP2
(ME domain)
Amplification of GBP2
(E domain)
Amplification of GBP2

Amplification of GBP2

Amplification of GBP2
(G domain)
Amplification of GBP2
(GM domain)
Amplification of GBP2
(M domain)
Amplification of GBP2
(ME domain)
Amplification of GBP2
(E domain)
Amplification of MNV
NS7

Amplification of MNV
NS7
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Supplementary Table 2. Lentiviral shRNA sequences

No. Gene Accession Sequences Target Sequence

sh-32 mouse NM_01026 CCGGGCGACTGTGCATCAGGAAATTCTCGAG GCGACTGTGCATCA
GBP2 0.1 AATTTCCTGATGCACAGTCGCTTTTTG GGAAATT

sh-33 mouse NM_01026 CCGGCATCAGGAAATTCTTTCCAAACTCGAGT CATCAGGAAATTCT
GBP2 0.1 TTGGAAAGAATTTCCTGATGTTTTTG TTCCAAA

Supplementary Table 3. The primers used for gRT-PCR

Gene F-Sequences (5’to 3’) R-Sequences (5’ to 3’)

mGAPDH TTCCAGTATGACTCCACTCACGG TGAAGACACCAGTAGACTCCACGAC
mSTAT1 GCCTCTCATTGTCACCGAAGAAC TGGCTGACGTTGGAGATCACCA
mIRF1 CAGAGGAAAGAGAGAAAGTCC CACACGGTGACAGTGCTGG
mISG15 TGACGCAGACTGTAGACACG TGGGGCTTTAGGCCATACTC
mISG20 CAATGCCCTGAAGGAGGATA TGTAGCAGGCGCTTACACAG
mMX2 CCAGTTCCTCTCAGTCCCAAGATT TACTGGATGATCAAGGGAACGTGG
mGbp2? ACCAGCTGCACTATGTGACG TCAGAAGTGACGGGTTTTCC
mOAS2 CATCCTTCTGCACCAGCTCA TCAGTAGCTCCCAGAACCCA
mIFIT1 CCATAGCGGAGGTGAATATC GGCAGGACAATGTGCAAGAA
mGBP2-MP AGCTCCTGGATCTGCACAGG GAGCTGATGAGACATCCATG
mGBP2-E¢ TCGAGCTGATGATGCAGCAG TCTCATTCTCGAATCCTTCC
hGAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT
hSTAT1 ATGGCAGTCTGGCGGCTGAATT CCAAACCAGGCTGGCACAATTG
hIRF1 GAGGAGGTGAAAGACCAGAGCA TAGCATCTCGGCTGGACTTCGA
hISG15 CTCTGAGCATCCTGGTGAGGAA AAGGTCAGCCAGAACAGGTCGT
hMX1 GGCTGTTTACCAGACTCCGACA CACAAAGCCTGGCAGCTCTCTA
hiIFIT1 GCCTTGCTGAAGTGTGGAGGAA ATCCAGGCGATAGGCAGAGATC
MNV-1 CACGCCACCGATCTGTTCTG GCGCTGCGCCATCACTC

a, the primers were used for detection of the WT, G and GM domain of mGBP2; b, the primers were

used for detection of the M and ME domain of mGBP2; c, the primers were used for detection of the
E domain of mGBP2.
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interferon-like response partially via the JAK-STAT cascade
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MDADS against enteric viruses via IFN-like response

Abstract

Enteric viruses including hepatitis E virus (HEV), human norovirus (HuNV), and rotavirus are
causing global health issues. The host interferon response constitutes the first-line defense
against viral infections. Melanoma Differentiation-Associated protein 5 (MDAS5) is an
important cytoplasmic receptor sensing viral infection to trigger interferon production, and
on the other hand it is also an interferon-stimulated gene (ISG). In this study, we investigated
the effects and mode-of-action of MDAS on the infection of enteric viruses. We found that
MDAS potently inhibited HEV, HuNV and rotavirus replication in multiple cell models.
Overexpression of MDAS induced transcription of important antiviral ISGs through interferon-
like (IFN-like) response, without triggering of functional IFN production. Interestingly, MDA5
activates the expression and phosphorylation of STAT1, which is a central component of the
JAK-STAT cascade and a hallmark of antiviral IFN response. However, genetic silencing of
STAT1 or pharmacological inhibition of the JAK-STAT cascade only partially attenuated the
induction of ISG transcription and the antiviral function of MDA5. Thus, we have
demonstrated that MDAS effectively inhibits HEV, HUNV and rotavirus replication through
provoking a non-canonical IFN-like response, which is partially dependent on JAK-STAT

cascade.

Keywords: MDAS, innate immunity, ISGs, interferon
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Introduction

There are over 100 types of viruses excreted in feces, which collectively known as enteric
viruses. Among these, hepatitis E virus (HEV) has been recognized as an emerging zoonotic
virus, representing a major cause of acute hepatitis worldwide. Although it is often self-
limiting, high mortality rate has been reported in pregnant women. Human norovirus (HuNV)
and rotavirus are the leading causes of acute gastroenteritis. Interestingly, all three types of
viruses can cause chronic infection inimmunocompromised organ transplantation patients (1-
4), highlighting the essential role of host immunity in determining the outcome of these

infections.

Innate immune system is the first line of host defense against viral infection and plays a critical
role in clearance of pathogen (5). Upon infection, pathogen-associated molecular patterns
(PAMPs) are recognized by pattern recognition receptor (PRRs), such as toll-like receptors
(TLRs) and retinoic acid inducible gene | (RIG-I)-like receptors (RLRs) (6,7). Subsequently, PPRs
initiate downstream signaling pathway to produce a panel of cytokines, in particular, the
antiviral interferons (IFNs). Mechanistically, type I and III IFN bind to their receptors on the
cell surface to initiate signal cascades. This binding triggers the phosphorylation of STAT1 and
STAT2, which subsequently bind to IRF9 to form a interferon-stimulated gene factor 3 (ISGF3)
complex. ISGF3 translocates to the nucleus to drive expression of interferon-stimulated genes
(ISGs) to establish antiviral states (8).

Melanoma Differentiation-Associated protein 5 (MDAS5) is an important cytoplasmic receptor,
a member of RLRs, which participates in recognition of different RNA viruses. Upon the
detection of viral RNA ligand, MDAS recruits mitochondrial antiviral signaling (MAVS, also
known as IPS-1, VISA, or Cardif) (9) to activate IRF3/7 and NF-kB, and eventually triggers
interferon and inflammatory responses. On the other hand, MDAS5 is also an important
antiviral ISG. MDAS has been reported to potently inhibit the replication of Sindbis virus (SINV),
West Nile virus (WNV) and Venezuelan equine encephalitis virus (VEEV) (10). Thus, the
antiviral mechanisms may directly through pathogen recognition pathway or directly act as an
antiviral 1ISG. However, how MDAS exactly exerts antiviral action against different types of

viruses remains largely under investigated.
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Materials and methods

Reagents

Human IFN-a (Sigma-Aldrich, H6166) was dissolved in PBS. Stocks of JAK inhibitor 1 (SC-
204021, Santa Cruz Biotechnology, Santa Cruz, CA, USA) were dissolved in DMSO with a final
concentration of 5 mg/ml. Dimethyl sulfoxide (DMSO, Sigma, Zwijndrecht, the Netherlands)
was used as vehicle control. Phospho-STAT1 (Tyr701) (58D6, Rabbit mAb, 9167), STAT1 (Rabbit
mAb, 9172), RIG-I (D14G6, Rabbit mAb,3743), PKR (D7F7, Rabbit mAb, 12297), MDAG5 (IFIH1)
(D74E4, Rabbit mAb, 5321) antibodies were obtained from Cell Signaling Technology (Danvers,
MA, USA). B-actin antibody (mouse monoclonal, sc-47778) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-rabbit and anti-mouse IRDye-conjugated secondary
antibodies (Li-Cor Biosciences, Lincoln, NE, USA) were also used.

Cell culture

Huh?7 and PLC/PRF/5 (PLC) human hepatoma cells, Huh7-STAT1 knockout cells, HEK293T cells
andCaco2 cells were cultured in DMEM (Lonza Biowhittaker, Verviers, Belgium)
complemented with 10% (v/v) fetal calf serum (FCS) (Hyclone, Logan, UT, USA), 100 IU/ml
penicillin and 100 mg/ml streptomycin. For the ISRE reporter model (Huh7-ISRE-Luc), Huh7
cells were transduced with a lentiviral transcriptional reporter system expressing the firefly
luciferase gene driven by a promoter containing multiple ISRE promoter elements (SBI
Systems Biosciences, Mountain View, CA, USA). Luciferase activity represents ISRE promoter

activation (11).
Viruses and cell culture models

In this study, multiple cell lines were used for HEV replication, including a human hepatoma
cell lines, Huh7 and PLC. For the full-length HEV model, a plasmid construct containing the
full-length HEV genome (Kernow-C1 p6 clone; GenBank Accession Number JQ679013) was
used to generate HEV genomic RNA with the Ambion mMessage mMachine in vitro RNA
transcription Kit (Thermo Fisher Scientific Life Sciences). Huh7 and PLC cells were
electroporated with full-length HEV genome RNA, to generate consecutive HEV-infected cell
models, Huh7-p6 and PLC-p6. For the subgenomic HEV model, a construct containing
subgenomic HEV in which the portion of HEV ORF2 was replaced with the in-frame Gaussia
princeps luciferase reporter gene to yield p6-Luc (12). Huh7 cells were electroporated with
HEV subgenomic RNA to generate an HEV subgenomic model, Huh7-p6-Luc, in which the

accumulation of secreted luciferase serves as a reporter for HEV replication. HG23 (Huh7 cells
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containing a stable subgenomic HUNV replicon) (13). Gentamicin (G418; Gibco) was added to
HG23 culture medium at 1.5 mg/mL for selection before experimentation.

Gene knockdown and overexpression by lentiviral vectors

For gene knockdown, pLKO.1-based lentiviral vectors (Sigma-Aldrich) targeting MDAS and
non-targeted control vector (shCTR) were obtained from the Biomics Center in Erasmus
Medical Center. Lentiviral pseudoparticles were generated in HEK293T cells. To generate a
stable gene-knockdown cell line, PLC cells were transduced with lentiviral particles for 48 h.
Subsequently, transduced cells were cultured with medium containing 2.5 mg/ml puromycin
(Sigma-Aldrich). Because the vectors also express a puromycin resistance gene, cell lines
showing optimal gene knockdown after selection, were chosen.
PTRIP.CMV.IVSb.ISG.ires.TagRFP-based MDAS overexpression vector was a kind gift from Prof.
Charles M. Rice (Rockefeller University, New York, NY, USA) (10). Meanwhile, Photinus pyralis
luciferase (Fluc) was used as the control (also kind gifts from Prof. Charles M. Rice). Target cell
lines were seeded into 12-well plates at a density of 6x104 cells per well and transduced with
lentiviral pseudoparticles at 37°C for 24, 48, or 72 h. The transduction time of each experiment

is described in the legend of each figure, along with the control vector used.
Quantification of viral replication

MDA?S was transduced in Huh7-p6 and PLC-p6 cell models. HEV RNA level was quantified 48 h
after transduction by gRT-PCR. MDA5 was transduced in HG23 cells and rotavirus infected
Caco2 cells. HUNV and rotavirus RNA level were quantified 48 h after transduction by gRT-PCR,
respectively. Intracellular gene expression was quantified by SYBR-Green-based (Applied
Biosystems SYBR Green PCR Master Mix; Thermo Fisher Scientific Life Sciences) real-time PCR
with the StepOnePlus System (Thermo Fisher Scientific Life Sciences). GAPDH was used as
housekeeping genes, and all gene expression levels (relative) were normalized to GAPDH using
the 2-AACt method. For HEV-related Gaussia luciferase analysis (HEV-p6-Luc), the activity of
secreted luciferase in the cell culture medium was measured by BioLux Gaussia Luciferase Flex
Assay Kit (New England Biolabs, Ipswich, MA, USA), according to the manufacturer’s
instructions. Luciferase activity was quantified with a LumiStar Optima luminescence counter
(BMG Lab Tech, Offenburg, Germany). For the firefly and Photinus pyralis luciferases, luciferin
potassium salt (100 mM; Sigma-Aldrich) was added to the cells and incubated for 10 min at

37°C, and luciferase activity was measured.
IFN production bioassay

Cells were seeded into 6-well plates at a density of 1x105 cells per well and transduced with

MDA?S or control lentiviral particles at 37°C. After 72 h, lentiviral particles were removed, and
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cells were washed 3 times with PBS and cultured for another 72 h. The cultured supernatant
was subsequently collected and filtered through a 0.45mm pore size membrane and added to

Huh7-ISRE-Luc reporter cells which are sensitive to IFNs.
Immunoblot analysis

Lysate was heated at 95°C for 5 min. Proteins were subjected to a 10% sodium dodecyl sulfate
polyacrylamide gel (SDS-PAGE), separated at 100 V for 100min, and electrophoretically
transferred onto a PVDF membrane (pore size: 0.45 mm; Thermo Fisher Scientific Life Sciences)
for 100 min with an electric current of 230 mA. Subsequently, the membrane was blocked
with blocking buffer (Li-Cor Biosciences) in PBS containing 0.05% Tween-20. Membranes were
incubated with primary antibodies overnight at 4°C. Rabbit anti-MDAS5 (1:1000), p-STAT1
(1:1000), STAT1 (1:1000), RIG-I (1:1000), PKR (1:1000) antibodies or mouse anti-B-actin
(1:1000) were diluted in blocking buffer. The membrane was washed 3 times, followed by
incubation for 1 h with anti-rabbit or anti-mouse IRDye-conjugated secondary antibodies
(1:5000; Li-Cor Biosciences) at room temperature. B-actin served as the loading standard. The
membrane was scanned by Odyssey Infrared Imaging System (Li-Cor Biosciences). Results
were visualized with Odyssey 3.0 software. Band intensity data of each immunoblot was also

quantified by Odyssey Software.

MTT assay

Cells were seeded in 96-well plates, and 10mM 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich) was added. The plate was incubated at
37°C with 5% CO2 for 3 h, then the medium was removed, added 100 mL of DMSO to each
well, afterward the plate was incubated at 37°C for 1h. The absorbance was read on the

microplate absorbance reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 490 nm.
Statistical analysis

GraphPad Prism 5 software was used for data analysis using a Mann-Whitney test. All results
were presented as mean * standard errors of the means (SEM). P values of less than 0.05
(single asterisks in figures) were considered statistically significant; whereas P values less than

0.01 (double asterisks) and 0.001 (triple asterisks) were considered highly significant.
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MDA?S against enteric viruses via IFN-like response

< Figure 1. MDA?5 inhibits the replication of different enteric viruses. (A) Quantitative RT-PCR analysis
and immunoblot analysis of MDAS expression in Huh7-p6 cells transduced with MDAS or Fluc vector
or treated with IFN-a (1000 IU/mL) for 48 hours. (B) Quantitative RT-PCR analysis and immunoblot
analysis of HEV RNA level and HEV ORF2 protein level in Huh7-p6 cells transduced with MDAS or Fluc
vector or treated with IFN-a (1000 IU/mL) for 48 hours and analysis of HEV-related Gaussia luciferase
activity in Huh7-p6-luciferase cells transduced with MDAS or Fluc vector or treated with IFN-a (1000
IU/mL) for 24, 48, or 72 hours. (C) Quantitative RT-PCR analysis and immunoblot analysis of MDA5S
expression and quantitative RT-PCR analysis of HEV RNA level in PLC-p6 cells transduced with MDA5
or Fluc vector or treated with IFN-a (1000 IU/mL) for 48 hours. (D) PLC cells transduced with lentiviral
short hairpin RNA vector targeting MDAS or scramble control. Stable MDA5 knockdown or scramble
control PLC cells were infected with HEV for 48 hours. Quantitative RT-PCR analysis of MDAS
expression level and HEV RNA level (E) Quantitative RT-PCR analysis of MDAS expression and rotavirus
RNA level in Caco2 cells transduced with MDAS or Fluc vector or treated with IFN-a (1000 1U/mL) for
48 hours. (F) Quantitative RT-PCR analysis of MDAS5 expression and HUNV RNA level in HG23 cells
transduced with MDAS or Fluc vector or treated with IFN-a (1000 1U/mL) for 48 hours. Data were
normalized to the Fluc control (CTR, set as 1) or to the scramble control (shCTR, set as 1). Data are
means = SEM of three independent experiments with 2-4 biological repeats for each. *P < 0.05, **P <
0.01, ***P < 0.001. Abbreviation: CTR, control; RLU, relative luciferase unit; sh, short hairpin.

Results

MDADS potently inhibits HEV, HUNV and rotavirus replication

To evaluate the effects of MDAS on enteric viruses, we have employed multiple cell culture
models of HEV, HUNV and rotavirus infections. For HEV, two Huh7-based HEV models (Huh7-
p6 and Huh7-p6-Luc) were used. Lentiviral mediated MDAS overexpression was confirmed in
Huh7-p6 cells at mRNA and protein levels (Fig. 1A). In both models, MDA5 overexpression
significantly inhibited HEV replication (Fig. 1B). Next, we confirmed the anti-HEV activity in PLC
cell model (PLC-p6) (Fig. 1C). Conversely, gene silencing of MDAS by RNAi appears to facilitate
HEV replication, although not statistically significant (Fig. 1D).

Next, we found that MDA5 overexpression also significantly inhibits rotavirus and HuNV
replication in Caco2 and Huh7 cells, respectively (Fig. 1E, 1F). These results have demonstrated
that MDAS has a broad antiviral activity against enteric viruses, and encouraged us to further

explore the mechanism-of-action.
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Figure 2. MDAGS triggers the transcription of a range of antiviral 1SGs. (A) Analysis of ISRE-related
firefly luciferase activity in Huh7-ISRE-Luc cells transduced with MDAS or Fluc vector or treated with
IFN-a (1000 IU/mL) for 48 hours. (B) Quantitative RT-PCR analysis of ISG mRNA level in Huh7-p6 cells,
(C) PLC-p6 cells, and (D) Caco?2 cells transduced with MDADS or Fluc vector for 48 hours. (E) Immunoblot
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analysis of ISG protein level in Huh7-p6 cells, (F) PLC-p6 cells, and (G) Caco2 cells transduced with
MDAS or Fluc vector for 48 or 72 hours. Data were normalized to the Fluc control (CTR, set as 1). Data
are means + SEM of three independent experiments with 2-4 biological repeats for each. *P < 0.05;
**P < 0.01; ***P < 0.001. Abbreviation: CTR, control.

MDAS triggers the transcription of a range of antiviral ISGs through IFN-like
response

In general, IFNs active ISGF3 complex, which binds to IFN-stimulated response element (ISRE)
motifs in nucleus to drives ISGs transcription. Usually upon sensing of particular viruses,
MDAS triggers IFNs production, which subsequently induce ISG expression. Here, we
employed a transcriptional report system that mimics IFN response with a reporter luciferase
gene that was driven by multiple ISRE (ISRE-Luc). Surprisingly, similar to IFN-a treatment,
MDA?S overexpression in naive cells already potently increased ISRE-luciferase activity (Fig.
2A). Activation of ISRE usually leads to the transcription of ISGs that contain this motifs in
their promoter regions. Consistently, MDAS overexpression stimulated the transcription of a
large panel of ISGs in Huh7, PLC and Caco?2 cells (Fig. 2B, 2C, and 2D). The induction level of
ISG transcription by MDAGS is similar to that by IFN-a treatment (Supporting Fig. 1A, 1B, and
1C), whereas the induction patterns are different. The expression of several important I1SGs
was further confirmed by immunoblotting at protein level (Fig. 2E, 2F, and 2G). These results
suggested that MDAS induces ISG expression through triggering IFN-like response.

