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ABSTRACT
Human norovirus (HuUNoV) is a principal cause of acute gastroenteritis. Its

global prevalence is underscored by ~700 million infections and >200,000 deaths
annually. Currently there are no licensed vaccines or therapeutics to lessen
HuNoV disease burden. Vaccine options are limited to recombinant approaches
because a vaccine-approved cell substrate has not been shown to support
HuNoV. Vero cells have been used extensively as a viral vaccine cell substrate
because of their deficiency in interferon responsiveness. In these studies, HuNoV
replication in Vero cells was examined, host-targeted strategies evaluated, and
exosome-mediated HuNoV infection assessed to improve HuNoV replication.
These studies provide support for use of Vero cells as a platform-enabling

technology for HuNoV vaccine development.
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CHAPTER 1

INTRODUCTION

Human noroviruses (HuNoVs) are a leading cause of foodborne
disease and acute gastroenteritis worldwide [1,2]. This association is poised to
continue as there are currently no licensed therapeutics or vaccines against
HuNoV. Several hurdles have hampered vaccine development of HuNoV
countermeasures, most notably the lack of an in vitro cell culture system. Recently,
strides have been made in studies showing that HuUNoVs can be propagated in
vitro [3,4]. Unfortunately, the methods described are not suitable for most vaccine
production. Regulations requiring reproducibility and safety prohibit the use of
these uncharacterized cell systems [5]. The most time-efficient and cost-effective
solution is to develop a mammalian cell line that has already met the vaccine
standards of the pharmaceutical industry. Vero cells are a vaccine-approved
African green monkey kidney cell line that support an array of viruses and have
been used to generate vaccines against influenza virus, poliovirus, rabies virus,
and rotavirus [6]. The long-term goal of this research project is to develop a robust
vaccine-approved cell line that supports HUNoV replication. The central hypothesis
of this project is that Vero cells will support HuNoV replication and aid the
development of a HuNoV vaccine. The rationale is that HuNoV research and

translational HuNoV vaccine development will benefit from this cell culture system.



Specific Aim 1: Determine HuNoV replication in Vero cells. The working

hypothesis is that Vero cells support HuNoV replication.

Specific Aim 2: Determine exosome-driven HuNoV replication in Vero cells. The

working hypothesis is that HuUNoV infects Vero cells through exosomes.

Specific Aim 3: Develop a Vero cell substrate for enhanced HuNoV replication.

The working hypothesis is that the Vero cell model can be enhanced by media

supplementation and host-targeted gene expression disruption.
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2.1 Human Norovirus (HuNoV) Introduction

Noroviruses (NoVs) are members of the Caliciviridae family [1]. The NoV
genus is subdivided into at least ten genogroups containing more than forty
genotypes [2,3]. NoV nomenclature constitutes inclusion of the genogroup,
represented by a Roman numeral, the genotype, represented by a mathematical
numeral, and lastly the strain name, typically the city where it was first isolated
(e.g. Gll.4 Sydney). Classification of the genogroups and genotypes is based upon
the amino acid homology of the major capsid protein-coding region (<2x standard
deviation) [3,4]. Generally, genetic diversity of greater than 44.9-61.4% separates
the genogroups, while genotypes maintain differences greater than 14.3% but not
to exceed 43.8% [4-6]. Genogroups |, Il, and, to a lesser extent, IV, VIII, and IX
infect humans, while genogroups Il (bovine), V (murine), VI (feline/canine), VII
(canine), and X (bat) are generally mammalian species-specific; all of which are
not believed to be zoonotic [2,3,7-9]. Additionally, only circumstantial evidence of
reverse zoonosis exists [10,11]. The genogroups are further stratified into the
corresponding number of genotypes: Gl (n=9), Gll (n=27), Glll (n=3), GIV (n=2),
GV (n=2), GVI (n=2), GVII (n=1), GVIII (n=1), GIX (n=1), and GX (n=1) [3].

HuNoVs are non-enveloped, single-stranded, positive-sense, RNA viruses
[12-14]. Their 7.5-7.7 kb genomes contain three open reading frames (ORFs) [15].
ORF1 codes for the six nonstructural proteins, in order from N-terminus to C-
terminus: p48 (45 kDa), NTPase (40 kDa), p22 (22 kDa), VPg (15 kDa), 3C like
protease (3CLP™) (20 kDa), and RNA dependent RNA polymerase (RdRp) (55

kDa) [16-18]. Subgenomic RNA, containing ORFs 2 and 3, codes for the major



and minor structural proteins, VP1 (58 kDa) and VP2 (22 kDa) respectively [19].
The polycistronic nature of the subgenomic RNA permits VP2 translation by a
ribosome termination-reinitiation mechanism [20]. Short, identical, untranslated
regions flank the 5" and 3’ ends of the genomic and subgenomic RNAs [21,22].
VPg covalently links to the genomic and subgenomic RNAs at their 5’ ends, while
the 3’ ends are polyadenylated [23-25]. Larger amounts of subgenomic RNA
relative to genomic RNA are typically observed in cells because of the substantial
demand for structural proteins [24]. The entire HuNoV replication cycle occurs
within the cytoplasm and is thought to be membrane-associated (endoplasmic
reticulum (ER), endosomes, and Golgi apparatus) [26-28]. Of note, murine NoV
(MuNoV) prolongs the G1 phase of the cell cycle to create conditions favorable for
virus replication [29]. Lack of permissive cell lines and small animal models has
severely hampered HuNoV protein structure and function analyses. To elucidate
information about the viral proteins, many studies have been completed in
recombinant systems or by analyzing homologous proteins [16].

The six nonstructural proteins of ORF1 are translated as a single 200 kDa
polypeptide before co- and post-translational autocatalytic cleavage by the viral
protease, 3CLP™ [17,30]. p48 exists as both a cytosolic protein and as a cleaved
variant that is secreted [31]. The secretion of p48 may affect cell tropism in vivo
[31]. p48 and p22 work in concert to disrupt host cell protein secretion and
disassemble the Golgi apparatus [30,32,33]. p48 interrupts vesicle transport along
the trans-Golgi network [32]. Likewise, the mimic of an ER export signal motif of

p22 prompts secretory pathway antagonism, while a domain outside of this motif



is thought to function in Golgi breakdown [34]. p22 also affects actin mobilization,
which may affect tissue repair [35]. The viral NTPase is a nucleoside
triphosphatase that traditionally enhances the efficiency of viral genome
transcription. The HuNoV NTPase has been shown to bind and hydrolyze
nucleoside triphosphates, but conflicting data exist on whether or not the HuNoV
NTPase functions as a helicase and RNA chaperone [36,37]. Additionally, the
HuNoV NTPase triggers vesicle production, apoptosis [38], and downregulation of
MHC class | surface presentation [39]. NTPase interactions with either p48 or p22
enhance the induction of apoptosis [38]. VPg is required for productive infection as
it recruits the host eukaryotic translational machinery, elF4E, to orchestrate the
translation of HUNoV proteins [40,41]. G3BP1, a stress granule protein involved in
unwinding double-stranded nucleic acids, has also been identified as a necessary
host protein required for efficient VPg-mediated HuNoV protein translation [42].
Additionally, VPg assists in transcription through a mechanism known as “protein-
priming” [21]. VPg has also been implicated in causing cell cycle arrest at the G1/S
phase by decreasing cyclin A production [40]. This mechanism, independent of
viral RNA binding, generates conditions favorable for virus replication. 3CLP™
cleaves the polyprotein temporally depending on the scissile cleavage site: “early”
(glutamine-glycine) or “late” (glutamic acid-glycine/alanine) [18,43,44].
Additionally, the 3CLP™ is functional (possibly more efficient) while still in complex
with the RdRp [43]. Using the poly(A) tail as a template, the viral RdRp initiates
transcription of the antigenome by uridylylating VPg [21]. The poly(U) sequence

