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Chapter 1

Norovirus,a member of thefamily Caliciviridae is a norenveloped, icosahedral and
sinde-stranded RNA virus with a genome size of approximatehkifobase kb). Based on
the amino acid sequenceomparisonof its constitutingstructural proteinvirus protein VP
1, the genusnorovirusis divided into7 genogroups(G)with Q, Il and IV being primarily
responsible fornfecting humas. Duringthe last two decadesthe genogroupll member
genotype 4 (Ql.4) strain has been responsible fahe majority of foodborne outbreaks
worldwide ™. Recentlyhowever,norovirus Gl.17 variant has beeemergingand even has
becomepredominant in some regions of Ast4. In this thesis | aired to increaseour insight
into norovirusprovoked pathology.

Currently norovirus is increasingly recognized as the main cause of epidemic
nonbacterial gastroenteritis worldwide, especiaig since rotavirus vaccindsave largely
reducedthe diseaseburdenassociated with infection with the latter virdd. Despite being
associated with substantial (or even largegonomicimpact, in addition toconsiderable
mortality, norovius hasbeen given comparatively lesdtention when compared to ¢her
infectious pathogens. Due to high genetic diversity observatifiarent noroviruesand the
fact that patientsthat have been sequentially infected with different strains fail to develop
crossprotection among distinct genotypeshe development of efficacious norovirus
vaccine is still amajor challenge!®. Until now, no licensed antiviral drugsth respect to
norovirusare availableand clinical management is mainly limited to supportogge with
oral orintravenous (V) rehydration and electrlyte supplementation being the mainstay of
treatment ™. The lack of a robust cell culture model czanvenientsmall animal modehas
further hampered the development oftrategies aimed at prevention and control of
norovirusinfection. Limited case reprts havedemonstrated that ribavirin and nitazoxanide
hold promise forcombating norovirugprovokedgastroenteritis, yet theitherapeutic value

and mechanisrof-action need to be further explored.
Discovery of norovirus

In 1929, Zahorskyet al first descibed an epidemic of apparently nonbacterial
JFAONRPSYUSNRGAAE FYR LINPLRASRIUGRSEABRCAONE LI A
was characterized by clinical presentation of acute onset of nausea and vomiting

predominantly duing winter monthsi®. In October 1968an acute gastroenteritis fiected

50% (116 of 232) of the students and teachers in an elementary school in Norwallgndhio
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Chapter 1

was clinicallyaccompaniecby characteristic nausea, vomiting and abdominal péinLater
in 1972, Kapikianet al first observed a 2#m particle with cubic symmetry by immune
electro microscopy (IEMn stool samples derived from the Norwalk outbrefk These
particles werethen suggested to be the etiological cause of Norwalk gastroentexitds are
now consi@red the initial discovery of noroviruBut until now many aspects of norovirus

pathobiology remain obscure at best.
Clinical features of norovirus infection

Human norovirus (HUNM$ notorious forbeing the main cause of gastroenteritis
outbreaks worldude. As a fooeorne illness, norovirusinfection is predominantly
transmitted bythe fecaloral route andthrough personto-person contact. Inhalation of
infectious aerosols is another possitieode of transmissiod”. Following exposure and
after an inabation time of 15 to 36 burs, an acute diarrhea developghich is accompanied
by vomiting, abdominal cramps, watery stools areldr. Patients normally resolvihe
diseasewithin 2 to 3 days, busometimes patientcan persistently and asymptomatically
shed virus forup to approximately 8 weeks$'®. Furthermore chronic and protracted
norovirus infection's sometimesalso observecespeciallyamong young children, the eldgr
and immunocompomised individuals Norovirus caused 47 to 96% of acute pediatric
gastroenteritis outbreaks and 5 t86% of sporadic casés!. Manishet al estimated that
each year norovirusesulted in 64,000 hospital admissismnd 900,00Qoolyclinical visits in
children from developed countrs, and up to 200,000 fatalitiesf chidren younger than 5
years old in developing countrié¥. The courseof norovirusmediated disease in older
adults is characterized by prolonged duration and fatal outcofi®s In my systematic
review Chapter 3, | have demonstratedhat norovirus iffection may persist for weeks to
months in hematopoietic stem celkransplant (HSCTand solid organ transplant(SOT)
recipients and sometimesis accompaniedy severecomplicationsthat required hospital

admission.
Features of norovirusiology

Norovirusdemonstrates largly antigenic and genetic diversity. Based on #raino
acid sequerce of the major capsid proteinVVP1 norovirusis currently divided into 7
genogroups(G) whereas each genogroup is furtheubdivided into several genotypes

(numbers afte G) Genogroupl, Il and IV primarily infect humas, and genogroupV is
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associated with murine diarrhé&”. The HUNV genome contains threpen realing frames

(ORFs), ofvhich ORF1 end®s a nonstructural pretn, while ORF2 and ORF3 encalde

major and minor capsid protein VP1 and VP2, respectivélyS Tepd®f norovirus RNA is
covalently bound to a virusncoded protein 8 F SNNBER (2 | a entd B3I 4K,
polyadenylated.Gainirg understanding othe full life cycle of HUNV had remainéatrgely
elusivedue to the inability toperform in vitro culture of HUNVI*®, Evidence from surrogate

models of other amhal caliciviruses and mime norovirus (MNV) suggestisat a norovirus
VRy-bound intact RNA initiateb  WLJA 2 Y SSNJ NP dzy Rofice @ @ntergirtiola (1 NJ- Y
permissive cell line. Thieads to the produdion of the ORF1 polyprotein, which is
subsequently coand posttranslationally processed into Gonstructural (NS)proteins,

namely p48, NTPase, p22Pg,Pro and Pol.The remaining viral RNA®srm a double

stranded replicativeform (RF), which further producegositivesense genomic and
subgenomic RNAin a VPelependent manner™®. The synthesized genomic and
subgenomic RAsarecovalei f @ f Ay 1 SR (i 2endt Tha trahdhdisBuctyral I G p
proteins VP1 and VP2 as well as genomic S=RM& further assembled, encaplated and

released from host cell8”. However, 1 is fair to say that further validation and detailj of

this proposed life cycle remains necessary.
Models to study HUNV

Although a virus particle was identified as the main cause of gasteoést all
attempts to generateand detect the eblogicalagent using tissueulture techniques and
novel organculture tedniques were unsuccessfulhitherto 7. In 2004, Duizer et al
describedthe attempt to cultivate HuNVin vitro using16 human carcinomalerived cell
lines and 11 nothuman hosts derived cell line€ell culture systems that mimked the
gastrontestinal tract (Gl tract) were also included. Howeversatthattempts proved to be
unsuccessfult®. In another study, efforts were further made to study the susceptibility of
cdl cultures ofanimal originto HuNVinfection. A total of 19 cel€ultures from 11 different
animal speciesvere inoculated with HuN*ontaining écal samples. Cytopathic effg€@PE)
andreverse transcription PCRTPCRassays were used to teet norovirusreplication. The
results showed no evigee of any morphological chges or an increase imorovirus RNA
%1 |n 2006, Changt al revolutionized the field by pioneerinthe stable expression of a

HUNV RNA replicon irthe Huh7 cell line. Evenhbugh this replicon model fail® fully
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recapitulate thefull life cycle of HNV, it is asuperioralternativeto the experimental moded
usedearlier for the screeningof antiviralsfor their potential action orHUNV replicatior??.
Byusing this model, a set of substances withiardrovirus activitieswas identifed and this
se included interferons(IFNs) ribavirin, mycophenolic aci@dMPA) calcineurin infbitors and

H -Omethylcytidine(2CMCY?+?3. S me further advances we recentlymade. In2014, the
currently dominant HuN strain ®.4-Sydneywas emplogd for successful infeadn of the
BJAB human B cell line as evident fromesulting sigificant increase in viral genomaopy
numbers. Importantly, this infectionwas substantially facilitated by fre&isto-blood group
antigen HBGA.or by HBGAexpresang enteric bacteria, whichrobably servd as a cofactor
for binding and attachment of HUNV to B c&f& Later in 2016the novel humanitestinal
enteroids (HIES)lerived from intestinal crypts were reported to support HUNV replication.
HIEs contaied multiple intestinal epithelial cell types and recapituldtsost aspects ofhe
human intestinal epitheliumand thus constitutd a good culture system to study hest
pathogen teractiors. In this system bile was required for straindependent HuNV
replication, in contrast tothe previousreport that enteric bacteriavas essential for HUNV
cultivation in B cells'®. Hence, further research is needed to fully understand how
norovirus can exploit gastrointestinal physiology for successful replication.

Further efforts were also made to develop a robust animal model. In 2006,
gnotobiotic (Gn) pig wereevaluated as @otential model to study HUNV pathogenesis and
to determine the target cells for HUNV replication. The inoculated Gs degeloped mild
diarrhea and were found to be positive for HUNV genome RNA in rectal swab fluids and
intestinal contents. Meanwhile, enterocytes from duodenal and jejuoalin were
confirmed to specifically support HUNV replicatiéh A panel 6drugsincluding simvastatin
[27. 28 and interferonalpha(IFN) 28 effectively inhibited HUNV replication using this model.
Later in 2008, the same group reported th@h calves developed diarrhea and intestinal
lesiors upon inoculation with HUNV strainliGl-HS66. The inoculated calves secreteus/
particles inthe feces and produag virusdirected antibodies as well as cytokingsdicative
of ongoing infection and immune reactidff’. In 2010, chimpanzeebv. inoculated with
HuNVdemonstrated no clinical symptoms of gastroenteritis, but skigds particles iffeces
Concurent with viral sheddingn the stools, HUNVRNA becameéetectable in itestinal and
liver biopsies. Analysis of the HuNVevoked imnune responserevealed that the

chimpanzees developed shedrm immunity against HuUN¥nd vrus like particles (VLPS),
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and displayedprotective immunity even after extended exposufe. These modelfiave
played important roles on fostering our understandingof the pathogenesisof and the
immunity againstHuNV. Meanwhile, they areisefultools to assesshe efficacy of potential

interventions aimed at prevemg and treatingHuNV infection

Murine norovirus MNV), a model system to study norovirus biology

and pathogenesis

Noroviruses are not resicted to infectinghumans Noroviruses ircattle, swine and
mice have also been identified. Among theliNV is the only norovirus thats permissive
for replicationin both cell culture anch small animal modeThus MNV suseful forstudying
norovirus biology andssociatedpathoogy. The firstMNV was described in 2003. It wa
observed that immunocompromised mice deficient in signal transducer and activator of
transcription 1 (STAT1) and recombinatactivating gene 2 (RAG2) (RAG/STA'Iﬁiice)
sporadically succumbed to an infectious nonbacteria¢rdg Representational difference
analysis (RDA) revealed that the pathogen containadRNA genome homologous tbe
regions of many calicivirus genomeswHs proposed to name the agent asirine norovirus
1 (MNV1) and place it into a neworovirus genogoup. Further studieslemonstrated that
MNVL replicated more efficiently in mice lacking STATdntiwild type mice, indicatinthe
essatial role of innate immunitpn combating MNV infection§Y.

To further investigate the cellular tropism of MNV, MNvifectd STATI mice
underwent immunohistochemistry aimed atonfirming the presence of MNV1 protein.
MNV1-specific staining was observedtime Kupffer cellgesiding inthe liver, andin the red
pulp as well as the marginal zone in the spleé&s expeted, bone marrowderived
macrophagesN. ) and dendritic cells DC$ were permissive for MNV replicationin vitro.
Further screeningn M. cell lines demonstrated thathe murine cellline RAW 264.7
supported MNM replicationyieldingvisible CPE after infectidif'.

Further clonal selectioperformed bothin vivo and in vitro generated two MNV
strains MNV1.CW1l ah MNV1.CW3. The former resemblatlie parental MNV1 with
attenuated infectivity in STAT1mice; while the latter demonstratedmore significant
virulence buta similar growth ratein vitro 3. Clones MNV1.CW1 and MNV1.CW3 only
caused sporadic diarrhea and were rapidly cleabgdwild-type mice. A new MNV strain

MNV1CRG6 camersistertly infect wildtype mice and was detected indes even atay 35
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after inoculation Based on thoséindings, MNV4 thought to be a good modeystem to

study the biology angathogenesis of norovirus.

Host immune response anaction of theinterferon pathway therein

toward norovirus

The knowledge of how host respondgo norovirus infectiorhasmainlybeengained
from studies performed involunteers,due to the lack of a convenient small animal model
that sufficiently and effectively suppathe natural growth of HUNV. Challenginolunteers
with Norwalk agentontaining fecal filtrate provoked antibalies to the Norwalk agent,
indicatinga potentiallyimportant role of acquiredimmunity on protecting usagainstthe
Norwalk gastroenteritis®. Consistently, noroviruassociated traveler<Q diarrhea was
associated withhigher levels ofnterleukin (L)-2 andinterferon gamma (IFN), suggesting
that a Thl immune responsevas predominant in gut immunity combating norovirus
infection %, Further studies also explored the tapeutic potential of exogenoutNs
aganst HUNV replication by using th€uNV replicon an@&npig model?® 2. Inthe present
study, | shall show thaHuNV replicatiowashighly sensitiwe to treatment with typel, Il and
[Il IFNs My mechanistic investigatiasfurther identified interferon regulatory factoil (RF
1), retinoic acidinducible gene IRIGI) and melanoma differentiatiorassociated gene 5
(MDAH as the ultimate factors thatwvere responsible for the potency of IFNmgainst
norovirus®.

Further understanding comes fromtudies aimed atdentifying the predominant
factors limiting MNV infection. RNA sequencingf MNV-infected murine macrophages
revealed that MNV infection trigged a cellular immuneresponse that involveduclear
factor kappa BNR® ), STAT1 and STAB&sed pathways as well agterferon regulatory
factor 3 (RF3 activation ®”). These observations correlatavell with the fact that|FNs
exerted in vitro and in vivoefficag/ with respect to contrding MNV infection. Type and Il
IFNsinhibited the in vitro translation ofMNV proteins®®®!. In vivostudies indicatd that IFN
h i limited the systemic spreddg of the acute strain MNV1.CWgrovoked infection in
immunocompetent micé>®, whereasinterferon lambda (IFNJ treatment can effectively
and completely cure persistent MNV infection irrespectivetlod presenceof adapive
immunity. Two weeks of IKNreatment reduced virus titers tan undetectable level in the

murine mesenteric lymph nodedV[LN) and colon after infection witlthe persistent MNV
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strain MNV1.CRB%. These findingare important. They suggest thakogenos IFNsan be
promising antiviral optioa during norovirus infection and that their effects can become

usefulfor designingdrug discovengtrategies
Scope of this thesis

Even thoughnorovirus gastroenteritis NVGE is normally seHimiting among
immunocompetent individuals, it causes severe complications and fatal outsome
immunocompromised patients. éthce novel and specific antiviral treatments are urgently
needed. In this thesis, &imed to adequately assess the burden of norovirus infection in
hematopoietic stem cell transplant (HSCT) and solid otgamsplant(SOT)ecipients andto
further explore the potency and mechanisof-action of several chemicals in this specific
setting. | firstly systematically reviewed the prevalenead clinical pregntation of NVGE in
transplant recipients, and secondlgssessedpotential treatment strategiesfor those
patients. | next mainly focused on the antiviral potential anthe mechanisns of
immunosuppressants, exogenous IFNs and nitazoxammd@orovirus biabgy and related

results to clinical experienda NVGE
Outline of this thesis

As the immune systemeeds to behighly suppresseth orderto prevent rejection,
transplant recipients are atigh risk of viral infectionsAccordingly, @rrhea is a common
complication after transplantation The putative risk factors underlying diarrhea involve
regimenassociated toxicity, infections and intestinal grefrsushost disease (GVHD).
Unfortunately rorovirus was not routinely detected those diarrheal patientsThis may be
due to clinicalunderestimaton of the potential problem as well assufficiency instudies
about norovirus biology and pathogenes@nd the absence otonvenient and cheap
detection methodlogy. Presently the situation has impved and he introduction of highly
sensitive molecar detection techniquesow allowseasyidentification and characterization
of norovirus as an etiological agerior diarrhea in those patientsin Chapter 2 |
systematically reviewed noraus infection in HSCT dnSOT recipients, an@as able to
highlight the prevalence clinical manifestations, diagnosis, risk factors, transmission and
evolution, and potential treatmerg Immunosuppressaist are risk factors for norovirus
infection. On the one hand, the weakenedmunity thus fails to provide protection against

viral invasion. On the other hand, immunosuppressants directly exert multiple effects on
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viral replication.Thus this is a complex discussidn.Chapter 3, | provided answers though.

| profiled a subset ofmmunosuppressantand identified MPAas a potent antiviral toward
norovirus replicationUsing this medication for immunosuppression in transplant recipients
should thus provide protection against norovirus infection.

IFNs provide hoswith the first line of defense against viral invasiofhey signal
through the Janus kinase/signal transducers and activators of transcriptldxkKTAT
pathway and inducéundreds ofinterferon-stimulated genesIi§G¥ which are the ultimate
antiviral factors. Given thatt that IFNs have been used in the clinic for decadeShapter
4, | characterize the antiviral potential oftype I, Il and Il IFNs and found that HUNV
possessé high responsiveness to all types oNH=I further comprehensivelyscreened a
subset of important ISGs by using an overexpression approach and identifi@d RRE and
MDAGS as potent antiviral effectors.