Overexpression of MDAS does not induce the production of functional IFNs

Since MDAS induced antiviral ISG transcription through IFN-like response, we examined
whether MDAS overexpression triggers IFN production. At mRNA level, MDAS overexpression
did not induce IFN-a and IFN-B, but moderately induced IFN-A expression in Huh7, PLC and
Caco2 cells (Fig. 3A, 3B, and 3C). More importantly, we investigated whether there is
production of functional IFNs by testing conditioned medium (supernatant) from MDAS
overexpressed Huh7, PLC or Caco2 cells (Fig. 3D). In the ISRE-based IFN reporter assay,
treatment with these conditioned medium collected did not trigger ISRE activation (Fig. 3E, 3F,
and 3G). These results demonstrated that MDA5 overexpression does not trigger the

production of functional IFNs in these cell models.
Overexpression of MDAS upregulates STAT1 expression and phosphorylation

Given the dispensability of IFN production in MDA5-triggered IFN-like response, we next
investigated the effect on STAT1, a central component of the JAK-STAT cascade. At mRNA level,
similar to IFN-a treatment, MDAS overexpression significantly upregulated STAT1 expression
in Huh7, PLC and Caco2 cells (Fig. 4A, 4B, and 4C). This was further confirmed at total protein
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levels of STAT1 in these cell models (Fig. 4E, 4F, and 4G). Phosphorylation of STAT1 is hallmark
of the activation of JAK-STAT cascade by IFNs. We found the activation of p-STAT1, at 701 site,
by MDAS overexpression, similar to IFN-a treatment (Fig. 4H, 41, and 4)).
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Figure 3. MDA5 overexpression did not induce the production of functional IFNs. (A) Quantitative RT-
PCR analysis of IFN gene mRNA level in Huh7-p6 cells, (B) PLC-p6 cells and (C) Caco2 cells transduced
with MDAS5 or Fluc vector for 48h. (D) Production of conditioned medium (supernatant). Cells were
transduced with MDAS or Fluc (control) vector for 72 hours; then, the cells were washed five times,
and medium was refreshed. Cells were cultured for another 72 hours, and supernatant was collected
as conditioned medium. (E) Analysis of ISRE-related firefly luciferase activity in Huh7-ISRE-Luc cells
treated with conditioned medium from Huh7-p6 cells, (F) PLC-p6 cells and (G) Caco2 cells or various
concentrations of IFN-a for 48 hours. Data were normalized to the Fluc control (CTR, set as 1). Data
are means + SEM of three independent experiments with 2-4 biological repeats for each. *P < 0.05;

**P <0.01; ***P < 0.001; Abbreviation: ns, not significant ; CTR, control; RLU, relative luciferase unit.
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Figure 4. MDA5 overexpression activates STAT1 expression and phosphorylation. (A) Quantitative
RT-PCR analysis of STAT1 mRNA level in Huh7-p6 cells, (B) PLC-p6 cells and (C) Caco2 cells transduced
with MDAGS or Fluc vector for 48h. (D) Immunoblot analysis of STAT1 expression in Huh7-p6 cells, (E)
PLC-p6 cells and (F) Caco2 cells transduced with MDAS vector or treated with IFN-a (1000 IU/MI) for
48 or 72 hours. (G) Immunoblot analysis of p-STAT1 (Tyr701) expression in Huh7-p6 cells, (H) PLC-p6
cells and (1) Caco?2 cells transduced with MDAS vector or treated with IFN-a (1000 IU/MI) for 48 or 72
hours. Data were normalized to the Fluc control (CTR, set as 1). Data are means + SEM of three
independent experiments with 2-4 biological repeats for each. *P < 0.05; **P < 0.01; ***P < 0.001;
Abbreviation: CTR, control.

The effect of JAK-STAT pathway on MDAb5-mediated antiviral ability and
triggered ISG transcription

Because MDAS activates STAT1 expression and phosphorylation, we further investigated the
role of JAK-STAT pathway on MDA5-mediated ISG transcription and antiviral activity. We
firstly used JAK inhibitor 1 to pharmacologically block the JAK-STAT pathway. As expected,
MDA?S or IFN-a -induced p-STAT1 were effectively blocked by JAK inhibitor (Fig. 5A), whereas
lentiviral-delivered MDAGS overexpression was not affected by the inhibitor in Huh7 cells (Fig.
5A, 5B). Surprisingly, the anti-HEV activity of MDAS only partially attenuated, whereas the
anti-HEV activity of IFN-a was totally blocked by JAK inhibitor 1 (Fig. 5C). Consistently, MDA5-
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< Figure 5. JAK inhibitor 1 partially attenuates MDA5-induced ISG transcription and anti-HEV activity.
(A) Immunoblot analysis of p-STAT1 (Tyr701) expression and ISG protein levels in Huh7 cells transduced
with MDAGS vector or treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48 hours.(B)
Quantitative RT-PCR analysis of MDA5 mRNA levels in Huh7 cells transduced with MDAS vector or
treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48 hours. (C) Analysis of HEV-related
Gaussia luciferase activity in Huh7-p6-luciferase cells transduced with MDAS or Fluc vector or treated
with IFN-a (1000 1U/mL) or JAK inhibitor 1 (10 uM) for 48 hours. (D) Analysis of ISRE-related firefly
luciferase activity in Huh7-ISRE-Luc cells transduced with MDAS or Fluc vector or treated with IFN-a
(1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48 hours (E) Quantitative RT-PCR analysis of ISG mRNA
levels in Huh7 cells transduced with MDAS vector or Fluc control or JAK inhibitor 1 (10 uM) for 48
hours. (F) Immunoblot analysis of p-STAT1 (Tyr701) expression and ISG protein levels in PLC cells
transduced with MDAS5 vector or treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48
hours. (G) Quantitative RT-PCR analysis of MDA5 mRNA levels in PLC cells transduced with MDA5
vector or treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48 hours. (H) Quantitative RT-
PCR analysis of ISG mRNA levels in PLC cells transduced with MDAS5 vector or Fluc control or JAK
inhibitor 1 (10 uM) for 48 hours. Data were normalized to the Fluc control (CTR, set as 1). Data are
means * SEM of three independent experiments with 2-4 biological repeats for each. *P < 0.05; **P <
0.01; ***P < 0.001; Abbreviation: ns, not significant; CTR, control.

induced ISRE activation was hardly affected by this inhibitor, whereas ISRE activation induced
by IFN-a was totally blocked (Fig. 5D). Subsequently, we measured the mRNA level of many
antiviral ISGs in MDA5-overexpressed Huh7 cells treated with JAK inhibitor 1. Expectedly, only
a small fraction of ISGs was affected by the inhibitor (Fig. 5E). In contrast, IFN-a-induced I1SGs
transcription was totally blocked by the inhibitor (Supporting Fig. 2A). Similar results were
observed in PLC cells (Fig. 5F, 5G, 5H, and supporting Fig. 2B).

To further confirm, we overexpressed MDAS in STAT1 knockout (STAT17) and wildtype Huh7
cells (Fig. 6A, 6B). Although MDAGS failed to induce p-STAT1 in STAT17 cells (Fig. 6B), it induced
a similar level of ISG transcript Compared with in wildtype Huh7 cells (Fig. 6C). In contrast,
IFN-a failed to induce ISGs in STAT17 cells (Supporting Fig. 3A).

In HUNV and rotavirus models, we observed similar results that the induction of ISGs and
antiviral activity of MDAS only partially attenuated, but the effects of IFN-a was totally blocked
by JAK inhibitor 1 (Fig. 7, and supporting Fig. 4A, 4B). Collectively, these results demonstrated
that the induction of ISG transcription and the anti-enteric virus activity of MDAS only partially
depend on JAK-STAT cascade.
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Figure. 6 MDA5-induced ISG transcription was not affected in STAT1 knockout cells. (A) Quantitative
RT-PCR analysis of MDA5 mRNA levels in WT and STAT17- Huh7 cells transduced with MDAS vector or
Fluc control for 48 hours. (B) Immunoblot analysis of ISG protein level in WT and STAT17- Huh7 cells
transduced with MDAS vector or Fluc control for 48 hours. (C) Quantitative RT-PCR analysis of ISG
mRNA levels in WT and STAT17- Huh7 cells transduced with MDAS5 vector or Fluc for 48 hours. Data
were normalized to the Fluc control (CTR, set as 1). Data are means + SEM of three independent
experiments with 2-4 biological repeats for each. *P < 0.05; **P <0.01; ***P < 0.001. Abbreviation: ns,

not significant; CTR, control.

Discussion

Our study shows that MDAS is a abroad antiviral factor against enteric virus infection,
including HEV, HUNV and rotavirus. Overexpression of MDAS induces the phosphorylation of
STAT1 and triggers the transcription of a panel of antiviral ISGs, without requirement of
functional IFN production. Knockout or pharmacological inhibition of STAT1 only partially

blocked the induction of ISG transcription and the antiviral activity of MDAS.

The innate immune system is the first line of defense against viral infection. One predominant

characteristic is the rapid and spectrum of resistance to infection through recognition of viral
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components by host PRRs, which initiate signal cascade transduction that triggers the
production and secretion of IFNs. Subsequently, IFNs stimulate transcription of ISGs through
JAK-STAT pathway to establish antiviral state. Among of them, only small subset of ISGs have
antiviral effects (10). Previous results have shown that MDA5 plays important role in
defending against a wide range of viral infections (14-17). Consist with these reports, we found

that MDA?S significantly inhibits enteric viruses replication in multiple cell models.

MDAS is a main cytoplasmic sensor, which recognizes the viral RNA to trigger downstream
antiviral signaling (16-19). Classically, virus infection induces MDAGS activation and mediates
IFNs production through MAVS-IRF3 signal pathway. Several studies have demonstrated that
MDAS induce IFN-a or INF-B production during virus infection (16,20). In turn, IFNs combat
viral infection and exert immune regulatory roles through induction of ISGs. In this study, we
found that MDA?S induced transcription and expression of many ISGs, and most of these have
been reported to have antiviral activity (10,21-23). However, the expression pattern of ISGs
induced by MDAS is different from IFN-a treatment. For instance, in Huh7 cells,
overexpression of MDAS highly activates the expression of IFIT2, IFIT3 and CXCL10, whereas
the expression of PKR and IFI27 is highly activated by IFN-a treatment. This indicates non-

canonical mechanisms of MDAS in promoting ISG transcription.

For rotavirus infection, it has been reported that MDA5 and RIG-| are important sensors to
trigger IFN response through MAVS, whereas MDAS5 silencing significantly decreased IFN
production (24). However, we have previously demonstrated that in culture of intestinal
epithelial cell line or organoids, infection of rotavirus increased IFN gene transcription, but not
the production of IFN proteins (25). Consistently, in the different models of this study, MDA5
did not induce the production of IFNs, but provoked a non-canonical IFN-like response. Similar
actions have been previously observed for RIG-1 and IFN regulatory factor 1 (IRF1) in inhibiting
HEV replication in epithelial cell lines (22,23). Mechanistically, this remains an intriguing
qguestion that how these broad antiviral factors can trigger ISG transcription without the

requirement of IFN production?

It has been previously reported that RIG-I overexpression triggers STAT1 expression and
activation (22,26). Similarly, we found that overexpression of MDA5 also activates STAT1
expression and phosphorylation at the 701 site. STAT1 phosphorylation is the hallmark of JAK-
STAT activation cascade, the downstream cascade of IFN pathway. Interestingly, genetic
silencing of STAT1 or pharmacological imbibition of JAK-STAT pathway only partially
attenuated ISG induction and antiviral activity of MDAS, whereas completely blocked IFN-a-
induced ISG transcription and antiviral activity. It has been reported that these non-classical
antiviral mechanisms are also very important in antiviral defense. For instance, there are

different forms of ISGF3 complexes, and some function independent of the JAK-STAT pathway.
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< Figure 7. MDA?S inhibits rotavirus and HUNV replication and induced ISG transcription partially via
JAK-STAT pathway (A) Quantitative RT-PCR analysis of MDA5 mRNA levels or rotavirus RNA level in
Caco2 cells transduced with MDAS vector or treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM)
for 48 hours. (B) Quantitative RT-PCR analysis of MDA5 mRNA levels or HUNV RNA level in HG23 cells
transduced with MDAS5 vector or treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48
hours. (C) Quantitative RT-PCR analysis of ISG mRNA levels in Caco2 cells or (D) HG23 cells transduced
with MDADS vector or treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48 hours. Data are
means + SEM of three independent experiments with 2-4 biological repeats for each. *P < 0.05; **P <
0.01; ***P < 0.001. Abbreviation: ns, not significant; CTR, control

Unphosphorylated ISGF3 (u-ISGF3) complex has been demonstrated to drive antiviral I1SG
expression and protect from viral infections at homeostatic status (27,28). The STAT2-IRF9
complex can also regulate antiviral activity and ISG expression without the presence of STAT1
(29). Thus, our findings on MDA5 have added new knowledge to the non-classical IFN

responses.

In summary, MDAS potently inhibits the infection of enteric viruses, including HEV, HUNV and
rotavirus. It provokes an antiviral IFN-like response without requirement of IFN production,
but is partially dependent on the JAK-STAT cascade. These findings have revealed non-
canonical actions of MDAS on viral infection, and the detailed mechanisms deserve further

investigation.
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Fig. S1 IFN-a induce a range of antiviral ISG transcription. (A) Quantitative RT-PCR analysis of 1SG
MRNA level in Huh7, (B) PLC or (C) Caco2 cells treated or untreated with IFN-a (1000 IU/mL) for 48
hours. Data were normalized to the untreated control (CTR, set as 1). Data are means + SEM of three

independent experiments. Abbreviation: CTR, control.
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Fig. S2 JAK inhibitor 1 totally blocked IFN-a-induced ISG transcription. (A) Quantitative RT-PCR
analysis of ISG mRNA levels in Huh7 or (B) PLC cells treated with IFN-a (1000 IU/mL) or JAK inhibitor 1
(10uM) for 48 hours. (C) MTT assay analysis of cell viability in Huh7 or PLC cells transduced with MDA5
vector or treated with IFN-a (1000 IU/mL) or JAK inhibitor 1 (10 uM) for 48 hours. Data were
normalized to the untreated control (CTR, set as 1). Data are means + SEM of three independent

experiments. Abbreviation: CTR, control.
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Fig. S3 IFN-a does not induce ISG transcription in STAT1 deficient cells. (A) Quantitative RT-PCR
analysis of ISG mRNA levels in WT and STAT1-/- Huh7 cells with IFN-a (1000 IU/mL) for 48 hours. Data
were normalized to the untreated WT and STAT1-/- cells, respectively (Both set as 1). Data are means

+ SEM of three independent experiments. Abbreviation: CTR, control.
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Fig. S4 JAK inhibitor 1 totally blocked IFN-a-induced ISG transcription. (A) Quantitative RT-PCR
analysis of ISG mRNA levels in Caco2 cells or (B) Huh7 cells treated with IFN-a (1000 IU/mL) or JAK
inhibitor 1 (10uM) for 48 hours. (C) MTT assay analysis of cell viability in Caco2 or HG23 cells
transduced with MDAS vector or treated with IFN-a (1000 1U/mL) or JAK inhibitor 1 (10 uM) for 48
hours. Data were normalized to the untreated control (CTR, set as 1). Data are means * SEM of three

independent experiments. Abbreviation: CTR, control.
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Supplementary Table 1. Lentiviral shRNA sequence

No. Gene Accession Sequences Target Sequences

shMDA5  IFIH1 NM_022168.2 CCGGCCCATGACACAGAATGAAC  CCCATGACACAGAAT
AACTCGAGTTGTTCATTCTGTGTC  GAACAA
ATGGGTTTTTG

Supplementary Table 2. Primer sequences

Gene F-Sequences (5’ to 3’) R-Sequences (5’ to 3’)

HEV ATCGGCCAGAAGTTGGTTTTTAC CCGTGGCTATAACTGTGGTCT
HuNV CGYTGGATGCGNTTYCATGA CTTAGACGCATCATCATTYAC
RTV TGGTTAACGCAGGATCGGA AACCTTTCCGCGTCTGGTAG
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
MDAS (IFIH1) GCTGAAGTAGGAGTCAAAGCCC CCACTGTGGTAGCGATAAGCAG
RIG-I (DDX58) CACCTCAGTTGCTGATGAAGGC GTCAGAAGGAAGCACTTGCTACC
ADAR TCCGTCTCCTGTCCAAAGAAGG TTCTTGCTGGGAGCACTCACAC
PKR GAAGTGGACCTCTACGCTTTGG TGATGCCATCCCGTAGGTCTGT
CXCL10 GGTGAGAAGAGATGTCTGAATCC GTCCATCCTTGGAAGCACTGCA
ISG15 CTCTGAGCATCCTGGTGAGGAA AAGGTCAGCCAGAACAGGTCGT
MX1 GGCTGTTTACCAGACTCCGACA CACAAAGCCTGGCAGCTCTCTA
DDX60 GGTGTTTTCACCAGGGAGTATCG CCAGTTTTGGCGATGAGGAGCA
IFI127 CGTCCTCCATAGCAGCCAAGAT ACCCAATGGAGCCCAGGATGAA
STAT1 ATGGCAGTCTGGCGGCTGAATT CCAAACCAGGCTGGCACAATTG
STAT2 CAGGTCACAGAGTTGCTACAGC CGGTGAACTTGCTGCCAGTCTT
IFIT1 GCCTTGCTGAAGTGTGGAGGAA ATCCAGGCGATAGGCAGAGATC
IRF1 GAGGAGGTGAAAGACCAGAGCA TAGCATCTCGGCTGGACTTCGA
IRF7 CCACGCTATACCATCTACCTGG GCTGCTATCCAGGGAAGACACA
IRF9 CCACCGAAGTTCCAGGTAACAC AGTCTGCTCCAGCAAGTATCGG
IFIT2 GGAGCAGATTCTGAGGCTTTGC GGATGAGGCTTCCAGACTCCAA
IFIT3 CCTGGAATGCTTACGGCAAGCT GAGCATCTGAGAGTCTGCCCAA
IFITM2 GGCTTCATAGCATTCGCGTACTC AGATGTTCAGGCACTTGGCGGT
IFITM3 CTGGGCTTCATAGCATTCGCCT AGATGTTCAGGCACTTGGCGGT
0OAS2 GCTTCCGACAATCAACAGCCAAG CTTGACGATTTTGTGCCGCTCG
OASL GTGCCTGAAACAGGACTGTTGC CCTCTGCTCCACTGTCAAGTGG
IF144L TGCACTGAGGCAGATGCTGCG TCATTGCGGCACACCAGTACAG
IFN-a TGGGCTGTGATCTGCCTCAAAC CAGCCTTTTGGAACTGGTTGCC
IFN-B CTTGGATTCCTACAAAGAAGCAGC  TCCTCCTTCTGGAACTGCTGCA
IFN-A GGAAGACAGGAGAGCTGCAACT AACTGGGAAGGGCTGCCACATT
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Abstract

Noroviruses are the main causative agents for acute viral gastroenteritis worldwide. RIG-I-like
receptors (RLRs) triggered interferon (IFN) activation is essential for host defense against viral
infections. In turn, viruses have developed sophisticated strategies to counteract host antiviral
response. This study aims to investigate how murine norovirus (MNV) replicase interacts with
RLRs-mediated antiviral IFN response. Counterintuitively, we found that the MNV replicase
NS7 enhances the activation of poly (I:C)-induced IFN response and the transcription of
downstream interferon-stimulated genes (ISGs). Interestingly, NS7 protein augments RIG-I
and MDADS-triggered antiviral IFN response, which conceivably involves direct interactions
with the caspase activation and recruitment domains (CARDs) of RIG-I and MDAS. Consistently,
RIG-1 and MDAS exert anti-MNV activity in human HEK293T cells with ectopic expression of
viral receptor CD300If. This effect requires the activation of JAK/STAT pathway, and is further
enhanced by NS7 overexpression. These findings revealed an unconventional role of MNV NS7

as augmenting RLRs-mediated IFN response to inhibit viral replication.