serves as a primer for antigenome creation [21]. Subsequent transcription of viral



genomes and subgenomes is carried out de novo [21]. HuNoV polymerase
mutation rates range from 9.0x10* to 2.2x10° substitutions per nucleotide site
[45,46]. Additional mutation of HUNoV genomes is carried out by host-encoded
adenosine deaminases [45]. VP1 and VP2 serve as the major and minor capsid
proteins. 180 copies of VP1 each take the form of one of three capsomeres (A, B,
or C), which dimerize (A:B and C:C) to form the 30—40 nm (10 MDa) icosahedral
(triangulation number=3) capsid, characterized by 32 cup-shaped indentations
[47,48]. The VP1 protein contains two domains: protruding (P) and shell (S) [49].
The P domain is further classified into the P1 (amino acids 226-278 and 406-520)
and P2 (amino acids 279-405) subdomains, of which P2 is responsible for virus
binding to the host cell [48,50]. VP2 regulates VP1 expression in cis [51] and
provides interior structural support [52-55]. VP2 is required for feline calicivirus
infections [56], possibly because it forms a portal to facilitate genome trafficking
out of endosomes and into the cytosol [57]. However, other caliciviruses do not
require VP2 [58] and it remains unclear whether or not VP2 is required for HuNoV

infections.

2.2 Infection Features

HuNoV causes acute gastroenteritis typified by watery diarrhea and
vomiting. HUNoV infections may be transmitted by consumption of contaminated
food, water, contact with HuNoV-containing surfaces, or person-to-person
transmission through fomites [59-65]. Epidemics arise due to the low infectious

dose and short incubation period associated with infection. Experimentally a 50%



infectious dose (IDso) of 18 virions was established for Gl.1 Norwalk virus [66],
although there were limitations with this study and the IDsg is likely closer to
1.32x10%-2.80%103 viral particles [67]. To date, no IDso for humans has been
reported for Gll.4 HuNoVs. Although a particle to plaque-forming unit (PFU) ratio
has not been elucidated for HuNoV, the ratio for MuNoV has been reported at
between 100-10,000 genome equivalents (g.e.)/)PFU, a value similar to
picornaviruses (1,000 g.e./PFU) [67]. Upon ingestion of the virus, a brief incubation
period (24—48h) [68-70] is followed by a symptomatic period of 12—60h [69-71].
Antigen detection in the stool occurs as early as 1 day post-infection (dpi), although
never before the onset of symptoms [72]. Viral replication is presumed to occur in
the duodenum and jejunum of the small intestine based on histopathologies such
as intact mucosa with villous blunting, villous shortening, crypt hypertrophy,
increased epithelia apoptosis rate, and increased lamina propria cellularity [73-79].
Abnormal mucosal histopathology is visible before clinical symptoms and persists
for multiple days after symptoms have resolved [73,77]. Epithelial [80-82] and
immune [83,84] cells have been implicated as the potential sites for in vivo
infection, but the precise cellular tropism for HuNoV remains unclear. M-cells
facilitate MuNoV access to immune cells in basal intestinal compartments such as
Peyer's patches and the lamina propria [85]. The delivery of HuNoV by
multivesicular body-derived exosomes has also been demonstrated [86].
Furthermore, exosome-associated viruses may be more infectious than naked
viral particles [86]. Interestingly, one study found that MuNoV could remain

infectious in the intestines for 24h without crossing the epithelial barrier or



replicating [87]. HUNoV RNA has been detected in sera [88-91] (<25% of cases)
and cerebral spinal fluid [89,91] of symptomatic patients but infection of tissues
outside of the intestinal tract has not been proven. The presence of HuNoV RNA
in the blood may be associated with higher levels of virus shedding [88,90]. Virus
shedding begins at the onset of symptoms and although symptoms are generally
short-lived, virus shedding can occur over a month in healthy individuals [67,92-
94]. Virus shedding is known to exceed 10° particles/gram of stool and 108
particles/mL of vomit [95]. Asymptomatic infections are quite prominent [70,96,97]
and it remains unclear whether or not asymptomatic individuals shed as much virus
as their symptomatic counterparts [98-100]. However, symptomatic individuals
generate more robust IgG and IgA antibody responses than asymptomatic
individuals [101,102].

When hygienic practices are neglected, high viral titers can persist. Routine
drinking water chlorination levels (typically <1.0 part per million (ppm)) may be
inadequate for HuNoV inactivation as levels up to 6.25 ppm have failed to stop
HuNoV replication [72,103,104]. Chlorine levels of 10 ppm [72,103] or 50 ppm
[104] were needed to inactivate HuNoV. The Centers for Disease Control (CDC)
and the Environmental Protection Agency state that chlorination levels below 4
ppm are considered safe for consumption. Washing hands with soap and water
has been shown to remove HuNoV particles more effectively than alcohol-based
hand sanitizers [105]. The simple flushing of a toilet generates aerosols that
present another avenue for exposure to HuNoV [95]. How hands are dried after

washing also affects the dispersion of HuNoV particles [106]. An increased rate of

10



HuNoV transfer under wet conditions, as opposed to dry conditions, further
highlights the importance of proper handwashing and drying [107]. These
compounding factors, and many others, have allowed HuNoVs to become the
leading cause of acute gastroenteritis and foodborne illness worldwide [22,108-

113].

2.3 Burden

Children, the elderly, and the immunocompromised are predominantly
susceptible to severe disease. HuNoVs can infect infants multiple times within their
first year of life [100,114,115]. A vaccine would most benefit children, up to age 5
[110], as globally this age group suffers an estimated 70,000 HuNoV-related
deaths annually [116]. Given the high infection rates of children, it is not surprising
that seropositivity approaches 100% for adults [117,118]. While young adults are
typically the least affected by HuNoV, the reemergence of a Gll.17 HuNoV in the
winter of 2015 was detrimental to this age group [119]. The elderly are at increased
risk for HuNoV-associated severe disease, likely because of waning immunity and
the need for close quarters assisted living. Long-term care facilities are the most
common locale for HuNoV outbreaks (62.5%) [60]. Furthermore, 90% of HuNoV-
associated deaths in the United States occur in patients older than 65 years of age
[120,121]. Persistently infected immunocompromised individuals maintain a larger
pool of viral quasispecies than acutely infected individuals [122]. Emergent
pandemic strains were thought to originate from persistently infected

immunocompromised individuals [123,124], however recent findings refute this
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claim [125] as well as the claim that immunocompromised patients maintain
HuNoV populations with higher mutation burdens [126]. Therefore, the reservoir
for emerging pandemic strains is still in question.

HuNoVs cause ~700 million infections and ~220,000 deaths annually [116].
This results in an economic burden of ~$64.5 billion, mostly from loss of
productivity [116]. In the United States alone, there are 21 million cases annually
resulting in 2 million hospital visits and 800 deaths [121,127,128]. HuNoV
outbreaks display a winter seasonality with 63—84% of cases occurring between
October and April in the United States [121,129,130]. Spontaneous cases arise,
but most are associated with outbreaks (basic reproduction rate (Ro)=1.64—-2.90)
[131-133], especially during cold, dry months. HuNoV outbreaks are discernable
from those caused by other gastrointestinal pathogens using the Kaplan criteria
(99% specificity and 77% sensitivity) [71,134]. To fulfill these criteria the outbreak
should consist of the following clinical and epidemiological characteristics: (1)
>50% of affected persons should present with vomiting, (2) have a mean (or
median) incubation period of 24—48h, (3) have a mean (or median) duration of
illness of 12—60h, and (4) stools are negative for bacterial or parasitic pathogens
[71,134]. In the United States, HuNoV outbreaks are reported to CaliciNet for
epidemiological purposes [135]. CaliciNet data has been published for 2009-2013
[60] and 2009-2016 [130]. 83.7% of outbreaks with a known transmission route
were caused by person-to-person transmission, while only 16.1% were food-
borne. The outbreaks were mainly concentrated in long-term care facilities

(62.5%), restaurants (9.8%), and schools (5.7%). Gll HuNoVs caused the majority
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of outbreaks (89%), with the remaining 11% caused by Gl HuNoVs. 72% of all
outbreaks were caused by GIl.4 viruses, of which, 94% were the direct result of

the circulating pandemic strains, Gll.4 New Orleans or Gll.4 Sydney.