Nitazoxanide, a thiazolide compound hascently been empirically used in several
norovirus cases with unknown mechanisequiring clarification In Chapter 5and 6, | thus
further investigated the antiviral activities and mechanisms of woxanide and its main
metabolite tizoxanide against norovirusThe results extendd our knowledge abut
mechanism and aplation of nitazoxanide in thelinic. An integrating discussion of data
generated is also included in this thesiscémjunction,| feel my studies greatly facilitate the

development of novel rational avenues for treating norovimigction.
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ABSTRACT

Norovirus (NoV) is increasingly reported as an important etiologigaht for chronic and
severe diarrheal complications transplantrecipients. However, a consensus regarding the
exact prevalence, epidemiology, clinical manifestations and potential clinical management of
NoV gastroenteritis (NVGE) inase patients is still lacking. &\systematically reviewed the
burden asseciated with NoV infection ithe transplanation setting NoV accourgd for 2.9

to 60% of severe diarrhea mematopoietic stem cell transplaméecipients and 3.2 t&8.4%

in solid organ transplantrecipients. NVGE in ansplant patients wasusually chrorc,
protracted and sometimes even fatal. Typically, patients reqguifeequent hospital
admission and cinfection with other enteric pathogens waalso commoly observed Risk
factors contributing to susceptibility, severity and chronicity of NWaEed markedly
between studiesAlthough several NoV genotypes egidt NoV genotype 2 (G was the
etiological agent inthe majority of cases involved witgenotype 1 @) being a distant
second. Interestingly, chronically @dted transplant recipients displagl accelerated NoV
evolution and constitutd viral reservoirs releasing novel variants. Several studies have
explored posiile treatment strategies towardNVGE and demonstrated thaepurposing
nitazoxanide showe@romiseg even if it failed to clear NVGE in a substantial number of cases
Due to limited size of the studies involved and the absence of clear mechaifigation, it
cannot yet be considered evidentased treatment and further evaluation was needed.
The burde of NVGHRN the transplantation settings more severe than was expected. Thus
awareness of this problem should be raised.

Keywords:norovirus; transplantation; evolution; nitazoxanide.
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INTRODUCTION

Norovirus (NoV) is a member of the famiBaliciviridae. It is a norenveloped,
positivesense singlstranded RNA virus with genome size of approximately 7kdobase
(kb). Based on the amino acid sequence ofigjor capsid protein virus protein (VP)NoV
is divided into7 genogroups (G) with G1, 2 add(@, Il and IV) being primarily responsible
for infecting humans™. NoVv representsthe leading etiological agent fohuman viral
gastroenteritis worldwideé?.

NoV gastroenteritis (NVGE) usually mesi$ as selfimiting diarrheal disease of
short durationin immurocompetent individuals. Howevgehronic and protracted infections
have been observed in young children, the elderly and immunocompromised popul&tions
* In such cases the disease maysi& for weeks or even monthand can cause severe
weight loss, debilitation and casionally even death. RecentioV has been recognized as
an important entity for prolonged devastating complicationgécipients of hematopoietic
stem cell transplarg (HSCT) anddid organ transplant§SOT)®. With the advent of the
widespread use of reverse transcriptipolymerase chain reaction (FPICR)pased
detection of NoV, now an accumulating body of studies have reported the prevalence,
epidemiology and patbgenesis of NoV in thispecific setting. Unfortunately the
development of a NoV vaccine remains challenging partially due to the highly genetic and
antigenic diversity of human NoV (HuNoV) as well as the unavailability of small animal
models . At presat, no licensed treatment for NVGE is available except for fluid
replacemen and intensive supportive caré. However several clinical studies have
explored potential therapies and potentiatabe off-label use oFDAapproved nitazoxanide
as a promisig option for chronically infectedpatients Given the fact that detailed
knowledge of NoVinfection in the transplardtion setting is generally segmented and
inconclusive, we have now conducted a systematic review to comprehensively evaluate the
prevalence epidemiology, clinical manifestations and potential treatment options of NVGE

in HSCT and S@dcipients.

METHODS

We searched EMBASE, MEDLINE Ovid, Web of science, Scopus, Cochrane Central and
Google scholar to identifgrticlespublisted in English unitFebruary 27, 2018n which NoV
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infection was described amongHSCT and SQé&cipients. Thesearch strategiegor each
database were designed by an experienced information specialist Bjre available in
Table S1After removing duplicateswo independent reviewers (WD and Mirviewed the
title and abstract of all articles to eliminatke irrelevantreferences and references that did
not meet the inclusion criteria. iBagreements were resolved by consensiis.make surelh
the relevant publicatinos were captured, we crosseferenced all articles from the
bibliographiesof the selected pulications by WD and MHAfter reviewing each article,
studies meetingeach ofthe following inclusion criteria were selected) Qriginal reseah
articles or reportsdescribingNVGE in transplant recipientsij) (Studies using detection
methods to clearly confirm the presence of NoV as an etiological dgeutarrhea; {ii) All
subjects in the study werkISCT i0SOTrecipients.Articleswere excluded if ij full-text was
not available; i{) subjects were immunocompromiseadhdividuals but not transplarn
recipients The detailed algorithm for exaling and including studies is ther documented

in Fig.1.

RESULTS

Description of the included studies

Based on our search criteria and after removal of duplicates, a total of 365 references
were found. By reviewing the type, title andbstract ofthe articles we excluded 312
references. This left 52 eligible articles and 4 additional articles were identified by manual
searchfrom the reference listsFurther assessing the fuéxt of these 56 articles ultimately
resulted in the identification of 47 studies which met the inclusiorecidt (Fig. 1).

More in detail, with respect to the subjects we includstlidies ofNoV infection
among both HSCand SOTecipients, and results were taken into account irrespective of
gender, age, ethnicity and nationality of the patients involved. la inth the purpose of
the current study and based on the contents of selected publications, vegcazed topics
into 5 aspects, includingrevalence andlinical characteristics1= 38, diagnosisrn(= 5), risk
factors 1 = 4), transmission and evolutio(n = 12, and treatment § = 10) (Fig. 1). Of note,

many publications have addressed several of these topics in the same publication.
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Literatuer search (until Feb 27, 2018)

Databases (n = 813):

Embase.com (n = 250); Medline Ovid (n = 98);

Web of science (n = 170); Scopus (n = 188);

Cochrane CENTRAL (n = 7) and Google scholar (n =100)

Records after duplicates removed (n = 365)

Excluded (n = 312)

E.g. irrelevant to the subject (n = 275); duplicates (n = 5);
NoV diarrhea in non-transplantation setting (n = 28);
Records screened based on non-NoV diarrhea in transplantation setting (n = 14);

type, title and abstract articles containing insufficient information, including
. meeting abstract (n = 58), reviews (n = 26),
Studies manually searched from correction (n = 2), editorial commentary (n = 1),
reference lists of reviews (n = 4) editorial material (n = 4), research note (n = 1)

L

Included (n = 52)

Excluded (n = 5)

a. deficient in important information,
including patients number, transplantation
type, diagnosis methods (n = 2);

b. articles containing more than transplant
patients, E.g. oncology patients, immune
deficient patients or patients receiving
chemotherapy (n = 3).

Inclusion of full-text articles assessed —>

Included (n = 47)

1. Prevalence and clinical 2. Diagnosis 3. Risk factors 4. Transmission and 5. Treatment
characteristics (n = 38) (n=5) (n=4) evolution (n = 12) (n=10)

Figurel Flow diagram showing literature search and selection results.

NoV infection in HSC

HSCT is a potentially effective treatment for both hematologic malignant and non
malignant disorders. Since hematopoietic stem cells exist not only in the marrow (also called
a bone marrow transplantation; BMT) but also in periphery, we collectivelyreafdo HSCT
as inclusive HSCT regardless of the origin of the stem cells.

Among HSCT recipients with NVGE, NoV prevalareed widely within each study,
ranging from 2.9to 26% (Table 1¥*¥. Highest prevalence of NoV infection (60%as
observed ina study of 1Gautologous stem cell transplantation (ASCT) recipi€ritAfter an
incubation period of 12 to 4&ours following virus exposurenost immunocompetent
patients experience a classic set of symptoms including sudden onset of vomiting, abtlomi
cramps and watery diarrhe& 9. The illhess usually resolves within 24 #@ hours later,
although asymtomatic shedding of virus in ées persists for up to 3 weekd In contrast

HSCT recipients form a higisk group for severe chronic diarradollowing NoV infection.
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The duration of symptoms rangeiom a median of 8 days to approximately 2 months
(Table 1; Table S3§* * ¥ Of 12 No\tpositive (NoV) HSCT recipients, ten patients
presented diarrhea foa median of three monthsrgnge 0.5 to 14) and persistently shed
high loads of virus for prolonged period8 with comparable results observed in two studies
that documented viral shedding fa median of 150 daysgnge 60 ta380)"¥ and 145 days
(range 13 ta263)*? among 13 an® NoV HSCT recipients. ThU$SCT recipients are clgar
compromised in their capacitigs mount effective defense against NoV.

NVGE causes severe and devastating complications in HSCT recipients. A comparison
of NoV infectionf =12) and clostridium dicile infection (CDIn =42) inhematopoietic cell
transplantation HCY recipients demonstrated that NVGE cases provoked nioi@nsive
care unit(ICY admissios (odds ratio, 4.9; 95%onfidence interval ¢], 1.1to 21.6) and
resulted in highemortality (odds ratio, 3.2; 95% IC, 0.7418.5) when comparetb CDI?.

In a retrospective analysis of 63 NoWSCT recipients, 24 (35%) patients required
hospitalization witha medianlength of stay of 5 daygange 2 to40) *¥. Coinfection with
other enteric pathogens was frequently observeBien out of 63NoV allogeneic HSCT
recipients were canfected with dher gastrointestinal pathogenscluding adenovirusAdV;

n =3), CDI{=4), cytomegalovirus (CM¥;=2) and rotavirus (R =1)™¥: while 6 out of 8
NoV' HSCT patients had <Gofectionsincluding CDIn(= 4) and CMVr(= 2) 3. Moreover
norovirusassociated mortality has been observed in several cH#8€< ¥ Hence NVGE is
clearly a substantial problem in this patient group reqgr vigiance during clinical

management.

Potential role ofthe reconstructed immune system on NVGE following HSCT

Hosts exert rapid and broad immune aetiion when challenged with HONand
subsequently develop antibody responses, but detailed knowledfjenorovirushost
interactions is still largely lackidy’ 2%. HSCTecipients experience a period duringhich
the immune system is rebuiltmmune response is not well establishddringthis period
This increases the susceptibility of hosts to dseeinfections. With respect to NVGE in HSCT
recipients, two aspects need @acially adequate clarification, one ihe time from
transplantation to the onset of NVG&nhdthe other iswhether restored T cells contribute to

the resolution of NVGE.
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Evidence suggests that NVGE tends to occur in the first few months after HSCT, which
corresponds to the time period at which patients are the most highly immunosuppressed. In
a case series thmediantime from transplantation to diagmss of NVGE was 25 dayar{ge
-80 to 63) amond.3 NoV' HSCT recipients, three of weh were diagnosed positivrior to

transplantation!*?. This was comparableith two other studies o8 NoV HSCT recipients.
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median of 36.5 days, range 5 &17) '? and 10 NoVV HSCT recipients (median of 36 days,
range 3 to39)®. Another study, however, involvint? adult allogeneic HSCT recipients with
NVGE recorded a much longer tiroediarrheaonset(a median of 10.5 months, range 0.25
to 96) following trasplantation'*”. Presentation can thus be variable and even long after
HSCTandone should be aware of the possibility of NVGE in such patients.

A few publications highlight the potentiaole of recovering immunity orthe
clearance of NoV infection inG€T recipients. Amor@ pediatric NoVHSCT recipientthe
median duration of NV diarrhea (150 days, range 30380) was almost the same as the
median time of donor T derecovery (150 days, range 30 890), suggesting a close
association of NoV cleance with immune reconstitutiofd. However T cell recovery was
solely defined by the absolute CD3 count instead of the function.nviéde the number of

patients was rather smatequiring further investigation in this respect.

NoV inkction in SOT m@pients

The prevalence of NoV as a cause of acute and chronic gastroenteritis ireSG@énts
rangedfrom 3.2to 38.4% and thus resemblethe situation in HSCT recipients (Tabld?2)

%3 Likewise the former patient groups also displag protracted NVGE with duration
ranging from a median of 12.5 days to 218 days (Tabfé*Zf %% Studies with small
sample sizes that were insuffint in evaluating NVGE pralence and clinical outcomes are
listed in Table S3. Commelinical symptoms reported wediarrhea, nausea, vomiting and
abdomhal pain, whereasevere wasting, profound weighoss and fever weralso less
commonly reported ?> 3% 3% Reminiscent from the siation in HSCT recipientSOT
recipients with  NVGErequired more hospital admissiawith longer duration when
compared tothosewith non-NoVdiarrhea, showing a specific vulnerability of these patients
to NoV. Of 25 NoVpediatric HSCT and SOT recipients, 55% (13/2ppténts required
hospitalization for diarrhea with 27% being admitted into ICU. The study also performed a
matched caseontrol to compare clinical outcomes of Nodarrheasubjects (1 = 22) and
non-NoV diarrhea subjectsn(= 22). It was found that NoV patients required more
hospitalization (55% vs 36®= 0.23) and ICU admission (27% vs P%0.02), meanwhile
experienced more weight loss (median 1.6 vs 0.6Pkg0.01)*?. Furthermore 58% (40/67)

of NoV SOT patients were hospitalized with duration of on average 9.6 days, which was
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Table 3 Canfections were commonly observed in transplant recipients.
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AdV, adenovirus Allo, allogeneic; AsV, astrovirus; ASCT, allogeneic stem cell transplantation; C. jejuni,
Campylobacter jejuni; CDI, Clostridium difficile infection; CMV, cytomegalovirus; E.coli, Escherichia coli; EnV,
enterovirus; HSCT, hematopoietiteis cell transphntation; KTx, ikiney transplanation; RV, rotavirus; SOT,

solid organ transplarmition; UTI, urinary tract infection.

much longer than 6.3 days among a matchrexh-NoV diarrhealgroup of patients2. In
accordarce, 56% (5/9) No\kidney transplantation (KTx) recipients and 77.4% (24/31)'NoV
SOT recipients required hospitalizati® 2¢; while 80% (121/152) NSVSOT recipients
required hospitalization with prolongedrgth of stay of 10 + 15.2 day¥. Likewise79%
(15/19) NoV intestinal transplantation (ITx) recipients that were admitted into hospital
required a median length ottay of 41 days (range 0 tt19)*”. Compounding the situation
and analysis is that emfection with other pathogens wasommonly olserved in SOT
recipientsincluding CDIAdV, RY CMV, enterovirugEV) bacterial infections and urinary
tract infections(UTIs) (Table 3). Thuyst is necessary to perform multiple microbiological

examinations in diarrheal transplant recipients, even if NoV has been detected.

Diagnosis

Various diagnostic assays for establishing NoV status have been employed in the
transplantaton setting (Table S4). Initially, the Kaplan criteria were used as a tool for
detecting possible NVGE outbreaks in healthcare settiagsl this approach had an
estimated sensitivity of 68% and a specificity of 989’9 However these criteria also
applied to norNoV diarrhed®®. With the first bona fidevisualization of NoV particlds
1972, thedefinitive diagnosis wathus achieved by immune electron microscopn) .

This method is, however, cumbersome, insensitive and only applicable when fecal samples
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have a high viral load (> 1@articles per mL of specimen). Subsequengigzymelinked
immunosorbent assayHLISAbased antigen detgtion assays were developed. Subsequently
they wereroutinely used for detection of NVGE outbreaksirrently anumber of ELISA kits

are commercidy availableincluding the RIDASCREEN® NorovifuSéheration kit ad the
RIDA®QUICK Norovirus t&6t33. Compared to IEMthese rapid antigen detection tests
have a higher sensitivity and specificity. Recently immunochromatography (IC) and
histopathological analysis have albeen used in several studi€€ “d. The former shows

high specificity and sensitivity, while the latter has only been used for distinguishing NVGE
from graftversushost disease (GVHD). NVGE is histopatholthgicharacterized by villous
blunting and a slight elevation of apoptotic epithélieells at the tip of the villiwhile
intestinal GVHD involves a partilmlss of surface epithelium and increased numbers of
apoptotic crypt epithelial cell§¥. The distinction between NVGE and GVHD is essential for
decisionmaking regarding approptia treatment options, as the foner requires a decrease

in or even discontinuation of immunosuppressiavhereasthe latter requiresmore harsh
immunosuppression. Thuproper diagnosis is of utmost importance in this respect.

The current? 3 2 £ RSy fax definiiie NOVWRI@gnosis is TR. This technology
shows clear superiority over other diagnostic methods on sensitivity aedifspty with
respect to NoV detection. Of 54 severe diarrhea events among 49 adult KTx recipients, NoV
was undetectable using the clasdicapid antigen detection testsyhereas 36% of samples
were positive using a Multiplex PCR ass$iyisAmong 1HSCT recipients, NoV was detected
only in two patients by electron microscopy (EMyhereas all the patients had a positive
signal in R'PCR assay¥!. HencePCRbased metiod is now regarded as the methodology of
choice for prompt and accurate diagnosis of NoV infection. Nevertheless, this technique has
not yet seen widespread implementation tine transplantation setting, probably because of
its high costs and the relativebdvanced technical capacity required. Thasa alternative
in many clinicakettings one resorts to a commercially available IC kit that is marketed in
Asia and Europ€ and proviles cheap and easy NoV diagnosis in the transplantation setting,

even if superior technology is available.
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Risk factors

Many risk factors are associated with a significantly higisd for NoV infection in
transplant recipients. In a retrospective anasysof 350 HSCT recipients, a second or
subsequent allogeneic HSCT was associated with increased risk of contracting”NWGE
retrospective study of 55 HSCT recipients showed that recipients who received patipher
blood-derived stem cells or cord bloedkrived stem cells were more likely to contract NVGE
when compared to thosevho received bone marrow.dRatively harsh immunosuppression
regimens containing fludarabine or alemtuzumab weieo associated with a gnificantly
greater risk for subsequent NoV infecti6i?. Several risk factors that are linked to more
sevae and protracted NVGE itnansplant recipients are evident as well. In a study of 193
transplant recipients, wasting, MHC incoatjple kidney transplant status and
plasmapheresis were associated with longer gastroentéffiswhereas severe combined
immunodeficiency (SCID) was linked to increased chronicity of NoV infection in a study
involving 494 allogeneic HSCT recipiefts Hencefor these patients additional vigilance

with respect to NoV infection is called for.