Keywords: norovirus, NS7, RIG-I, MDA5, ISGs
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Introduction

Human noroviruses (HUNV) are positive sense single-stranded RNA viruses belonging to the
Caliciviridae family (1). Although they are the major causes of epidemic nonbacterial
gastroenteritis worldwide (2,3), progress on norovirus research has been hampered by the
lack of robust cell culture systems. The closely related murine norovirus (MNV) shares similar
structural and genetic features with HUNV and can efficiently propagate in vitro and in vivo
(4,5). Importantly, the recent discovery of the MNV receptor (CD300If) breaks the barriers for

viral infection in human cells, and enables the study of MNV in human cell models (6,7).

The MNV genome is approximately 7.5 kilo bases (kb) in length that encodes four open reading
frames (ORFs) (1,8). ORF1 encodes a polyprotein that is post-translationally cleaved into six
non-structural proteins (NS1/2 to NS7), while ORF2 and ORF3 encode the major and minor
structural proteins that referred to as VP1 and VP2, respectively (9). ORF4 overlaps with ORF2,
and encodes the virulence factor (VF1), which can antagonize innate immune response to
MNYV infection (8,9). The non-structural proteins are associated with the viral replication
complex induced membrane clusters, and interaction with host factors to regulate cellular
homeostasis and promote viral replication (10,11). NS7 is the viral RNA-dependent RNA
polymerase (RdRp) (12,13), responsible for viral replication.

Interferon (IFN)-mediated innate immune response provides a forward line of cell-
autonomous defense against viral infections (14). Upon infection, viral components can be
recognized by specific pathogen recognition receptors including the RIG-I-like receptors (RLRs)
RIG-I and MDAS5, which subsequently activate IFN response (15,16). MDA5 has been
demonstrated as a predominant sensor of MNV (17), whereas inactivating RIG-I signaling has
no effects on HuUNV replication (18). RIG-I and MDA5 contain the N-terminal caspase-
recruitment domains (CARDs), which can recruit and interact with the CARD-containing
adaptor named mitochondrial antiviral signaling protein (also known as IPS-1, VISA or Cardif)
(19,20). The interaction stimulates downstream signaling pathways including activation of
transcriptional factors NF-kB and IRF3, and further induces type | IFN production (20,21). The
released IFNs bind to their receptors and in turn activate Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) signaling pathway, leading to transcription of hundreds
of interferon-stimulated genes (ISGs), some of which are considered as the ultimate antiviral

effectors restricting viral replication (22).

Many viruses have developed sophisticated strategies to counteract the host IFN signaling.
Forinstance, MNV VF1 can inhibit RLRs-mediated IFN response (9), and VP2 has been reported
to possess important functions in viral replication and modulation of the host immune

response (9). Studies have reported the regulation of viral replicases on RIG-I and MDA5
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mediated IFN response. Semliki Forest virus (SFV) RdRp can induce IFN-B through the RIG-I
and MDAS5 pathways by converting host cell RNA into 5’-ppp RNA (23). Furthermore,
transgenic mice stably expressing RdRp encoded by Theiler’s murine encephalomyelitis virus
(TMEV) can dramatically upregulate antiviral 1ISGs and confer profound resistance to ECMV
challenge, and is refractory to HIV-1 infection in THP-1 cells (24). Recently, transgenic mice
with similar antiviral mechanisms against retrovirus infection have also been documented (25).
Previous studies have revealed that RNAs synthesized by transiently expression of norovirus
RdRp can stimulate RIG-I-dependent reporter luciferase production via the IFN-B promoter
(26). However, a recent study showed that the replicases of enterovirus 71 (EV71) and
coxsackievirus B3 inhibit MDA5-mediated IFN activation through interaction with MDAS (27).
Given the importance and complicity of interactions between viral replicases with the host
innate immunity, this study aims to investigate the role of MNV NS7 on regulating RLRs-

mediated IFN activation and antiviral response.

Materials and methods

Reagents

Poly (I:C) (HMW) (Bio-Connect BV) was dissolved in distilled water. Stocks of JAK inhibitor 1
(5C-204021, Santa Cruz Biotechnology, Santa Cruz, CA, USA) were dissolved in DMSO (DMSO,
Sigma, Zwijndrecht, the Netherlands) with a final concentration of 5 mg/ml. Halt™ Protease
Inhibitor Cocktail (100X) was purchased from Thermo Fisher Scientific. Rabbit polyclonal
antisera to MNV NS1/2 was kindly provided by Prof. Vernon K. Ward (School of Biomedical
Sciences, University of Otago, New Zealand) (28). Rabbit polyclonal antisera to MNV NS7 was
kindly provided by Prof. lan Goodfellow (Department of Pathology, University of Cambridge,
UK) (29). Mouse anti-RIG-I (clone 1C3, Sigma) and mouse anti-MDAS5 (Proteintech) antibodies
were used. B-actin antibody (#sc-47778) was purchased from Santa Cruz Biotechnology.
IRDye® 800CW-conjugated goat anti-rabbit and goat anti-mouse IgGs (Li-Cor Bioscience,

Lincoln, USA) were used as secondary antibodies, as appropriate.
Cells and viruses

RAW264.7 and human embryonic kidney (HEK293T) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Lonza Verviers, Belgium) supplemented with 10% (vol/vol)
heat-inactivated fetal calf serum (FCS; Hyclone, Logan, UT, USA), 100 pug/mL of streptomycin,
and 100 IU/mL of penicillin. MNV-1 (murine norovirus strain MNV-1.CW1) (4) was kindly
provided by Prof. Herbert Virgin (Department of Pathology and Immunology, Washington
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University School of Medicine), and produced by inoculating the virus into RAW264.7 cells.
The MNV-1 cultures were purified, aliquoted, and stored at -80 ‘C for all subsequent
experiments. The MNV-1 stock was quantified three independent times by the 50% tissue
culture infective dose (TCID50).

TCID50

TCID50 assay was performed to quantify the viral titers. Briefly, 10-fold dilutions of MINV-1
were inoculated into RAW264.7 cells grown in 96-well tissue culture plate at 1,000 cells/well.
The plate was incubated at 37 ‘C for another 5 days, followed by observing the cytopathic
effect (CPE) of each well under a light scope. The TCID50 was calculated by using the Reed-
Muench method.

Plasmid construction and cell transfection

The full length human RIG-I was amplified from a plasmid containing human RIG-I (kindly
provided by Prof. Xuetao Cao, Nankai University, China) (30), and cloned into pcDNA3.1/Flag-
HA (Addgene). The CARD domain of RIG-I was amplified and cloned into pcDNA3.1/Flag-HA
and pcDNA3.1/Myc-His (kindly provided by Dr. Shuaiyang Zhao, Chinese Academy of
Agricultural Sciences, China) vectors, respectively. The remaining domain of RIG-I without
CARDs (pFlag-RIG-I_ACARD) was amplified and cloned into pcDNA3.1/Flag-HA vector. The full
length and CARD domain of human MDA5  were amplified from
PTRIP.CMV.IVSb.ISG.ires.TagRFP-based hMDAS5 overexpression vector (kindly provided by
Prof. Charles M. Rice, Rockefeller University, New York, USA) (22), and cloned into
pcDNA3.1/Flag-HA vector. The Myc-tagged plasmid containing the CARD domain of MDA5 and
the related empty vectors were kindly provided by Dr. Rei-Lin Kuo (Chang Gung University,
Taiwan, China) (27). The MNV NS7 gene was amplified from cDNA that prepared from MNV-1
infected RAW264.7 cells, and cloned into Flag- and Myc-tagged vectors, respectively. The
related N- and C-terminus of NS7 were also amplified and cloned into Flag-tagged vectors,
respectively. The pFlag-CD300If plasmid was kindly provided by Prof. Herbert Virgin
(Department of Pathology and Immunology, Washington University School of Medicine, USA)

(6). The primers used for plasmid construction are listed in supplementary table 1.

HEK293T cells were transfected with various plasmids at indicated concentrations using
FUGENE HD Transfection Reagent (E2311; Promega) according to the manufacturer’s
instructions. Where necessary, the appropriate empty vectors were used to maintain a

constant amount of plasmid DNA per transfection.
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gRT-PCR

Total RNA was isolated with a Macherey NucleoSpin RNA 1l Kit (Bioke, Leiden, The Netherlands)
and quantified with a Nanodrop ND-1000 (Wilmington, DE, USA). cDNA was synthesized from
500 ng of RNA using a cDNA synthesis kit (TaKaRa Bio, Inc., Shiga, Japan). The cDNA of all
targeted genes were quantified by SYBR-Green-based (Applied Biosystems) real-time PCR on
the StepOnePlus™ System (Thermo Fisher Scientific LifeSciences) according to the
manufacturer’s instructions. Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and murine GAPDH genes were used as reference genes to normalize gene expression. The
relative expression of targeted gene was calculated as 222¢T, where AACt = ACrsample -
ACrcontrol (ACr = Crltargeted gene] - Cr[GAPDH]). All primer sequences are listed in

supplementary table 2.
Western blotting

Cultured cells were lysed in Laemmli sample buffer containing 0.1 M DTT and heated 5 mins
at 95 °C, then loaded onto a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Then proteins were further electrophoretically transferred onto a
polyvinylidene difluoride (PVDF) membrane (pore size, 0.45 pM; Invitrogen) for 2 h with an
electric current of 250 mA. Subsequently, the membrane was blocked with a mixture of 2.5
mL blocking buffer (Odyssey) and 2.5 mL PBS containing 0.05% Tween 20 for 1 h, followed by
overnight incubation with primary antibodies (1:1000) at 4 °C. The membrane was washed 3
times and then incubated with appropriate IRDye-conjugated secondary antibody for 1 h.
After washing 3 times, protein bands were detected with the Odyssey 3.0 Infrared Imaging

System (Li-Cor Biosciences).
Co-immunoprecipitation

HEK293T cells (1 X 10° cells/well) were co-transfected with pMyc-NS7 and pFlag-RIG-I WT,
pFlag-RIG-1_CARD or pFlag-MDA5_CARD (1.5 pg/each) in 12-well tissue culture plate. At 48 h
post-transfection, the cells were washed twice with cold PBS and lysed with cold NP-40 lysis
buffer at 4 °C for 30 minutes. Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific) was
added in the lysis steps according to the manufacturer’s instructions. The cells collected by
scraping and lysates were cleared by centrifugation at 12,000 rpm for 10 minutes at 4 °C. 10%
of the supernatants were taken as input control, and the remaining supernatants were
incubated with a mouse anti-Flag MAb (F1804; Sigma-Aldrich) at 4 °C for 2 h, and then
incubated with protein A/G plus-agarose (sc-2003; Santa Cruz) overnight at 4 °C. The agaroses
were centrifuged and washed three times, and the bound proteins were analyzed by western

blotting.
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Confocal fluorescence microscopy

HEK293T cells (3x10* cells/well) were co-transfected with pFlag-RIG-1 WT, pFlag-RIG-I_CARD,
pFlag-MDAS5 WT or pFLag-MDA5_CARD and pMyc-NS7 (1 ug/each) into p-slide 8-well chamber
(Cat. no. 80826; ibidi GmbH) for 24 h. In addition, HEK293T cells were co-transfected with
pFlag-CD300If and pMyc-RIG-I_CARD or pMyc-MDA5_CARD for 24 h, then infected with MNV-
1 for 20 h. The cells were fixed with 4% paraformaldehyde in PBS, permeablized with 0.2%
Triton X-100, blocked with 5% skim milk for 1 h, reacted with the appropriate antibody, and
stained with 4’,6-diamidino-2-phenylindole (DAPI). Antibodies used included mouse anti-Flag
Mab (F1804; Sigma-Aldrich), rabbit anti-Myc Mab (71D10; Cell Signaling), mouse anti-Myc
Mab (9B11; Cell Signaling), rabbit anti-NS7 antisera, and anti-rabbit 1gG (H+L), F(ab')2
Fragment (Alexa Fluor® 488 and 594 conjugate) or anti-mouse IgG(H+L), F(ab') 2 Fragment
(Alexa Fluor 488 and 594 conjugate) secondary antibodies. Imaging was performed on a Leica

SP5 confocal microscopy using a 63x oil objective.
Antiviral assay with MNV

HEK293T cells (8x10* cells/well) were co-transfected with pFlag-CD300If and pFlag-RIG-I_WT,
pFlag-RIG-I_CARD, pFlag-MDA5_WT, or pFlag-MDA5_CARD with indicated concentrations in
24-well tissue culture plate for 24 h, then infected with MNV-1 for 20 h. The total RNA,
supernatants and protein samples were collected and used for determination of antiviral
activity of RIG-I1 and MDAS5. To determine whether MNV NS7 could regulate RLRs-mediated
antiviral response, HEK293T cells were co-transfected with pFlag-CD300If and pFlag-RIG-1_WT,
pFlag-RIG-I_CARD, pFlag-MDA5_WT, pFlag-MDA5_CARD, or pFlag-NS7 for 24 h, followed with
infection of MNV-1 for 20 h. The total RNA and protein samples were collected for further

analysis.
Statistical analysis

Data are presented as the mean £ SEM. Comparisons between groups were performed with
Mann-Whitney test using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA).

Differences were considered significant at a P value less than 0.05.
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Results

MNV NS7 enhances RIG-I triggered IFN response

To examine the effects of MNV RdRp on IFN response, we first tested in the context of poly
(I:C) triggered IFN response. We found that viral NS7 alone did not affect IFN-B transcription,
but enhanced poly (I:C) triggered IFN-B transcription (supplementary Fig. 1A) and
transcription of ISGs including IFIT1 and IFIT3 (supplementary Fig. 1B). Besides TLR3, RIG-I and
MDAS have been implicated in the recognition of poly(l:C) and the subsequent induction of
IFN response (31,32). To investigate whether MNV NS7 could regulate RIG-I-mediated IFN
signaling, HEK293T cells were co-transfected with pFlag-RIG-I_WT and pFlag-NS7 for 24 h (Fig.
1A). We found that NS7 overexpression alone did not trigger IFN response, but enhanced RIG-
I induced IFN-PB transcription (Fig. 1B), as well as the downstream ISG transcription (Fig. 1C). It
has been reported that the CARDs of RIG-I are responsible for signal transduction and
activation of IRF-3 and NF-kB, as well as subsequent IFN response (16). Thus, we constructed
the truncated RIG-I domains (Fig. 1D) and further investigated whether NS7 also augments
RIG-I_CARD and RIG-I_ACARD triggered IFN activation. We found that RIG-I_CARD induced
IFN-B and ISG transcription were enhanced by NS7 (Fig. 1E and 1F). The helicase domain of
RIG-I (RIG-I_ACARD) has been reported to have negative regulatory effects by blocking
newcastle disease virus-induced IRF3 activation (Yoneyama et al., 2004). Consistently, we
found RIG-I_ACARD did not trigger IFN activation, which was also not further triggered by NS7
(Fig. 1E and 1F). These results demonstrated that MNV NS7 positively regulates RIG-I mediated
IFN signaling.

Interaction and co-localization of MNV NS7 with RIG-I

It has been reported that the replicases of EV71 and CVB3 inhibit MDAGS triggered IFN signaling
through interaction with the CARDs of MDAS (27). This prompted us to investigate whether
there is an interaction between NS7 and RIG-I. HEK293T cells were co-transfected with Flag-
tagged RIG-I and Myc-tagged NS7 for 48 h. The lysates of transfected cells were subjected to
immunoprecipitation by anti-Flag resin, and our results showed that RIG-I could precipitate
with NS7 protein (Fig. 2A). As aforementioned, the CARDs of RIG-I is able to activate the IFN
response, which is further increased by MNV NS7 expression (Fig. 1F). We further
demonstrated the interaction between NS7 and RIG-I_CARD in HEK293T cells co-transfected
with Flag-tagged RIG-I_CARD and Myc-tagged NS7 (Fig. 2B). Moreover, we examined the
localization of NS7 with RIG-I proteins in cells. Confocal microscopy revealed that besides
nucleus localization, MNV NS7 could co-localize with either RIG-I or the CARDs of RIG-I in the
cytoplasm (Fig. 2C). These data demonstrated that MNV NS7 interacts with RIG-I and its N-
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terminus (CARDs), and this interaction might explain the augment of RIG-I mediated IFN

activation by NS7.

NS7 interacts with MDAS5 and enhances MDAS triggered ISG transcription

Next, we examined the effect of MNV NS7 on another RLR, MDA5. We co-transfected the
PTRIP.CMV.IVSb.ISG.ires.TagRFP-MDAS5 and pFlag-NS7 into HEK293T cells for 24 h, and
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found that NS7 overexpression enhanced MDAS induced IFN- transcription (Fig. 3A). Because
the CARDs of MDAS alone could initiate IFN activation and ISG transcription (27), we further
determined whether NS7 could trigger MDA5_CARD mediated IFN response. We co-
transfected the Myc-tagged MDA5_CARD and NS7 into HEK293T cells (Fig. 3B), and found
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Figure 2. Interaction and co-localization of MNV NS7 with RIG-I. (A) HEK293T cells were transfected
with pMyc-NS7 (1.5 pg) and pFlag-RIG-I_WT (1.5 pg), or empty vectors for 48 h. Co-IP was performed
using anti-Flag MAb (1:1000). The precipitated proteins were analyzed by western blotting using
antibodies against the Flag and Myc tags. (B) HEK293T cells were transfected with pMyc-NS7 (1.5 ug)
and pFlag-RIG-1_CARD (1.5 pg), or empty vectors for 48 h. Co-IP was performed using anti-Flag MAb
(1:1000). The precipitated proteins were analyzed by western blotting using antibodies against the
Flag and Myc tags. (C) Co-localization of RIG-I and RIG-I_CARD with NS7. Expression plasmids pMyc-
NS7 and pFlag-RIG-I_WT, pFlag-RIG-I_CARD, or empty vectors (1 pg/each) were transfected into
HEK293T cells for 24 h and then subjected to a confocal assay. B-actin was used as a loading control.
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< Figure 3. NS7 interacts with MDA5 and enhances MDAGS triggered ISG transcription. (A) gRT-PCR
analysis of IFN-B mRNA level in HEK293T cells that were transfected with pFlag-NS7, pFLuc-MDAS5, or
empty vectors (1 pg/each) for 24 h (n = 6). (B) Schematic representation of CARD domain of MDAS.
HEK293T cells were transfected with pFlag-NS7, pMyc-MDA5_CARD, or empty vectors (1 pug/each) for
24 h. Western blotting analysis of the expression of indicated transfected vectors. (C) The mRNA levels
of IFN-B, IFIT1 and IFIT3 were analyzed by gRT-PCR assay (n = 4). (D) HEK293T cells were transfected
with pMyc-NS7 (1.5 pg) with pFlag-MDA5_CARD (1.5 pg), or empty vectors for 48 h. Co-IP was
performed using anti-Flag MAb (1:1000). The precipitated proteins were analyzed by western blotting
using antibodies against the Flag and Myc tags. (E) Confocal analysis of expression and localization of
MDAS5 and MDA5_CARD in HEK293T cells that were transfected with pFlag-MDA5_WT and pFlag-
MDAS5_CARD (1 pg/each) for 24 h. MDA5 and MDA5_CARD in HEK293T cells that were transfected with
pFlag-MDA5_WT and pFlag-MDA5_CARD (1 pg/each) for 24 h. (F) Co-localization of MDAS5 or
MDA5_CARD with NS7. Expression plasmids pMyc-NS7 and pFlag-MDA5_WT, or pFlag-MDA5_CARD (1
ug/each) were transfected into HEK293T cells for 24 h and then subjected to a confocal assay. Data (A
and C) were normalized to the EV control (set as 1). *P < 0.05; **P < 0.01. B-actin was used as a loading

control.

that IFN-B transcription activated by MDA5_CARD was further increased by co-expression of
MNV NS7 (Fig. 3C). Consistently, this effect was also observed on the induction of downstream
antiviral ISGs including IFIT1 and IFIT3 (Fig. 3C). Similar to the interaction with the CARDs of
RIG-1, we found that NS7 also interacts with the CARDs of MDAS (Fig. 3D). Furthermore, we
also investigated the localization of NS7 with MDAS proteins in HEK293T cells by confocal
microscopy. The results showed the expression and localization of Flag-tagged MDAS and its
CARDs in the cytoplasm (Fig. 3E), which also co-localized with MNV NS7 in the cytoplasm,
while NS7 also diffused in the nucleus (Fig. 3F).