2.4 Gll.4 HuNoVs and Pandemics

A Gll.4 HuNoV was the first detected pandemic strain isolated in 1995 (Gll.4
US95-96) [2]. Pandemic Gll.4 strains then emerged every 2-3 years beginning
with Gll.4 Farmington Hills (2002), Gll.4 Hunter (2004), Gll.4 Yerseke, and Gll.4
Den Haag (2006), Gll.4 New Orleans (2009), and Gll.4 Sydney (2012) [2,136].
Since 2001, all Gll.4 pandemic strains have encoded an RdRp mutation that
increases the incorporation rate of nucleotides, facilitating rapid progeny
generation [46]. It is thought that the first four pandemics arose due to antigenic
drift through mutations within the P2 domain of the capsid [136]. VP1 nucleotide
substitutions occur at a rate of 4.3x10-3 substitutions/site/year for Gll.4 HuNoVs
[5], which is in line with other estimates [119]. Primarily, these mutations map to
receptor blockade epitopes [46,137]. As little as a 5% difference in the VP1 amino
acid sequence may have drastic effects on the host’s ability to protect against
infection [138]. The more recent pandemics, New Orleans (2009) and Sydney
(2012), may have evolved through both antigenic drift as well as antigenic shift via
recombination at the ORF1-ORF2 interface [136]. To monitor the emergence of
novel strains, recommendations have been made to report both RdRp (ORF1) and

VP1 (ORF2) sequence information to identify novel recombinants [139]. The
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current circulating strain is a recombinant of the Gll.4 Sydney pandemic strain
(GIl.P16/Gll.4 Sydney 2012) that emerged as early as 2014 [140,141].

Gll.4 HuNoVs undergo epochal evolution, by which an emerging strain
becomes dominant, effectively replacing the previous circulating strain [142-144].
Gl and other GIl genotype HuNoVs do not appear to evolve via epochal evolution
and have remained relatively static for decades [117,145]. The evolution of Gll.4
HuNoVs correlates with increased mutation rate, antigenic space, and herd
immunity [137], leading to their dominant prevalence worldwide [146]. Gll.4
HuNoVs in particular have evolved novel binding patterns to their cellular

attachment factors, histo-blood group antigens (HBGAS).

2.5 Histo-blood Group Antigens

HBGAs constitute a group of O-linked carbohydrate structures that are
constructed in a stepwise manner by monosaccharide addition by
fucosyltransferases and glycosyltransferases [147]. Nine different HBGAs have
been shown to interact with HuNoVs, including the A-, B-, and H-antigens, and
Lewis A, B, X, and Y carbohydrates [125,148,149]. Most notable are the
interactions between HuNoVs and the ABO blood group members (A-, B-, and H-
antigens). Classically, fucosyltransferase 1 (FUT1) catalyzes the transfer of fucose
to a quadrasaccharide chain (glucose-galactose-N-acetylglucosamine-galactose)
generating the H-antigen that is expressed on red blood cells. The ABO blood gene
encodes for the HBG ABO system governing whether glycosyltransferases add

either a terminal N-acetylgalactosamine (Type A) or galactose (Type B) to the H-
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antigen. No additional ornamentation results in a Type O individual that expresses
the H-antigen. Fucosyltransferase 2 (FUT2) enzymatic activity causes the
secretion of the H-antigen and its presentation on epithelial cells along mucosal
surfaces [24]. Expression of the autosomal dominant FUT2 gene (FUT2'* or
FUT2*") classifies an individual as a secretor or secretor-positive. Individuals that
lack a functional FUT2 or are FUT2" are termed non-secretors or secretor-
negative. Genotypically, the homozygous single nucleotide polymorphisms G428A
and A385T most commonly produce a non-functional enzyme. The G428A
mutation is observed in 95% of non-secretors of European and African descent,
affecting ~20% of these populations [131,150-152], and the A385T mutation is
mostly observed in non-secretors of Asian descent [153,154]. Additionally, at least
fifteen other rare FUT2 polymorphisms have been reported [155].

HBGAs became implicated in HuNoV infection upon the determination that
non-secretors were immune from infection with the prototype GIl.1 Norwalk virus
[156,157]. Norwalk virus causes infections in persons with blood type O more
readily than other blood types and binds to the H- and A-antigens more efficiently
than the B-antigen [156,158]. A different trend was observed for GIl.17 HuNoVs in
which they preferentially bound the A- and B-antigens, but not the H-antigen [119].
In contrast, a Gll.4 HuNoV human challenge study and a GII.6 outbreak report
found that no ABO blood group accounted for either increased or decreased
susceptibility to infection [146,159]. Additionally, neither secretor status nor ABO

blood group has been associated with infectivity of a Gl.3 isolate, a Gll.2 strain
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(Snow Mountain), and two GI.3 strains (Desert Shield and VA115) [102,160-163].
Therefore, HUNoV binding to HBGAs is strain-dependent [164,165].

HBGA binding epitopes are localized to the P2 subdomain of VP1. The
docking locations for HBGAs are well-conserved within genogroups but disparate
between Gl and Gll HuNoVs [166]. Binding originates from an anti-parallel B-sheet
for Gl and the dimeric interface for Gll HuNoVs [167]. Interestingly, the dimeric
interface of MuNoV also binds bile acids [168]. It is unclear if bile acids affect HBGA
binding in Gll HuNoV strains [169,170]. HBGA binding to Gl uses both the a-fucose
and B-galactose of the carbohydrate chain, while Gll binding occurs solely via the
a-fucose [167]. This may explain the Gl HuNoV proclivity for the H-antigen rather
than the A- or B-antigens as the interaction with the 3-galactose may be sterically
hindered by the a-(1,3) addition of either an N-acetylgalactosamine or another
galactose respectively [150]. This may partially explain the trend of Gl HuNoVs
having a broader HBGA binding profile. The same epitopes involved in
carbohydrate binding are thought to be immunodominant drivers of antibody
neutralization.

Without a direct assay to measure antibody neutralization, an HBGA
blocking assay that analyzes antibody disruption of HuNoV binding to
carbohydrates has been used [49,171]. These surrogate neutralizing antibody
titers are termed HBGA blocking antibody titers. Hemagglutination inhibition
assays have also been used to evaluate HBGA blockade [158,172,173]. From
these studies six blockade epitopes have been discovered (Epitopes A—F). Epitope

A is thought to be immunodominant as blocking this epitope accounts for up to
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60% loss of binding to carbohydrates [137,174,175]. Evolutionarily, Epitope A
appears to be the major driving factor behind escape from herd immunity of
emergent Gll.4 HuNoVs [137]. Epitope B is located at the dimeric interface, while
Epitope C is adjacent to the HBGA binding pocket [175]. Epitope D alters the
HBGA binding of Gll.4 strains [144,174], Epitope E is Gll.4 Farmington Hills-
specific [176], and Epitope F is universally conserved in all Gll.4 strains [117].

Recently, Gll.4 neutralization epitopes have been mapped [172].