NoV evolution

NoV is divided into distinguished genogroups showing substahintergenogoup
genetic diversity. MosNoV strains in transplant recipients bel@wfo Gl, albeit presenting
with highly divergent intrgenogroup variants. In additiorsl was alsoreported. Evidence
suggests that ctunic NoV infection in transplant recipients accelerates the accumulation of
genetic alterations and viral evolution. Viruses that are subject to mutation can potentially
evade the immunity of the host, providing a selective advantage of mutated viruses. In
transplant recipients this problem may be compounded by a relatively low immune selective
pressure that can only partially clear NoV. Thus, immunosuppressed patients may constitute
an environment that fosters NoV evolution and ses@as potential reserves for novel NoV
variants!*?. Among3 HSCT patients with chronidi@ Sydney 2012 infection, virus strains
accumulatedl9, 18, and8 nucleotide mutations within 110, 113 and 22 days respectjvely
most of which were nomsynonymous*?. Consistently, gained 46 nucleotide changes in NoV
were observed over a period of 68y virus sheddingn a KTx recipientresulting in 25
amino acid changes with an ovdiriixation rate of 0.037 amino acids/day. A fixation rate of

0.049 and 0.012 amino acid changes per day was observed in two other patferfsvo
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Gll.7 and one @.4 NoV strais in3 chronically infected transpht recipients gained average

5 to 9 mutations within 100 days, most of which were rmonymous*¥; while h aNoV
heart transplantation (HTx) recipient, 32 amino acid changecurred within the ORF2 over
a l-year period8 of which locatedn the hypervariable domain (P2) of the capsid protéth
Interestingly,it is recentlyreported that withinimmunocompromised hostNoV has eolved

into phylogenetically distinct variants that are genetically different from the circulating
strains in the general populatio® “9. Collectively, the immunocompromised hosts may
serve as a reservoir fohé emergence of novel infectious NoV variants potentially posing

novel threats to the proof of invading herd immunity.

Transmission, prevention and control of NVGE

Although foodborne transmission is the primary mode of transmission, NoV can also
be acquied through the fecabral route or by inhalation of infectious aerosés' “%. Most
NVGE cases in transplant recipiendsse communityacquired. Howver, nosocomial
transmission idikely to play an importantole as well. In a bone marrow transpla@MT)
unit, a nosocomial outbreak happened and involgemansplant recipients and healthcare
workers*¥. Another reported nsocomial outbreak involved 7 HSCT recipseand 5staff
members following the admission of a NoMSCT index patient. In this case the mode of
transmission was potentially through inhalation of infectious aerosols or the-teehroute
through sharing a lavator$?. In a retrospective analysis of 63 NoWSCT recipients, 47%
(30/63) patients acquired NoV infection during hospitalizatidh,of which got infected
during an outbreak at the transplant waltt. Seweral reports also documented nosocomial
outbreaks of NoV infection itransplant recipients, but the potgial mode of transmission
neededfurther investigation to allow the development of potentially preventive measures
for such patient$* *9.

Prevention of nosocomial outbreaks is largely dependent on the prompt diagnosis of
individual cases and the subsequent elimination of possible transmission routes. It has been
proposed that nexgeneration whole genomeeguencing is a good tool to study the
direction of NoV spread and potential nosocomial transmission ntdeJpon recognition
of a NoV outbreak, it is essential to promptly implement preventive measures and exert
extra care to contain the situation. Strategies proposed indlutiee transfer of NVGE

patients to an isolation ward with in suite toilet facilities, the adherence to strict hygiene
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regulations by thenedical and nursing staff, theomplete disinfection bpatient rooms and

evidence for efficachadbeen provided® 4 7.

Potential treatment strategiesoward chronic NVGE

Chronic NoV infectianintransplant recipients often resuin serious complications
induding prolonged diarrhea, allograft failure and mortality. However, no licensed therapies
are currently available. Reduction or switch (e.g. to an everolibased regimen) of
immunosuppression is generally employed in such cases as a first line stfBddgy S5)"
®1.53 Oral and systemic administration of human immunoglobuliH§Gs)as well as oral
serumderived bovine immunoglobulin (OSDBiave demonstrated efficacies in some
studies (Table S5¥* %7 However, especially the use of nitazoxanide, of which proof of
efficacy was found serendipically, appears very promising (Tabl&%5)

It is important to state however, that the effectiveness, mechanisfiaction and
extent to which those treatments improve the lot of NVGE patients in the setting of
transplantation remain largely unknown. In a series of 31 transplant redgpigith NVGE, 6
(19.4%), 2 (6.5%) od (3.2%) patients received monotherapy of nitazoxanide,
immunoglobulin (IVIg) or a reduction in immunosuppression respectively, whereas some
patients received a combination of these treatments with nitazoxanide plus reduction of
immunosuppression  (9; 29%) and nitazoxanide plus IVlg plus reduction of
immunosuppression (8; 25.8%) being the most frequently chosen strategy. All the patients
ultimately resolved NVGE®. A pediatric KTx recipient whose clinical ragament was
complicated by NVGE received oral immunoglobu{l@s)and medication switching from
tacrolimus to sirolimus. This strategy, however, was not effective with respect to the
diarrhea. A subsequent fortnigitiourse of nitazoxanide led to the rdation of diarrhea and
complete clearance of the NoV infection as assessed by fecal NoV sh&ddmgrthermore
a NoV HSCT recipient was successfuthgated with nitazoxanide, whereas other
therapeutic options includinglVig and a reduction inimmunosuppression were not
successful’®. Thus these is some evidence that nitazoxanide is a good therapeutic option
when confronted with NVGHEh the setting of transplantation but in absence of better
controlled studies. A stepwise approach to management of NVGE should be considered.

The development of medication useful for combating NoV is now gaining momentum

because of the swessful cultivhkon of HUNViIn B cells and stem cealerived human
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enteroids!®*®¥, Ribavirina broadspectrum antiviral drudnas been shown to inhibin vitro

NoV replication through depletion of cellular GTP pobfs In patients with common
variable immunodeficiency (CVID), oral ribavirin resulted in viral clearance in some but not
all of the patients®. Whether the combination of nitazxanide with ribavirirwill be more

effective intransplant recipients deserves further investigation.

CONCLUSION

This systematic review has comprehensively evaluated the burden inflicted by NVGE
in the setting of transplantation. Colleedly, the dataobtained suggesthat NoV infection
should be routinely evaluated in transplant recipients with diarrheal complaints, as NVGE
results in severe and protracted diarrhea characterized by frequent hospitalization and co
infection, thus requiring special attéon. In addition, the highly contagious nature of NoV
infection requires special measures to protect other patients as well as hospital staff.
Moreover, transplant recipients are prone to develop novel variants of NoV for which there
may not be protectivemmunity inthe population. We also explothe candidate therapies
toward NVGE, which although still preliminary show promise for combating the virus in the
setting of transplantation

Unfortunately, it appearesot feasible to accurately assess the aga prevalence of
NVGE irtransplant recipients. In some studies, only subjects that experienced diarrhea or
were hospitailzed for diarrhea were enrolledyhile other studies enrolled all the transplant
recipients irrespective of whether they had diarrheanot. Furthermore, different types of
transplantation and immunosuppressive medicine may be associated with differential
sensitivity to NoV infection. Finally, overall patient numlgescribed in the literature was
fairly small. Nevertheless, it is eviitefrom our analysis that NVGE tine transplantation
setting is a serious concern because of its problematic management and highly contagious

nature.
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ABBREVIATION

AdV, adenovirus; ASCT, autologous stem cell transplantation; CDI, clostridium difficile
infection; CMV, cytomegalovirusgVID common variable immunodeficiency; EM, electron
microscopy; G, genogroup; GVHDgraftversushost disease; HCT, hematopoietell
transplantation;HSCThematopoietic stem cell transplantatiolTx, heart transplantatin;

HuNV, human norovirus; |[dmmunochromatographylEM, immune electron microscopy
IGs, immunoglobulins; ITx, intestine transplantation; |Wigavenous immunoglobulinKTx,
kidney transplantation; LTx, liver transplantation; NoV, norovirus, NVGEQvinos
gastroenteritis; RIPCR, reverse transcriptiggolymerase chain reaction; RV, rotavirus; SOT

solid organ transplantatiorSCID, severe combined immunodeficiericy; transplantation.
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Abbreviation: EM, electron microscopfELISA, enzymmked immunosorbent assayGVHD, graft-versushost disease]C, immunochromatographyNoV,

norovirus; NoV, norovirus positive; NVGE, norovirus gastroentef®@EPCR, reverse transption-polymerase chain reaction
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Table S5 Studies of potential treatments for NVGE in transplantpietits.
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ABSTRACT

Norovirus is a major cause of acute gastroenteritis worldwide and has emerged as an
important issue of chronic infection in transplantation patients. Since no approved antiviral
is availalte, we evaluated the effects of different immunosuppressants and ribavirin on
norovirus and explored their mechanismof action by using a human norovirus (HUNV)
replicortharboring model and a surrogate murine norovirus (MNV) infectious maded.
roles of the corresponding drug targets were investigated by gaon lossof-function
approaches. We foundhat the calcineurin inhibitors cyclosporin A (CsA) and tacrolimus
(FK506) moderately inhibited HuUNV replication. Gene silencing of their cellular targets,
cyclophilin A, FKBP,land calcineurin, significantly inhibited HuNV replication.lofv
concentration,therapeuticallyspeakingof mycophenolic acid (MPA), an uncompetiti%éP
dehydrogenaselMPDH inhibitor, potently and rapidly inhibited norovirus reapation and
ultimately cleared HuNV replicons without inducible resistance following-lerg drug
exposure. Knockdown dghe MPA cellular targets IMPDH1 and IMPDHdppressed HUNV
replication. Consistent with the nucleotide synthesizing function of IMPBXbgenous
guanosine counteracted the antrovirus effects of MPA. Furthermore, the competitive
IMPDH inhibitor ribavirin efficiently inhibited norovirus and resulted in an additive effect
when combined with immunosuppressants. The results from thisysueimonstrate that
calcineurin phosphatase activity and IMPDH guanine synthase activity are crucial in
sustaining norovirus infectionthus, they canbe therapeutically targeted. Our results
suggest that MPA shall be preferentially considered immunosugpresmedication for
transplantation patientsat risk of norovirus infectionwhereas ribavirin represents as a
potential antiviral for both immunocompromised and immunocompetent patients with

norovirus gastroenteritis.
KEYWORD Sorovirus, mycophenolic atj calcineurin inhibitors, ribavirin, cell culture

model, cell culture, noroviruses
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INTRODUCTION

Following widspread implementation of rotavirus vaccination, norovirus infection is
now becoming the major cause of acute gastroenteritis worldwileAs a singkstrand
positiveRNA virus belonging to the fami@aliciviridaenorovirus is classified into distinct
genogroups (Gto GVI). Genogroup 2, genotype (&l11.4) is the most prevalent, accounting
for 96% of all sporadic infectiorld. Although norovirus infection is often sdifniting in
adults, every yearit is estimated that noroviruses resulted in up to 200,000 deaths in
children belows years of age, mainly in developing countrigsit is recently estimated that
norovirus causes more than 200,000 deaths across all ages per year worldwide, of which
more than 90,000 arén children under fie 4.

Accumulating evidence indicates that transplant recipients are highly susceptible to
norovirus infection, irrespective of their status as a pediatric orltagatient . Norovirus
infection has been described in many types of transplant recipients, including those
recaving orthotopic transplantation of lunf, kidney'®*?, liver*¥, heart!*? ¥, renall*+9,
intestine!*”*¥, small bowel?”, or hematopoietic stem cell€*?%. Norovirus infection in such
patients often resulted in severe clinical pathology with prolonged illf&<g. Although the
exact mechanism of norovirus susceptibility in orthotopiansplant recipients remains
unclear, the use of immunosuppressants for preventirgection is conceivably an
important risk factor® 2%, It is plausible than immunosuppressed status weakens host
immunity defending virus invasion. Therefore, a cautious reduction and wiVelraf
immunosuppressants has been taken into consideration for managing chronic norovirus
gastroenteritis intransplant recipients®”. Intriguingly, immunosuppresants have been
reported to directly modulate viral infectioR®, but the direct effects on norovirus infection
remain to be investigated.

Despite its significant impact on public health, no vaccination or specific antiviral
treatment isavailable. Ribavini has broad antiviral activitggainst many viruseas vitro and
has been approved for treating chronic hepatitis C viHG\ patientsfor decades. A recent
study reported that chronic norovirus infection in two patients with commonriahle
immunodeficiency CVID was successfully treated by oral ribavirin, indicating the use of
ribavirin as a potential therapy against norovirus infectioh although the definitive effect

requires further evaluation.
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In this studywe profiled the effects of different immunosuppressants on norovirus in
cell culture models. We reveal that cellular calcineurin and IMPDH enzymes are essential
factors supportiig norovirus replication, which could be targeted the corresponding
immunosuppressants, calcineurin inhibitors andyaophenolic acid(MPA) to exert
antinorovirus effects. Furthermore, we demonstrate that ribavirin, a general antiviral drug of
a nonimmunosuppressiveMPDH inhibitor, has potent amorovirus effecé and exertsan
additive effect when combined with calcineurin inhibitors or MPA. These results provide an
important reference for managing immunosuppression and antiviral treatment for

transplantation patients infected by norovirus or at risk of norovirus infection.

MATERIALS AND METHODS

Reagents

The immunosuppressants, including dexamethas@EX Chemical Abstract Service
[CA% no. 50-02-2), prednisolone(PRED; CA®. 5024-8), rapamycin (RP; CA®o0. 53123
88-9), leflunomide (LEF; CAB. 7570612-6), brequinar (BQR) sodium salt hydrakéethod
Detection Limit MDLU no. MFCD21363375pand mycophenolic acidMPA; CAS$i0. 24280
93-1) were purchased from Sigm@ldrich (St Louis, MOY.he calaieurin inhibitors (CNIs)
cyclosporing(CsA; CAS n8986513-3) and tacrolimus (FK506; CA& 10498711-3) were
obtained from BieConnect (Huizen, The Netherlands) and Abcam (Cdgdri MA),
respectively. Two ndmmunosuppressive CsA derivatiyd81-32 and 44002, together with
a novel calcineurin inhibitgrvoclosporin, were provided byhe Isotechnika Pharma
Incorporation (Edmonto, AB, Canada). All the compounds were dissolvelimiethyl
sulfoxide PMSQ and stored in aliquots aR03 before use.

Primary antibodies targeting cyclophilin A (CyPA; polyclonal rablif)00 dilution;
Abcam), cyclophilin B (CyPB; polyclonal rabbit00Qdilution; Abcam), IMPDH(polyclonal
rabbit, ab33039,1:1,000 dilution; Abcam) IMPDH2 (monoclonabbbit, ab131158, 1.000
dilution; Abcam), FKBP12 (polyclonal rabbit28814, 1:500dilution; Santa Cruz)and | -
actin (monoclonal mouse, 1,d00 dilution; Santa Cruz) were used. Secondary antibodies
IRDye® 800C¥bnjugated goat antiabbit and goat ati-mouse IgGs (1:10,00fllution; Lk

Cor Bioscience, Lincoln, USA) were used, as appropriate.
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MTT assay

The gtotoxicities of the compounds on host cells were determined &y3-(4,5
dimethyl2-thiazolyl}2,5-diphenyt2Htetrazolium bromide (MTT) assay. lmief, cells were
seeded into 96well tissue cultureplates containing 0.5% DMSO (control) or increasing
concentrations of drugs. After the time indicated, 10 mM MTT (Sigma, Zwijndr€hht,
Netherlands) was added. With another 8ur of incubation, the nedium was removed and
100 >L of DMSO was added to each well. The plate was incubatedzatf87 50 min. The
absorbance at 490 nm was recorded on the microplate absorbance readeR&dioCA,
USA).

Cell cultures and virus propagation

HG23 (Huh7 cells contang a stable subgenomic HUNV replicon), RAW 2&hd
human embryonic kidney 293T cells were culturedidzf 6 SO02 Q&8 Y2RATFTASR
(DMEM; Lonza Verviers, Belgiusypplemented with 10% (vol/vol) he&tactivated fetal
calf serum FCS; Hyclond,ogan, UT, USARA marker cassette containing the neomycin
phosphotransferase gene was inserted betweaucleotides Kit) 5456 and 6753 obpen
reading frame ZORF2of HUNV, conferring HG23 resistance to neomycin. Gentamicin (G418;
Gibco) was added to HG2culture medium at 1.5 mg/mL for selection before
experimentation.

The Murine norovirus 1 (MNY) % was produced by consecutively inoculating MNV
1 (kindly provided by Herbert VirginV, Department of Patholggand immunology,
Washington University School of Medicine) into RAW 264.7 cells. After 4 consecutive
passages, the MNY cultures were purified, aliguotedand stored at-803 for all
subsequent experiments. The MMNVstock was quantified three independent times by the

50% tissue culture infective dose (T§g)D

TCID50

MNVW-1 was quantified by TCipassay. Briefly, Hbld dilutions of MNV1L were
inoculated into RAW cells growin 96well tissue culture plate at,@00 cells/well. The plate
was incubated at 3¥ for another 5 days, followed by observing the cytopathic effect (CPE)
of each well undera light scope. The TGPwas calculated by using the Rektliench

method.
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Quantitative reaktime polymerase chain reaction

Total RNA was isolated with a MacherdljucleoSpin RNA Kit (Bioke, Leiden, The
Netherlands) and measured with a Nanodrop-NIDO (Wilmington, DE, USA). cDNA was
reverse transcribed from 500 ngf RNA using a cDNA synthesis(KaKaRa Bio, Inc.The
cDNA of a targeted gene transcript was amplified for 50 cycles and quantified with a SYBR
Greenbased reali A YS t/w 6! LILX ASR . A2aéadsSvyaozs | 002
ingructions. All the PCRwere performed in duplicateand amplification specificity was
confirmed by meltingcurve analysis. Humaglyceraldehyde3-phosphate dehydrogenase
(GAPDMand murine GAPDHBeneswere used as reference genes. The relative expression of
targeted gene was calated as 2 s § K SONER Grslinffe- K Greontrol0 & = Gitargeted genel-

Ciiearor). All primer combinationare listed inTable S1.

Antiviral assay with HUNV replicon model

Beforethe experiments, HG23 cells were cultured overnight without G4t rext
day, HG23 cells were seeded into-#ll tissue culture plates at § 10° cells per well and
treated with 0.5% DMSO (control) or drugs. After 48iis of treatment, total RNA was

extracted from cellsand HUNV replication was determined by gRIR analysis.