We next investigated whether the N- or C-terminus of NS7 are responsible for the effects on
RIG-I and MDA5 mediated IFN activation. The N- or C-terminus of NS7 with Flag tag were
constructed (supplementary Fig. 2A and 2B). HEK293T cells were co-transfected with Flag-
tagged CARDs of RIG-I or MDAS5, and N- or C-terminus of NS7. At 24 h post-transfection, we
found that the upregulation of IFN-B, IFIT1 and IFIT3 transcription triggered by CARDs of RIG-
| or MDAS was slightly enhanced by N-terminus of NS7 (supplementary Fig. 2C and 2D). The
C-terminus of NS7 appeared not to affect RIG-I_CARD but inhibited MDA5_CARD mediated
IFN activation (supplementary Fig. 2C and 2D). These results collectively suggested that the
intact of MNV NS7 is essential for effective augmentation of RIG-I and MDA5 mediated IFN

activation.
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Co-localization of NS7 with the CARDs of RIG-l and MDAS5 in MNV infected

human cells

Ectopic expression of the MNV receptor mouse CD300If breaks the species barriers for MNV
infection in human cells (6). Thus, we determined MNV replication by immunoblotting viral
NS1/2 protein in human HEK293T cells that were transfected with Flag-tagged CD300If and
infected with the virus (Fig. 4A). In addition, we confirmed viral replication by targeting viral
NS7 protein with rabbit anti-NS7 antisera using confocal microscopy (Fig. 4B). We next
examined co-localization of MNV NS7 with the CARDs of RIG-I and MDAS in infected cells. In
order to avoid the influence by the Flag tag of MNV receptor, we co-transfected the pFlag-
CD300If with pMyc-RIG-I_CARD or pMyc-MDA5_CARD into HEK293T cells for 24 h (Fig. 4C),
then infected with MNV-1 for 20 h. The results showed that besides nucleus localization, MNV
NS7 can co-localize with the CARDs of RIG-I and MDAGS in the cytoplasm of infected cells (Fig.
4D), which is in accordance with previous studies demonstrating the diffuse of NS7 protein in
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-37
-40
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B-actin — —
-37
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MNV-1 + ; :
MNV-1 o o)

Figure 4. Co-localization of viral NS7 with the CARDs of RIG-1 and MDAS5 in MNV infected human cells.
(A) HEK293T cells were transfected with pFlag-CD300If (1 pg) or empty vectors (1 ug) for 24 h, then
infected with MNV-1 for 20 h. Expression of viral NS1/2 protein and the transfected vectors were
analyzed by western blotting. (B) HEK293T cells were transfected with pFlag-CD300If (1 ug) for 24 h,
then uninfected or infected with MNV-1 for 20 h. Expression of viral NS7 protein was analyzed by
confocal assay. (C) HEK293T cells were transfected with pMyc-RIG-1_CARD (1 ug) or pMyc-MDA5_CARD
(1 pg) for 24 h. The expression and localization of RIG-I_CARD and MDA5_CARD were analyzed by
confocal assay. (D) HEK293T cells were transfected with pFlag-CD300If (0.5 pg) and pMyc-RIG-I_CARD
(1 pg) or pMyc-MDAS5_CARD (1 pg) for 24 h, then infected with MNV-1 for 20 h. Co-localization of RIG-
|_CARD or MDA5_CARD with NS7 in MNV-1 infected cells was analyzed by confocal assay.

122 | Page



MNYV replicase enhances RLRs-mediated IFN response

the cytoplasm and nuclear in infected cells (10). The activator of TLR3 signaling, poly (I:C)
triggers IFN response involving RIG-1 and MDA?S activation. Thus, we used poly (I:C) to activate
the endogenous RIG-1 and MDAS5, and confirmed co-localization of RIG-I (supplementary Fig.
3A) and MDAS5 (supplementary Fig. 3B) with viral NS7 in MNV-infected HEK293T cells. In
addition, we found anti-MNV effects of poly (I:C) in HEK293T cells expressing MNV receptor
(supplementary Fig. 3C).
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Figure 5. RIG-1 or MDAS overexpression restricts MNV replication. (A) HEK293T cells were transfected
with pFlag-CD300If (0.5 pg) and pFlag-RIG-I_WT (1 pg), or empty vectors (1 ug) for 24 h, then infected
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with MNV-1 for 20 h. The viral RNA level was analyzed by qRT-PCR assay (n = 6). (B) HEK293T cells were
transfected with pFlag-CD300If and pFlag-RIG-I_WT, or empty vectors with indicated concentrations
for 24 h, then infected with MNV-1 for 20 h. The expression of viral NS1/2 and transfected vectors was
analyzed by western blotting. (C) HEK293T cells were transfected with pFlag-CD300If and pFlag-RIG-
I_CARD, or empty vectors with indicated concentrations for 24 h, then infected with MNV-1 for 20 h.
The viral RNA level, and the expression of viral NS1/2 and transfected vectors were analyzed by gRT-
PCR (n = 6) and western blotting, respectively. (D) HEK293T cells were transfected with pFlag-CD300If
and pFlag-MDA5_WT, or empty vectors with indicated concentrations for 24 h, then infected with
MNV-1 for 20 h. The viral RNA level, and the expression of viral NS1/2 and transfected vectors were
analyzed by qRT-PCR (n = 6) and western blotting, respectively. (E) HEK293T cells were transfected
with pFlag-CD300If and pFlag-MDA5_CARD, or empty vectors with indicated concentrations for 24 h,
then infected with MNV-1 for 20 h. The viral RNA level, and the expression of viral NS1/2 and
transfected vectors were analyzed by gRT-PCR (n = 6) and western blotting, respectively. (F) HEK293T
cells were transfected with pFlag-CD300If (0.5 ug) and pFlag-RIG-I_CARD (2 pg), pFlag-MDAS5_CARD (2
ug), or empty vectors (2 pg) for 24 h, then infected with MNV-1 for 20 h. The viral titer was analyzed
by TCID50 assay (n = 6). Data (A, C, D, E, and F) were normalized to the EV control (set as 1). *P < 0.05;
**P <0.01. B-actin was used as a loading control. For immunoblot results (B, C, D and E), band intensity
of NS1/2 protein in each lane was quantified by Odyssey software, and the quantification results were
normalized to B-actin expression (EV control, set as 1).

RIG-l and MDAS5 restrict MNV replication, which is augmented by NS7

overexpression

We evaluated the anti-MNV activity of RIG-l and MDAS5 in HEK293T cells. We found that RIG-I
overexpression inhibited MNV infection in CD300If transduced HEK293T cells, as shown at
both viral RNA (Fig. 5A) and NS1/2 protein level (Fig. 5B). Consistently, the CARDs of RIG-
exerted similar inhibitory effects (Fig. 5C). Moreover, the viral titers were also decreased by
RIG-I CARDs overexpression (Fig. 5F). Similar results were observed for the N-terminus and
full-length of MDAS (Fig. 5D-5F).

JAK/STAT cascade is a key component of the IFN signaling. Thus, we examined whether
blocking JAK/STAT pathway would affect RIG-I and MDA5 mediated antiviral activity. HEK293T
cells were co-transfected with pFlag-CD300If and pFlag-RIG-I_CARD, or pFlag-MDA5_CARD for
20 h, treated with JAK inhibitor 1 for 6 h, and then infected with MNV-1 for 20 h. We found
the inhibitory effects on viral RNA by CARDs of RIG-I or and MDAS5 were partially reversed by
JAK inhibitor, respectively (Fig. 6A). Consistently, the induction of IFN-B, IFIT1 and IFIT3
transcription was also attenuated (Fig. 6B and 6C). These results showed that the anti-MNV
activity of RIG-I and MDADS requires activation of the JAK/STAT pathway.
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In HEK293T cells, overexpression of NS7 did not affect viral NS1/2 protein expression
(supplementary Fig. 2E). Thus, we examined the effects of MNV NS7 on RIG-I mediated anti-
MNYV ability, by co-transfecting HEK293T cells with Flag-tagged CD300If, RIG-I or its CARDs and
NS7 for 24 h, and then infected with MNV-1 for 20 h. The results showed that NS7 enhanced
RIG-1 or CARDs of RIG-I mediated inhibition of viral RNA (Fig. 7A and 7B). Similar effects were
observed for MDAS (Fig. 7C and 7D). Interestingly, the N- or C-terminus of NS7 overexpression
also did not affect viral NS1/2 protein expression (supplementary Fig. 2E), and the CARDs of
RIG-1 and MDAS5 mediated inhibition of viral RNA (supplementary Fig. 2F and 2G). These results
revealed that the intact version of MNV NS7 enhances the anti-MNV activity of RIG-I and
MDAS.
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Figure 6. Anti-MNV activity of RIG-l and MDAS5 requires activation of the JAK/STAT pathway.
HEK293T cells were transfected with pFlag-CD300If (0.5 ug) and pFlag-RIG-I_CARD (1 pg), or pFlag-
MDAS5_CARD (1 pg) for 20 h, then treated with JAK inhibitor 1 (5 mM) for 6 h, then infected with MNV-
1 for 20 h. The viral RNA levels (A) were analyzed by qRT-PCR (n = 6). HEK293T cells were transfected
with (B) pFlag-RIG-I_CARD (1 ug), or (C) pFlag-MDA5_CARD (1 ug) for 20 h, then treated with JAK
inhibitor 1 (5 mM) for 6 h. The mRNA level of IFN-B, IFIT1 and IFIT3 were analyzed by gRT-PCR (n = 4).
Data (A) were normalized to the EV and JAK inh control (both set as 1). Data (B and C) were normalized
to the EV control (set as 1). *P < 0.05; **P < 0.01.
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Figure 7. NS7 enhances RLRs-mediated inhibition of MNV RNA replication. (A) HEK293T cells were
transfected with pFlag-CD300If (0.5 pg) and pFlag-RIG-I_WT, pFlag-NS7, or empty vectors with
indicated concentrations for 24 h, then infected with MNV-1 for 20 h. The viral RNA level and the
expression of transfected vectors were analyzed by gRT-PCR (n = 6-9) and western blotting,
respectively. (B) HEK293T cells were transfected with pFlag-CD300If (0.5 pg) and pFlag-RIG-I_CARD,
pFlag-NS7, or empty vectors with indicated concentrations for 24 h, then infected with MNV-1 for 20
h. The viral RNA level and expression of transfected vectors were analyzed by qRT-PCR (n = 7-9) and
western blotting, respectively. (C) The expression vector pFlag-CD300If (0.5 pg) and pFlag-MDA5_WT,
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pFlag-NS7, or empty vectors were transfected into HEK293T cells with indicated concentrations for 24
h, then infected with MNV-1 for 20 h. The viral RNA level and expression of transfected vectors were
analyzed by gRT-PCR (n = 4-6) and western blotting, respectively.(D) The expression vector pFlag-
CD300If (0.5 ug) and pFlag-MDA5_CARD, pFlag-NS7, or empty vectors were transfected into HEK293T
cells with indicated concentrations for 24 h, then infected with MNV-1 for 20 h. The viral RNA level and
expression of transfected vectors were analyzed by gRT-PCR (n = 7-9) and western blotting,
respectively. Data were normalized to the EV control (set as 1). **P < 0.01. B-actin was used as a

loading control.

Discussion

Numerous studies have reported that viruses explore different strategies to counteract host
antiviral defense. By striking contract, our results demonstrated that MNV RdRp promotes
host antiviral response. Although NS7 alone does not affect IFN signaling, it potently enhances

RIG-I and MDAS triggered antiviral IFN response.

RIG-1 and MDAS can recognize dsRNA or 5’-pppRNA in the cytoplasm to induce downstream
IFN signaling. MNV has been reported to be recognized by MDAS and activate IFN signaling in
mouse macrophages (17,33). Although the main function of viral replicases is to drive viral
replication and transcription, different regulatory functions of viral replicases on RLRs-
mediated IFN signaling have been reported (23-27,34). Previous studies have revealed that
MNV RdRp upregulates RIG-I mediated IFN-B promotor activation (26). Our results have
demonstrated that MNV NS7 can augment both RIG-I and MDA5 mediated IFN antiviral
response. The mechanism of assisting RLRs-mediated IFN response by viral replicases has been
linked to the conversion or modification of host RNA into dsRNA (23,35). In contrast, inhibition
of MDADS triggered IFN activation by enteroviral replicases has been reported through direct
protein-protein interactions (27). In this study, we demonstrated that MNV NS7 interacts with
the CARDs of RIG-I and MDA5. These interactions may explain the augmentation of RLRs-
mediated IFN activation by MNV NS7, although further studies are needed to provide

definitive proof.

Toll-like receptors (TLRs) including TLR3, TLR7 and TLR8 are essential for activation of antiviral
response upon viral infection, and can sense ssRNA or dsRNA in the cytosol (36). Studies have
shown a slight increase of MNV viral titers in TLR3 deficient mice (17). Although HuNV RdRp
does not enhance TLR3-mediated IFN-B promoter activation (26), we found that MNV NS7
increased the transcription of several I1SGs triggered by poly (I:C). Besides RIG-I and MDA5
associated with poly (I:C) triggered IFN response, poly (I:C) is also the activator of TLR3
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signaling. Thus, it is interesting to further investigate whether there is a regulatory role of
MNV NS7 on TLRs-mediated IFN response.

Studies have shown that MNV-1 replicates to higher levels in MDAS deficient mice (17), but
HuNV replication is not affected by silencing RIG-I signaling (18). We have previously
demonstrated that ectopic expression of RIG-1 and MDAS potently inhibit HUNV replication in
the HG23 replicon model (37). In this study, we demonstrated that RIG-I and MDAS5 exert
antiviral activity against MNV replication in human cells ectopically expressing MNV receptor.
ISGs are considered as the ultimate antiviral effectors, and the essential role of STAT1 in
controlling MNV replication has been demonstrated (38). By blocking the JAK/STAT pathway,
the CARDs of RIG-I and MDAS5 mediated ISG transcription and anti-MNV activity are partially
attenuated, suggesting the requirement of JAK/STAT pathway for RLRs-mediated antiviral
actions. We also revealed that NS7 overexpression enhances RIG-I and MDA5 mediated

inhibition of viral RNA, consistent with the augmentation of IFN response.

In summary, we demonstrated that MNV NS7 interacts with the N-terminus of RIG-I and
MDA?S and enhances RIG-I1 and MDAS triggered IFN response. Furthermore, RIG-1 and MDA5
potently inhibit MNV replication requiring the activation of JAK/STAT pathway, and this
antiviral effect is augmented by NS7. We postulate that MNV has developed sophisticated
strategies to efficiently replicate but also survive in the host cells. At the early stage of
infection, viral proteins such as VF1 and VP2 can regulate cellular immune response to
facilitate viral replication (8,9). In contrast, NS7 as a RdRp can sensitively recognize the level
of viral replication. As a feedback reaction, NS7 can interact and augment RIG-I and MDA5
mediated antiviral IFN response to inhibit over-replication, and thus protect host cells from
lysis in order to survive in the host. However, future experimental studies are required to
further validate this theory. Furthermore, augmentation of antiviral response by MNV NS7
may have an impact on superinfection of other pathogens, as different pathogens cohabit in

the intestine. Thus, this aspect is interesting to be further investigated.
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Supplementary Fig. 1 MNV NS7 enhances poly (I:C)-induced ISG transcription. HEK293T cells were

transfected with poly (I:C) (1 ug), pFlag-NS7 (1 ug), or empty vectors (1 ug) for 24 h. The mRNA levels
of IFN-B (A), and IFIT1 and IFIT3 (B) were analyzed by gRT-PCR assay (n = 6). Data were normalized to
the EV control (set as 1). **P < 0.01; ns, not significant.
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Supplementary Fig. 2 Regulation of N- or C-terminus of MNV NS7 on RLRs-mediated IFN response

and anti-MNV activity. (A) Schematic representation of truncated NS7 domains. (B) The expression of

truncated NS7 domains was determined by western blotting in HEK293T cells that were transfected
with pFlag-NS7_N (1 pg), pFlag-NS7_C (1 ug) or empty vectors (1 pg) for 24 h. (C) HEK293T cells were
transfected with pFlag-RIG-I_CARD, pFlag-NS7_N, pFlag-NS7_C or empty vectors with indicated

concentrations for 24 h. The expression of transfected vectors and the mRNA level of IFN-, IFIT1 and

IFIT3 were analyzed by western blotting and gRT-PCR assay (n = 9), respectively. (D) HEK293T cells
were transfected with pFlag-MDA5_CARD, pFlag-NS7_N, pFlag-NS7_C or empty vectors with indicated

concentrations for 24 h. The expression of transfected vectors and the mRNA level of IFN-(3, IFIT1 and

IFIT3 were analyzed by western blotting and gRT-PCR assay (n = 6), respectively. (E) HEK293T cells were
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transfected with pFlag-CD300If (0.5 pg) and pFlag-NS7, pFlag-NS7_N, pFlag-NS7_C, or empty vectors
(1 pg/each) for 24 h, then infected with MNV-1 for 20 h. The expression of viral NS1/2 protein and
transfected vectors was analyzed by western blotting. (F) HEK293T cells were transfected with pFlag-
CD300If (0.5 ug), pFlag-RIG-1_CARD (1 pg), or pFlag-NS7_N (1 pg) and pFlag-NS7_C (1 pg) for 24 h, then
infected with MNV-1 for 20 h. The viral RNA level was analyzed by gRT-PCR (n = 6). (G) HEK293T cells
were transfected with pFlag-CD300If (0.5 ug), pFlag-MDA5_CARD (1 ug), or pFlag-NS7_N (1 pg) and
pFlag-NS7_C (1 pg) for 24 h, then infected with MNV-1 for 20 h. The viral RNA level was analyzed by
gRT-PCR (n = 6). Data (C, D, F and G) were normalized to the EV control (set as 1). **P < 0.01. B-actin
was used as a loading control. For immunoblot results (E), band intensity of NS1/2 protein in each lane
was quantified by Odyssey software, and the quantification results were normalized to B-actin

expression (EV control, set as 1).
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transfected vectors was analyzed by western blotting. B-actin was used as a loading control.
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Supplementary Table 1. The primers used for plasmid construction.