2.6 Vaccines

Several obstacles have prevented the licensing of a HuNoV vaccine,
namely lack of a cell culture system, limited small animal models, broad viral
genetic diversity, antigen drift, and lack of pre-exposure protection parameters
[166,171]. Additionally, the duration and breadth of protection following natural
HuNoV infection are unclear [115,131,156,177-180]. Administration of a HuNoV
vaccine by 6 months of age has the potential to prevent up to 85% of pediatric
HuNoV cases [180,181], thus a HuNoV vaccine could be cost saving [110]. The
HuNoV vaccine field has produced several promising candidates that rely on the
production of non-replicating, empty, virus-like particles (VLPs). These strategies
are categorized as VLPs, P-particles, and P-dimers. The VLPs are produced in
insect cells using a baculovirus system that expresses VP1 with or without VP2
[19,53,182,183]. Self-assembling HuNoV VLPs are antigenically and
morphologically similar to the native viral capsids [19,147,184]. P-particles are

nanoparticles produced in Escherichia coli that contain 24 copies of the P domain
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[185]. P-dimers are also produced in E. coli and only contain two P1 domains linked
by a central P2 domain [186].

HuNoV VLPs are antigenically similar to native capsids, safe, and
immunogenic when delivered orally [182,184,187], intranasally [127,188], or
intramuscularly [108,188,189]. In regards to immunogenicity, VLP immunization
induces a robust IgG1 response against VP1 [184]. VLP vaccination also induces
the production of serum IgA against VP1 [183-185,189-192]. VLP vaccination
generates better memory IgG responses than memory IgA responses [191].
Intramuscular VLP vaccination recapitulates natural infection antibody responses
except for the detection of norovirus-specific saliva IgA or fecal IgA beyond 28
days post-vaccination [99,191,193]. Similarly, oral and nasal administration do not
reliably induce the production of mucosal IgA [182,187,194,195]. VLP vaccination
with a mucosal adjuvant enhances mucosal immunity in large [194,196] and small
animal models [186,187,195,197,198]. Although different assays were performed,
the intramuscular administration of VLPs showed an increased percentage of
memory IgG B cells when compared to oral administration [191]. Interestingly,
secretor status does not affect early humoral responses, but a secretor-positive
phenotype has been associated with increased persistence of memory antibodies
at late time-points (6 months post-VLP vaccination) [117,171]. Currently, the two
most promising VLP vaccine candidates are a non-replicating adenovirus-vectored
oral Gl.1 vaccine [199-201], and an intramuscular bivalent Gl.1 and Gll.4 vaccine

[202], having completed phase | and phase Il clinical trials, respectively.
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The bivalent vaccine is comprised of a Gl.I VLP and a Gll.4 VLP that
contains consensus sequences from Houston, Yerseke, and Den Haag strains
[188,190]. Phase | trials demonstrated that injection of a cocktail containing 50 ug
of each VLP adjuvanted by 50 pg of 3-O-desacyl-4’-monophosphoryl lipid A
(MPLA) and 500 ug of aluminum hydroxide yielded the highest antibody titers and
was selected for further evaluation [190]. Further formulation optimization yielded
a final cocktail of 15 pg of GI.1 VLP, 50 ug of Gll.4 VLP, and 500 pg of aluminum
hydroxide [192]. MPLA did not enhance immune responses to the vaccine or non-
vaccine strains in adults (18-85+ years of age) [192,203,204]. A subsequent
heterologous (Gll.4 Farmington Hill) challenge phase |-l study showed that this
vaccine significantly reduced the severity of gastrointestinal disease [108]. No
boosting effect has been shown upon the administration of a second dose 28 days
after the first dose [108,190,192,204]. Of note, vaccination also elicits increased
antibody titers against non-vaccine antigens [203]. Phase Il clinical trials are
currently underway to evaluate the long-term durability of antibody responses
[205].

Several reports have shown that HuNoV P-particles do not trigger T cell
production of interferon lambda (IFN-A) or cross-reactive B and T cell responses
[206] and they inefficiently present important surface epitopes [176]. However, P-
particle vaccination provides a unique opportunity for vaccination against multiple
pathogens. Each of the 24 P domains within the P-particle contains 3 surface-
exposed loops each of which can be engineered to present a peptide antigen. This

system has been utilized to develop dual-vaccines against influenza virus (HA and
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M2e) [207,208] and rotavirus (VP8) [209]. Additionally, edible P-particle vaccines,
grown in genetically modified tobacco and potato plants, are safe and
immunogenic [210]. Success in developing a HuNoV vaccine is predicated on a
strong understanding of HUNoV immune responses.

HBGA blocking antibody titers and HuNoV-specific serum IgA titers are
correlates of protection from HuNoV infection [211-213]. HBGA blocking titers
>200 have been associated with a reduction in symptoms and HuNoV infection
[117,213]. Additionally, HBGA-blocking antibody titers correlate with neutralizing
antibody titers [214]. Detection of Gll.4-specific IgA has been linked with
decreased risk of infection and illness [213]. However, other human infection
studies (Gl.1) determined that pre-existing IgA levels did not correlate with
protection from infection [101,215]. Production of memory IgG correlates with
HBGA blockade titers and serum IgA levels but has not been established as a
correlate of protection yet [216]. This may be due to more specific targeting of
serum IgA antibodies to neutralizing epitopes [189]. None of these represent fully
penetrant immunological correlates of protection and therefore are considered
correlates of risk [217]. Currently, the field’s understanding of the adaptive immune
response does not fully explain whether an individual will become infected or not.
Nonetheless, MuNoV studies demonstrate that B cells and CD4" T cells have
crucial roles in protection from infection, while CD8" T cell responses may be

ancillary [138,218].
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2.7 Innate Immune Responses to Infection

Innate immune responses to MuNoV infection have provided valuable
insight into how NoVs replicate and some of the methods used in response to
these infections. The predominant contributors in the innate immune response to
NoVs are IFNs [219]. Mice lacking IFN-a, IFN-B, and IFN-A receptors displayed
increased MuNoV titers in secondary infection sites such as the brain and lungs
[218]. This effect was shown to be dose-dependent because substantial lethality
was only observed when larger doses of MuNoV were administered to IFN-a”-3”
receptor KO mice [218]. Also, exogenous addition of IFN-A to IFN-a”87y”~ receptor
KO mice prevented MuNoV infection and transmission [220]. Alternatively,
contrasting results showed that IFN-a’-B” or IFN-y” receptor KO mice were
similarly likely to die from MuNoV infection as wild type controls [221]. However,
one study reported that type | IFNs are not required for protection from MuNoV-3
infection [138]. Analysis of chemokine [222,223] and cytokine [223] responses
have also been characterized for MuNoV infection in vitro. These studies
highlighted the complexity of the innate immune response when considering viral
strain differences.

Cytokine analysis of human patients experiencing acute HuNoV infections
has been examined for Gl.1 and GII.2 viruses [98,224]. In these studies, infection
with GI.1 Norwalk virus resulted in significantly elevated levels of IFN-y, interleukin
2 (IL-2), IL-6, IL-8, IL-10, IL-12p70, tumor necrosis factor a (TNF-a), and the
chemokine, C-C motif chemokine ligand 2 (CCL2) [98,224]. Serum cytokine levels

began to increase at 24 hours post-infection (hpi) and persisted until 48hpi. IL-8
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and TNF-a levels remained significant at 72hpi and IL-10 levels persisted to 4dpi,
possibly suggesting early B cell maturation [224]. Infected asymptomatic patients
maintained significantly lower levels of IFN-y, IL-1B, IL-1RA, IL-2, IL-4, IL-6, IL-8,
IL-10, and TNF-B compared to symptomatic patients [98]. No pre-vaccination
serum cytokines were predictive of the duration of HuNoV shedding [98]. However,
daily levels of IL-6 were positively associated with HuNoV RNA shedding, while
daily levels of IL-12-p40 were negatively associated with HuNoV RNA shedding
[98]. Finally, no difference in viral shedding titers was reported between
symptomatic and asymptomatic patients suggesting that symptoms may be related
to the immune response to HuNoV infection [98]. This is consistent with the roles
of CCL2, IL-6, and IL-8 in causing inflammation due to innate immune cell
recruitment, and intestinal damage and dysfunction [224]. Experimental infection
with a GlIl.2 HuNoV increased IFN-y, IL-2, and IL-5 production at 8 or 21dpi [102],
while individuals naturally infected with a Gll.2 HuNoV, had increased levels of
IFN-y, TNF-a, and IL-10 secretion that persisted to 1 month post-infection [162].
The importance of cytokine responses and innate cell populations for controlling

HuNoV disease is unclear.