Antiviral assay with MNV1

The antiviral assay with MNY was initiated by inoculating MNY into RAW cells at
a multiplicity of infection (MOI) of 0.1. After lotir of infection, cells were washed with
phosphatebuffered saline (PBS) for 4 times to remdvee virus and were subsequently
treated with 0.5% DMSO (control) or drugs. After 2uts of treatment, extracellular RNA
and intracellular RNA were extracted frotine cell culture supernatant (106L) and cell
layer, respectivelyThe elative intracelilar MN\(1 RNA level was normalized to murine
GAPDH and calculated withe 2* *" method. For absolute quantification of MNVRNA in
the supernatant,the virus genome copy number was detected using -§&R. In briefa
cDNAcontaning target sequence pdagned between nt 4972 and 5064 in MNVwas
amplified, purified and 10 tmes seriallydiluted. The dilutions were quantified by ¢ifCR
to generate a standard curve, which was expressed by plotting the log copy numbers against
the cycle threshold value Fig. S1). The viral genome copy numbers in the MNWlture

were calculated by comparing the @ith that of the standard curve.
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MNV-1 could induce cytopathic effect (CPE) in RAW E8lighe antiviral activity of
drugs on MNVL was further verified by usingnaMTT-based CPE inhibition assay. Briefly,
MNV-infected RAW cells were seeded into-®6ll tissue culture plates at @00 cells/well.
After 72 hours of treatment with 05% DMSO or drugs, more than 98RE was observed in
the control well. ThenanMTT assay was initiatednd the absorbancéoptical density [OD])
at 490 nm was recorded. CPE inhibition was calculated agd{&Janv- OD/d/[OD- OD.d,
where (OReaed)mny representedthe OD of virugnfected cells treated with drugs, while @D

and OL). represented the OD dhe cell control and virus control, respectively.

Clearance and rebound assay

A dearance and rebound assay was performedoading to the procedure described
by Joanaet al, with modificatiors *Y. In brief, HG23 cells were seeded intow&ll tissue
culture plates at 2.5 10 cells per well and treated with increasing concentration of drugs
but no G418. After 2 dayaf treatment, the cells were trypsinize®.5 x 10* cells were sub
cultured into 48well tissue cultureplates containing the same concentration of drugs for
another 4 days of treatment an@ x 10° cells were collected for gqRICR analysis. After 6
daysof treatment, the same treatment process was performed for the second time. After 10
daysof treatment, 2.5x 10 cells were subultured intoa 48-well tissue cultuie plate with
fresh medium containing G418 (1.5 mg/mL). With another 5 days of culture, the cell layers
were stained with hematoxylin an@osin, andwere visualized with an inverted light
microscope. For HUNV RNA level guantification, each passage ofreatgd cells was

compared to 0.5% DMSteated control cells with the same passage number.

In vitro selection of MPAesistant MNV

MPAresistant MNV1 was selected by culturing MNV for 20 passages under
antiviral pressure. efly, MNVtinfected RAW (MQD.1) cells were treated with 0.5% DMSO
or MPA (0.1 or 0.5g/mL). After 24 bursof incubation, the MNVL cultures were collected
by freezingthawing process and titrated by gHPICR for use in the next passage. After 10
passagesMNV-1 was continuously>g@osed to the same MPA conceations for another 10
passages, andMNV-1 was exposed to increased MPA concentrations for another 10
passages. When MNVserial passaging with MPA was done ihthibitory effect of MPA on
20th-passageMNV-1 was quantified i gqRTPCR.
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Shorthairpin RNA delivery by lentiviral transduction

Gene knockdown was performed as described previoGglyin brief, pLKO-based
vectors containinghe RNA interference sequences were obtained from the Biomics Center
at the Erasmus Medical Center. The lentiviral vectors were generated in HEK293T cells and
condensed by higspeed centrifugation (if indicated). Transduction was initiated by
inoculatingshort-hairpin RNAghRNAvectors into HG23 cells. As the vectors also express a
puromycin resistance gene, following 3 days of transduction, cells were selected with 3
>g/mL puromycin GigmaAldrich). A validated nailencing scrambled vector (ShCTR) was
used as a control. All the shRNA vector sequences are listed in Table S2. For simultaneous
knockdown, HG23 cells were transduced with a first lentiviral vector. Aftectsen with
puromycin, HG23 cells were subsequently transduced with a second condensed lentiviral
vector. The knockdown efficacy and specificity was confirmed byR§FR and Western blot

analysis.

Western blotting

Cell samples were lysed and loaded ontal@to 15% sodium dodecyl sulfate
polyacrylamide getlectrophoresis(SDSPAGEQel After electrophoresis at 120 V for 100
min, the proteins were electrotransferred ta polyvinylidene difluoide (PVDF) membrane
(pore size, 0.45M; Invitrogen) for 1.5 hwith an electric current of 250 mA. The membrane
was probed with primary antibody plus secondary antibody and detected with Odgs8ey
infrared imaging pstem (LiCor Biosciences). Betactin served asa standardization for

sampe loading.

Synergy analysis

To evaluate the interaction of ribavirin and immunosuppressants on norovirus
replication, MacSynergy 2 (kindly provided by Mark Prich&f)a mathematical model
basedon the Bliss Independence theory, was employed to analyze the data fronod& bf
combined treatment of ribavirin and immunosuppressants am HUNV model. In the
MacSynergy model, the theoretical additive effect with two compounds coelddiculated
using the equatiorZ = X + Y (X), where X and Y represent the inhibition produced by the
individual drugsand Z represents the theoretical effect produced by the combination of two

drugs. The theoretical additive surface is subtracted from the actuatdr@xpntal surface.
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When a combination is additivéhe data poins of the calculated surface lia the zeo
plane. A surface that lies28% above the zero plane indicates a synergistic effect of the
combination, anda surface 20% below the zero plane imdtes antagonism. The 95%

confidence interval was considered to be statistically significant.

Statistics

Data are presented amean + standard error of the mear{(SEM) Comparisons
between groups were performed with MarWwhitney test using GraphPad Pris@réphPad
Software Inc., La Jolla, CA, USA). Differences were considered significBvadteof <0.05.
The 50%cytotoxic concentration(CGg) and 50% inhibitory concentration EHC were
determined by fitting the data with a variabope dose respomsinhibition nonlinear

regression equation usinGraphPad Prisntéble S3).

RESULTS

Not all immunosuppressants directly affem norovirus replication

A major challenge in amtorovirus drug development is the lack of an infectious
human isolate tharecapitulates the entire lifecycle of the virus in a cell culture model.
Therefore, we used ra HUNV subgenomic replicon model that closely mimicked viral
replication in the absence of the production of infectious particfs In our study, we
observed that glucocorticoids, including presiome §ee Fig. S2A in the supplementary
material) and dexamethasoneHg. S2B), rapamycinF{g. S2C), brequinarFHg. S2D)and
leflunomide FEFig. S2E) showed no effect on HuNV replication, demonstrating that
modulation of norovirus infection is not a geméproperty of immunosuppressants.

CsA and its immunosuppressive analogueoclosporin, inhibited HuNV

replication through a CyPAlependent mechanism

CsA is a calcineurin inhibitor targeting cellular cyclophilins. In the HuNV model,
treatment with CsA (5g/mL) for 48 loursinhibited HUNV replication by 82 + 3.3%<0.05,
n = 6; Fig. 1A). To further confirm that this inhibitory effect relates to the compound
targeting cyclophilins, a series of CsA derivatives were tested. Voclosporin, a novel
immunosuppessive cyclophilin inhibitor, diminished cellular HUNV RNAdéye#9 + 10%

(P < 0.05,n = 6; Fig. 1B) after 48ohrs of treatment, even atthe low concentration of 1
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>g/mL, whereas the parental compound CsA at this concentration had no effect on HuUNV.
This observation relates well with the notion that voclosporin is a more potent calcineurin
inhibitor than CsA®J. Two nofimmunosuppressive CsA derivatives, €1 and 44602,
which are chemically similar to CsA, if fuonotlly distinct, had no effect on HuNV
replication P > 0.05,n = 4; Fig. 1C), suggesting thiwe effects of CsA analogues on
norovirus replicatiorarerelated to calcineurin inhibition.

It is necessary to determine whether Ilotgm exposure to these
immunosuppressants completely eliminated HuNV replicons from host cells. For this
purpose, a clearance and rebound assay was employed. If the replicons are completely
cleared, the cells could not survive and proliferate in the presence of G418. If thestdells
carry replicons, they will proliferate. CeA5 >g/mL caused a reduction iHUNV RNA level
levelsby 79 £+ 3.8%R < 0.05,n = 6; Fig. 1D) after 10 days of treatment. Consistently; CsA
treated cells survived and proliferated in the presence of theec®n marker (Fig. 1E),
demonstrating that although CsA inhibited HUNV replication, it did not completely cause
elimination of all replicons from cells. Voclosporin at 2gdmLprovoked potent inhibition
of HUNV replication, as evidenced by a reducod®1 + 1.5%H< 0.05,n = 6; Fig. 1F) in viral
RNA. Following subsequent challenge with the selection marker, only a small portion of cells
stayed alive (Fig. 1G), showing that voclosporin treatment cleared most HUNV replicons from

cultures, but a replion-containing compartment remained.
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and 44002 failed to inhibit HUNV replication after 4&irs of treatment, even at the highest
concentration testedr{ = 2 independent experiments with 2 replicates each). (D and F) Clearance
assay with CsA and voclosporin. HG23 cells were treated withoCgoclosporin for 1, 2, 6 or 10
days. At the end of each treatment period, the level of HUNV RNA was determirgRIRBCR and
normalized to that of the control cells from the same treatment time £ 3 independent
experiments with 2 replicates eachf @nd G) Rebound assay with CsA and voclosporin. After 10
daysof treatment, drugs were omittedand HG23 cells (48ell tissue culture plate with 2.5 x 10

cells per well) were cultured under the selective pressure of G418 (1.5 mg/mL). With another 5 days
of culture, the cell layers were stained with hematoxydind eosin,and visualized by an inverted

light microscope. Images are representative of three independent experiments with 2 replicates each.
Dataare presented ashe means + SEM (R< 0.05; **,P< 0.01; ***, P< 0.001; ns, not significant).

Cellular cyclophilins, in particular the cyclophilin A (CyPA) and cyclophilin B (CyPB)
isoforms, are the canonical drug targets of CsA. To study the potential involvement of CyPA
and CyPB in Cgfaused intbition of HUNV replication,aRNAinterference RNA)-mediated
lossof-function assay was performed. Upon transduction of lentiviral vectors targeting CyPA
(shCyPADr CyPB (shCyPB), specific doegulation of the target genes dhe mRNA level
was obsered at both day 6 and day 10 posttransducti@ompared to a scrambtecontrol
(shCTR) (Fig. 2A and B). Degulation at the protein level was observedly at day 10 (Fig.
2C). Consistently, following knockdowmo effect on HUNV was observed at day 6t bu
significant reductiorin viral replication by 60 + 5.7% € 0.05,n = 8; Fig. 2D) was observed
by knockdown of CyPA, butonthat of CyPB, at day 10 pastnsduction. Notably,
knockdown of CyPA also resulted am elevation of CyPB mRN&xpression atday 10
postiransduction andvice versa suggesting that a compensatory mechanism may exist
between CyPA and CyPB (Fig. 2ABndConcomitant with CyPA knockdown, 34 0.05,n
= 5; Fig. 2E) and voclosporing 0.05,n = 5; Fig. 2F) lost their capacityinhibit HUNV after
48 hours of treatment. Cdlectively, these results shothat CsA and voclosporin inhibited

HuUNV replication through targeting Cymat CyPB.
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Figure2 CyPA but not CyPRBis involved in CsAaused inhibition of HUNV replication(A
and B) Knockdown of CyPA and CyPB through lentiviral ShRNA vectors. HG23 cells were transduced
with shRNA vectors against CyPA (shCyPA), CyPB (sta€yieBdrol (shCTR). At the indicated time
points, the level of cyclophilin RNA was measured by-B8@Fand compared to the controin(= 2
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HG23 cells transduced with shRNAs. Images are representative of three independent experiments.
Transduction of CyPA and Cy§HRNAS resulted in a dramatic downregulation of CyPA and CyPB
expression at day 1010 d)but not at day 6(6 d) postransduction. (D) qRIPCR analysis of HUNV
RNA in HG23 cells transduced with shRNAs. Knockdown of CyPA but not CyPB resulted inrd significa
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HUNV replication by CsA and voclosporin. After successfukéoam of mMRNA and protein of CyPA,
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the responsiveness of HUNV to CsA and voclosporin treatment was detected aftesuds8alf
treatment. CsA and voclosporin possessed the-antbvirus activity gainst shCTReated HG23
cellsbut failed to suppress HuNMplication in shCyPA HG23 cells. Da@apresented agthe means
+ SEM (*P< 0.05; **,P< 0.01; *** P< 0.001).

FK506 moderately inhibited HUNV replication via targeting FKBP12

FK506 (tacrolimus) is another calcineurin inhibitor. FK506 at>g/BL @used a
reductionin HUNV replication by 77 + 5.0 < 0.05,n = 6) and 70 + 8.39% K 0.05,n = 6)
after shortterm (2 daysFig. 3A) and lonterm (10 daysFig. 3B) treatment, respectively. Of
note, FK506 at high concentration of 22§/mL quickly intbited HUNV replication being
evident from effects even aftet day of treatment. Similar to CsA analogues, FK506 did not
completely clear HUNV replicons frahe cultures (Fig. 3C).

FK506 suppresses the immune system by binding to FKBP12, resultindpitroimloif
the phosphatase activity of calcineurin. To understand the role of FKBP12 in-ri€8&ted
inhibition of HUNV, we knocked down the expression of FKBP12. It is demonstrated that
knockdown of FKBP12 @atern blot analysis in Fig. 3D and reversanscription
guantitative PCRgRFPCRanalysis in Fig. S3), but not FKBP8 (a controkR{ER analysis in
Fig. S3) resulted in reduced HUNV replication (Fig. 3E). At the same time, FKBP12 knockdown
partially abrogated FK50@ediatedinhibition of HUNV R < 0.05,n = 8; Fig. 3F), suggesting
that FK506 inhibited HUNV replication through a pathway involving FKBP12. thbus
calcineurin pathway appear® be essential for norovirus propagatiopmnd experiments

were initiated to confirm this notion.

Calcineum activation is indispensable for efficient replication of norovirus

Calcineurin inhibitors are effecBv against norovirus replication, whereas
nonimmunosuppressive CsA derivatives are ineffective, suggesting that calcineurin activity is
required for CsAand FK508nediatedinhibition of norovirus. To confirm this hypothesis, we
used RNAI to knock dowprotein phosphatase 3, catalytic subunit, alpha isozyme (PPP3CA)
to inhibit calcineurin phosphatase activity. After successful knockdown of PPP3CA (Fig. 3G)
it is shown that HUNV replication was inhibited (Fig. 3Hus calcineurin activation is vital
for norovirus replication, supporting the idea that CsA and FK506 exartéehorovirus

activity through theinhibition of calcineurin.
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Figure3 FK506 modrately inhibited HUNV replication through FKBP12 and calcineu#).
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observed, indicating that FK506 partially cleared the HUNV replicons from host cells. (D) Western blot
analysis of FKBP12 knockdown by lentiviral sShRNA vectors. Images are representative of three
independent expements. (E) gRPCR analysis of HUNV RNA level in shCTR, shBEKBBBBFKBP12

cells after transduction of lentiviral shRNA vectors for 10 days. FKBP12 but not FKBP8 knockdown
inhibited HUNV replicationn(= 2 independent experiments with 2 replicates enc{F) FKBP12
knockdown partially blocked FK5@&luced inhibition of HUNV after 48ohrs of treatment (h = 3
independent experiments with ® 3 replicates eachG)gRFPCR analysis of calcineurin knockdown

at the RNA level. The level of calcineurin snoid PPP3CA RNA was presented as the relative value to
the shRNA controln(= 2 independent experiments with 2 replicates each). (H) PPP3CA knockdown
inhibited HuUNV replication, as determined by gRTIR { = 2 independent experiments with 2
replicates each Dataare presented ashe means + SENF, P< 0.05; **,P< 0.01; *** P< 0.00).

MPA potently inhibited norovirus replication and completely cleared HuNV

replicons from host cells

Examining the effects of MPA on HuNV replication, we observed thatinbent with
only 0.25 >g/mL of MPA, which was even lower thatine blood concentration
(approsimately 1 to 10 >g/mL) in transplantation patients*®, potently inhibited HUNV
replication by 79 + 2.79%P(< 0.05,n = 6; Fig. 4A) after 48olrs of treatment. Likewise,
following longterm treatment with 0.5>g/mL MPA (10 days; Fig. 4B), HUNV replication was
reducedby 94 + 1.7%R< 0.05,n = 6). Correspondingly, the rebound experiment (Fig. 4C),
MPAtreated cells completely lost the ability to proliferate and succumbed to the selection
marker, suggesting that MPA treatment totally cleared replicons from the beBs. In
apparent support, when we tested other 4 IMPDH inhibitors wdifferential inhibitory
efficacieson IMPDH enzyatic activity (Ki values toward IMPDH1 and IMPDH2 are shown in
the Table S4), all of them exerted significant amrovirus activitis at a 1>M concentration
(P<0.05n=6; Fig. 4D).

In the face ofalack of a cell culture stam for HUNV, we considered MNd/suitable
surrogate for studying HUNV biology and pathogenesis. Consistent with the results in the
replicon model, MPA at 0.2g/mL reduced MNM cellular viral RNA by 83 + 8P<(0.05,n
= 6 to8; Fig. 4E) and virus produmnti in the supernatantR < 0.05,n = 6; Fig. 4F) after 24
hours of treatment. The inhibitory effect waalso confirmed in aytopathic effect CPE
inhibition assay, demonstrating that MPA at O:¢/mL protected RAW cells from MNV
induced CPHormation by 57 = 14%P(< 0.05,n = 8; Fig. 4E). Collectively, our results
demonstrated that MPA potently inhibited norovirus replicatiomdacould even completely

clearthe virus.
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High barrier to resistance development

In the HUNV replicon model, MPA completely cleared the viral replicons, which
obviously prevented the emergence of resistance and thus leaves the question unanswered
about whether norovirus developgsistance to MPA treatment. To address this issue, MNV
infected RAW cells were exposed to MPA in different setups for 20 passages. As shown in Fig.
4G, MNVL1 retained its sensitivity to MPA treatment, even at passage 20, with inhibitory
efficacy varyingrbm 98.5 £ 0.07% to 99.6 + 0.07% following treatment with>@/snL MPA,
which was comparable tthat in the unchallenged control (99.6 £ 0.05% inhibition). Thus,
norovirus is not prone to developing resistance to MPA.