Primer Sequence (5’to 3’)

pFlag-NS7_F TGCTCTAGAGGACCCCCCATGCTTCCCCGCCCCTCA
pFlag-NS7_R CGGAATTCTTACTCATCCTCATTCACAAAGAC
pMyc-NS7_F CTAGCTAGCATGGGACCCCCCATGCTTCCCCGCCCCTCA
pMyc-NS7_R CGGGATCCCTCATCCTCATTCACAAAGACTGC
pFlag-NS7-N_F TGCTCTAGAGGACCCCCCATGCTTCCCCGCCCCTCA
pFlag-NS7-N_R CGGAATTCTTAAGCGCGCTTTAGGATGGCTCTC
pFlag-NS7-C_F TGCTCTAGAGGCGACATCATGGTGCGCCTCTCC
pFlag-NS7-C_R CGGGATCCCTCATCCTCATTCACAAAGACTGC

pFlag-hMDAS5-WT_F
pFlag-hMDA5-WT_R
pFlag-hMDA5-CARD_F
pFlag-hMDA5-CARD_R
pFlag-hRIG-I-WT _F
pFlag-hRIG-I-WT_R
pFlag-hRIG-I-CARD_F
pFlag-hRIG-I-CARD_R
pMyc-hRIG-I-CARD-F
pMyc-hRIG-I-CARD-R
pFlag-hRIG-I-ACARD_F
pFlag-hRIG-I-ACARD R

CCGCTCGAGTCGAATGGGTATTCCACAGACG
CGGGGTACCCTAATCCTCATCACTAAATAAAC
CCGCTCGAGTCGAATGGGTATTCCACAGACG
CGGGGTACCCTACTCTTCATCTGAATCACTTC
CCGCTCGAGACCACCGAGCAGCGACGCAGCC
CGGGGTACCTCATTTGGACATTTCTGCTGGATC
CCGCTCGAGACCACCGAGCAGCGACGCAGCC
CGGGGTACCTCAATCAGACACTTCTGAAGGTGG
CCGCTCGAGATGACCACCGAGCAGCGACG
CGGGGTACCATCAGACACTTCTGAAGGTGG
CCGCTCGAGACAAACTTGTACAGCCCATTTA
CGGGGTACCTCATTTGGACATTTCTGCTGGATC

Supplementary Table 2. The primers used for qRT-PCR.

Gene

F-Sequences (5’to 3’)

R-Sequences (5’ to 3’)

GAPDH
STAT1
ISG15
IFIT1
IFIT3
MNV-1

TGTCCCCACCCCCAATGTATC
ATGGCAGTCTGGCGGCTGAATT
CTCTGAGCATCCTGGTGAGGAA
GCCTTGCTGAAGTGTGGAGGAA
CCTGGAATGCTTACGGCAAGCT
CACGCCACCGATCTGTTCTG

CTCCGATGCCTGCTTCACTACCTT
CCAAACCAGGCTGGCACAATTG
AAGGTCAGCCAGAACAGGTCGT
ATCCAGGCGATAGGCAGAGATC
GAGCATCTGAGAGTCTGCCCAA
GCGCTGCGCCATCACTC
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Abstract

Although cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) signaling
has been well-recognized in defending DNA viruses, the role of cGAS-STING signaling in
regulating infection of RNA viruses remains largely elusive. Noroviruses, as single-stranded
RNA viruses, are the main causative agents of acute viral gastroenteritis worldwide. This study
comprehensively investigated the role of cGAS-STING in response to murine norovirus (MNV)
infection. We found that STING agonists potently inhibited MNV replication in mouse
macrophages partially requiring the JAK/STAT pathway that induced transcription of
interferon (IFN)-stimulated genes (ISGs). Loss- and gain-function assays revealed that both
cGAS and STING were necessary for host defense against MNV propagation. Knocking out
cGAS or STING in mouse macrophages led to defects in induction of antiviral ISGs upon MNV
infection. Overexpression of cGAS and STING moderately increased ISG transcription but
potently inhibited MNV replication in human HEK293T cells ectopically expressing the viral
receptor CD300If. This inhibitory effect was not affected by JAK inhibitor treatment or
expression of different MNV viral proteins. Interestingly, STING but not cGAS interacted with
mouse RIG-I, and attenuated its N-terminus-mediated anti-MNV effects. Our results implicate
an essential role for mouse cGAS and STING in regulating innate immune response and
defending MNV infection. This further strengthens the evidence of cGAS-STING signaling in

response to RNA virus infection.

Keywords: murine norovirus, cGAS, STING, RIG-I, ISGs
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Introduction

Noroviruses are positive sense single-stranded RNA viruses belonging to the Caliciviridae
family [1]. The lack of robust cell culture systems for human norovirus (HuNV) impedes
development of effective antiviral therapeutics. The closely related murine norovirus (MNV)
shares similar structural and genetic features with HUNV and efficiently propagates in vitro
and in vivo, representing as a useful model for studying norovirus biology [2]. The MNV
genome is approximately 7.5 kilo bases in length, consisting of four open reading frames
(ORFs). ORF1 encodes a polyprotein that is post-translationally cleaved into six non-structural
proteins (NS1/2 to NS7), while ORF2 and ORF3 encode the major and minor structural viral
proteins as VP1 and VP2, respectively. ORF4 overlaps with ORF2, and encodes the virulence

factor (VF1), which has been reported to antagonize innate immune response [3].

Innate immune response plays a key role in the early recognition and restriction of viral
infection. In the cytoplasm, viral RNA is mainly sensed by retinoic acid inducible gene-I (RIG-
[)-like receptors (RLRs) including RIG-I and melanoma differentiation associated gene 5
(MDADS), and Toll-like receptors (TLRs) [4, 5]. Upon recognition, the RNA-stimulated signaling
proceeds through adaptor mitochondrial antiviral signaling (MAVS; also called IPS-1, VISA, and
Cardif) protein that activates transcription factors such as nuclear factor-kB (NF-kB) and
interferon (IFN)-regulatory factors 3 (IRF3), which then translocate into the nucleus to drive
secretion of various cytokines including IFNs, the potent inhibitors of viral replication [6-9].
Cytosolic DNA derived from pathogens is recognized by a DNA binding protein, cyclic GMP-
AMP (cGAMP) synthase (cGAS) [8, 10]. Upon viral DNA recognition, cGAS produces 2'3’-
cGAMP, which engages an endoplasmic reticulum (ER)-localized protein stimulator of
interferon genes (STING; also called MITA, TMEM173, MPYS, and ERIS) [8, 11]. Binding of 2’3’-
cGAMP to STING induces a conformational change and activates the following transcription
factor IRF3, leading to expression of IFNs [8, 12]. The released IFNs can bind to their receptors
and activate Janus kinase (JAK)/signal transducer and activator of transcription (STAT)
signaling pathway, initiating transcription of hundreds of IFN-stimulated genes (ISGs). A subset
of ISGs are considered as the ultimate antiviral effectors limiting viral replication, including
norovirus [9, 13-15].

Besides the well-established role in innate immune responses to DNA viruses, emerging
evidence indicates that cGAS-STING signaling is also involved in restricting RNA virus
replication [16]. For instance, cells or mice that are deficient in cGAS or STING facilitate
replication of several RNA viruses, such as vesicular stomatitis virus (VSV), Sendai virus (SeV),
dengue virus (DENV), hepatitis C virus (HCV), and West Nile virus (WNV) [11, 17-20]. Moreover,
cGAS and STING have been reported to be associated with RNA virus-induced immune

responses. Cells lacking cGAS or STING show defects in IFN activation in response to the
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infection of some RNA viruses, including SeV, VSV, IAV and Zika virus [21, 22]. Unlike DNA virus,
RNA virus infection may not lead to quick ubiquitination and phosphorylation of STING, while
SeV infection can induce STING expression [23]. Although the association between STING with
RLRs in RNA virus-mediated immune responses has been indicated, the underlying mechanism
remains unclear and awaits for further study. For norovirus, MDAS has been recognized as a
sensor mediating host immune response upon MNV infection [24], and both MDAS and RIG-I

overexpression can restrict HUNV and MNV replication in vitro [25-27].

To date, whether the cGAS-STING signaling plays a role in response to norovirus infection is
still unknown. Thus, we investigated the potential involvement of cGAS-STING signaling

mediated antiviral cellular response against MNV infection in this study.

Results

Regulation of STING agonists and inhibitor on MNV replication in mouse

macrophages

Emerging studies have reported the potential involvement of cGAS-STING signaling in
restricting RNA virus replication. DMXAA, as an agonist, has been identified to target the
STING pathway in a mouse-specific manner [28], thus we first tested the effects of DMXAA on
MNYV replication in mouse macrophages. We found that DMXAA treatment inhibited viral RNA
and NS1/2 protein expression (Figure 1a, b), showing a 89.93% + 5.6 (mean * SD, n = 5, p<
0.01) reduction of viral RNA with 10 pg/ml of DMXAA. The antiviral effect was further
confirmed by fluorescent staining showing low viral NS1/2 and NS7 protein expression (Figure
1c), and decreased viral titers by TCID50 assay (Figure 1j) in DMXAA-stimulated cells. Similar
inhibitory effects were found in another two MNV strains, the acutely cleared strain MNVW3
and persistent strain MNVR® both at viral RNA and NS1/2 protein levels (Figure 1d, e). In
addition, another Sting agonist 2’3’-cGAMP also exerted anti-MNV effects in RAW264.7 cells
(Figure 1j, and Figure S1a, b).

Based on the antiviral effects of STING agonists, we next tested the role of a STING inhibitor,
H151, which can covalently bind to STING and inhibit STING-mediated signaling [29]. We found
that both MNV RNA and NS1/2 protein levels were increased in H151 (5 pug/ml)-treated cells
(Figure 1f, g). To further determine the involvement of cGAS-STING signaling during MNV
replication, another macrophage cell line J774A.1 was used. Similarly, the inhibitory effects
on MNYV replication were observed in DMXAA- or 2’3-cGAMP-stimulated cells (Figure 1h, i,

and Figure Slc, d), whereas H151 treatment also facilitated viral replication in this cell line

139 |Page




Chapter 7

(Figure 1h, i). No major cytotoxicity of DMXAA or 2'3’-cGMAP on both RAW264.7 and J774A.1
cells was observed (Figure S1h, and Figure S2e, f). These results suggested potential antiviral
effects of cGAS-STING signaling against MNV infection.
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Figure 1. The effects of DMXAA and H151 on MNV replication in mouse macrophages. RAW264.7
cells were infected with MNV-1 for 1 h, then untreated or treated with DMXAA with indicated
concentrations for 20 h. The viral RNA (a) and NS1/2 protein (b) expression were analyzed by gRT-PCR
(n =5) and western blotting, respectively. (c) RAW264.7 cells were infected with MNV-1 for 1 h, then
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untreated or treated with DMXAA (10 pg/ml) for 20 h. The viral NS1/2 and NS7 protein expression
were analyzed by confocal fluorescence microscopy. RAW264.7 cells were infected with MNV<"3 or
MNV®é for 1 h, then untreated or treated with DMXAA (10 ug/ml) for 20 h. The viral RNA (d) and NS1/2
protein (e) expression were analyzed by qRT-PCR (n = 4) and western blotting, respectively. RAW264.7
cells were infected with MNV-1 for 1 h, then untreated or treated with H151 with indicated
concentrations for 20 h. The viral RNA (f) and NS1/2 protein (g) expression were analyzed by gRT-PCR
(n=3-5) and western blotting, respectively. J774A.1 cells were infected with indicated MNV strains for
1 h, then untreated or treated with DMXAA (10 pg/ml) or H151 (5 pg/ml ) for 20 h. The viral RNA (h)
and NS1/2 protein (i) expression were analyzed by gRT-PCR (n = 4-5) and western blotting, respectively.
(j) RAW264.7 cells were infected with MNV-1 for 1 h, then untreated or treated with DMXAA (10 pg/ml)
or 2'3’-cGAMP (2 pg/ml) for 20 h. The viral titer was analyzed by TCID50 assay (n = 4). Data (a, d, f and
h) were normalized to untreated control (set as 1). *P < 0.05; **P < 0.01. B-actin was used as a loading
control. For immunoblot results (b and g), band intensity of NS1/2 protein in each lane was quantified
by Odyssey software, and the quantification results were normalized to B-actin expression (untreated
control, set as 1).

STING agonists mediate MNV inhibition through JAK/STAT pathway

Since DMXAA treatment of macrophages are associated with the downstream IFN response

[28], we investigated whether STING agonists-mediated antiviral effects involves ISG response.

DMXAA treatment of mouse macrophages increased the expression and phosphorylation of
STAT1, and the transcription and protein expression of several antiviral ISGs, including the
innate immune sensor MDAS (Figure S2). Because JAK/STAT cascade is a key component of
ISG response, we thus examined whether blocking JAK/STAT pathway could affect DMXAA-
mediated ISG response and antiviral activity. We found that treatment with JAK inhibitor
attenuated DMXAA-induced STAT1 expression and phosphorylation and downstream ISG
transcription in macrophages (Figure 2a-d). Moreover, treatment with JAK inhibitor partially
attenuated DMXAA-mediated anti-MNV ability in RAW264.7 cells, showing at increased viral
RNA and NS1/2 protein levels (Figure 2e, f). The attenuated antiviral activity of DMXAA was
also seen in JAK inhibitor-treated J774A.1 cells (Figure 2g, h). We also observed that inhibition
of viral NS1/2 and NS7 protein expression by DMXAA was reversed upon treatment with JAK
inhibitor (Figure 2i). Similar effects on 2’3’-cGAMP-mediated ISG induction and antiviral
activity by JAK inhibitor were also observed (Figure S1).

In addition, we found that conditioned medium from DMXAA-treated cells stimulated IFN
response, including increased IFN-B transcription, STAT1 expression and phosphorylation as
well as transcription of some antiviral ISGs, whereas these effects were largely attenuated
upon treatment with JAK inhibitor in RAW264.7 and J774A.1 cells (Figure S3a-g). The
conditioned medium reduced viral RNA and NS1/2 protein levels, whereas the inhibitory

effects were also reversed by JAK inhibitor (Figure S3h, i). These results collectively
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Figure 2. DMXAA mediates anti-MNV response through JAK/STAT pathway. (a) Western blotting
analysis of STAT1 expression and phosphorylation, and (b) gRT-PCR analysis (n = 5) of mRNA levels of
several ISGs in RAW264.7 cells untreated or treated with DMXAA (10 pg/ml) or JAK inhibitor 1 (5 pg/ml)
for 20 h. (c) Western blotting analysis of STAT1 expression and phosphorylation, and (d) gRT-PCR
analysis (n = 4) of mRNA levels of several ISGs in J774A.1 cells untreated or treated with DMXAA (10
pg/ml) or JAK inhibitor 1 (5 pg/ml) for 20 h. RAW264.7 cells were infected with MNV-1 for 1 h, then
untreated or treated with DMXAA (10 pg/ml) or JAK inhibitor 1 (5 pug/ml) for 20 h. The viral RNA (e)
and NS1/2 protein (f) expression were analyzed by qRT-PCR (n = 5) and western blotting, respectively.
1774A.1 cells were infected with MNV-1 for 1 h, then untreated or treated with DMXAA (10 pg/ml) or
JAK inhibitor 1 (5 pg/ml) for 20 h. The viral RNA (g) and NS1/2 protein (h) expression were analyzed by
gRT-PCR (n = 4) and western blotting, respectively. (i) RAW264.7 cells were infected with MNV-1 for 1
h, then untreated or treated with DMXAA (10 pg/ml) or JAK inhibitor 1 (5 pug/ml) for 20 h. The viral
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NS1/2 and NS7 protein expression were analyzed by confocal fluorescence microscopy. Data (b, d, e
and g) were normalized to untreated control (set as 1). *P < 0.05; **P < 0.01. B-actin was used as a
loading control.

demonstrated that STING agonists mediate anti-MNV effects through JAK/STAT pathway in

mouse macrophages.
Absence of cGAS or STING facilitates MNV replication in mouse macrophages

Given the potential antiviral effects of STING agonists on MNV replication, we examined
whether MNV infection could induce cGAS or STING expression. We found that expression of
cGAS and STING appeared not to be changed in response to MNV infection in RAW264.7 cells
(Figure 3a). To more specifically dissect the role of cGAS-STING signaling on MNV replication,
we utilized the cGas or Sting-deficient RAW264.7 cells (Figure 3b). We found DMXAA-induced
transcription of ISG15 and interferon-induced protein with tetratricopeptide repeats 1 (IFIT1)
was largely abrogated in Sting”- but not cGas” cells (Figure 3c), further confirming the
specificity of DMXAA as a STING ligand. Compared with WT cells, cGas”- and Sting”" cells are
more permissive in supporting MNV replication evidenced by increased viral RNA and NS1/2
protein expression levels (Figure 3d). Similar results were observed when inoculated with the
MNVW3 and MINV®Ré strains (Figure 3e, f). Even with stimulation of DMXAA or 2’3-cGAMP, the
MNYV replication levels still increased in cGas”- and Sting” cells compared with WT cells (Figure
3g). In addition, we found that the viral titers of the same inoculum on cGas” and Sting” cells
were moderately higher than that on the WT cells (Figure 3h), indicating more infectious
viruses produced by the deficient cells. These results revealed that cGAS and STING are both

necessary for inhibition of MNV replication in mouse macrophages.
cGAS and STING are necessary for antiviral ISG induction upon MNV infection

IFN-induced ISGs are ultimate antiviral effectors against many viral infections. MNV infection
has been shown to induce ISG expression in mouse macrophages and dendritic cells [24, 30].
Thus, we investigated whether cGAS or STING could regulate MNV-induced ISG expression.
The results showed that transcription of several ISGs including STAT1, ISG15 and IFIT1 induced
by MNV infection were significantly inhibited by H151 treatment in RAW264.7 cells (Figure
4a). Consistently, induction of IFN-B and several antiviral ISGs (including ISG15, IFIT1, MX1 and
MX2) by MNV infection were dramatically decreased in both cGas”- and Sting”" cells,
compared to WT cells (Figure 4b, c). Notably, basal mRNA levels of tested antiviral ISGs were
reduced in uninfected cGas”" and Sting” RAW264.7 cells (Figure 4c), which might explain the

increased viral replication in these deficient cells. Similar results were found when inoculated
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Figure 3. Absence of cGAS or STING facilitates MNV replication in mouse macrophages. (a) Western
blotting analysis of cGas and Sting expression in RAW264.7 cells uninfected or infected with MNV in
indicated MOls. (b) Western blotting analysis of cGAS and STING expression in cGas”" and Sting”
RAW264.7 cells. (c) qRT-PCR (n = 4) analysis of mRNA levels of ISG15 and IFIT1 in the wild-type (WT),
cGas” and Sting”- RAW264.7 cells untreated or treated with DMXAA (10 pg/ml) for 20 h. RAW264.7
WT, cGas” and Sting” cells were infected with MNV-1 for 20 h. (d) The viral RNA and NS1/2 protein
expression were analyzed by qRT-PCR (n = 6) and western blotting, respectively. qRT-PCR analysis of
viral RNA and western blotting analysis of viral NS1/2 protein expression in WT, cGas”" and Sting”"
RAW264.7 cells that infected with MNV®"3 (e) and MNV®®® (f) for 20h, respectively. (g) RAW264.7 WT,
cGas”" and Sting” cells were infected with MNV-1 for 1 h, then untreated or treated with DMXAA (10
pg/ml) or 2'3’-cGAMP (2 pg/ml) for 20 h. The viral RNA and NS1/2 protein expression were analyzed
by gRT-PCR (n = 4) and western blotting, respectively. (h) Viral titers of indicated MNV strains in
RAW264.7 WT, cGas” and Sting”" cells were examined by TCID50 assay (n = 2), data are presented as
the mean + SEM. Data were normalized to the WT control (set as 1). *P < 0.05; **P < 0.01. B-actin was
used as a loading control. For immunoblot results (d and g), band intensity of NS1/2 protein in each
lane was quantified by Odyssey software, and the quantification results were normalized to B-actin

expression (WT control, set as 1).
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with the MNVW3 and MNVR® strains (Figure 4d, e). These data indicated that cGAS and STING
are essentially required for MNV-induced antiviral IFN response in mouse macrophages.