2.8 Antibody Responses to Infection

Volunteer studies using GIl.1 Norwalk virus were invaluable for providing
insight into early antibody responses to infection. IgM was detected at 7dpi and
peaked by 10-15dpi [101,215,225]. Peak IgM titers dropped by 53% at 28—-30dpi

[215]. Despite the decrease in virus-specific IgM, its presence has been detected
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out to 5 months post-infection [101]. IgG seroconversion occurs by 8—14dpi but
was delayed (=15dpi) in asymptomatic patients [101,102]. IgG titers remained
constant following seroconversion [72,215] and primarily belong to the IgG1
subclass [102]. Additionally, seroconversion of IgG in the absence of IgM
seroconversion was rare [225]. Serum IgA titers peaked between 10-13dpi and
waned by 28-30dpi [102,215]. Symptomatic patients typically mount stronger,
longer-lasting IgM, 1gG, and IgA responses than their asymptomatic counterparts
[101,225]. Some HuNoV antibodies cross-react within genogroups
[102,145,156,226-228]. Antibody cross-reactivity has been suggested as a reason
why pre-infection serum antibody levels determined by ELISA are not predictive of
infection status or antibody responses [102,212,225]. While experimental human
infection studies have provided valuable information about virus-host interactions,

they do not nullify the necessity for robust HuNoV models.

2.9 Large Animal Models

Efforts to develop large animal models of HuNoV infection began with
unsuccessful attempts to infect non-human primates (NHPs), e.g. rhesus monkeys
and baboons, with HuNoV [229,230]. It was discovered that chimpanzees produce
serum antibodies and shed virus upon oral HuNoV infection but do not develop
gastroenteritis [229]. A single passage of HUNoV in chimpanzees did not alter virus
shedding, symptom presentation, or antibody production, indicating a lack of
adaptation to the chimpanzee host [229]. Intravenous (i.v.) administration of

HuNoV resulted in asymptomatic infection and antibody responses that were
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dominated by serum IgM and IgG [231]. HuNoV was shed in the feces at similar
times following oral or i.v. infection, but the duration of shedding was increased in
i.v. infected chimpanzees. Viremia was not detected at any time-points, although
viral RNAs were detectable in liver tissue. Interestingly, HUNoV antigens were
detected in the duodenum, jejunum, and lamina propria (dendritic cells (DCs))
despite no histological changes to the intestines [231]. Lastly, an IDso of 4.0x107
g.e. was established for i.v. infection of chimpanzees [231]. Regulations and a lack
of disease presentation limit the utility of the chimpanzee model for HuNoV studies.

Adult and neonatal pigtail macaques are susceptible to HuNoV infection
[232]. The onset of virus shedding and its duration, as well as the presence and
duration of diarrhea, are similar between adults and neonates [232]. In one study,
an adult pigtail macaque vomited during the study, a symptom not previously
observed in any other HuNoV animal model [232]. Evaluation of the pigtail
macaque animal model may be useful if these animals consistently display
symptomatic diarrhea and vomiting because of HuNoV infection. Experimental oral
infection of other NHPs (common marmosets, cotton-top tamarins, and
cynomolgus macaques) did not induce the production of HuNoV-specific
antibodies or robust virus shedding [233]. However, a single rhesus macaque from
this study shed virus for over 2 weeks and maintained robust IgG titers until the
end of the experimental time-course [233].

Gnotobiotic (Gn) piglets develop diarrhea, shed virus, and have detectable
levels of HuNoV in the intestines upon oral infection [234-240]. Although low,

HuNoV-specific serum and mucosal antibodies have been reported in Gn piglets
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[240]. Additionally, HuNoV remains infectious after two passages in Gn piglets
[234]. Like chimpanzees, the passage of HUNoV in Gn piglets did not improve any
infection parameters. An IDso for oral HUNoV infection of Gn piglets has been
established at <2.74x10° g.e for 4—5-day old piglets and 6.43x10* g.e. for 33—-34-
day old piglets [236]. The Gn piglet model has been used to test adjuvanted HuNoV
VLPs [196] and inactivation of HuNoV by high-pressure processing [241]. Work
with the Gn piglet model has also been expanded to include RAG2IL2RG"
double KO piglets that experience prolonged HuNoV antigen retention in the
intestines and asymptomatic virus shedding [237]. In contrast, piglet models with
natural flora, such as the miniature piglet model, lack substantial disease
presentation [242]. Simvastatin, a cholesterol-reducing statin, has been shown to
increase HuNoV infectivity and disease in the Gn piglet model [236,243]. These
results strengthen a report that statin use is a risk factor for enhanced HuNoV
disease in humans [244]. Simvastatin has immunosuppressive properties and has
been linked to the downregulation of IFN-a and MHC Il expression [236,243]. Oral
administration of IFN-a to HuNoV-infected Gn piglets delayed the onset of virus
shedding and decreased its duration [243]. The Gn piglet model has also been
used to study how human gut microbiota [245] and individual commensal bacteria
affect HuNoV replication in vivo [246]. Colonization with a healthy human gut
microbiota increased titers shed and the duration of shedding but delayed the
onset of diarrhea compared to uncolonized Gn piglets [245]. Colonization of the
Gn piglet gut with a single bacterial species, the HBGA-expressing Enterobacter

cloacae, inhibited HuNoV replication and virus shedding, possibly because HuNoV
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binds to HBGAs on the bacteria rather than their target eukaryotic cells [246]. This
result contrasts with an in vitro study that showed E. cloacae enhanced HuNoV
infection [83]. The effects of gastrointestinal bacteria (both commensal and
pathogenic) on enteric viral infections represent important considerations relevant
for HuNoV animal model development [247-249]. Furthermore, HuNoV infection of
HBGA-typed Gn piglets has been studied [250].

Gn calves develop diarrhea and shed HuNoV for up to 6 days after oral
infection [251]. Additionally, HuNoV antigen is readily detectable in enterocytes
and the lamina propria of infected calves [251]. Notably, intestinal damage and
intestinal/serum IgA and IgG production are observed in this animal model [251].
Collectively, the pigtail macaque, Gn piglet, and Gn calf models represent the most

promising large animal models for HuNoV.

2.10 Small Animal Models

Attempts to infect adult and suckling mice, kittens, guinea pigs, or rabbits
with HUNoV have been unsuccessful [229,230]. To date, the only mammalian
small animal model described is a recombination activation gene (Rag”’) and
common gamma chain (yc’) deficient BALB/c mouse [252]. The double KO
supported a mixed culture of Gll HuNoVs through intraperitoneal (i.p.) but not oral
infection. Interestingly, dual administration (oral and i.p.) increased viral loads
above those observed after i.p. injection alone [252]. The Rag”’-yc’- BALB/c mouse
model has been implemented to demonstrate the antiviral properties of the

nucleoside analog, 2’-C-methylcytidine (2CMC), in vivo [253]. Commercially
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available wild type BALB/c and Rag”yc’- C57BL/6JxC57BL/10SgSnAi mice do not
support HuNoV replication [252].

Zebrafish larvae have been shown to replicate both Gl and Gll HuNoVs,
with 2CMC treatment substantially decreasing replication [254]. Although HuNoVs
can be passaged in this model, limitations exist namely the infection route requires
injection of exceptionally high titer viruses into the larval yolk, infections are

asymptomatic, and virus shedding has not been successfully detected.