MPA inhibited norovirus replication yp simultaneously targeting IMPDH1 and
IMPDH2

MPA acts through inhibition of IMPDH. There are two isoforms of IMPDH, IMPDH1
and IMPDH2, in mammals. MPA has-foll more potent inhibitory effect onMPDH2than
on IMPDH13. In view of the low concentrations of MPA required to counteract norovirus,
IMPDH2 appear® bethe more likely drug target with respect to its effects on the norovirus
life cycle. However, knockdm of IMPDH2 had no significant effect on HUNV replication (Fig.
5C), even though such knockdown profoundly decreased IMPDH2 mRNA and protain level
as assssed by gRPPCREKig. S4) and Western blot (Fig. 5A). Similarly, knockdown of IMPDH1
decreased IMPB1 expression athe RNA ével Fig. 8) and protein level (Fig. SBut
caused no significant change in HUNV replication (Fig. 5C). Surprisimgiytaneous
knockdown ofiMPDH1 and IMPDH2 ((fRCR analysis in Fig. S5 and Western blot analysis in
Fig. 50 suppressed HuUNV replication by 64 + 5.8 (0.05,n = 4; Fig. 5k showing the
interchangeableoles of IMPDH1 and IMPDH2 worovirus life cycle.

Guanosine restored norovirus replication in MR#&eated and IMPDH1/2

knockdown cells

MPA inhibitsde novoguanosine nucleotide biosynthesis by inhibiting IMPDH. To examine
whether MPA exertsan inhibitory effect on norovirus via guanosine depletion, we
challenged norovirus cultures either with only MPA or wétlcombination of MPA and
guanosine With guanosie at 1, 10 or 100>g/mL concentrations). After 24 durs of

incubation, norovirus replication was determined by ¢RIR analysis. We observed that the
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Figure4 MPA potently inhibited norovirus replication and completely eliminated HuNV
replicons from host cells without cotomitant drug resistance(A) Treatment with MPA for 48
hours potently inhibited HuNV replicatignas determined by gqRFPCR r{ = 3 independent
experiments with 2 replicates). (B) Clearance assay with MBA {ndependent experiments with 2
replicates). C) Rebound assay with MPA. Léagn treatment with 0.5>g/mL MPA completely
cleared HUNV replicons from host celi;d no colony formation was observed. (D) Comparison of
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the antinorovirus effects of MPA and 4 IMPDH inhibitors on HuNV. In the HG23 cells, treatment with
4 IMPDH inhibitors (the same concentmati of 1 >M as MPA) resulted im reduction in HUNV
replication 6 =3 independent experiments itih 2 replicates). (E) The angrovirus effects of MPA
were validated on MNM as quantified by means ah MTT-based CPE reduction assay and-§RR

(n = 2 independent experiments with 2 t8 replicates)ND, not detected(F) Same apanel Efor
detecting the cellular MNM. RNA levelthe viral RNA copy numbers in the supernatant (secreted
viruses) were also detected after 24urs of treatment with MPA. MPA pently inhibited MNV1
virus particle productionn(= 2 independent experiments with @r 3 replicates). (GJhe inhibitory
efficacy of MPA against MNVfollowing 20 passag€20P)exposed to MPA or vehicle control. In the
selection process, MNY was eiher directly cultured in the presence of a fixed MPA concentration
(0.1 or 0.5>g/mL) or in a lengthy stepwise selection concentration from 0.1 to>@/BL or from 0.5

to 1 >g/mL. After selection, the amtorovirus effects of MPArothe 20thpassage of MM-1 were
determined by gR'PCRDataare presented agshe means + SENF, P< 0.05; ** P< 0.01; *** P<
0.001).10P, 10 passages.

inhibitory effect of MPA on norovirus replication was sensitive tppdementation with
guanosine. A 100>g/mL guanosine€oncentration completely negated MPA effects in both
the MNV-1 model P< 0.05,n = 6 t08; Fig. 5F) ahHuUNV replicon modeP( 0.05,n = 5; Fig.
5G). In apparent agreementxogenous supplementation of guanosine reversed the
inhibitory effects of IMPDHZ2 knockdown on HuNV replicationP(< 0.05,n = 5; Fig. 5H).
Thus norovirus biology requiresubstantial intracellular guanosine levedéd the inhibitory

effects of MPA and IMPDH knockdown are mediatethieydepletion of this guanosine pool.

Ribavirinefficiently inhibited norovirus partially through nucleotide depletion

Ribavirin at 2.5g/mL concentration resulted in a reduction of HUNV liegtion by
64 + 6.1%HKF < 0.05,n = 6; ky. 6A) and 61 + 8.5% € 0.05,n = 6; Fig. 6B) after shetérm
and longterm treatment, respectively. Additionally, ribavirin at higher concentrations (5 and
10 >g/mL) was capable of clearing cells of most replicons following 10 days of consecutive
culture (Fig. 6C). The antiviral activity of ribavirin was confirmethenMNV-1 model.
Ribavirin at concentration of 5g/mL effectively decreasl MN\A1 cellular RNAR< 0.05,n
= 6; Fig. 6D) and extracellular viral pagscin the supernatantR< 0.05,n = 6; Fig. 6E). In the
CPE inhibition experiment, treatment with ribawirfor 3 days dosélependently increased
cell viability and decreased CPE formation by inmgQitMN\/1 replication P < 0.05,n = 8;
Fig. 6D), further validating the antiviral activity of ribavirin on MNW o further explore the
mechanism of ribavirinwe investigated whether the addition of exogenous guanosine
would revert the antiviral effect of ribain. As shown irFig. S6a high concentration of
guanosine partially reverted the antiviral activity of ribavirin for both HUNV and MNV,

indicating thatguanosine depletion contributed to the antiviral activity of ribavirin.
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Figure 5 Simultaneous knockdown of IMPDH1/2 reduced HuNV replication, which was
reversed by exogenous guanosin@ andB) Validation of IMPDH downregulation in shCTR cells and
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gRFPCR analysis of HUNV RNA level in IMPDH knockdown cells. Compared to control cells,
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knockdown of IMPDH1 or IMPDH2 alone had no significant effect on HuNiatiem f = 2
independent experiments with 2 replicates each). (D) Validation of IMPDH downregulation after
simultaneous knockdown of IMPDH1/2 by Western tihgt Images are representative of three
independent experimentgE) Simultaneous silence of MAH1/2 decreased HUNV replication=2
independent expgments with 2 replicates). (F an@d) Guanosine restored norovirus replication in
MPAtreated cells. MNML andthe HuNV replicon were treated with MPA alone or combined with
guanosinel, 10 or 100>g/mL). After 24 loursof incubation, norovirus replication was quantified by
gRFPCR(H) IMPDH1/2 knockdown cells were cultured with medium or increasing concentrations of
guanosine. After 24 durs of incubation, the HUNV RNA level was analyzed by-RRTand was
compared to the shCTR celis<2 independent experiments with 2 replicateB)ataare presented
asthe means + SENF, P< 0.05; **P< 0.01; *** P< 0.00).
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Figure6 Ribavirin effectively inhibited norovirus replication(A) Treatment wit ribavirin for
48 hours dosedependently decreased HuNV replication, as determined by-REBR r{ = 3
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independent experiments with 2 replicates each). (B) Clearance assay with ribawvien3(
independent experiments with 2 replicates each ). (C) Rebowsyawith ribavirin. (D) The
antinorovirus activity of ribavirin was also confirmed on MMN\Ribavirin treatment decreased MNV
1-induced CPE and viral RNA replication in RAW 264.7rcel&ifdependent experiments with 2 to
3 replicates). (E) Ribavirireatment also decreased MNY virus particle production in supernatant
as quantified by viral RNA copy numbars-@ independent experiments with 2 replicateBjataare
presented ashe means = SENF, P< 0.05; **,P< 0.01; *** P< 0.00).

Combinabry effects of ribavirin and immunosuppressants on norovirus

replication

Immunosuppressants are often used in combination in the clinic. First, we evaluated
the interaction of immunosuppressants on HUNV using MacSynergy 2 combination analysis.
As shown inFig. 7A, the combined calcineurin inhibitors, FK506 and CsA, exerted a
moderately synergistic antiviral effeaith a log volumes of 5.55. The maximal degree of
combined inhibition between FK506 and CsA was achievedgtmL FK506 and 0Xg/mL
CsA, with a synergy volume of 35.961°% above the expected value. The combination of
MPA with FK506 (Fig. 7B) or CsA (Fig. 7C) achieved a synergy vokin® sf%% (log
volume of-0.93) or-14.58>M?% (log volume 0f1.32), respectively, indicating an additive
effect. These results highlight the dependency of norovirus biology on both calcineurin
phosphatase activity and the presence of an adequate intracellular guanosine pool.

Next we assessed the combinatory antiviral effectof ribavirin and
immunosuppressants. The combined effects of ribavirin and immunosuppressants, including
CsA (Fig. 7D), FK506 (Fig, @)l MPA (Fig. 7F)ere additive, with synergy volums of O
>M?% (log volume of 0), BM%% (log volume of 0) andt.04 >M?% (log volume 0f0.37),

respectively.
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Figure 7 The combinatory effects of ribavirin and immunosuppressants on norovirus
replication. The combinatoryeffects of two drugs in the 4Bour antiviral assay with HUNV were
analyzed using the mathematical model MacSynergy. The -tiraensional surface plot represents
the differences (within 95% confidence intery@86% CI] between actual experimental effects and
theoretical additive effect®f the combination at various concentrations of the two compounds (

5). The antiviral effects of FK506 in combination with CsA (A) or MPA (B) as well as CsA in
combination with MPA (C) was analyzed by MacSynergy model. Combinations of ribavirinAvith Cs
(D), FK506 (E) or MPA (F) were analyzed by the relative HUNV RNA level compared to the control and

MacSynergy model.
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DISCUSSION

Immunosuppressants are universally used to deliberately induce immunosuppressio
after organ transplantatiorio prevent allgraft rejection. Howeverthis results in increased
susceptibility to opportunistic infections, and especially norovirus infection has emerged as a
major concern in this respect. A recent study reported that among 116
immunocompromised pediatric hematopdie stem cell and solid organ transplant
recipients, norovirus infection was associated with prolonged diarrhea and frequent
intensive care unit (ICU) admissidil. Although new classes of immunosuppressive
medications have been introduced to the transplant community during the last decades, T
lymphocytes remain the key targets of these agemss this cell type is a major effector in
graft rejection. lymphocytes, howeer, also play an important role in the adaptive immune
resporse following viral infectionthus, reduced resistance to vikanfection is an expected
side effect of graft toleranceanducing medications. Intriguingly, immunosuppressive
medications may alsdirectly interfere with the viral life cycle. For various viruses, it is now
clear that the choice of immunosuppressive medications relates to patient sensitivity to
infection®®. Norovirus biology, hwever, is relatively poorly understopdnd its interaction
with different immunosuppressive regimens remains obscure at best.,Meréave profiled
the commonly used immunosuppressants on norovirus infection and related the effects to
their cellular effetors. Thus our data provide guidance as tthe host biochemical
mechanisms essential for norovirus replication and may guide clinical management of
transplantation patients at risk for norovirus infection. With respecttt® latter, the
remarkable sensivity of norovirus to MPA isspeciallyimportant, particularlyin view of the
absence of norovirudirected vaccines or antiviral medications.

Interestingly, our study reveals a hitherto unexpected role for calcineurin
phosphatase activity in the norouis life cycle. Calcineurin inhibitors include FK506 as#l C
FK506 is currently a widelysed immunosuppressive agent for managing transplantation
patients. CsA binds to cyclophilireand FK506 binds to FK binding proteins (FKBPs). Both
events result in grofound inhibition of the phosphatase activity of calcineurin, which in
turn suppresses T cell proliferation. In general, FK506 is thought to have no effect on viral
infections’?®. In contrastCsA has been demonstrated to interact witfetbiology of a broad

range of viruses mainly through inhibiting cyclophilins. Of note, CsA inhibited HCV
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replication bothin vitro and in vivoin an apparently specific manner. HCV RNA replication
requires the norstructural HCV NS5A protein that senas a direct ligand for CyPA. CsA
could disrupt the CyRNSS5A interaction, further reducing HCV RNA replicdfidnin our
study, FK506 and CsA exerted aderate inhibitory effect on norovirus replication through
FKBP12 and CyPA, respectively. Furthermooemmunosuppressive CsA analogues, which
do not inhibit calcineurin, failed to suppress norovirus replication, supporting the hypothesis
that calcineunm activation is required fathe norovirus life cycle.

Calcineurin is a heterodimeric £aand calmodulirdependent serine/threonine
protein phosphatase composed of a-BDa catalytic subunit (PPP3CA) and & calcium
binding regulatory subunit (PPR2)™%. Our results showed that knockdown of PPP3CA
resulted in a dramatic reduction of HUNV replication, demonstrating that calcineurin is
required for HuUNV replicationAlthough the exact mechanism as to how calcineurin
facilitates norovirus replication is unknowih,may resemble its role in the life cycle thie
polyomavirus BK. The observatiorthat CsA, but not NIM811 (aonimmunosuppressive
CsA derivative)inhibited BK virus BKY replication by inhibiting CyPA and calcineurin
activation is highly reminiscent of the results obtained in the present study, but concluding
that the effects are mechanistically identical reqesr further validation, especially with
respect to the role of the nuclear factor of activated T cells (NFAT).

Mycophenolate mofetil (MMF) has been widely used in kidney, pancreas, liver and
heart transplantation!*. MPA, the active form of MMih vivq is a potent inhibitor of
IMPDH, a ratdimiting enzyme in thede novosynthesis of guanosine nucleotides. By
inhibiting IMPDH, MPA results in tliepletion of the intracellular GTP and dGTP pools and
exerts potent immunosuppressive effects. MPA has been demonstrated to inhibit a variety
of viruses, ranging from DNA virus, includihgpatitis B virus HBV}, to RNA viruses,
including HCV, dengue viruyellow fever virus and Chikungunya virud?®®. Here we
demonstrated that MPA potently inhibited both MNV and HuNV replication through
simultaneously targeting IMPDH1 and IMPDH2. Furtheen®PA at levels belowhe
serum concentrations in patients completely eliminated HuNV replicons from cells after
longterm treatment. In apparent agreement, 4 IMPDH inhibitors also inhibited HuNV
replication in our experiments. Apparently, MPA has a Hugtrier against developing drug
resistance with respect to its action on norovirus biology. Of note, characterization of the

potential mutagenesis of the viral genome in response to MPA exposure is interesting for
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future research. In conjunction, our dafaovide compelling evidence that MPA should be
the immunosuppressant of choice in transplantation patients at risk for norovirus infection.

The @timization of immunosuppressiomight help the clearance of norovirus
infection in a proportion of infected rgan recipients. However, for the transplant or other
types of patients who fail to clear the virus, effective antiviral therapy is urgently needed,
whereas no proven antiviral medications are available. Ribavirin, a general antiviral, has
been used in thelinic for decades to treat various types of viral infections. A recent study
reported that ribavirin cleared norovirus and resulted in complete symptomatic and
histological recovery in two CVID patients, which raises the possibility of ribaviin as
potential antiviral therapy for norovirus infection. Several studies have attempted to
understand the antiviral activity and the mechanism of ribavirin on norovirus. It has been
reported that addition of guanosine to the ribavirin treatment could moderatayersed
ribavirin inhibition on HUNV*¥, which is consistent with ouresults. Another two studies
demonstrated that ribavirin inhibited MNV through increased mutagenesis aagigpecies
diversity“%. In our studyribavirin at concentrations comparable to serum concentrations
in patients*? inhibited norovirus replication. Ribavirin, ctined with MPA or calcineurin
inhibitors, additively inhibited norovirus replication, which supports the potential of ribavirin
as a therapy for norovirus infection in transplant patients. Howeitgemains to be further
investigated whether the optimalombination with ribavirin is MPA, CsA or FK506.