Reconstitution of cGAS or STING expression in the deficient cells restores the

antiviral state

Furthermore, we investigated whether reconstitution of cGAS or STING in cGas”- and Sting”
cells could restore the anti-MNV effects. We constructed and verified the expression of Myc-
tagged plasmids expressing cGAS or STING in HEK293T cells, respectively (Figure 5a). Transient
expression of cGAS in cGas-deficient cells restored the antiviral state of the cells, evidenced
by decreased viral RNA with a 68.34% + 10.4 (mean + SD, n = 6, p< 0.01) reduction and NS1/2
protein expression compared with cGas” cells transfected with the empty vectors (Figure 5b,
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Figure 4. cGAS and STING are necessary for MNV infection-induced IFN response. (a) RAW264.7 cells
were uninfected or infected with MNV-1 for 1 h, then untreated or treated with H151 (2 ug/ml) for 20
h. The mRNA levels of STAT1, ISG15 and IFIT1 were analyzed by gRT-PCR (n = 5). RAW264.7 WT, cGas’
/~and Sting” cells were uninfected or infected with MNV-1 for 20 h. The mRNA levels of (b) IFN-B, and
(c) ISG15, IFIT1, MX1 and MX2 were analyzed by qRT-PCR (n = 4), respectively. RAW264.7 WT, cGas™"
and Sting” cells were uninfected or infected with MNV"? or MNV®® for 20 h. The mRNA levels of (d)
IFN-B, and (e) ISG15 and IFIT1 were analyzed by gRT-PCR (n = 4), respectively. Data were normalized
to the uninfected WT control (set as 1). *P < 0.05; **P < 0.01 ; ***P < 0.001.
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c). Similarly, reconstitution of STING expression in Sting-deficient cells also restored the
antiviral state of these cells, shown by decreased viral RNA with a 66.01% + 12.9 (mean + SD,
n = 8, p< 0.001) reduction and NS1/2 protein expression (Figure 5d, e). These data further
confirmed the importance of cGAS and STING in restricting MNV replication in mouse

macrophages.
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Figure 5. Reconstitution of cGAS and STING in the deficient cells restores the antiviral state. (a)
HEK293T cells were transfected with pMyc-cGAS (1 pg), pMyc-STING (1 pg) or empty vectors (1 pg)
for 24 h. The expression of transfected vectors was detected by western blotting. RAW264.7 WT or
cGas” cells were transfected with pMyc-cGAS (1 pg) or empty vectors (1 pg) for 24 h, then infected
with MINV for 20 h. The viral RNA (b) and NS1/2 protein (c) expression were analyzed by gRT-PCR (n =
6) and western blotting, respectively. RAW264.7 WT or Sting” cells were transfected with pMyc-STING
(1 pg) or empty vectors (1 pg) for 24 h, then infected with MNV for 20 h. The viral RNA (d) and NS1/2
protein (e) expression were analyzed by qRT-PCR (n = 8) and western blotting, respectively. Data were
normalized to the WT control (set as 1). **P < 0.01; ***P < 0.001. B-actin was used as a loading control.
For immunoblot results (c and e), band intensity of NS1/2 protein in each lane was quantified by
Odyssey software, and the quantification results were normalized to B-actin expression in WT cells (set
as 1).

146 | Page



CGAS-STING mediates host defense against MNV

Overexpression of cGAS and STING restricts MNV replication

Since human cGAS and STING overexpression can activate antiviral immune response, thus we
next evaluated whether overexpression of mouse cGAS and STING could also induce antiviral
immune response. By using a transcriptional reporter system that mimics IFN response with a
reporter luciferase gene driving by multiple ISREs, we found that expression of cGAS or STING
alone, or their combination could increase ISRE-related luciferase activity (Figure 6a), and
induce a moderate increase in the expression of IFN-B and several antiviral ISGs in HEK293T
cells (Figure 6b). Because ectopic expression of the MNV receptor (mouse CD300If) confers
human cells to MNV infection [26, 31], we further characterized whether cGAS and STING
overexpression could exert antiviral activity in HEK293T cells. As shown in Figure 6¢ and d,
overexpression of cGAS or STING significantly inhibited MNV replication, showing at the
decreased viral RNA and NS1/2 protein expression as well as virus production in the
supernatant. This inhibitory effect is much stronger in the cells that overexpressing both cGAS
and STING. In addition, cGAS and STING overexpression also reduced viral RNA levels in mouse

macrophages (Figure 6e, f).

Overexpression of cGAS and STING had minimal effects on the induction of tested ISGs in
RAW264.7 cells (Figure S4), and treatment of JAK inhibitor did not affect cGAS-STING
mediated antiviral effects in HEK293T cells (Figure 6g), suggesting that cGAS-STING mediated
anti-MNYV activity is dispensable of ISG induction. Because viral proteins can be the targets of
cGAS or STING [12, 17], we thus further investigated whether the MNV proteins (NS1/2, NS6
and NS7) could affect cGAS-STING mediated antiviral effects. The results showed that cGAS-
STING mediated inhibition of MNV replication was not affected by expression of these viral

proteins (Figure 6h).

STING but not cGAS interacts with RIG-I, and antagonizes N-terminus of RIG-I

mediated antiviral effects

Human STING has been reported to interact with RIG-I, a key component of RNA sensing
pathway [11, 32], and this prompted us to investigate whether this occurs in mouse cells. We
constructed Flag-tagged vectors expressing WT (wild-type; 2-926 amino acids) and N-terminus
(2-235 amino acids) of mouse RIG-I (RIG-I_N), and verified their expression in HEK293T cells
(Figure 7a). Confocal microscopy revealed that STING could co-localize with either RIG-I or its
N-terminus in the cytoplasm (Figure 7b), and co-immunoprecipitation assay showed that
STING could interact with RIG-1 and RIG-I_N (Figure 7c). In addition, we also examined the co-
localization of cGAS with RIG-I. Although cGAS appeared to co-localize with RIG-I, it was not
precipitated by RIG-I or its N-terminus (Figure 7d, e). Since MDAS5 is a sensor for MNV infection,

we further evaluated whether mouse cGas or Sting associates with MDA5. We constructed
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Figure 6. Overexpression of cGAS and STING restricts MNV replication. (a) Analysis of ISRE related
firefly luciferase activity in Huh7-ISRE-Luc cells transfected with pMyc-cGAS (1 pg), pMyc-STING (1 ug)
or empty vectors (1 pg) for 48 h (n = 4-5). (b) HEK293T cells were transfected with pMyc-cGAS (1 ug),
pMyc-STING (1 pg) or empty vectors (1 pg) for 48 h. The mRNA levels of IFN-B, IFIT1, IFIT3 and I1SG15
were analyzed by qRT-PCR (n = 2-5). HEK293T cells were transfected with pFlag-CD300If (0.5 ug) and
pMyc-cGAS (1 ug), pMyc-STING (1 pg) or empty vectors (1 pg) for 24 h, then infected with MNV-1 for
20 h. (c) Viral RNA, NS1/2 protein and expression of transfected vectors, and (d) viral titers were
analyzed by gRT-PCR (n = 7), western blotting and TCID50 assay (n = 3-4), respectively. (e) RAW264.7
(n=7)and (f) J774A.1 (n = 5-6) cells were transfected with pMyc-cGAS (1 pg), pMyc-STING (1 pg) or
empty vectors (1 ug) for 24 h, then infected with MNV-1 for 20 h. The viral RNA levels were analyzed
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by qRT-PCR. (g) HEK293T cells were transfected with pFlag-CD300If (0.5 pg), pMyc-cGAS (1 ug), and
pMyc-STING (1 pg) or empty vectors (1 pg) for 24 h, then infected with MNV-1 for 1 h, and refreshed
medium containing JAK inhibitor 1 (5 pug/ml) for 20 h. The viral RNA levels were analyzed by qRT-PCR
(n = 6). (h) Expression of Flag-tagged viral NS1/2, NS6 and NS7 vectors were analyzed by western
blotting in HEK293T cells transfected with indicated constructs (1 ug/each). HEK293T cells were
transfected with pFlag-CD300If (0.5 pg), and pMyc-cGAS (1 pg), pMyc-STING (1 pg), pFlag-NS1/2 (1 pg),
pFlag-NS6 (1 ug), pFlag-NS7 (1 pg) or empty vectors (were used to maintain a constant amount of
plasmid DNA per transfection) for 24 h, then infected with MNV-1 for 20 h. The viral RNA levels were
analyzed by gRT-PCR (n = 6). Data were normalized to the EV control (set as 1). *P < 0.05; **P < 0.01;

***p < 0.001. B-actin was used as a loading control.

Flag-tagged vector expressing N-terminus (2-294 amino acids) of mouse MDA5 (MDA5_N),
and verified its expression and co-localization with cGAS or STING in HEK293T cells (Figure
S5a). Association between MDAS5 N with cGAS or STING was not observed by co-
immunoprecipitation assay (Figure S5b).

Our previous work has revealed that overexpression of human RIG-I| restricts norovirus
replication partially via ISG induction [25, 26]. Here, we characterized the effects of mouse
RIG-I on MNV replication. By using the ISRE luciferase model, we found both the full-length
RIG-I and its N-terminus increased ISRE-related luciferase activity (Figure 8a). In HEK293T cells,
mRNA levels of IFN-B, ISG15 and IFIT1 were increased by RIG-I transfection (Figure 8b). It has
been reported that the CARD domain in the N-terminus of RIG-I are responsible for signal
transduction and activation of IRF-3 and NF-kB, as well as subsequent IFN response [5]. We
found that compared with the full-length RIG-I, its N-terminus induced much stronger levels
of ISRE-related luciferase activity and ISG transcription (Figure 8a, b). Thus we further tested
the antiviral effects of RIG-I_N, and found that RIG-I_N effectively inhibited viral RNA with a
88.2% *+ 6.8 (mean £ SD, n =5, p< 0.01) reduction and NS1/2 protein expression (Figure 8c), as
well as production of infectious viruses in the supernatant (Figure 8d). RIG-I signaling
stimulates downstream ISG expression mainly through JAK/STAT pathway [33]. We found that
JAK inhibitor treatment substantially reduced RIG-I_N induced STAT1 expression and
phosphorylation, as well as transcription of IFN-, ISG15 and IFIT1 (Figure 8e). Moreover, RIG-
I_N mediated inhibition of MNV replication was partially reversed by JAK inhibitor treatment
in HEK293T cells (Figure 8f). The inhibitory effects of RIG-I_N against MNV replication were
also observed in J774A.1 and RAW264.7 cells, respectively (Figure 8g).

As aforementioned, RIG-I_N can interact with STING (Figure 7c). We further examined
whether STING could regulate RIG-I_N mediated antiviral response. Compared with the WT
cells (showing an average 46.6% reduction of viral RNA; Figure 8g right panel), the antiviral
activity of RIG-I_N was much stronger in cGas” or Sting” RAW264.7 cells, showing average
72.8% and 99.8% reduction of viral RNA, respectively (Figure 8h). Conversely, we found that
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STING reconstitution in Sting”" cells significantly attenuated the anti-MNV activity of RIG-I_N,
whereas this effect was not seen by cGAS reconstitution in cGas” cells (Figure 8i). These
results revealed that RIG-I_N exerts anti-MNV effect partially through JAK/STAT pathway, but
this inhibitory effect is antagonized by STING expression in mouse macrophages.
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Figure 7. STING interacts with RIG-I. (a) HEK293T cells were transfected with pFlag-RIG-I_WT, pFlag-
RIG-1_N, or the empty vectors (1 ug/each) for 24 h. Expression of transfected vectors were examined
by western blotting. HEK293T cells were transfected with pMyc-STING, and pFlag-RIG-I_WT, pFlag-RIG-
I_N or empty vectors (1 pg/each for confocal assay for 24 h; 1.5 pg/each for co-IP assay for 48 h). (b)
Expression and co-localization of STING with RIG-I_WT and RIG-I_N were analyzed by confocal assay.
(c) Co-IP assay was performed using anti-Flag MAb (1:1000). The precipitated proteins were analyzed
by western blotting using anti-Flag and anti-Myc antibodies. HEK293T cells were transfected with
pMyc-cGAS, and pFlag-RIG-I_WT, pFlag-RIG-I_N or empty vectors (1 pug/each for confocal assay for 24
h; 1.5 pg/each for co-IP assay for 48 h). (d) Expression and co-localization of cGAS with RIG-I_WT and
RIG-1_N was analyzed by confocal assay. (e) Co-IP assay was performed using anti-Flag MAb (1:1000).
The precipitated proteins were analyzed by western blotting using anti-Flag and anti-Myc antibodies.

B-actin was used as a loading control.
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Figure 8. The N-terminus of RIG-I exerts antiviral effect, but is antagonized by STING expression. (a)
Analysis of ISRE related firefly luciferase activity in Huh7-ISRE-Luc cells transfected with pFlag-RIG-
I_WT (1 ug), pFlag-RIG-I_N (1 pg) or empty vectors (1 ug) for 48 h (n = 6). (b) HEK293T cells were
transfected with pFlag-RIG-I_WT (1 ug), pFlag-RIG-I_N (1 pg) or empty vectors (1 ug) for 48 h. The
mMRNA levels of IFN-B, ISG15 and IFIT1 were analyzed by gRT-PCR (n = 5). (c) HEK293T cells were
transfected with pFlag-CD300If (0.5 pg), pFlag-RIG-1_N (1 pg) or empty vectors (1 pg) for 24 h, then
infected with MNV for 20 h. The viral RNA, NS1/2 protein and expression of transfected vectors were
analyzed by gRT-PCR (n = 5) and western blotting, respectively. (d) HEK293T cells were transfected
with pFlag-CD300If (0.5 pg), pFlag-RIG-1_N (1 pg) or empty vectors (1 pg) for 24 h, then infected with
MNYV for 20 h. The titers of produced viruses in the supernatant were analyzed by TCID50 assay (n =
4). (e) HEK293T cells were transfected with pFlag-RIG-I_N (1 pg) or empty vectors (1 pg) for 24 h, then
untreated or treated with JAK inhibitor 1 (5 pug/ml) for 20 h. The mRNA levels of IFN-B, ISG15 and IFIT1,
and STAT1 expression and phosphorylation were analyzed by qRT-PCR (n = 4) and western blotting,
respectively. (f) HEK293T cells were transfected with pFlag-CD300If (0.5 pg), pFlag-RIG-I_N (1 pg) or
empty vectors (1 pg) for 24 h, then infected with MNV for 1 h, refreshed medium with or without JAK
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inhibitor 1 (5 pg/ml) for 20 h. The viral RNA, NS1/2 protein and expression of transfected vectors were
analyzed by gRT-PCR (n = 4) and western blotting, respectively. (g) J774A.1 and RAW264.7 cells were
transfected with pFlag-RIG-I_N (1 pg) or empty vectors (1 pg) for 24 h, then infected with MNV for 20
h. The viral RNA levels were analyzed in J774A.1 (n = 4) and RAW264.7 (n = 7) cells by gRT-PCR. (h)
RAW?264.7 cGas”" or Sting” cells were transfected with pFlag-RIG-I_N (1 ug) or empty vectors (1 pg)
for 24 h, then infected with MNV for 20 h. The viral RNA levels were analyzed by gRT-PCR (n = 4). (i)
RAW?264.7 cGas” or Sting” cells were transfected with pFlag-RIG-1_N (1 pg), pMyc-cGAS (1 ug), pMyc-
STING (1 pg), or empty vectors (1 pg) for 24 h, then infected with MNV for 20 h. The viral RNA levels in
cGas” (n = 6) or Sting”" (n = 6) RAW264.7 cells were analyzed by qRT-PCR. Data were normalized to
the EV control (set as 1). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. B-actin was used as a

loading control.

Discussion

IFN-mediated innate immune response provides the first line of host defense against viral
infections. Within host cells, cyclic dinucleotides (CDNs) can be sensed by STING and stimulate
IFN immune response. This antiviral mechanism has been widely described for defending DNA
viruses, but emerging evidence indicates this may also function on some RNA viruses [18, 34,
35]. Here we demonstrated that two STING agonists, DMXAA and 2'3’-cGAMP, robustly
inhibited MNV replication, whereas the STING inhibitor H151 promoted viral replication in
mouse macrophages. Experimentally delivery of CDNs into host cells has been shown to
activate IFN response and inhibit viral replication [18], and DMXAA treatment in macrophages
has been reported to activate IFN activation and ISG expression [28, 36]. In this study, both
DMXAA and 2’3’-cGAMP can stimulate IFN response and expression of antiviral ISGs in mouse
macrophages. Blocking JAK/STAT pathway by JAK inhibitor significantly attenuates DMXAA
and 2’3’-cGAMP induced antiviral actions, revealing the importance of antiviral ISG induction
for their anti-MNV effects.

Studies have reported that infection of some RNA viruses (such as VSV, SeV, IAV and SINV) do
not change STING electrophoretic mobility and stability, indicating that RNA virus infection
does notinduce hallmarks of STING activation that are associated with IFN response [19]. Here
we also did not observe significant changes in cGAS or STING expression in response to MNV
infection. Although a recent study has revealed an inverse effect that STING facilitates human
rhinoviruses replication [37], most studies have demonstrated that compared with WT cells,
the cells lacking cGAS or STING facilitate replication of some RNA viruses such as VSV and WNV
[19, 20]. Consistently, our results showed that ablation of cGAS or STING enhances MNV
replication, whereas reconstitution of cGAS or STING expression in the deficient cells partially

restores the antiviral state. In addition, cGAS is also present in nucleus and nuclear-localized
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CGAS can enhance antiviral immune response in a non-canonical manner [22]. Whether
mouse cGAS can sense MNV infection in the cytoplasm needs to be further studied. We also
revealed that more infectious viruses are produced in cGas- and Sting-deficient cells under
same inoculum of MNV strains, which is consistent with previous reports demonstrating that
the permissiveness of cells lacking STING was increased in response to VSV infection [19]. Loss
of cGAS or STING has been reported to decrease the basal expression of some antiviral ISGs
in uninfected cells [19, 20], and similar results were also observed in this study. Some studies
showed that loss of cGAS or STING impairs RNA virus-induced IFN response, whereas others
reported normal level of IFN activation in response to some RNA viruses in the absence of
CGAS or STING [11, 19-22]. In this study, compared with the WT cells, MNV infection-induced
transcription of some ISGs were reduced in cGas- and Sting-deficient RAW264.7 cells, showing
a regulatory role of cGAS and STING on MNYV triggered innate immune response. STING has
been reported to possess dual functions in host defense by regulating protein synthesis or IFN
response to prevent viral infection [19], and thus whether this regulation is directly attributed
to the loss of cGAS and STING or indirectly through the altered host immune defense status

remains to be investigated. We speculate this could also be virus and/or host cell type specific.