2.11 Reverse Genetic Systems

It has been shown that HuNoV RNA isolated from stool can produce all of
the structural and nonstructural proteins upon transfection into either Huh7 or
Caco-2 cells [24]. Although virions are produced, the infection does not spread to
non-transfected cells indicating blocks at the receptor binding or uncoating stages
[24]. Although inefficient, 100-150 positive cells could be detected after
transfecting 5.0x108 HuNoV RNA molecules into 10° cells [24]. This observation
initiated the development of HUNoV reverse genetics. The first report of a HuNoV
replicon system utilized a recombinant Vaccinia virus strain, modified Vaccinia
Ankara, to drive a T7 promoter-controlled plasmid containing a Gl.1 Norwalk virus
full-length clone in HEK293T cells [25]. This system produced approximately
8.5%x10* HuNoV particles from 12 T-75 flasks [25]. The first GIl HuNoV infectious
clone was created shortly after using a similar Vaccinia virus T7 promoter system
with the GII.3 U201 strain in HEK293T cells [255]. The particles formed using this

system were found to be less dense than naturally isolated HuNoV (1.32 g/cm?
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versus 1.39-1.40 g/cm3®). With both methods, Vaccinia caused HuNoV-
independent cytopathic effects at 72hpi, limiting the utility of these systems.
Subsequently, a helper virus-free Gl.1 Norwalk virus system was developed
[41]. In vitro transcription of a plasmid using Vaccinia-T7 produced a recombinant
RNA that contained the full-length genome with a neomycin resistance gene
inserted into the VP1 gene. The transfection of this recombinant RNA produced
the nonstructural proteins and VP2. Disruption of the VP1 gene prevents the use
of this system to isolate infectious virus because the major capsid protein is
compromised. This system was successfully used to transfect Huh7 and BHK21
cells, but not Vero, 293, 293T, or LLC-PK cells [41]. The transfected cells remained
stably transfected after at least 100 passages, with levels of 2.6x10'" g.e./1 ug of
RNA and 8.0x10® g.e./1 pyg of RNA produced in Huh7 and BHK21 cells,
respectively. Implementation of this system was used to determine that Norwalk
virus was sensitive to 72h treatment with IFN-a (effective dose 50% (EDso) levels
of 2 units/mL and 20 units/mL for Huh7 and BHK21 cells, respectively) [41].
Another study using this system demonstrated that Norwalk virus produced in
Huh7 cells was also sensitive to IFN-y, ribavirin, and mycophenolic acid [256].
Nucleoside analog inhibition of viral transcription by 2CMC [122] or 7-deaza-2’-C-
methyladenosine [257] treatment decreased Norwalk virus production in this
replicon system. Additionally, a GI.1 Norwalk virus replicon-expressing human
gastric tumor-1 system was adapted from the Huh7 system to explore the

development of resistance to rupintrivir, a viral protease inhibitor [258].
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The first true helper virus-free system used the mammalian EF-1a promoter
to drive HuNoV RNA production [22]. This system also supported infectious
MuNoV production [22]. Originally developed for the GII.3 U201 strain, production
of full-length genomes per 10° cells were 8.0x104, 1.4x10%, 2.4x102, and 1.3x10’
copies in COS7, 293T, Huh7, and Caco-2 cells, respectively. As evidenced by
MuNoV production using this system, HuNoV virion production may be up to 10-
fold less than corresponding RNA levels [22]. Differences in virus production levels
can be explained by the transformed cell lines (COS7 and HEK293T) expressing
the SV40 T antigen, which helps drive the SV40 promoter in the expression system
[22]. The utility of this system was enhanced by adding a GFP gene between the
NTPase and p22 HuNoV genes, creating a GFP reporter infectious clone [22].
However, insertion of the GFP gene resulted in up to 50-fold fewer HuNoV virions
being produced [22]. Despite an inability to detect the capsid proteins by Western
blot orimmunofluorescence assays, an ORF2 GFP reporter plasmid indicated that
the structural proteins were being produced [22]. Unfortunately, attempts to adapt
the system to GIl.1 NV68, GII.P4-GIl.3 chimera TCH04-577, and Gll.4 Saga1
viruses resulted in 10- to 1,000-fold less HuNoV production [22]. Although the
HuNoV RNA from these recombinant virions is infectious upon transfection, the
infectivity of the virions has not been tested [22].

Clinical relevancy of HuNoV reverse genetic systems was an issue until the
development of a Gll.4 Sydney 2012 infectious clone [259]. Structural proteins
were readily detected upon transfection of the plasmid into Caco-2 cells [259].

Insertion of a GFP sequence between the NTPase and p22 viral genes generated
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a fluorescent reporter system. However, this negatively affected viral structural
protein synthesis, through an unknown mechanism, as previously observed
[22,259]. The utility and robustness of this system remain unclear as studies
quantifying virus production and demonstrating the passage of the recombinant
virions still need to be completed.

The adoption of all current HuNoV reverse genetic systems is impeded by
their inefficient virus recovery [260-262]. Further studies are needed to develop a
robust HuNoV reverse genetics system to provide a platform for rationally
designed live-attenuated HuNoV vaccines. The lack of a HuNoV reverse genetics
system consequently puts more pressure on the search to uncover a suitable in

vitro cell culture system.

2.12 Cell Culture Systems

Attempts to discover a cell line that could support HuNoV culminated in an
exhaustive effort in 2004 [263]. A total of 27 cell lines were tested against a panel
of 33 HuNoVs spanning Gl and Gll under multiple experimental conditions. Neither
virus replication nor HuNoV-mediated CPE were reported. The first report of in
vitro HuNoV replication came in 2007 [264]. Infection of fully differentiated 3
dimensional (3D) INT-407 cells with Gl and GIl HuNoVs produced microvilli
shortening and an increase in reverse transcription-polymerase chain reaction
(RT-PCR) viral RNA levels at 24hpi. However, this work could not be reproduced
[265,266]. For example, one group noted that ~1% of virions were associated with

the cells and that the majority of them were not intracellular [265]. Another group
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cited the lack of specific carbohydrates as the reason that the 3D INT-407 model
did not replicate HuNoVs [266]. The researchers acknowledged the inability of
others to reproduce their work while simultaneously reporting Gl.1 and Gll.4
HuNoV replication in 3D Caco-2 cells [267]. 2—3 log1o increases in viral titers were
noted at the 72hpi time-point with undetectable levels of replication occurring within
the first 48h [267]. The 3D Caco-2 model had been unsuccessful in previous
attempts despite all cellular characteristics hinting at its usefulness for the field
[263,265]. A follow-up report demonstrated that a Caco-2 clone (C2BBe1) better
supported a GIll HuNoV and produced microvilli more representative of the
intestinal tract [268]. These models have not been further explored or validated. A
spontaneous differentiation 2D Caco-2 model following long-term culture has also
yielded inconsistent HuNoV replication [269].

MuNoV infected macrophages and DCs in vitro [26], and macrophages,
DCs, B cells, and T cells in the gut-associated lymphoid tissue and lamina propria
in vivo [84,270-272]. B cell-deficient mice also support lower MuNoV titers than
wild type mice [138]. Likewise, HUNoV antigen was detected in the lamina propria
of experimentally infected chimpanzees and gnotobiotic calves, possibly
suggesting infection of immune cells [231,251]. While HuNoV could not be cultured
in macrophages or DCs in vitro [273], a Gll.4 HuNoV strain could infect a human
B cell line (BJAB cells) [83]. BJAB cells have been used to validate the antiviral
effects of 2CMC on HuNoV replication in vitro [253]. The BJAB system has been

incompletely optimized, as reproducibility issues exist [274]. Difficulties with the
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robustness of the B cell in vitro system may reflect in vivo tropism discrepancies
[275].