In summary, we profiled the effects of clinically relevant immunosuppressants on
norovirus replication and observed that norovirus was sensitively dependent on IMPDH
guanine synthesizing activity but alsoquered calcineurin phosphatase activity. MPA
represents a potent inhibitor of norovirus replicationvith a high barrier toward the
development of drug resistance. Ribaviig1a promising candidate in treating norovirus

infection,athough further evaluatn, particularly in patientsis needed.
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SulementaryInformation
SUPPLEMENTARY TABARB FIGURES

Table S1 PCR primer sequences were listed.
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Figure S1 Standard curve for quantifying MN\genome copy numbers.
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Table S2 Sequences dfRNAmediated vectors were listed.
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Figure S2 Not all immunagppressants directly affect norovirus replicatioGlucocorticoids,
including PRED (A) and DEX (B) showed no £fiedduNV replication. Likewisegpamycin (C), an
MTOR inhibitoproduced no significant changes in HUNV replication. Similarly, BQR (DIrsin¢E),
which are in clinical development for use in transplantation medicine, showed no significant effects
on HuNV replication. Six replicates were performed (three independent experiments, each with two
replicates) andlata are presented ahe meanst SEM.
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Table S4The Ki vales of 4 IMPHD inhibitors towardMPDH1 and IMPDH2Because of
confidentiality, the structures are not shown.
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Figure S6 The effects of exogenous guanosine on the antiviral effect of ribavirin toward
HuUNV (A) and MNV (Bhodel.
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SUPPLEMENTARY DISEIOS

Glucocorticosteroids were widely used during the early years of organ
transplantation. Nowadays clinicians generally attempt to avoid prescribing steroids in case
of active infection because of their potential of facilitey the infectious process anithe
concern about longerm complications associated with such treatment regiméhsFor
instance, steroids boluses used to treat acute rejection in hepatitis C virus (HCV) infection
related liver transplantatiorwere often associated with an increase in viral load and the
severity of HCV recurnee!™2. In cell culture, steroidead no effect on HCV replicatidf,
but can specifically facilitate viral entry by enhancing the expression of the H@¢eptors
[ In the present study, however, we observed no direct effedtsteroids on norovirus
replicationin vitro, although heir impact on noroviss infection in patients remainet be
further addressed. Rapamycin when complexed to FKBP12 to form the-r&p&®/cin
complex that directly bindedo mTOR complex 1 and thus inhibited the mTOR pathway,
appeared likewise safe but wassociated with anthorovirus activityper se.This contrasted
the situation with respective toHCV infeabn. Rapamycin potently inhibited HCV RNA
replication, but didnot influence the early replication cycle steps associated with its biology
such asell entry and viral RNA translatiGh Diametrically opposing the situation with HCV,
another study showed that rapamycin facilitated hepatitis E virus (HEV) replication through
inhibition of PI3BKPKBMTOR ptaway. The latter pathway limiteHHEV mfection and acteas
a gatekeeper with respect to HEV in human HEV target cells. In our study, rapamycin
treatment resulted in no change on norovirus heption in cell culture models. Thusffects
of mMTOR inhibitorson viral life cycle appear highly virus specific, hampering design of
rational immunosuppressive therapies using this medication. Brequinar and leflunomide,
two bestknown inhibitors of dihydroorotate dehydrogenase (DHOD), interfere with cell
proliferation by inhibiting pyrimidine nucleotide biosynthesf. Leflunomide has been
extensively studied and is approved for the treatment of psoriatic arthritis and rheumatoid
arthritis [7. Leflunomide has been shown to inhibit HIVreplication mainly through
pyrimidine nucleotide pooldepletion . In our study, both leflunmide and brequinar
showed no effect on HUNV replication and appesat thus not specifically useful for the

management of patients at risk for norovirus infection.
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ABSTRACT

Norovirus epresents the main cause of acute nonbacterial gastroenteritis worldwide. In
immunocompromised patients, it bears high risk of causing chronic infection with significant
morbidity and metality. The lack of specific treatment prompts the development of -anti
norovirus agents. In this study, weve investigated the role of interferon (IFN) response
and evaluated antiviralactivities of different IFNs against human norawsr (HuNoV)
replication using a HuNoV replicon model. We found that HuNoV RNA replication was
sensitive taall types of IFNsncluding IFN (typel), IFN (typell), IFNQ and 3 (typdll). IFNs
canonically induce interferestimulated genes (ISGs) to exert their antiviral activities. By
profiling a subset of important human ISGs using an overexpression appneachave
identified RTP4 and HPSE as moderatermmovirus 1SGs, wheredRF1, RIG (also known

as DDX58 and MDA5 (also known a$FIH) were identified as potent antiorovirus
effectors. Interestingly, typd and Il IFNs coordinatgl induced IRR, RIG and MDAS5,
whereas typell IFN predominantly induced IRFto exhibit their antinorovirus activities.
Combination ofdifferent IFNgevealed that IFNworked cooperatively with typéor type Il

IFNs to induce ISGs and subsequently inhibit HuNoV replication. Of note, replicétio
HuNoV did not interfere with antiviral IFN response. In summary, we showed the potent
anti-norovirus activities of different types of IFNs and identified the key-@owovirus
effectors. These findings are important for understanding norowvirost interactions and
developingantiviral therapies.

KEYWORDStorovirus; Interferon; IRE; RIGI; MDAS
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INTRODUCTION

Norovirus represents the main cause of infectious viral gastroenteritis worldwide
with significant morbidity and mortality. It is estimatelat norovirus infection causes over
200,000 deaths annually of whighore than 90,000 deaths occum children under five
years . Although norovirusgastroenteritisis usually selfimiting, it has been recently
recognized as a risk factdor chronic gastroenteritis in specific populations, particularly
transplant patients® .. In transplant settings, norovirus gastroenteritis is characterized by
severe complicationsincluding protracted illness with malnutrition, organ failure and
chronic viral sheddin§.

As an important component of the innate immune system, interferons (IFNs)
constitute the firstline of defense against invading pathogens. Currently, Hfdlslassified
into three major groupsncluding typel, Il and Il IFNs. Upon viral infections, both typand
[l IFNs are induced by the stimulation of pattern recognition receptors (PRRs), such as Toll
like reeptors (TLRs) and retinoic adimtlucible genel (RIGI) like helicases. TypéIFNs
consisting of 13subtypes are expressed by most cell types and secreted into the
extracellular milieu. Secreted typéFNs bind to the IFNAR receptors in an aotoparacrine
fashion and activate the Janus kinase (&Mf)al transducer and activator tfanscription
(STAT) signaling pathway, leading to the expression of a broad rangestinieidited genes
(ISGs), which are ultimate antiviral effectdfs Typelll IFNs consist of three members
including IFM1, <2 and<3 (IL29]L28A and IL28B, respectivedy)d also induce a typelFN
like response. Unlike typkelFNswhich target most of the cell types, tydd IFNsprimarily
target epithelial cell$”. They play an important role in the epithelial antiviral host defense
and consequentlgonstitute a major barrier for enteric virus infections. Notably, typé-N
has solo member (IFN and is inelved in resisting a broad range of intracellular
microorganisms”.

Frst discovered in 1957, IFNvas clinically applied for treating hepatitis C virus (HCV)
infection in 1986%. It has been the backbone regimen for chronic H@Vapyfor decades.

In addition, PEGFN has also been clinically used for treating chronic hepatitis B virus (HBV)
infection®. Typell IFN -1b branded under the name Actimmune was approved in 2000 by
the Food and Drug Administratigi@DA) for the treatment of chronic granulomatous disease

and severe malignant osteopetrostd. However, IFNfailed to reduceviral load in human
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immuno-deficiency virus (HIV}Y or HCV*? patients. Typelll IFNsdisplayed comparable
antiviral efficacy but reduced side effects when compared Wi for treating chronic HCV

in phasellltrial . The success of IFNs as antiviral treatment in the clinic has promoted us to
foresee their antinorovirus potential, since no specific medicatiomr f norovirus
gastroenteritis is currently available.

In this study, we have characterized the antiviral activities of tygeand Ill IFNs
against norovirususing a human norovirus (HuNoV) replicon miodd. Furthermore, we
have idenified the key antinorovirus effectors that are coordinately activated by different
types of IFNs. These results have revealed new insights into nordwstisnteractions and

provided a basis for future therapeutic applications of IFNs against nor@asisoenteritis.

METHODS

Cell lines and Reagents

Human Huh7 hepatocellular carcinoma cells expressing a genotype 1 HuNoV replicon
(HG23) and human embryonic kidney 293T cells were culturefl dzf 6 SOO02 Qa a2 |
9 3t SQ& aSRAdzZY 05 a9 am)supplengnted with B0sIblSNheat . St
inactivated fetal calf serunCS) (Hyclone, Logan, UT, USA)>@0@L of streptomycin, and
100 IU/mL of penicilinA neomycin resistant gene was engineered into ORF2, thereby
conferring resistance of HG23 cells dentamicin (G418; Gibcdleatment. So G418vas
added to HG23 culture medium at 1.5 mg/mL for selectiefole experimentation.

Human IFN alpha 2a recombinant protein (IFNThermeFisher Scientific, Cat
111001) and human IFN beta la recombinant proteini(JHISigmaAldrich, Cat# 14151)
were stocked in phosphatbuffered saline (PBS) containing 0.1% bevserum albumin
(BSA) at 1 x Paunits/mL based on international units. Recombinant human IFN gamma
(IFN) (BioLegend, Cat # 570202), human recombinant 1L29 proteirl(lKNbnova, Cat #

P3635), IL28A (IRR) (Abnova, Cat # P5985) and IL28B BFNAbcan, Cat # ab201872)
were stocked in PBS containing 0.1 % BSA atd@@0L. To avoid repeated freezkaws, the

compounds were aliquoted and stored &803 . During experimentation the compounds
were stepwise diluted to desed concentration. GIB90550 CAS 4760075-2; Santa Cruz
Biotechnology) was dissolved in DMSO at 1 mg/mL. The cytdyowiclFNs against HG23

cells wagdetermined by MTT assay.
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HuNoV antiviral assay

HG23 cells were seeded into -4l cell cultureplates (2.5 x10* cells per well),
treated with IFNs alone or in combination and assayed for HUNoV RNA levels after 2 days of
treatment. To further evaluate the longgrm effects of IFNs on HuNoV, a clearance and
rebound assay was performedFig. S1J*“. During the clearance phase, HG23 cells were
treated with IFNs for 2, 6 or 10 days. At the end of each treatment period, the levels of
HuNoV RNA were determined. After clearance phase, IFNs were omitted. HG23 cells were
plated into 48well cell cultureplate (2.5 x 1bper well) and cultured under the selective
pressure of G418 (1 mg/mL). With another 5 days of culture, the cell layers were stained
with hematoxylinand eosin and visualized by an inverted Zeiss Axiovert 2roscope

equipped with Zeiss AxioCam MRm camera (LLC, Thornwood, NY, USA).

Generation of IS&&xpressing lentiviral pseudoparticles and lentiviral

transduction

HEK293T cells were used to generate-é@@essing lentivirus vector§wentyfour
hours befoe transfection,2 x 18 cells were plated into T75 flask. Two howefore
transfection, the cell monolayers were washed with PBS for 3 times and refreshed with FCS
free DMEM. The plasmids expressing the pTRIP.CMV.IVSb.ISG.ires. TagRE&gptiNand
VS/-G were combined in OpMEM at a ratio of 1:0.8:0.2, respectively. For each
transfection, 150>g PEI was added to 3y of total DNA to a final volume of 1 mL Opti
MEM. After 20 min of incubation at room temperature, the mixture was added dropwise to
the cells. Six hours later the cells were gently washed once with PBS and refreshed with
growth medum. After 48 lours and 72 lours of transfection conditioned medium were
pooled and filtered through a 0.48m pore size filter.Two hours ofultracentrifugation
(22,000 rpm) was used to concentrate lentiviral particl@se pellet wassubsequentlyre-
suspended and stored a803 with the dilution of 1 x 10viral RNA copies per mL.

For transduction assay, HG23 cells were inoculated intavélBcell cultureplate (5 x
10* cells per well) and transduced with lentiviral pseudoparticles encoding ISGs. Algs 2
of culture the cells were collected for detection of transduction efficiency by using a

FACSArA flow cytometer (BD Bioscience) equipped with a 56 laser.

82| Page



Chapterd

Statistics

Data are presented ashe mean + SEM. Comparisons between groups were
performed with MannWhitney test using GraphPad Prism 5.0 (GraphPad Software Inc., La

Jolla, CA, USA). Differences were considered significarR alae less than 0.05.

RESULTS
Type I, Il and Il IFNs universally and effectively inrediHUNoV replication

Todetermine the antiviral potential of different types of IFNs against HuNoV, we use
a HuNoV replicon model to monitor HUNoV RNA replication after IFNs treatment. HG23 cells
were treated with individual IFNs and viral replication was measured after 2 days o
treatment by qRTIPCRAs shown in Fig. 1A and Table BNs reducethe levels of HuNoV
RNA in a dosdependent manner (EC50 and EC90):MIFB0.88 and 330.7 IU/mL), IFN
(156.20 and 935.0 IU/mL), IFKB.26 and 11.53 ng/mL), IKN(0.79 and 1.34 ng/mL), IRA
(2.69 and 8.64 ng/mL) and I&N(1.43 and 10.97 ng/mL). The effects of IFNs on host cells
were monitored by MTT assakven at thehighest concentration IFNs showed no major
effectson the viability of HG23 cellsith the exception of IFKL. Highest concentration of
IFN<L (100 ng/mL) inhibited HG23 cell proliferation by 21 + 3.X\¥é. nextexamined the
kinetics of antiviral activities dFNs over a time course ranging from 2 to 10 days. As shown
in Fig. 1B, 10 days of treatment with FKL,000 1U/mL), IFN (1,000 1U/mL), IFN (10
ng/mL), IFN1 (10 ng/mL), IF& (10 ng/mL) or IFH8 (10 ng/mL) decreased HUN&RNA
levelsby 99.9 + 0.05%,78+ 5.3%, 80 + 10%, 99.98 + 0.01%, 47 + 16% and 99.6 + 0.01%,
respectively.

To further study whether IFNs could completely clear HUNoV replicons from host
cells after longerm treatment, gelbased RIPCR assay was performed using RNA extracted
from 10day treated HG23 cells. Two primer sets, including neomycin primers (Neo) and
HuNoV Gspecific diagnostic primers (NVp36/35) were ustdhle S2, Fig. $2Ve observed
that the intensity of Neo and NVp36/35 products in HG23 cells was alomattectable
after treatment with 1000 IU/mL of IFN, 100 ng/mL of IFN 10 ng/mL ofFN<L or IFNG,

whereas there wass moderate decrease in HG23 treated with 100 IU/mL of' JFINDOO
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IU/mL of IFN or 100 ng/mL of IF# (Fig. 2A). Consistently, a rebauassay was designed

to confirmthe complete clearance of HuNoV replicons from HG23 cells Ii&éireatment.
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Figure 1 IFNs robustly inhibiéd HuNoV replication at concentrations without significant
cytotoxicity. (A) HG23 cells were treated with differeconcentrations of IFNs as indicated. After 2
days oftreatment the antiviral activitiegnd cytotoxicity were measured by iRCR and MTT assay,
respectively. The concentration of typdFNs is givems international units (IU/mLhile that of
type llandIll IFNs is given as weight per volume (ng/mL). Theylafis displayedhe relative HuNoV
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RNAlevels compared with those of the untreated contralhile the righty axis showedell viability
compared with medium group. (B) In prolonged treatment, HG23 cells were treated with different
concentrations of IFNs for 2, 6 or 10 days. At the end of each treatment, HuNoV RNA was determined
by gqRTPCR and normalized to human GAPDH gene. The level of negnadloNoV RNA in IFN
treated cells was compared to that in untreated cells at the same time point. Shown are the means *
SEM from three independent experiments with duplicates each (Mafhitney test; *,P < 0.05; **,
P<0.01).
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Figure2 High concentratbons of IFNs completely cleared HuNoV replicofd) Gelbased RPCR
analysis was performed to determine HuNoV replicon levels in HG23 cells afteéetontreatment

with IFNs. Equal amounts of total cellular RNAs isolated from HG23 samples were @rserev
transcribed into cDNA and thesubjected to RIPCR analysis by using neomycin primer pair (804 bp)
and HuNoV Gspecific primer pair (470 bp). Human GAPDH primer set was used as a reference gene.
A total of 6 samples were detected dimdicated by numbers. (B) Rebound assay. tFdged HG23

cells were cultured with G418 (1 mg/mL). After 5 days of culture the plate was stained and visualized
under light microscope. Images are representative of three independent experiments.
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Tenday IN-treated HG23 cells were grown in the presence of G418 (1 mg/mL). If HG23 cells
contained HuUNoV replicons, they could survive in G418 selection and even proliferate.
Treatment with IFN (1,000 IU/mL), IFN (10 ng/mL) or IF#&2 (10 ng/mL) resulted in a
relatively moderate redction of HUNoV replico(Fig. 2A). Therefore HG23 cells proliferated
and formed colonies (Fig. 2B). In contrast, treatment withhIENOOO 1U/mL), IFKL (10
ng/mL) or IFN3 (10 ng/mL) resulted in a more pronounced drop in HURMA leelsduring

the longterm treatment Therefore HG23 cells lost the abilitydorvive (Fig. 2B), indicating

that these IFNs were able to completely clear HuNoV replicons from the host cells.

Profiling important 1SGs identifys RTP4 and HPSE as mild arti@&s
against HuNoV

ISGs are the ultimate antiviral effectors induced by IFAfser IFN treatment
hundreds of ISGs are induced. The induction of a subset of ISGs by different types of IFNs in
HG23 cells was shown in Fig. B8.identify the key ISGs thate potentially responsible for
the antinorovirus effects of IFNs, we have profiled walbwn antiviral ISGs, including {RF
C60rf150 (also known @4B21D3J, HPSE, RIQalso known a®DX58, MDAS (also known
as IFIH), IFITM3, DDX60, IFl44L, IHBTM2, MAP3K14, MOV10, NAMPT (also known as
PBEF), OASL, RTP4, TREX1, ADAR, FAM46C, MCOI2ZN\PNRB4B (also known &8/N2,
IFITM1, LYGE and HRBNHG23 cellsA bicistronic lentiviral vector eexpressing an ISG and
a red fluorescent protein TagRFRs used to overexpress the I1SG (Fig.'SAWith a pilot
expaiment, we have found thaa 48hour transduction was an optimal time poinoif
transgene expression (Fig.A4 Next, all ISGs were tested for their ambrovirusactivities
using HG23After 2 days of transduction expressitevels ofdifferent ISGs and therelative
anti-norovirus effectiveness werdetermined (Table SJ;ig. 3B Three of these lentiviral
vectorsincludinglFI44L, IFITM2 and MOV10 failed to mediate #éylel transductiorin host
cells, perhaps resulting from ISf&ediated toxicity and poor packaging of thect@ genome.
Most of the successfully expressd®Gs did not have major effects on HuNoV replication;
whereas RTP4 and HPSEowekd moderate antiviral activitiesand inhibited HuNoV
replication by 50.5 + 6.6 % and 42.2 + 4.3 %, respectiValyld S3Fig.3B). The kinetics of
HPSE and RTP4 expression were further determined after 24, 48 andouf2 of
transduction ly detecting the ISGs mRNA (RB@¢.and E) and RFP protein (FigBShd C).
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After verifying the successful overexpression of HPSE and RTRdundethat HPSE and
RTP4 exerted the most potent inhibition of HuNoV replication atel@$(Fig. 3D and F).

A
—JRH CMV>-| IVs-BHISG %RFPHLTR]—

B 12 ¢ 1000- N D 1 Figur_e_ 3 Profiling ISGs
3 800 - 3 identifies HPSE and RTP4
EY o0 5 E - [ = ‘-°'I mild anti-norovirus effectors.
3 o0 000 8 1001 8 o .. (A) Schematic of the Gatewa
S o OSmpse 2 Soefl | T compatible, bicistronic lentiviral
% oa ORTP4 z 10 o4 vector. (B) Dot plots of HuNo
S o 2 replication levels in  the
£ "% MDA5OOT‘FL?:-'1 T z % presence of overexpressed 1S(
0.0 4th - == 005575 at 48 tours (n = 4 independent
hpt 24 48 72 hpt 24 48 7 experiments with duplicates

E F each). They axis displayedhe
100000+ 109 relative  HuNoV RNA level

S 0o =~ . 2 o E normalized to the Flucontrol.
s o s The black line reflectedthe
5 10007 | Y population mean. (C) HG23 cel
% 100- % 0.4- were transduced with HPS|
3 2 overexpression lentiviral vecto
A 3 or Fluc vector. After 24, 48 an
PRISE NS L1 N S 72 hours of transduction HPSE
hpt 24 48 72 hpt 24 48 72 MRNA levels were confirmed b

gRFPCR(n = 4 independent experiments with duplicates each). HPSE mRNA expresso
increased as earlys 24 loursand persisted to 72durs (D) HuNoV replicatiowasdetermined by
gRTFPCR and compared to that in Fluc control samples at the same pairts4(independent
experiments with duplicates each)E and F) HG23 cells were transduced with RT
overexpression lentiviral vector. The overexpression efficiency and antiviral effectiveness
determined by qR'PCR1{= 4 independent experiments with duplicateach). The abbreviatior
used washpt, hours postransduction. Datare presented ashe mean £ SEM (*P< 0.05; **,P<

0.01).