MNV can replicate in murine macrophages and dendritic cells, but not in epithelial cells or
human cells because of a restriction at viral entry [31, 38, 39]. Discovery of the cell-surface
expressed MNV receptor (CD300If) enables MNV infection in human cells (like Hela and
HEK293T cells) and facilitates identification of antiviral cellular factors [9, 31, 40].
Overexpression of mouse cGAS and STING moderately upregulates ISG expression, but
potently restricts MNV replication in HEK293T cells ectopically expressing viral receptor.
However, this antiviral effect is not influenced by JAK inhibitor treatment, suggesting that ISG
induction is dispensable for cGAS and STING mediated antiviral effects in human cells, and
presenting a distinct antiviral effects compared with STING agonists in presence of JAK
inhibitor. This might be attributed to the difference in cell types: immune vs epithelial cells.
Emerging evidence indicates that some RNA viruses have evolved strategies to antagonize the
antiviral activity of cGAS and STING. For instance, the nonstructural protein NS4B of yellow
fever virus (YFV) interacts STING and inhibits STING-mediated IFN-B promoter-driven
luciferase activity [12]. The DENV NS2B3 protease complex specifically cleaves human STING
protein but not mouse STING, and attenuates STING-mediated IFN response [41], while the
NS2B of DENV degrades cGAS in an autophagy-lysosome-dependent pathway and inhibits IFN
production in the infected cells [17]. Several MNV nonstructural proteins are associated with
immune response, including NS1/2 that mediates resistance to IFN-A modulated clearance of
persistent viral infection [42], and NS7 as the viral polymerase modulating innate immune
response [26, 43]. Here we revealed that these two viral proteins along with NS6 did not exert

clear effects on cGAS and STING mediated inhibitory activity, suggesting that these viral
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proteins are likely not the target of cGAS and STING. Because MNV VF1 has been reported to
attenuate RLRs-mediated immune response [3, 44], and thus whether other viral components
including VF1 could influence or are the targets of cGAS and STING mediated antiviral activity
needs to be further investigated.

Human STING interacts with RIG-I, and is necessary for RIG-I triggered IFN-B production in
murine embryonic fibroblasts [32]. Besides IFN activation, STING restricts production of both
viral and host proteins in a RIG-I/MDA5-dependent manner by initiating global translation
inhibition [19]. Overexpression of human RIG-I or its N-terminus activates IFN response and

exerts antiviral activity against HUNV and MNV infection [25, 26]. Similar actions mediated by
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Figure 9. A proposed model for host immune response upon MNV infection. Upon infection, MNV is
recognized by the pattern recognition receptor MDAS. This activates the downstream cascades,
including NF-kB and IRF3, inducing production of IFNs. Then, IFNs bind to the receptors and further
activate JAK/STAT signaling pathway, leading to transcription of hundreds of 1SGs. RIG-I, cGAS and
STING can restrict MNV replication in mouse macrophages, but whether they are involved in MNV
recognition needs further studies. Also, whether the interaction between RIG-I and STING involving
the participation of other host factors needs to be further explored. STING agonists DMXAA and 2'3’-
cGAMP inhibit MNV replication through induction of antiviral ISGs, and this effects is partially reversed
by JAK inhibitor treatment. The red line with a blunt end indicates the inhibitory effect.
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N-terminus of mouse RIG-I is also observed in this study, and this antiviral effect partially
requires JAK/STAT signaling that triggers ISG induction in HEK293T cells. Unexpectedly,
compared with the WT cells, RIG-I_N mediated antiviral effects are augmented in cGas- and
Sting-deficient cells, whereas reconstitution of STING but not cGAS in the deficient cells
impedes the antiviral effects of RIG-I_N. These results suggest that the interaction between
mouse STING and RIG-I_N might affect their antiviral actions. However, we cannot rule out
the possible participation of MAVS in our model, because human MAVS is known to associate
with human STING, although it is not clear whether MAVS directly interacts with STING, or
exists as a complex with RIG-I/STING [32]. Inactivating human RIG-I and MAVS has been
reported to not affect HUNV replication [45, 46], and thus the potential role of basal mouse
RIG_l and MAVS expression in response to MNV replication is interesting to be further studied.
Theoretically, the RIG-I/MDA5-MAVS axis and cGAS-STING axis are distinct sensing pathways
for cytosolic RNA and DNA, respectively. Crosstalk between these two pathways has been
documented [19, 32], but there remain many knowledge gaps. In the context of MNV infection,
we encourage future studies to decipher the potential crosstalk between the RIG-I/MDA5-
MAVS and cGAS-STING axis.

In summary, this study reveals that the cGAS-STING signaling essentially contributes to the
host defense in response to MNV infection, but these antiviral effects may only be partially
through induced antiviral ISGs (Figure 9). Interestingly, mouse STING but not cGAS interacts
with RIG-I, and attenuates RIG-I_N mediated inhibition of viral replication in mouse
macrophages. Our results implicate a role for mouse cGAS and STING in controlling MNV
replication and in regulating innate immune responses, and strengthen the evidence of cGAS-
STING signaling in response to RNA virus infection. Nevertheless, future in vivo studies are

required to validate our intriguing findings.

Materials and methods

Chemicals and antibodies

DMXAA, H151 and 2’'3’-cGAMP were purchased from InvivoGen. JAK inhibitor 1 (SC-204021)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). N-Acetyl-L-cysteine was
purchased from Sigma-Aldrich. Rabbit polyclonal antisera to MNV NS1/2 was kindly provided
by Prof. Vernon K. Ward (School of Biomedical Sciences, University of Otago, New Zealand)
[45]. Rabbit polyclonal antisera to MNV NS7 was kindly provided by Prof. lan Goodfellow
(Department of Pathology, University of Cambridge, UK) [46]. Antibodies against STAT1
(#9172), pSTAT1 (Ser727,#9177), RIG-1 (D14G6, #3743), MDAS (D74E4, #5321), cGAS (D3080,
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#31659), STING (D2P2F, #13647), Myc-tag (71D10, #2278) and Myc-Tag (9B11, #2276) were
purchased from Cell Signaling Technology. Rabbit anti-GBP2 (11854-1-AP) and anti-GBP5
(13220-1-AP) antibodies were purchased from Proteintech. Mouse anti-Flag (F1804, Sigma-
Aldrich) and anti-B-actin (#sc-47778, Santa Cruz Biotechnology) antibodies were used. Anti-
rabbit and anti-mouse IRDye-conjugated secondary antibodies (Li-Cor Bioscience, Lincoln,

USA) were used.
Cell lines

RAW264.7,)774A.1 and human embryonic kidney (HEK293T) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Lonza Verviers, Belgium) supplemented with 10% (vol/vol)
heat-inactivated fetal calf serum (FCS; Hyclone, Logan, UT, USA), 100 pug/mL of streptomycin
and 100 IU/mL of penicillin. The cGas- and Sting-deficient RAW264.7 cells were kindly
provided by Prof. Denise M. Monack (Department of Microbiology and Immunology, Stanford
University Stanford School of Medicine) (45). ISRE (IFN-stimulated response element)
activation reporter model (Huh7-ISRE-Luc) was based on Huh7 cells that expressing the firefly
luciferase reporter gene driven by a promoter containing multiple ISRE elements (SBI Systems
Biosciences, Mountain View, CA). Luciferase activity represents ISRE promoter activation level
(46), and this cell line was also maintained in DMEM with 10% (vol/vol) heat-inactivated FCS,
100 pg/mL of streptomycin and 100 IU/mL of penicillin.

Virus strains

Murine norovirus strains MNV-1 (MNVW!), the acutely cleared strain MNV*W3 and the
persistent strain MNVR®, were produced by consecutively inoculating the virus (kindly
provided by Prof. Herbert Virgin, Department of Pathology and Immunology, Washington
University School of Medicine) into RAW264.7 cells (47). The MNV cultures were purified,
aliquoted, and stored at -80 °C for subsequent experiments. The virus stock was quantified by
the 50% tissue culture infective dose (TCID50). Without specific statement, the MNV strain

used in most part of this study was MNVW,
TCID50

TCID50 assay was used to determine the viral titers. Briefly, 10-fold dilutions of MNV were
inoculated into RAW264.7 cells grown in 96-well tissue culture plate at 1,000 cells/well. Then
the plate was incubated at 37 °C for another 5 days, followed by observing the cytopathic
effect (CPE) of each well under a light scope. The TCID50 was calculated by using the Reed-

Muench method.
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Plasmid construction and cell transfection

The mouse cGAS and STING genes were amplified from a cDNA sample that isolated from
RAW?264.7 cells, and cloned into pcDNA3.1/Myc-His vector (kindly provided by Dr. Shuaiyang
Zhao, Chinese Academy of Agricultural Sciences, China), respectively. The full-length mouse
RIG-I gene and its N-terminus, and the N-terminus of mouse MDA5 were amplified from a
cDNA sample that isolated from RAW264.7 cells and cloned into pcDNA3.1/Flag-HA vector
(Addgene), respectively. The viral genes NS1/2 and NS6 were amplified from a cDNA sample
that isolated from MNV-1 infected RAW264.7 cells, and cloned into pcDNA3.1/Flag-HA vector,
respectively. Flag-tagged plasmid expressing MNV NS7 was previously described [9]. Flag-
tagged plasmid expressing the MNV receptor CD300If was kindly provided by Prof. Herbert
Virgin (Department of Pathology and Immunology, Washington University School of Medicine,

USA) [31]. The primer sequences used for plasmid construction are shown in Table S1.

The cells were transfected with various plasmids at indicated concentrations using FUGENE
HD Transfection Reagent (E2311; Promega) according to the manufacturer’s instructions.
Where necessary, appropriate empty vectors were used to maintain a constant amount of

plasmid DNA per transfection.
RNA isolation and gRT-PCR

The Macherey NucleoSpin RNA Il Kit (Bioke, Leiden, The Netherlands) was used for total RNA
isolation. The cDNA synthesis kit (TaKaRa Bio, Inc., Shiga, Japan) was used to synthesize cDNA
from RNA samples, then targeted genes were quantified by SYBR-Green-based (Applied
Biosystems) real-time PCR on the StepOnePlus™ System (Thermo Fisher Scientific
LifeSciences) according to the manufacturer’s instructions. Human and mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes were used as reference genes to
normalize gene expression. The relative expression of targeted genes were calculated using
the 22T method, and primer sequences used for quantification of targeted genes are shown
in Table S2.

Western blotting

The cells were lysed in Laemmli sample buffer containing 0.1 M DTT and heated 5 min at 95 °C,
then loaded onto a 10% or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel. Then proteins were further electrophoretically transferred onto a
polyvinylidene difluoride (PVDF) membrane (pore size, 0.45 uM; Invitrogen) for 1.5 or 2 h with
an electric current of 250 mA. Then the membrane was blocked with a mixture of 2.5 mL
blocking buffer (Odyssey) and 2.5 mL PBS containing 0.05% Tween 20 for 1 h, followed by

overnight incubation with appropriate primary antibodies at 4 °C. After washing 3-4 times, the
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membrane was incubated with appropriate IRDye-conjugated secondary antibodies for 1 h.
Then after washing 3 times, and protein bands on the membrane were detected with the
Odyssey 3.0 Infrared Imaging System (Li-Cor Biosciences).

Confocal fluorescence microscopy

RAW264.7 cells (3x10* cells/well) were seeding into p-slide 8-well chamber (Cat. no. 80826;
ibidi GmbH) and were rested at 37 °C overnight. The cells were either left uninfected or
infected with MNV for 1 h at 37 °C, and the virus inoculum was removed and cells were washed
two times with phosphate-buffered saline (PBS). Then fresh medium containing DMXAA or
JAK inhibitor 1 were added back onto cells for 20 h. For co-localization of mouse RIG-I or
MDAS5_N with cGas or Sting, HEK293T cells (3x10% cells/well) were co-transfected with pMyc-
CGAS, pMyc-STING or pFlag-RIG-I_WT, pFlag-RIG-I_N, pFlag-MDA5_N (1 pg/each) into p-slide
8-well chamber for 24 h. The cells were washed and fixed with 4% paraformaldehyde in PBS,
permeablized with 0.2% Triton X-100, blocked with blocking buffer (Odyssey) for 1 h, reacted
with the rabbit polyclonal antisera to MNV NS1/2 and NS7, or anti-Flag and anti-Myc
antibodies, and stained with 4’,6-diamidino-2-phenylindole (DAPI). Anti-rabbit IgG (H+L),
F(ab')2 Fragment (Alexa Fluor® 488 and 594 conjugate) and Anti-mouse IgG (H+L), F(ab')2
Fragment (Alexa Fluor® 594 conjugate) antibodies were used as secondary antibodies.

Imaging was performed on a Leica SP5 confocal microscopy using a 63x oil objective.
Co-immunoprecipitation

HEK293T cells (1x10° cells/well) were co-transfected with pMyc-cGAS, pMyc-STING or pFlag-
RIG-I_WT, pFlag-RIG-I_N, pFlag-MDA5_N (1.5 pg/each) in 12-well tissue culture plate for 48 h.
Then the cells were washed twice with cold PBS and lysed with cold NP-40 lysis buffer at 4 °C
for 30 minutes. Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific) was used during
lysis according to the manufacturer’s instructions. The cells collected by scraping and lysates
were cleared by centrifugation at 12,000 rpm for 10 minutes at 4 °C. 10% of the supernatants
were taken as input control, and the remaining supernatants were incubated with mouse anti-
Flag antibody at 4 °C for 2 h, and then incubated with protein A/G plus-agarose (sc-2003; Santa
Cruz) overnight at 4 °C. The agaroses were centrifuged and washed three times, and the bound

proteins were analyzed by western blotting.
Antiviral assay with MNV

RAW?264.7 wild-type (WT), cGas- or Sting-deficient cells, and J774A.1 (3x10* cells/well) were
uninfected or infected with MNV for 1 h at 37 °C, and washed two times with PBS, and then
fresh medium or medium containing indicated compounds were added back onto cells for 20

h in 48-well tissue culture plate. The total RNA, supernatant or protein samples were collected
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for further analysis. To determine the potential antiviral effects of mouse cGAS, STING or RIG-
I_N, cells were transfected with pMyc-cGAS, pMyc-STING or pFlag-RIG-I_N with indicated
concentrations for 24 h, then infected with MNV for 20 h. For transfection of HEK293T cells,
the cells were co-transfected with pFlag-CD300If, whereas no pFlag-CD300If was transfected
into mouse macrophages. To investigate the role of viral NS1/2, NS6 and NS7 on cGas and
Sting mediated antiviral effects, HEK293T cells were co-transfected with pFlag-CD300If, pMyc-
CGAS, pMyc-STING or Flag-tagged vectors expressing indicated viral proteins for 24 h, then the
cells were washed and infected with MNV for 20 h. The total RNA, supernatant or protein

samples were collected for further analysis.
Measurement of luciferase activity

Luciferin potassium salt (Sigma-Aldrich, Zwijndrecht, the Netherlands) was added to cells at a
final concentration of 0.1 mM for 30 min at 37 °C. The luciferase activity was measured with
a LumiStar Optima luminescence counter (BMG Lab Tech, Offenburg, Germany).

MTT assay

RAW?264.7 or J774A.1 cells were seeded into 96-well tissue culture plates and treated with
compounds for indicated time periods. The cell viability was assessed by adding 10 mM 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma, Zwijndrecht, the
Netherlands). After 3 h, the medium was replaced with DMSO (100 uL), and was incubated at
37 °C for 30 mins. The absorbance at 490 nm was recorded on the microplate absorbance
reader (Bio-Rad, CA, USA).

Statistical analysis

Data are presented as the mean * SD without specific statement. Statistical analysis was
performed using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA). Comparisons
between two groups were performed with Mann-Whitney test. Comparisons among multiple
groups were performed with one-way ANOVA with Newman-Keuls test. Differences were

considered significant at a P value less than 0.05.
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Fig. S1 2’3’-cGAMP restricts MNV replication. RAW264.7 cells were infected with MNV-1 for 1 h, then
untreated or treated with 2’3’-cGAMP (2 pug/ml) or JAK inhibitor 1 (5 pg/ml) for 20 h. The viral RNA (a)
and NS1/2 protein (b) expression levels were analyzed by qRT-PCR (n = 4) and western blotting,
respectively. J774A.1 cells were infected with MNV-1 for 1 h, then untreated or treated with 2'3’-
cGAMP (2 pg/ml) or JAK inhibitor 1 (5 pg/ml) for 20 h. The viral RNA (c) and NS1/2 protein (d)
expression levels were analyzed by gRT-PCR (n = 4) and western blotting, respectively. gRT-PCR
analysis of mRNA levels of RIG-I, MDA5, I1SG15, MX1 and IFIT1 in RAW264.7 (e, n = 3-4) and J774A.1 (f,
n = 2) cells untreated or treated with 2’3’-cGAMP (2 pg/ml) or JAK inhibitor 1 (5 pg/ml) for 20 h. (g)
RAW264.7 or J774A.1 cells were untreated or treated with 2’3’-cGAMP (2 pg/ml) or JAK inhibitor 1 (5
pg/mil) for 20 h. Expression of MDAS5, RIG-I, GBP2 and GBP5 proteins were analyzed by western blotting.
(h) RAW264.7 or J774A.1 cells were untreated or treated with 2’3’-cGAMP (2 pg/ml) for 20 h. The
cytotoxicity was determined by MTT assay (n = 16). Data were normalized to untreated control (set as

1). *P < 0.05. B-actin was used as a loading control.
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Fig. S2 DMXAA treatment induces ISG transcription. RAW264.7 cells were untreated or treated with
DMXAA (10 pg/ml) for 20 h. (a) STAT1 expression and phosphorylation, MDAS5, RIG-I and GBP5
expression, and (b) mRNA levels of indicated I1SGs were analyzed by western blotting and gRT-PCR (n
= 4-5), respectively. J774A.1 cells were untreated or treated with DMXAA (10 ug/ml) for 20 h. (c) STAT1
expression and phosphorylation, MDAS5, RIG-I, GBP2 and GBP5 expression, and (d) mRNA levels of

indicated ISGs were analyzed by western blotting and qRT-PCR (n = 4-5), respectively. (e) RAW264.7
cells were untreated or treated with DMXAA (1 or 10 pg/ml) for 20 h. The cytotoxicity was determined
by MTT assay (n = 16). (f) J774A.1 cells were untreated or treated with DMXAA (10 pug/ml) for 20 h. The
cytotoxicity was determined by MTT assay (n = 16). Data were normalized to the untreated control

(set as 1). *P < 0.05; **P < 0.01. B-actin was used as a loading control.
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Fig. S3 The conditioned medium (CM) from DMXAA-treated cells exerts anti-MNV activity. (a)
Production of conditioned medium (supernatant). RAW264.7 or J774A.1 cells were treated with
DMXAA (10 pg/ml) for 20 h, then were washed 3 times and medium was refreshed. Cells were further
cultured for 24 h and supernatant was collected as conditioned medium. RAW264.7 and J774A.1 cells
were untreated or treated with JAK inhibitor 1 (5 pg/ml) or conditioned medium (CM) from DMXAA-
treated RAW264.7 or J774A.1 cells for 20 h, respectively. The IFN-B mRNA level in (b) RAW264.7 (n =
2) and (c) J774A.1 (n = 5) cells, and mRNA levels of several ISGs in (f) RAW264.7 (n =5) and (g) J774A.1
(n = 5) cells were analyzed by gRT-PCR, respectively. Western blotting analysis of STAT1 expression
and phosphorylation in (d) RAW264.7 and (e) J774A.1 cells untreated or treated with JAK inhibitor 1 (5
pg/ml) or CM from DMXAA-treated RAW264.7 or J774A.1 cells for 20 h. (h) RAW264.7 cells were
infected with MNV-1 for 1 h, then untreated or treated with CM from DMXAA-treated RAW264.7 cells
or combinations with JAK inhibitor 1 (5 pg/ml) for 20 h. The viral RNA level was analyzed by gRT-PCR
(n =5). (i) J774A.1 cells were infected with MNV-1 for 1 h, then untreated or treated with CM from
DMXAA-treated J774A.1 cells or combinations with JAK inhibitor 1 (5 ug/ml) for 20 h. The viral RNA
and NS1/2 protein expression levels were analyzed by gRT-PCR (n = 5) and western blotting,
respectively. Data were normalized to the untreated control (set as 1). *P < 0.05; **P < 0.01. B-actin

was used as a loading control.