Human intestinal enteroids (HIEs) are currently the most robust HuNoV cell
culture system [81]. Intestinal stem cells harvested from routine endoscopies are
differentiated in vitro into untransformed HIEs that contain enterocytes,
enteroendocrine, Paneth, and goblet cells. It is not clear whether HIEs contain tuft
cells, a rare intestinal epithelial cell type shown to be a site of MuNoV infection in
vivo [80]. This cell system allows for both 2D and 3D culture architectures, with 2D
monolayers being used for HuNoV propagation. Stem cells harvested from each
portion of the small intestine (duodenum, jejunum, and ileum) support the
replication of HuUNoVs, with jejunal tissues generating the highest viral titers. Cells
harvested from secretor-positive individuals readily support the replication of
filtered Gll.4 HuNoVs. The addition of bile increases Gll.4 HuNoV replication and
permits Gl.1, GII.3, and GII.17 HuNoV replication in HIEs. Bile acids may
upregulate endosomal pathways to enhance HuNoV infection in HIEs [276].
However, bile treatment did not support GII.3 HuNoV replication in 293FT, Caco-
2, Huh7, or Vero cells [81]. HIEs derived from secretor-negative individuals
replicated GlIl.3, but not GIl.4 strains [81]. Further work with HIEs has
demonstrated their ability to replicate Gll.1, GlI.2, and Gll.14 HuNoV strains in the
presence of bile [104]. IFN pathways are important for HuNoV replication in HIEs
as STAT1” increased HuNoV replication and exogenous addition of IFN-B and
IFN-A decreased virus replication [277]. Additionally, FUT2” in secretor-positive

HIEs demonstrated its necessity for binding and replication of some HuNoV strains
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[278]. HIEs have also been used to test antibody neutralization [172], evaluate
exosome-mediated HuNoV delivery [86], and HuNoV inactivation by alcohol and
chlorine bleach [104].

Unfortunately, neither HIEs nor BJAB cells are suitable for industrial level
vaccine production due to the lack of regulatory testing on these cell culture
systems [279]. The HIE model also lacks the capacity to establish well-
characterized cell banks, limiting their value for vaccine production. This
necessitates the exploration of HuNoV infection using a vaccine-approved cell line,
such as Vero cells, to progress the HuNoV vaccine development field [280,281].
Vero cells are a kidney cell line isolated from a Chlorocebus sabaeus African green
monkey [282]. Homozygous deletion of the IFNa and IFNB genes renders these
cells type-l IFN deficient, allowing them to support a broad spectrum of viruses
[282,283]. Previous efforts to grow HuNoVs in Vero cells were not successful
[81,263,269]. An attempt at developing a HuNoV replicon in Vero cells was also
unsuccessful [41]. Therefore, the development of a vaccine-approved Vero cell
model that supports HuNoV replication marks an exciting step forward in the NoV

field.
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Abstract

Human norovirus (HuNoV) is a principal cause of acute gastroenteritis
worldwide, particularly in developing countries. Its global prevalence is
underscored by more serious morbidity and some mortality in the young (<5 years)
and the elderly. To date, there are no licensed vaccines or approved therapeutics
for HUNoV, mostly because there are limited cell culture systems and small animal
models available. Recently described cell culture systems are not ideal substrates
for HUNoV vaccine development because they are not clonal or only support a
single strain. In this study, we show Vero cell-based replication of two pandemic
Gll.4 HuNoV strains and one GlI.3 strain. These data provide support for Vero cells

as a cell culture model for HuNoV.

Introduction

HuNoV is a member of the Caliciviridae family [1] and is a non-enveloped,
positive-sense, single-stranded RNA virus [2]. HUNoVs have 7.5-7.7 kb genomes
that contain three open reading frames (ORFs) [3]. ORF1 codes for the six
nonstructural proteins, in order from N-terminus to C-terminus: p48, NTPase, p22,
VPg, 3C like protease (3CLP™), and RNA-dependent RNA polymerase (RdRp)
[4,5]. Subgenomic RNA, containing ORFs 2 and 3, codes for the major and minor
structural proteins, VP1 and VP2 [6]. Noroviruses (NoVs) are subdivided into ten
genogroups (GI-GX) based upon sequence homology of VP1 [7]. GI, Gll, and to a
lesser extent, GIV, GVIII, and GIX viruses infect humans. These genogroups are

stratified into genotypes: Gl (n=9), Gll (n=27), GIV (n=2), GVIII (n=1), and GIX
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(n=1) [7]. The GIl.4 HuNoV strains account for ~70% of HUNoV infections [8]. Gll|.4
HuNoVs have caused pandemics and are now the major circulating strains [9-11].
Currently, a recombinant Gll.4 Sydney pandemic strain (GIl.P16-Gll.4 Sydney)
causes the majority of infections making it the most suitable strain for vaccine
development [12,13].

HuNoVs are transmitted by the fecal-oral route causing acute, self-limiting
infections typified by vomiting and diarrhea [14-17]. Considerable quantities of
virus are shed in the feces for several weeks even after symptoms have resolved
[18-21]. The stability of the viral capsid and a low infectious dose facilitate person-
to-person transmission. HuNoVs cause ~700 million infections and ~219,000
deaths annually [22-24]. HuNoV infections can be debilitating particularly in
developing countries where the young (<5 years), the elderly, and the
immunocompromised are most susceptible.

Currently, there are no licensed vaccines or approved therapeutics for
HuNoV. This is related to the lack of a characterized and reproducible mammalian
cell substrate, a lack of a small animal model that emulates infection and disease,
and the absence of methods to properly assess vaccine efficacy or protection [25-
27]. The most progressed HuNoV vaccine candidates are subunit vaccines
generated from virus-like particles (VLPs) [28-32]. Although VLP vaccines appear
promising, a well-characterized mammalian cell culture substrate is required for
the development of inactivated or live-attenuated HuNoV vaccines [33]. Histo-
blood group antigens (HBGAs), which are terminal carbohydrates of lipid- or

protein-linked glycan chains, are attachment factors for HuNoV [34]. However, it
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has been shown that HBGA expression does not make a cell permissive for
HuNoV infection [35]. CD300Id/CD300If have been identified as murine NoV
receptors and are the only functional receptors known for NoVs [36,37]. Recently,
HuNoVs have been propagated in human intestinal enteroids (HIEs) and a human
Burkitt ymphoma B cell (BJAB) cell line [38,39]. These findings are encouraging,
but as HIEs are not a stable or clonal cell line, and have a limited lifespan, HIEs
are unqualified for vaccine production. Also, the BJAB cell line has been reported
to support only a single strain of HuNoV, require HBGA cell culture
supplementation, and has reproducibility issues [39,40] making these cells
inadequate for vaccine production. In contrast, Vero cells are a continuous
mammalian cell line derived from an African green monkey cell line deficient for
interferon-a (IFN-a) and IFN-B due to a fortuitous genetic deletion [41,42]. This
feature has made Vero cells a leading cell line to use for poliovirus, rabies virus,
influenza virus, and rotavirus vaccine propagation [43]. However, past attempts to
propagate HuNoVs in Vero cells have been ineffective [38,44,45], possibly
because the earlier studies used inadequate virus incubation times. In contrast,
this study shows that Vero cells can function as a mammalian cell substrate for
HuNoV. Specifically, this study shows that HuNoV modestly replicates in Vero cells
as determined by indirect ELISA and quantitative reverse-transcriptase PCR (qRT-
PCR) endpoint assays. We examined HuUNoV genome replication of two pandemic
Gll.4 strains and one GII.3 strain by qRT-PCR and using indirect ELISA, flow
cytometry, and immunofluorescence show that both structural and nonstructural

HuNoV protein levels are increased. Additionally, we show that Vero cells were
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permissive for both filtered and unfiltered clinical stool samples at a wide MOI
range. These findings provide support for the use of Vero cells as a cell culture

model for HuNoV replication.