IRF1, RIGI and MDAS wergootent anti-norovirus effectors

Among these tested ISGs, {RFRIG and MDA5 exerted strong asbrovirus
activities (Fig. 3BMWe also profiled theantiviral dynamics ofthese three potent effectors
after 12, 24 and 48 dursof transduction. The transduction efficiency was monitored by RFP
expression withflow cytometry analysis (Fig. S3RF1, RIG@ and MDA5 expression was
determined by gR-PCR and Western btotg (Fig. 4A, C and E). Afédaysof transduction,
IRF1, RIG and MDAS inhibited HUNoV RNA replication9®y+ 2%, 83 + 3% and 77 = 6%,
respectively(Table S3Fig. 4BD and
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Figure4 Identification of IRF1,
RIGI and MDADS5 that potently
inhibited HUNV replication (A,
C and E) HG23 cells we
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vectors. After 12, 24 and 4
hours of transduction, cells
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determination of ISG mMRN;
and protein expressioni)(QRT
PCR was employed quantify
the expression of ISGsThe
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significantly induced as early ¢
12 hours and were sustained
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(n = 4 independent
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transduction. Data are
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RTP4, HPSHERF1, RIGI and MDAS were differentially induced by different

types of IFNs

Although all three types of IFNs exedtanti-norovirus effects, their potency varied

considerably (Fig. 1A and B). Therefore, lveee investigated whether it was due tthe

different induction levels and patterns of these antrovirus effectors stimulated by

different types of IFNs. We found that typend Il IFNs coordinately and strongly induced

RTP4, HPSE, HRFRIG and MDAS5. On theontrary, IFN slightly stimulated RIG MDAS
and RTP4, but robustly and predominantly induced1RFig. 5ATable S1 These results
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were further confirmed by Western blot (Fig. 5B). These results suggyésat different

types of IFNs exestl variable antinorovirus effects by inducing distinct subsets of ISGs.
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Figure5 Type | and lll IFNs coordinately induced IRE RIGI and MDAS5; whereas typdl IFN
predominantly induced IR to exert their antiviral activites against HUNoVHG23 cells were
treated with high concentrations of IFNs. After 2 days of treatment the expression of ISG mRNA and
protein was detected by gRACR (A)n(= 3 independent experiments with duplicates each) and
Western blotting (B), respeettly. Data are presented as the mean + SEN? €0.05; **,P< 0.01).
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LCbhb! LJ2 (tkey antkrorovBUR effects of typel and Il IFNs by
cooperative induction of IRE, RIGI and MDA5S

Different types of IFNs bind td¢ir unique receptors and activate a distinct pattern
of antiviral effectors. We therefore explored the combination of different IFNs to inhibit
HuNoV replication. As shown in Fig. 6A, the combination of VAt IFN<L resulted in a
pronounced decline oHuNoV RNA replication (83 + 1.8%) aRedays of treatmenivhen
comparedwith IFN (10 ng/mL; 70 = 4.2%) or IEN (10 ng/mL; 54 + 12%) alone. IFN
combined with IFN were nore effective and decreaseduNoV RNA level by 98.2 + 0.2%
when comparedvith IFN (10 ng/mL;74 £ 4%) or IFN(100 IU/mL; 85 + 4%) alone. However
this wasnot observed in the combination of IFNvith IFN<L.

Consistently, the combination of IFNs significantly enhanced the magnitudFaf |
RIGI and MDAGS expressiomhen comparedvith individual IFNs alone (Fig. 6B and C). These
results suggestd that cooperative induction of essential amtorovirus ISGs by the

combiration of different IFNs augmentetieir antiviral activities.

Pharmacological inhibition of JAK completely abolished thati-norovirus

effects of typel and Il IFNs, but partially attenuated the effects of typélFN

The JAKSTAT pathway mediates the induction of ISGs and antiviral effects of IFNs.
CR690550 (tofacitinib)a pharmacolgical inhibitor of JAKas been approved by FDA for the
treatment of rheumatoid arthritid'®. Thus, wehaveinvestigatal the role of CB90550 on
IFNsinduced inhibition of HUNoV replication. Of note, a high concentratigpOdLng/mL) of
CR690550 alone had a mild inhibition of HuNoV replication by 30 + 9% afaysof
treatment (Fig. 7A). Combination of 6B0550 with typel or Il IFNs could completely
restore the HUNoV RNA replication. Wiever, it partially restored HuNoV replication when
combined with IFN. Consistently, GB90550 effectively blocketsG expression induced by
IFNs (Fig. 7B, Fig.)S@emonstrating that GB90550 counteracted the inhibition of HuNoV
replication by IFNs timugh blockng 1ISGnduction.
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Figure6 Combinatory effects of different IFNs on HuNoV replication and 1SG inductidhHG23
cells were treated with IFN(0, 10 and 100 IU/mL), IFNO, 1 and 10 ng/mL), IKM (0, 1 and 10
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ng/mL) or in combination. Afte2 daysof treatment the inhibitory effects of different IFN
combinations on HuNoV replication were compared to those of theoli treated samplesn(= 3
independent experiments with duplicates each). The expression ofhantivirus ISGs at mRNA and
protein levels were detected by gRPICR (B) and Western Hiog (C), respectively. The giFCR
results were normalized to GAPd displayed as fold change relative to untreated contnct 3
independent experiments with duplicates each). The Western iohages were representative of
three independent experiments. Datae presented ashe mean + SEM (< 0.05; **,P< 0.01).
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Figure? Inhibition of JAKnegatedthe anti-norovirus activities and the induction of ISGs by IF{&)
HG23 cells were tread with IFNs, JAK inhibitor ®@20550 (1000 ng/mL) or in combination. Afté&
daysof treatment HuNoV replication was quantified by gRTR and compared to medium contnol (
= 3 independent experiments with duplicates each). ISG expression was quanyifegRIfPCR and
compared to medium control (B) = 3 independent experiments with duplicates each). Data
presented ashe mean £+ SEM (< 0.05; **,P< 0.01).
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DISCUSSION

Although the burden of norovirus gastroenteritis has been aatognized™ *, no
specific antinorovirus treatment is currently available except for supportive care and
supplementation of fluids. Ribavirin ieffective in inhibiting both HuNoV and murine
norovirus (MNV) RNA replication vitro *”. However,n vivostudyhasrevealed that only a
subset of patients responded to ribavirin treatmeli!. Nitazoxanide, a lbad-spectrum
antimicrobial agent, has been reported to be a safe therapeutic option in managing
norovirus gastroenteritis in immunocompetent aduftd and transplantation patient§® 2%
However, a case report has described that nitazoxanide was ineffective for treatment of
chronic norovirus gastroenteritis in patient with-Linked Agammaglobulinemi&?. Thus,
the investigation of antnorovirus effects of IFNs in this study bears important clinical
implications.

The lack of suitable tissue culture or a convehisemall animal model is a great
barrier for understanding the true nature of HUNoV pathogenesis and developing specific
antivirals. Cultivation of HuUNoV has been attempted in 27 cell lines, including eight human
gastrointestinal epithelia cells, but wassurccessfuf®. HUNoV was recently found to infect
B cellsin vitro requiring the presence of histblood group antigen (HBG#&Xpression
enteric bacterid®”. In addition, multiple HuNoV strains have been successfully cultivated in
stem celderived, nontransformed human intestinal enteroid8. However, both B cells and
intestinal enteroids have not been widely used y@ipbably due to technical challenges and
limitations. In our study, we employed a widely used HuNoV replicon model and revealed
that IFN' and typelll IFNs (IFML and IFN3) exerted rapid and potent antiviral activities
against HuUNoV replication. Moreover, IFAlso robustly inhibited HUNoV RNA replication.
As typelll IFNs are expressed in a tissdependent fashion and primarily act on epithelial
cells in vivo ®® IFN¢ holds considerable therapeutic potential in restricting norovirus
gastroenteritis.

Though highly sensitive to IRKeatment, HUNoV istill lesssensitive to IFNsvhen
compared withHCV Treatment with 1 IU/mL of IPNresulted in robust inhibition of HCV
replication in the Huh-based subgenomic replicon containing a luciferase reporter and
almost completely suppressed HCV replication after 72 tieaitment. Consistently, in the

full-length HCV model, IFN(10-1,000 IU/mL) dosealependently inhibitedviral replication
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271 which was almost 10 timemore sensitivethan that in our HuNoV study. The same
phenomenon was observeth respect to typel and Il IFNs on HCV and HuNoV. However,
our study demonstrated thatFNs at clinically achievable concentrations exerted a strong
inhibition of HuNoV replication. Meanwhile combir@ii of IFN with ribavirin showed
additive effects on the inhibition of HuNoV replicatibfl, indicating that IFN monotherapy
or combination therapy with ribavirihad the potential for teatingnorovirus gastroenteritis.

It has been previously reported that IFN and IFN potently inhibited HuNoV
replication in the replicosbearing cellsn vitro ™ 11 By transfecting stoederived HuNoV
RNA into mammalian cells, HUNoV RNA replication wngs particle production are
sensitive to type and Il IFNs treatmenf?®.. Consistentlypoth type | and Il IFNs inhibited
MNV replication in permissive myeloid celisfiestricting the translation of MNV proteiffs’.
Moreover, IFR and IFN were found to prevent systematic spread of MNV, only<iMs
capable of curingersistent MNV infectionsuggesting its greatherapeutic potential of
treating norovirus infectio®®®. However, the exet mechanism of how IFNs inhibited HuNoV
RNA eplication is unclear. Upon IRKeatment, hundreds of ISGs are induced. However,
only a subset of them have broad or targeted antiviral effects. Interestingly, a few ISGs are
even proviral for particular virges, highlighting the complexity of the highly pleiotropic IFN
system!*®. By profiling tle weltknown 1SGs, we found that HRRF RIGI and MDA5were
potent antrnorovirus ISGsFurther studies have showed that typeand Il IFNs robustly
induced a large set of ISGspeciallyfRF1, RIG@ and MDAZo inhibit HuNoV replication. In
contrast, IFN strongly and predominantly induced HF which contributed to its ami
norovirus effecs.

The exact mechanism of how RFRIG and MDAS counteract HUNoV replication
requires future research. IRFhas been reportetb induce the expression of ISGs, similar to
type | IFNs. IRE specifically bindd to the upstream regulatory region of the IFNind
activated IFN gene expression in virtifected fibroblasts®®Y. IRFL also effectively
counteracted hepatitis E virus (HEV) replication through the activation of theSTAK
pathway and the subsequent induction of antiviral ISGs, but independent of IFN production
B2 smilarly, it wasclassiclly recognized that RiGexertedits antiviral activity by inducing
IFN production upon sensing invading virus infection. However, in HEV study RIG
stimulated the cellular innate immunity against HEV partially through theSIEK pathway,
regardless of IFN productidf’. Like RIG, MDA5 functionedas a sensor to detect many
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viral irfections and wasritical for typel IFN induction during virus infectiod¥’. Notably,
MDADS recognized MNV strain MMMinfectionin vivoand stimulated the production of type

| IFNs and other cytokiné®'. To further address this issue dur model, we have evaluated

the effects of these three 1ISGs on the expression of other ISGs including two known anti
norovirus ISGRKR?® and 1ISG15°. Overexpression of any of the three ISGs stimulated the
expression of other ISGs in our HuUNoV elofFig. S7). Nevertheless, the exact antiviral
mechanism of these ISGs remains to be further investigated.

Because different types of IFNs activate distinct patterns of ISGs, we hypothesized
that they may function cooperatively to inhibit HUNV replicatitmdeed, we found that IFN
exerted cooperative ardnorovirus activity when combined with typgeor 11l IFNs. Previous
study has shown thatombination of IL29 with IPNor IFN synergistically inhibited HCV
replication. The combination treatment mechanistically resulted in increased activation of
the ISRE promoter elements to further enhance 1SG expredSforSimilarly, we have
demonstrated that the combination of IFNvith IFNM or IFN<L cooperatively induced the
expression of IRE, RIG and MDA, contributing to their augmented antrovirus activity.
These results indicate a cooperation of different types of IFNs in combating norovirus
replication, but also provide ratiot@for potential combination therapy.

High responsiveness of HuNoV to IFN treatment potentiathé application of
exogenous IFNs as immunotherapy against norovirus gastroenteritis. Conversely, IFN
antagonism has been employed by some viruses, includke vdrus®® and HEVE? to
escape the immune control. By further investigating the-3AKRT pathway and mRNA levels
of different ISGs in the presence or absence of Huldfier IFN treatment, we found that
HuNoV showed nanajor effect on counteracting IFN response (Supplementary Materials
and Results which further highlighted the vital role of IFNs on combating norovirus

infection.

CONCLUSION

In summary, we have demsetrated the antinorovirus effects of different types of
IFNs and identiéd the key antiviral effectorsicluding IRR, RIG and MDAS. Furthermore,
HuNoV displayed no major effect on IBignaling pathway. Given the fact that both type

and Il IFNs have been widely used in the clinic and thipd-Ns are at the stage of clinical
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development, our results bear important implications for the future application of IFNs for

treating norovirus gastroenterti
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Supplementary Information

SUPPLEMENTARY METBOD
Antibody

STAT1 (Rabbit mAb, #9172), phospBBATL(TY!) (58D6,Rabbit mAb, #9167), IRF
1 (D5E4, Rabbit mAK8478), MDA (D74E4, Rabbit mAb, #5321) antibodies were obtained
from Cell Signaling Technologya(ers, MA, USA). RIGH300, Rabbit polycloal, #se
98911) STAT2 (0, Rabbit polyclonal, st76) andi -actin (G4, Mouse mAb, #s47778)
were purchased from Santa Biotechnology (Santa Cruz, CA, USA). Secondary antibodies
IRDye® 800C¥bnjugated goat antiabbit and goat antmouse IgGs (1:10,00fllution; Lk

Cor Bioscience, Lincoln, US¥re used, as appropriate.

Clearance of HuNoV replicons from HG23 cells

HG23 cells were treated with O/mL of mycophenolic acid (MPA) and harvested
after 2 days of treatmentCells weresubsequently rechallenged with same concentrations
of MPA for 4 days. Another round of-day treatment was applied with the same
concentration.After 10 days of treatmenthe resulting cells were designated Hggdand

cultured in theabsenceof G418.

Colony formation assay

To detect whether HUNoV repliconsere completely cleared from HG23q cells,
HG23ep0r HG23 cells were plated intev@ell cell cultureplate (1000 cells per plate) and
cultured in the medium containing G418 (1 mg/mL).day 3 and 6, the wells werepkaced
by fresh medium containing the same concentration of G4Afger 9 days of treatment

colonies were stained Wi hematoxylinand eosirand visualized.

Transfection of HUNoV plasmids

To examine the effects of HuNoV on IFN signaling, a plasmid gonstmtaining the
full-length HUNoV genome (HuNg@¥:r GI.3 U201 strain) and a construct harboring the
same genome coupled with a GFP reporter gene were (Sedriefly, 293T cells were
seededinto 6-well cell cultureplates at a density of 2 x 1@ells per well. After overnight
culture, 200 ng of pPEGFE1 or 2000 ng of HUNQM1rorraressrOr @ mixture of HUNOYs01F
(2000ng) and pEGHPL (200ng) plasmids (a ratio of 10:1) were transfestétth FUuGene®
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HD transfection reagent in a total volume of 1 mL @pEM per well. After 6 burs of
transfection fresh DMEM medium containing % FCS was added into each well.
Transfected cells were harvested after 2 days of culture and processed fepctalh using
FACSArA flow cytometer (BD Bioscience) equipped with a 640 laser. GRPositive cells
were treated with 1000 IU/mL of IFNand analyzed for typelFN signaling after 24okirs of

treatment.

Western blot

Cell samples were lysed and loaded onto at@015% sodium dodecyl sulfate
polyacrylamide gel (SEFSAGE). After electrophoresis at 120 V for 100 mins, tlogeprs
were electrotransferred to polyvinylidene difluoride (PVDF) membrane (Invitrogen) for 1.5 h
with an electric current of 250 mA. The membrane was probed with primary antibody plus
secondary antibody and detected with Odyssey 3.0 Infrared ImagingerBy&tiCOR

Biosciences).-actin was served as stdardization of sample loading.