164 | Page



CGAS-STING mediates host defense against MNV

154 ] BV 100001 [ EV

i) GAS+STING =) GAS+STING

£ He £ 1000 B . T

240 C

g 2 100-

z £  10-

s 2

K 5 -

[} [0}

: ¢ 113 []
0.0 0.1

IFN-8  RIGI  MDA5  ISG15  IFIT1 cGAS STING

Fig. S4 RAW264.7 cells were transfected with pMyc-cGAS and pMyc-STING (1 ug/well) or empty
vectors for 48 h. The mRNA levels of indicated genes were analyzed by qRT-PCR (n = 4). Data were
normalized to the EV control (set as 1).
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Fig. S5 (a) HEK293T cells were transfected with pFlag-MDA5_N and pMyc-cGAS or pMyc-STING (1
ug/each) for 24 h. Expression and co-localization of MDA5_N with cGAS or STING were analyzed by

IP: Flag
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confocal assay. (b) HEK293T cells were transfected with pMyc-cGAS or pMyc-STING and pFlag-
MDAS5_N or empty vectors (1.5 pg/each) for 48 h. Co-IP assay was performed using anti-Flag MAb
(1:1000). The precipitated proteins were analyzed by western blotting using anti-Flag and anti-Myc

antibodies. B-actin was used as a loading control.
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Table S1. The primers used for plasmid construction.

Primer Sequence (5’to 3’) Usage for amplification
pMyc-cGAS-F CCGCTCGAGATGGAAGATCCGCGTAGA mouse cGAS
pMyc-cGAS-R GGGGTACCAAGCTTGTCAAAAATTGG

pMyc-STING-F CTAGCTAGCATGCCATACTCCAACCTGC mouse STING
pMyc-STING-R CCAAGCTTGATGAGGTCAGTGCGGAGTG

pFlag-NS1/2-F CCGCTCGAGAGGATGGCAACGCCATCTTCTG MNV NS1/2
pFlag-NS1/2-R CGGGGTACCTTATTCGGCCTGCCATTCCCCGA

pFlag-NS6-F CCGCTCGAGGCCCCAGTCTCCATCTGGTCCC MNV NS6

pFlag-NS6-R CGGGGTACCTTACTGGAACTCCAGAGCCTCAAG

pFlag-RIG-I_WT-F
pFlag-RIG-I_WT-R
pFlag-RIG-I_N-F
pFlag-RIG-I_N-R
pFlag-MDA5_N-F
pFlag-MDA5_N-R

TGCTCTAGAACAGCGGAGCAGCGGCAGAATCTG
CGGGGTACCTCATACGGACATTTCTGCAGGATC
TGCTCTAGAACAGCGGAGCAGCGGCAGAATCTG

mouse RIG-I_N

CGGGGTACCTCAAGAAGACGCTTCTGAAGG

CCGCTCGAGTCGATTGTCTGTTCTGCAG
CGGGGTACCCTAACTTTCATCTGAATCAC

mouse MDA5_N

Table S2. The primers used for qRT-PCR.

Primer F-Sequence (5’to 3’) R-Sequence (5’ to 3’)

mGAPDH TTCCAGTATGACTCCACTCACGG TGAAGACACCAGTAGACTCCACGAC
mSTAT1 GCCTCTCATTGTCACCGAAGAAC TGGCTGACGTTGGAGATCACCA
mIRF1 CAGAGGAAAGAGAGAAAGTCC CACACGGTGACAGTGCTGG
mISG15 TGACGCAGACTGTAGACACG TGGGGCTTTAGGCCATACTC
mMX1 GGGGAGGAAATAGAGAAAATGAT GTTTACAAAGGGCTTGCTTGCT
mMX2 CCAGTTCCTCTCAGTCCCAAGATT TACTGGATGATCAAGGGAACGTGG
mIFIT1 CCATAGCGGAGGTGAATATC GGCAGGACAATGTGCAAGAA
mIFN-B AAGAGTTACACTGCCTTTGCCATC CACTGTCTGCTGGTGGAGTTCATC
mMcGAS GGCAGCTACTATGAACATGTG CTCAGCGGATTTCCTCGTGGAA
mSTING TATACCTCAGTTGGATGTTTGGC CTGGAGTCAAGCTCTGAAGGC
hGAPDH TGTCCCCACCCCCAATGTATC CTCCGATGCCTGCTTCACTACCTT
hIFN-B CTTGGATTCCTACAAAGAAGCAGC TCCTCCTTCTGGAACTGCTGCA
hISG15 CTCTGAGCATCCTGGTGAGGAA AAGGTCAGCCAGAACAGGTCGT
hIFIT1 GCCTTGCTGAAGTGTGGAGGAA ATCCAGGCGATAGGCAGAGATC
hIFIT3 CCTGGAATGCTTACGGCAAGCT GAGCATCTGAGAGTCTGCCCAA
MNV-1 CACGCCACCGATCTGTTCTG GCGCTGCGCCATCACTC
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Summary and Discussion

Norovirus is the most common global etiology of diarrheal iliness, causing both sporadic and
epidemic infection and imposing a substantial health and economic burden (1). Genetically,
this virus is genetically highly diverse, posing a challenge for vaccine development efforts (2).
Moreover, the lack of a robust system for cultivating human norovirus (HuNV) largely impedes
our understanding of norovirus biology and pathogenesis, as well as the associated immune
response. As a surrogate model, murine norovirus (MNV) is capable of replicating in vitro and
in vivo, and shares similar characteristics with HUNV in structural and genetic features, and
has thus been widely used for norovirus research, as well as in this thesis. Currently, no
licensed norovirus vaccines are available, thus novel antiviral treatment is urgently needed to

combat norovirus infection.

Potential inhibitors of noroviruses have been identified and some of these have been
demonstrated efficacy in experimental models, including ribavirin, mycophenolic acid (MPA)
and favipiravir (3-5). A nucleoside analogue named 2'-Fluoro-2'-deoxycytidine (2’-FdC) has
been recently reported to exert broad antiviral activities against Lassa virus, Crimean-Congo
hemorrhagic fever virus and bunyaviruses (6,7). Thus in Chapter 2, | profiled its antiviral
effects on norovirus, and showed that 2’-FdC potently inhibits replication of different strains
of MNV in macrophages, and exerts moderate inhibition on HUNV replication. Since 2’-FdC is
an analogue of cytidine and fluorine is isosteric with a hydroxyl group, the antiviral effects can
be partially reversed by CTP but not GTP. Moreover, 2’-FdC acts synergistically with the well-
known antivirals including MPA, ribavirin or favipiravir. Although 2’-FdC can serve as a
potential backbone for anti-norovirus drug design, the potential side effects as well as

combination with other compounds, should be carefully evaluated in future studies.

The inflammasome machinery has recently been recognized as an emerging pillar of innate
immunity, and plays an important role in controlling viral infections, examples being infections
by rotavirus or influenza virus (8,9). Studies have reported that MNV infection can induce
secretion of mature IL-1f by activating NLRP3 inflammasome in primary bone marrow-derived
macrophages (BMDMs) with TLR2 priming, and in STAT1 deficient BMDMs (10). In Chapter 3,
| revealed that MNV infection induces IL-1B transcription but not release of mature IL-1B in
mouse macrophages. Then | profiled the antiviral action of LPS, a potent activator of
inflammasome action in pathophysiology. My results demonstrated that inflammasome
inhibitors slightly counteract LPS-mediated antiviral effects and especially those that at least
partially requires the induction of interferon-stimulated genes (ISGs) and that LPS effects in
this are mainly mediated through the NF-kB and JAK-STAT signaling pathways. | feel these
results hold promise for understanding the potential crosstalk between IFN response and
inflammasome activation in response to norovirus, although the exact mechanisms involved

need to be further studied in order to make definitive statements in this respect.
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IFN-mediated innate immune responses provide the first line of host defense against viral
infections, and a subset of ISGs are considered to be the ultimate antiviral effectors limiting
viral replication and spread (11). Currently, only a few ISGs have been identified that inhibit
MNYV infection, but those identified include interferon regulatory factor 1 (IRF1), interferon-
stimulated gene 15 (ISG15) and guanylate-binding proteins (GBPs) (12-14). In Chapter 4, |
profiled the anti-MNV effects of GBP2 and | observe it requires the presence of IFN-y in murine
macrophages but can act without IFN-y in HEK293T cells that ectopically expressing MNV
receptor (CD300If). Possible explanations here are the differences in species, cell type and the
expression pattern of GBP2. | modeled the different domains of mouse GBP2 including the G,
M and E domains, and my experiments revealed that the N-terminal G domain of GBP2 is
necessary for this antiviral action. Viruses have developed sophisticated strategies to evade
host defense, and accordingly | also established that viral replicase (NS7) antagonizes GBP2-
mediated antiviral effects. Potential interaction of NS7 with GBP2, and a possible inhibitory
role of NS7 on GTPase activity of GBP2 are interesting to be studied further, for instance by
my potential successor with respect to this research. Similarly, as innate immune sensors and
antiviral I1SGs, both RIG-I and MDA5 have been reported to restrict infection of some RNA
viruses. In Chapter 5 and 6, | profiled the antiviral actions of RIG-1 and MDAGS against norovirus
(HuUNV and MNV). Overexpression of RIG-1 and MDAS induces some antiviral ISG induction
through an interferon-like response, whereas blocking the JAK-STAT cascade partially
attenuates ISG induction and their associated antiviral functions. Regulation of viral replicases
on RLRs-mediated IFN response have been documented (15,16). | further investigated the
regulation of MNV NS7 on RIG-l and MDA5-mediated antiviralimmune response in Chapter 6.
| showed that viral NS7 enhances RIG-I and MDA5-triggered antiviral IFN response, which
conceivably involves interactions with the CARDs of RIG-I1 and MDAS. Moreover, the antiviral
effects mediated by RIG-I and MDAGS are further enhanced by NS7 overexpression in HEK293T
cells that ectopically expressing CD300If. These findings shed new light on norovirus-host

interactions and shall be helpful for developing new antiviral strategies.

Besides the well-established role in innate responses to DNA viruses, emerging evidence
indicates that cGAS-STING signaling is also involved in restricting RNA virus replication. For
instance, cells or mice that are deficient in cGAS or STING facilitate replication of several RNA
viruses, such as vesicular stomatitis virus (VSV) and West Nile virus (WNV) (17,18). In Chapter
7, | explored the role of cGAS-STING in response to MNV infection. MNV replication is
restricted in the presence of STING agonists, but increased in the presence of STING inhibitor
in mouse macrophages, which partially involves the ISG response. Meanwhile, | established
that silencing mouse cGAS or STING leads to defects in antiviral ISGs induction upon MNV
infection, and enhances viral replication in mouse macrophages. Overexpression of cGAS and

STING moderately increases ISG transcription but potently inhibits MNV replication in
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HEK293T cells that ectopically expressing CD300If, whereas JAK inhibitor treatment or
expression of different MNV viral proteins doses not affect this antiviral effect. | further
learned that the N-terminus of RIG-I exerts anti-MNV activity, but that this effect is attenuated
by STING, | attributed this effect to the interaction between RIG-I and STING. However, the
possibility of participation of MAVS in the signaling or interaction should also be considered.
Indeed, human MAVS associates with human STING, although it is not clear whether MAVS
directly interacts with STING, or exists as a complex with RIG-I/STING (19). Whether human
cGAS and STING are also necessary in restricting human norovirus replication is still unknown,
and future studies are needed to investigate their potential association. Thus, in conjunction
| hope my studies improve our understanding of norovirus-host interactions, and provide

insight to develop new antiviral strategies for combating novorirus infection.
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Nederlandse Samenvatting

Eén van de belangrijkste oorzaken van diarree is het norovirus. Dit virus kan binden aan
receptoren die aanwezig zijn op darmcellen en zal dan vervolgens door de darmcel worden
opgenomen. Nadat het virus aangekomen in celvloeistof van de darmcel pakt het virus haar
genetisch materiaal uit. Dit bestaat enkelstrengs RNA wat onmiddellijk kan worden
afgeschreven door de cellulaire machinerie van de darmcel tot virale eiwitten, die op hun
beurt het genetisch materiaal van het virus kunnen vermenigvuldigen en het inpakken in virale
eiwitten om daar weer nieuwe virussen van te maken. De gastheercel, die het virus dus
gebruikt om nieuwe virale eiwitten en viraal genetisch materiaal te maken, overleeft dit
parasitisme vaak niet. De stervende cellen leiden tot het ontstaan van gaten in darmbekleding
en samen met het immuunantwoord van het lichaam tegen het norovirus, leidt dit dan weer
tot ziekte. Ongeveer de helft van alle acute episoden van gastro-enteritis (buikgriep)
wereldwijd wordt door norovirusinfectie veroorzaakt, vooral omdat het virus zeer
besmettelijk is. Het virus verspreidt zich via voedsel en water dat besmet is met ontlasting,
maar ook via aerosolen die verschillende oppervlakten besmettelijk kunnen maken. Vooral de
deurkruk of het lichtknopje van het toilet zijn berucht in dit opzicht. Anders dan bijvoorbeeld
rotavirus, wat vooral kinderen treft, zijn mensen van alle leeftijden gevoelig voor norovirus.
Ook door gebrek aan inzicht in hoe onze cellen zich tegen norovirus infectie verzetten en
wapenen, is er nog geen goede norovirus medicatie ontwikkeld. Met dit proefschrift probeer
ik het nodige inzicht te verschaffen. Hoofdstuk 1 geeft een uitgebreide adstructie bij de visie
die ik hierbij gevolgd heb.

Een eerste stap hierbij was het ontwikkelen van een kapstok waarlangs verdere antivirale
therapie tegen het norovirus mee ontwikkeld kan worden. Een aanzet hiertoe geef ik in
Hoofdstuk 2. In dit hoofdstuk laat ik zien dat de gemodificeerde nucleoside 2'-Fluoro-2'-
deoxycytidine, een verbinding die een veelheid van virussen in haar replicatie kan remmen,
effectief in ieder geval het muizennorovirus kan remmen. Deze bevinding heb ik verspreid in
de wetenschappelijke wereld middels een publicatie in het vaktijdschrift “Archives of Virology”
(2020, 165(11): 2605-2613). Op basis van deze vinding kan dan verdere medicatie en
behandeling ontworpen voor de menselijke varianten van dit virus. |k realiseerde me echter
wel dat dit meer inzicht zou vergen in hoe de menselijke cel zich in het algemeen verdedigt

tegen het norovirus en in de rest van dit proefschrift zou ik dit verder ontrafelen.

In eerste instantie heb ik daarbij onderzocht in welke mate de verdediging van de gastheercel
zich conformeerde aan de gedachten die er in veld van biomedische wetenschappers heersten
over deze weerstand, maar nooit formeel waren bevestigd. In Hoofdstuk 3, waarvan ik de
tekst ook publiek heb gemaakt middels een artikel in het vaktijdschrift “Virology” (2020, 546:
109-121), onderzoek de rol van interferonen (belangrijke antivirale hormoonachtige stoffen
gemaakt door het lichaam om virusinfectie te bestrijden) en hun relatie met de activatie van

het zogenaamde inflammasoom (een intracellulaire structuur die verdediging en vernietiging
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van virussen coordineert in de gastheercel). Anders dan de gedachten in het veld leken
interferonen nauwelijks betrokken het activeren van het inflammasoom na norovirusinfectie,
maar leken mechanismen die we normaal meer associéren met de verdediging tegen
bacteriéle infectie belangrijk bij inflammasoomactivatie. Op haar beurt leidt
inflammasoomactivatie wel weer tot interferonproductie. Dit gaf al een belangrijke aanwijzing
dat de verdediging van de gastheercel tegen norovirus unieke aspecten vertoonde en dus

meer studie zou vergen.

Hierdoor aangemoedigd ging ik verder op zoek naar eiwitten die belangrijk zijn bij het
bestrijden van het norovirus door de gastheer. Een eerste succes hierbij was de identificatie
van GBP2 als een belangrijke effector hierbij. Dit eiwit wordt actief nadat de cel wordt
geinfecteerd door norovirus en nog veel meer na de door het norovirus opgeroepen
interferon productie. Het kunstmatig laten maken van GBP2 door de darmepitheel blijkt
voldoende om de darmepitheel te beschermen tegen infectie met het norovirus. Het belang
van GBP2 bij de verdediging tegen norovirus wordt verder geillustreerd door mijn observatie
dat het norovirus zelf op haar beurt het GBP2 eiwit probeert te remmen, een waar gevecht
dus. |k beschrijf deze bevindingen in Hoofdstuk 4 en ik heb ze gedeeld met de
wetenschappelijke wereld middels publicatie in het vaktijdschrift “Journal of Biological
Chemistry” (2020, 295: 8036-8047).

In Hoofdstuk 5, wat ik ook gepubliceerd heb in het vaktijdschrift “Antiviral Research” (2020,
176: 104743) verkreeg ik verder inzicht in hoe het interferon-onafhankelijke initiéle tegen
norovirus opgestart zou kunnen worden. Hierin laat ik namelijk zien dat het zogenaamde
MDAS (een intracellulaire receptor die vaak effectief virussen kan herkennen en dus de
cellulaire verdediging kan activeren) ook bij het norovirus een dergelijke functie kan hebben,
maar dat de receptor dit kan doen zonder dat met een interferon-opgeroepen processen daar
een allesbepalende rol in hebben. Ook voor andere verwante moleculen, zoals ik beschrijf in
Hoofdstuk 6 en heb gepubliceerd in een tweede publicatie in het vaktijdschrift “Antiviral
Research” (2020, 182: 104877), blijkt een analoge situatie te spelen. Hiermee kon ik dus de
gastheerverdediging tegen infectie met het norovirus weer een stukje beter in kaart brengen

en begrijpen.

In Hoofdstuk 7 weet ik het overzicht met betrekking tot de interactie norovirus, intracellulaire
intravirale receptoren en de activatie van het inflammasoom grotendeels te complementeren.
Hier vestig ik mijn aandacht op de antivirale eiwitten cGAS/STING. Van deze eiwitten was al
bekend dat ze betrokken zijn bij de verdediging van onze cellen tegen DNA virussen, maar of
ze ook betrokken zijn bij de afweer tegen RNA virussen, zoals norovirussen, was nog niet

onderzocht. Wij zagen dat het kunstmatig activeren of inbrengen van deze eiwitcassette
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cellen resistent maakte tegen norovirusinfectie. Opnieuw leek het belang van de

interferonsignalering weer beperkt.

In Hoofdstuk 8 vat ik al mijn bevindingen samen en probeer de samenhang tussen deze
bevindingen, ook in het licht van het corpus van beschikbare biomedische literatuur, te duiden.
Ik concludeer dat ik een onverwacht moleculair netwerk, wat waar maar gedeeltelijk
afhankelijk is van de vroeger zo cruciaal geachte interferon signaal transductie, heb
blootgelegd dat onze natuurlijke weerstand tegen het norovirus in stand houdt.
Farmacologische activatie van dit netwerk, eventueel samen met breedspectrum antivirale
middelen zou heel wel een betere therapeutische optie kunnen zijn dan de huidige praktijk
van alleen ondersteunende therapie, vooral bij ernstig zieke patiénten. |k schets
mogelijkheden hoe dit verder zou kunnen worden uitgewerkt. Ik spreek aan het eind van dit
proefschrift dan ook de hoop uit dat dit werk zal bijdragen aan reduceren van de last die het

norovirus de menselijke soort bezorgt.
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