Reverse transcription PCR (RTR)

Two primer sets were designed to detect HUNoV replicons in HG23 cells. The primer
pair designated Ne& and NeeR islocated in the neomycin resistant ger@ and is
predicted to produce a product of 804 bases. Primers NVp36/35larated in a highly
conserved RNA polymerase region of HuNdgeBome and are predicted to give a product
of 470 bases$”. For HuNoV reverse genetics system, a primer pair designatet6smnt?
and NVp110® were used for specific detection of HUNoW Genome. For RT, cDNA was
reverse transcribed from extracted cellular RNA by gisiakaRa PrimeScriftRT reagent
kit, OO2NRAY 3 (2 GKS YI ydzF | 1Daf datdiBliinad RNAYEDANGIHZO (0 A
was mixed with UL of 5% PrimeScript Buffer on ice. The mixture was incubated at for
15 mins; this was followed by heat inactivation as8%or 5 s. The mixture was 20 times
diluted and stored at203 for further use. PCR was performed usind®@hFidelity DNA
polymerase kit (New England Biolabs Inc.) in al2feaction mixture ontaining 5uL of 5x
Q5 Reaction Buffer, OaL of a 10 mM dNTPs, 1.28 of 10 uM Forward Primer, 1.2fL of
10 uM Reverse Primer, RL of template cDNA and 0.25L of Q5 HigkFidelity DNA
Polymerase. Amplification was carried out with initial denatunatad 98 [30 s]; 30 cycles
of 983 [10 s], 50703 [30 s], and 72 [30 s]; and an additional extension step ofs72or 2

min. The GAPDH primset® was used as a reference gene and was amplified in 25 cycles.
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The products were loaded onto 1 % agarose gel containing SERVA DNA Gtaand DNA
electrophoresis at 100 V for 45 min was performéd 100 base pair Ijp) DNA ladder
(Promega) was also electrophoresed on each gel. Bands were visualized and recorded with

the Gel.Doc 2000 system (BRad). All primer combinationsere listed n Table S2.
Quantitative reakttime PCR (QRPCR)

Total RNA was isolated with a Mach&tycleoSpin RNA Kit (Bioke, Leiden, The
Netherlands) and measured with a Nanodrop-NIDO (Wilmington, DE, USA). cDNA was
reverse transcribed from 508g RNA using a cDNA Synthesis Kit (TAKARA BIO INC). The
cDNA of a targeted gene transcript was amplified for 50 cycles and quantified with a
SYBRGreebased reali A YS t/w 6! LI ASR . A2aédadsSvyaos OO
instructions. All the PCR reaams were performed in duplicates and amplification specificity
was confirmed by meltingurve analysis. Human GAPDH was used as a reference gene. The
relative expression of targeted gene was calculated 42 6 K SQGB Ckakple -

K Greontrol O & = G [targeted gene Cricappr). All primer combinations were listed in Table.S5

MTT assay

The cytotoxicity of IFNs on host cells was determined by-(d,%2dimethyk2-
thiazolyl}2,5-diphenyt2Htetrazolium bromide (MTT) assay. In brief, cells were sdéddto
96-well cell cultureplates containing 0.5% DMSO (control) or increasing concentrations of
IFNs. After2 days of treatment10 mM MTT (Sigma, Zwijndrecht, The Netherlands) was
added. With another Boursof incubation, the medium was removed and0LeL of DMSO
was added to each well. The plate was incubated at 3@r 50 min. The absorbance at 490

nm was recorded on the microplate absarire reader (BidRad, CA, USA).
SUPPLEMENTARY RESULT

HuNV replicationdid/ 2 4G AYGSNFSNBE 6AGK LCbh &A3AYI §

Thesein vitro data support the potential therapeutic use of IFNs against norovirus
infection. Conversely, it is important to evaluate whether norovirus interferes with the
antiviral IFNs response. Previously, we have demonstrated that mycophenolic acid (MPA)
exerted potent antinorovirus activity anccompletely cleared HuNoV replicons from HG23
cells!”. Thus, we depleted HuNoV replicons from HG23 cells by MPA and compared the IFNs
response in HG23 and replicaepleting HG23 cells (HGZ3) after IFN treatment. We
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first confirmed the complete depletion of HuNoV replicons from HG23 cells by usiRERT
and colony formation assay. FPCR yielded strong bands using neomycin primers and
NVp36/35 primers in HG23 cells. the contrast, no bands were observed in Hgepgcells
(Fig. S8A). After 9 days of culture with G4H&23 cellformed colonies, whereaslG23ep.
cells failed to grow any coloniegFig. S8B consistently demonstrating the complete
clearance of HuNoV péicons from HG23 cell$o address the question about the effects of
HuNoV on IFNs signalingG23 and HG23p cells were treated with 1000 IU/mL ofFN'. At
the indicated time pointsnduction of JAKSTAT signaling pathway was detected by Western
blot. As shown ifrig. S8(phosphorylation of STAT1 was quickly induced, even after 30 mins
of IFN' treatmentin both cells. IFNstimulated STAT1 phosphoryilath in atime-dependent
manner. There waso significant difference in both cells, indicating that HUNoV protein
expression and RNA replication had no major effect onSIPK pathway. Furthermore,
there wasno major effect orlevels of expression for IFNriggered ISGf-ig. S8DFig. S

A plasmidbased HulV reverse genetics system (pHuNg)p has beenrecently
developed Fig. S10A). kxpresed complete genome of the HuUNoVII@ U201 strain and
producel viral particleswhen transfeted into cells™™. We transfected 293T cells with
pHUNoVy201r TO monitor transfection efficiency, a plasmid with a GFP expression vector
pGFPC1 was cdransfected with pHuNoyir to act as a reporter. Cell sorg was
performed after 2 days of transfection an@FPpositive cells were collectedrig. S10B). As
the amount of pGHE1 wasmuch higher than pHuNa):a ratio of 10:1), this indicated
high transfection efficiency of pHuNg):rin GFPpositive cells In addition, pHUNOY;01r
ORFIRESGFAVAS usedas a polymerase® construct, because it containedstop codn after
the GFP. Vector pGFFL alonewas used as control. After cell sortintpe expression of
plasmids wagletected. Because of the lack BUNoV commercial antibodies, we detected
HuNoV RNA expression using €FOR Kig. S11Aand RIPCR Kig. S11B gRTPCR data
showed the abundant expression of HONIRNA in pHuNQ@yo:rand pHUNOW201FoRFIRESSFP
transfected cells by using selésigned HNoV (.3 U201specific primers and IGspecific
diagnostic primers. In RACR experiment, we used #-&ecific diagnostic primer set. The
specificity of he primer set was illustrated in Fig. SIRFPCR results showed the same
results, indicating the successful expression of HUNoV reverse genetics system in 293T cells.
The cells weresubsequentlytreated with IFN (1,000 1U/ml) for another 24 burs. HUNoV
proteins and RNA expression in 293T cells hadmajor effects on the total levels of STAT1
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and STAT2 proteins as well as phosphorylated STAT1 prbigi®11¢, and did not inhibit

the inductionof ISGsKig.S11D. In conclusion, HuNoV protairand RNA expression didt

interfere with the IFN sigaling pathway.

SUPPLEMENTARY TABAKRB FIGURES

Table S1n vitro anti-norovirus activitiesof IFNs after2 daysof treatment.

EGo EGo
IFN' [IU/mL] 59.88 330.70
IFN [IU/mL] 156.20 935.00
IFN [ng/my 8.26 11.53
IFN<L [ng/mL] 0.79 1.34
IFN2 [ng/mL] 2.69 8.64
IFNS [ng/mL] 1.43 10.97

Table 2 Primers used by RIPCR.

Target Primer

Sense { S|j dzS yoXS0 6 p Q Location Annealing
NVp36 4487
HUNOG. + ATAAAAGTTGGCATGAACA . -
specific
NVpSs- CTTGTTGGTTTGAGGCCATAT 4936
HuNoV 4956’
N\:4611  + CWGCAGCMCTDGAAATCATG 461t
HuNoV ®- 4631 573
specific  \vp110 - ACDATYTCATCATCACCATA jgg;
Neomycin Neo-F + ATGGGATCGGCCATTGAAC 503
phosphotrans
NeoR - TCAGAAGAACTCGTCAAG
ferase
GAPDH + TCGTGGAAGGACTCATGACC
683
GAPDH
A - TCCACCACCCTGTTGCT

qY=C+T;M=A+C;D=A+T+G; W = A+T
®Nucleotide positions are the positions in Hu/NLV/Nat/68/US (accession no. M87661).
“Nucleotide positions are the positions in Hu/NLV/Lordsdale/93/UK (accession no. X86557).
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Table S3 Levels of expression for transfected ISGs and their relativenantivirus effectiveness
Data arepresented as thenears +SEM i = 8 replicates)*P< 0.05, *< 0.01, ***P< 0.001.

HUNV

replication

Gene Gene expression Pvalue . Pvalue
(relative)
IRF1 375,60+91,63 o 0,05+0.01 bl
C6orf150 128224,36t 12444.49 b 0,68+0.09 ok
HPSE 269,30+ 16,49 b 0,58+0.06 bl
RIGI 1389.00+ 160.90 * 0,17+0.02 bl
MDAS5 2389.00+ 705,00 o 0,23+0.06 bl
IFITM3 508,44+ 5,57 b 1,04£0.19 NS
DDX60 83,52+15,91 o 0,92+0.16 *
IRF2 504,50+ 110,60 b 1.05£0.15 NS
RTP4 11382.00+ 1903.00 b 0,49+0.07 kel
UNC84B (SUN2) 8,51+1,10 b 0,60+ 0.05 bl
FAM46C 12,12+1,73 b 1,04+£0.17 NS
MCOLN2 45,88+8.72 b 0,82+0.11 NS
IF144L 1,10£0,11 NS 0,66+ 0.06 *x
IFI6 506,33+ 104.88 ok 0,87+0.08 NS
IFITM2 1,29+0,10 NS 0,79+£0.16 NS
MAP3K14 588,44+ 45.66 i 0,70+£0.13 NS
MOV10 1,05£0,41 NS 1.02+£0.38 NS
NAMPT (PBEF1) 6,30+ 1.22 ok 0,73£0.10 *
OASL 94,27+ 17,45 ekl 1,07£0.12 NS
IFITM1 118,59+ 18.11 kxza 0,68+ 0.06 ki
TREX1 44,38+ 9,26 ok 0,89+0.23 NS
ADAR 9,20+£2.43 bl 0,80+0.15 *
LY6E 11306.00+ 1001.00 ok 0,72+0.04 ok
IRF7 1,72+0,20 * 0,72+0.09 ki

Table S4 Levels of expression for {IRRRIGI and MDAS following IFNreatment. HG23 cells were
treated with high concentration of IFNs. After 2 days of treatmeéhé 1ISG mMRNA expression was
detected by gR'PPCR{ =3 independent experiments with duplicates each). Data @esented as
the means $SEM

IFN IFN IEN IFN<1 IFN3
Gene 1,000 1U/mL 1,000 1U/mL 100 ng/mL 100 ng/mL 100 ng/mL
IRF1 5.06+0.75 4.48+1.65 20.40+£1.54 11.70+£0.85 10.47+1.47
RIGI 18.45+2.04 11.54+2.32 4.62+0.63 30.67£2.63 22.64+£3.15
MDAS5 180.70+70.50 29.38+10.97 36.14+8.10 676.00+£218.40 603.50+123.30
RTP4 65.56+15.23 29.50+£3.24 5.84+0.40 564.80+112.10 588.70+78.09
HPSE 2.98+0.63 3.91+£0.32 1.62+0.07 6.33+1.72 6.58+2.01
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Table S3rimers used by qRPCR.

Name

HuNoVGI-specific primer
HuNov Gl-specific primer
HuNoV @.3 U201specific primer
Neomycin phosphotrasferase
CXCL10

DDX60

GAPDH

HPSE

IFIT1

IFIT2

IFIT3

IFITM1

IFITM3

ISG15

IRF1

IFI44L

IF16

MDAGS (IFIH1)

MX1

OAS3

PKR

RIGI

RTP4

Sequence$

/ hDmC -6G&YTQAGAPGTGNTTYCATGA
COG1R{ Y- CPTRGACGCATCATCATOYRC
vbLCH RATG'BTOIAQRTBGATGAGRTTC'F@\MGA
COG2R{ ¥TTCQACGCCATCTTCATT-GATA
CY-ABCACCTGCTGCAATAACRC

w Y -G CAAAGGCTGTGTATGBGA
CY-C@QABCTACCTGCCGCATRC

W Y -CRAGATCATCCTGATCGA@ARA G
CY-GRTGAGAAGAGATGTCTGAATZC
wY-GICCATCCTTGGAAGCACGHIGLCA
CY-GETGTTTTCACCAGGGAGTATCG
WY -COABGTTTTGGCGATGAGGAGTA

C Y-TQTQCCCACCCCCAATETAIC

R:p QTCCGATGCCTGCTTCACTACGETT
C Y-GAADGGACGGACTGCTACOAAG
w Y -CpCZTAACCAGACCTTCTa®CC
CY-GPQITGCTGAAGTGTGGAGGAA
w Y -ATCCGAGGCGATAGGCAGABATC

C Y-GRABCAGATTCTGAGGCTFOTWEC

W Y -GBATGAGGCTTCCAGACTGCAA
CY-CRTBGAATGCTTACGGCAAGET
w Y- GAGCATCTGAGAGTCTGGGCAA
C Y-GBQITCATAGCATTCGCCIAQTC
w Y -ABGATGTTCAGGCACTTGGOGET

C Y-CTGGGCTTCATAGCATTCGQCT

w Y -AGATGTTCAGGCACTTGGOGQLT

C Y-CTCOGAGCATCCTGGTGAGGAA
w Y -APABTAGCCAGAACAGGTCGY

C Y-GAQBGAGGTGAAAGACCAGAGGA
w Y -TAGZATCTCGGCTGGACTOICBA

C Y-TQCACTGAGGCAGATGCITGRG

W Y -T@AOTGCGGCACACCAGTACAG

C Y-TQADGAGCTGGTCTGCGATCLT

w Y -GpAGBCCCATCAGGGCACCAATA

C Y-GOTAAGTAGGAGTCAAAGECL

W Y -COATTGTGGTAGCGATAAGOAG
CY-GpQIGTTTACCAGACTCGGALA
w Y - CACAAAGCCTGGCAGCTCGI@rA
C Y-CTGATTCTGCTGGTGAAGCAC

w Y -TECZAGGCAAAGATGGTGAGIA
C Y-GAAGTGGACCTCTACGCToT®G

w Y -TEARGCCATCCCGTRG&D Q

C Y-CACOTCAGTTGCTGATGAAQEC

w Y -GpAAGAAGGAAGCACTTGCIAZC
C Y-GAQGCTGAAGTTGGATGGOAAC
w Y -GPpABGCACAGAATCTGCAGOHTHG

%Y=C+T;R=A+G;W=A+T;N=any
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Rebound phase
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Figure S1 The design of long duration experimed23 cellsvere seeded into 48vell cell
culture plates (2.5 x 10cells per well) and treated with IFNs. After 2 days of treatment, cells were
trypsinized, 2.5 x TOcells were subcultured into 4®&ell cell cultureplates containing the same
concentration of IFNsof another 4 daysand 2.5 x 1Bcells were collected for gRAICR analysis.
After 6 days of treatment, the same treatment process was performed for the second time. After 10
days of treatment, 2.5 x fOcells were subcultured into a 48ell cell culture plate with fresh
medium containing G418 (1 mg/mL). With another 5 days of culture, the cell layers were stained with
hematoxylinand eosirand visualized with an inverted light microscopy.

A NVp36/35 Neo
54156 67153
pT7—ATG Nonstructural Proteins : I Neomycin I l|l§_]— poly A
phosphotransferase
ORF1 ORF2 ORF3
B
Neo

Ladder plasmid template
100bp 1000ng 100ng 10ng 1ng 0.1 ng H20 Blank

1Kb P
4 804 bp
500 b p
NVp36/35 )
{sdder plasmid template
100 bp 1000 ng 100 ng 10 ng 1ng 0.1ng H20 Blank

Figure S2 Specificity of primer sets used to detect the HuNoV gemin HG23 cells(A)
Schematic diagram of the HuNoV subgenomic replicon construct designatedguNWA fullength
cDNA clone of a HuNoVM g&nome was previously engineered into the pSPORT1 plasmid. Meanwhile,
the neomycin resistance gerwas engineered into ORF2 as a selection marker. RNA transcripts were
synthesizedin vitro and were transfected into human Huh7 cells to generate a stably expressed
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HuNoV replicon model, designated HG23. The location of the two primer sets including Bi:NoV
specific primers (NVp35 and NVp36) and neomycin primers-fNaad NeeR) were indicated. (B)

The specificity of primers Nee and NeeRwasverified by using purified plasmid pNWo as initial
template. After 30 cycles of amplificati a single band at 804 bp was indicative of the specificity of
the primer pair. (C) Primer pair NVp35 and NVp36 produced a specific and dominant band of 470 bp
and showed robust specificity.

100 >100

IFNa IFN IF IFNA1T  IFNA3

IRF2
MOV10
IRF-1
NAMPT
HPSE
STAT2
IFITM3
STAT1
IRF-7
IFI27
PKR
MAP3K
14
IRF-9
RIG-I
CXCL1
0
OASL
IFIT2
RSAD2
IFIT1
OAS3
IFITM1
IFIT3
RTP4
IFI6
ISG15
DDX60
MDAS5
IFI44L
Mx1

FigureS3The mRNA expression of 29 ISG genes was assessefRBPCR, normalized to
GAPDH and shown as fetthange expression comparetd the control sample.HG23 cells were
treated with high concentration of IFN%,000 IU/mUFN', 1,000 IU/mUFN , 100 ng/mLIFN, 100
ng/mLIFN<L and 100 ng/mUFN3) or medium. Ater 2 days of treatmentthe gene expression (nfold)
was shown as a color scale.
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0.59%| CTR

% of Max
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Figure S4 Analysis of RFP expression by flow cytometry showed the successful deliver and
expression of ISG genes in HG23 cdlly. HG23 cells were transduced with a cohtrector that
expressed a Photinus pyralis luciferase (Fluc) gene. At indicated time points of 12, 24 andsA8 h
flow cytometry was performed to detect the expression of RHfex axis represented fluorescence
intensity of RFP, whilg axis indicated e percentage of the total cell population. (B) HG23 cells
were transduced with HPSE overexpression lentiviral vector. Afteroti®siof transduction the
expressionevel ofHPSE was confirmed by detecting RFP. (C) Flow cytometry data denexhgeat
sucessful expression ®&TP4 after 72dursof transduction.

A |RE-1 B RIG

I 0.23%| CTR I

0.26%| 12 h

0.17%| CTR

0.36%| 12 h

% of Max
% of Max

1.08%| 24 h 0.72%| 24 h

8.33%| 48 h 30.6%| 48 h

CTR

| 0.47%)

2.74%| 12 h

% of Max

9.38%| 24 h

58.6%| 48 h

RFP

Figure SFlow cytometry data demonstratedhe successful overexpression of IRFRIGI
and MDAS in HG23 cell$iG23 cells were transduced with lentiviral vectors-1RR), RIG (B) or
MDAS5 (). After 12, 24 and 48ohrs of transduction the percentage of RFpositive cells was
detected by flow cytometry.
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Figure S6 Besides IRFRIGI and MDA5, Ci890550 blocked the induction of other ISGs by
IFNs.(A) HG23 cells were treated with IFNsK Jihibitor CF590550 (1000 ng/mL) or in combination.
After 2 days of treatmentthe expression levels for ISGs were quantified by-BRR and compared
to medium control § = 3 independent experiments with duplicates each). atpresented aghe
mean+ SEM (*P< 0.05; **,P< 0.01).
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