Materials and Methods
Cells

Vero cells (African green monkey kidney) were obtained from the American
Type Culture Collection (ATCC; CCL81.4; lot #738812; Manassas, VA, USA) and
cultured at low passage at 37°C/5% CO2 in Dulbecco’s Modified Eagle’s Media
(DMEM; GIBCO, Gaithersburg, MD, USA) with or without 5% heat-inactivated fetal
bovine serum (FBS; HyClone, Logan, UT, USA). Caco-2 cells (HTB-37; ATCC)
were cultured using DMEM supplemented with 20% FBS. The creation of a master
cell line bank ensured that cells with low passage numbers were used for all

experiments.

Viruses

Stool samples containing GllI.3, Gll.4 Sydney, or Gll.4 Yerseke HuNoVs, or
HuNoV-negative samples were obtained from Murdoch Children’s Research
Institute (MCRI; Melbourne Victoria, AUS) or the Viral Gastroenteritis Branch in the
Division of Viral Diseases (DVD) at the Centers for Disease Control and Prevention
(CDC, Atlanta, GA, USA) and stored at —80°C upon receipt. Stool samples were
confirmed to only have GIl HuNoV using a TagMan Array that evaluated 53

enteropathogen species and subspecies [46,47] and sequenced followed by
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BLAST analysis. The stool samples were thawed on ice before making 10% (w/v)
dilutions in sterile phosphate-buffered saline (PBS; HyClone). All samples were
centrifuged 2x at 1500x g for 10 min at 4°C then 5000x% g for 10 min at 4°C. Stool
dilutions were passed through 100 ym and 40 um cell strainers and filtered
samples were passed through 0.45 pym or 0.20 um filters (GE Healthcare, Chicago,

IL, USA) before aliquots were made and stored at —80°C until use.

HuNoV Genome Equivalents (g.e.) Quantification by gqRT-PCR

Processed stool samples were treated with RNAzol (Molecular Research
Center Inc., Cincinnati, OH, USA) according to the manufacturer’s instructions to
generate total RNA to be used for amplification and detection by qRT-PCR.
Integrated DNA Technologies (IDT; Coralville, IA, USA) synthesized GIl NoV-
specific DNA primers and probes to be used with an AgPath-ID One-Step RT-PCR
kit (Thermo Fisher Scientific, Waltham, MA, USA). The primers: NK2P2F (+) 5-
ATGTTCAGATGGATGAGATTCTC and NKP2R (<) 5'-
TCGACGCCATCTTCATTCAC were used to amplify a segment of the HuNoV
RdRp at a final reaction concentration of [300 nM] [48]. Probe-based amplification
was detected by RING2-TP 5-FAM-TGGGAGGGCGATCGCAATCT-BHQ at a
final reaction concentration of [120 nM] [48]. 4.25 uL of each RNA sample were
used in final reaction volumes of 12.5 pL. Reverse transcription and PCR
amplification were carried out using an Mx3005P gPCR System (Agilent, Santa
Clara, CA, USA) under the following cycling conditions: 45°C for 10 min, 95°C for

10 min, followed by 40 cycles of 95°C for 15s, 50°C for 30s, and 60°C for 30s. The
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resulting RdRp qRT-PCR levels are considered genome equivalents (g.e.)
because the amplified site occurs once in each full-length genome. The g.e. RNA
levels for the experimental time-points were divided by the mean g.e. RNA levels
from the input time-point (i.e., Oh) to calculate fold-increases, normalizing the fold-

change of input time-points to 1.

qgRT-PCR Standard Curve and Controls

A HuNoV dsDNA standard was generated by synthesizing a 100 bp
sequence that encompassed the primer and amplification sites (IDT). For each
gRT-PCR run, standards containing 10", 102, 103, 104, 105 10, and 107
copies/well of the amplified sequence were performed in ftriplicate. For
experimental infection qRT-PCRs, 100 ng of Vero cell RNA was added to each
standard. Additionally, no template controls (Vero cell RNA only), and no
RT/polymerase controls were run in triplicate for each experiment. Wells
containing unknown quantities of HUNoV were plotted against the standard curve
to determine their g.e. MOI was calculated as the ratio of input g.e. to the number

of cells.

HuNoV qRT-PCR

Vero cells were mock-infected or infected (MOI=1.0) with HuNoV in serum-
free DMEM (SF-DMEM) before incubation at 37°C/5% CO. for either 1h or 6h. The
virus was removed from all wells except virus input controls and the cells were

washed 2x with PBS. RNAzol was used to extract RNA from the cellular fractions
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as described above. The intracellular levels of HuNoV were determined by dividing
the cellular fraction g.e. by the total virus input controls across triplicate

experimental and control wells.

H-Antigen ELISA

Vero cells or Caco-2 cells were grown in DMEM + 5% or DMEM + 20%
FBS, respectively. Caco-2 cells were differentiated for 21 days before performing
the ELISA. The media was decanted and cold 4% paraformaldehyde was added
to each well and incubated for 30 min at room temperature (RT). After fixing, the
cells were washed 1x with PBS and non-specific binding was blocked by the
addition of PBS + 5% BSA for 1h at RT. Following incubation, a 1:1000 dilution of
a mouse IgM anti-blood group H-antigen antibody (Santa Cruz Biotech, Santa
Cruz, CA, USA) in PBS + 5% BSA was added to the cells overnight at 4°C. The
solution was decanted and the cells were washed 3x with KPL wash buffer
(Seracare, Milford, MA, USA). A 1:2000 dilution of HRP-conjugated goat anti-
mouse IgM antibody (Thermo Fisher Scientific) in PBS + 5% BSA was added to
the cells for 1h at RT. The solution was decanted and washed 3x with KPL wash
buffer then a 1-step TMB ELISA Substrate Solution (Thermo Fisher Scientific) was
used for colorimetric visualization, before determining the optical densities (OD) at

450 nm on an Epoch Microplate Spectrophotometer (Biotek, Winooski, VT, USA).
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CD300Id/CD300If ELISA and Immunofluorescence Assay (IFA)

The H-antigen ELISA protocol was used with the following modifications:
(1) a 1:100 dilution of a polyclonal rabbit anti-CD300If antibody (Lifespan
Biosciences, Seattle, WA, USA) was used as the primary antibody, and (2) a
1:1000 dilution of either a goat anti-rabbit IgG antibody conjugated to HRP
(Thermo Fisher Scientific) or a goat anti-rabbit IgG (H + L) antibody conjugated to
Alexa Fluor 488 (Thermo Fisher Scientific) was used as the secondary antibody.
The primary antibody reacts with the ectodomains of both CD300ld and CD300If
because their amino acid sequences are highly conserved [37], meaning the

ELISA and IFA likely detect both proteins.

HuNoV Infection

Cell-free supernatants from stool samples, either filtered or unfiltered, were
used for infections. A virus master mixture was generated by normalizing the
volume of filtered or unfiltered HuNoV for each infection condition using SF-DMEM.
The media from Vero cells was decanted and infections were performed with
MOI=1.0 HuNoV g.e. unless otherwise indicated. The plated cells were gently
rocked before incubation at 37°C/5% CO>. At each experimental time-point, the
HuNoV g.e. were evaluated as described above. Although included for every
experiment, uninfected controls were not graphed to improve the clarity of the
graphed data, and because no changes were observed in these samples. For

HuNoV passage experiments, Vero cells were infected at MOI=1.0 with native
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stool, freeze-thawed 2x at the indicated time-point, then freeze-thawed

supernatants were transferred to fresh Vero cells for 72h.

HuNoV Inactivation
UV irradiation (Spectronics, Westbury, NY, USA) of HuNoV was performed
for 1h at RT. Controls included foil-covered HuNoV to prevent inactivation, which

were placed near the UV lamp for 1h at RT.

HuNoV Replication ELISA

HuNoV-infected Vero cells were freeze-thawed 2x then the supernatants
were transferred to high binding ELISA plates (Corning, Corning, NY, USA) and
incubated at 4°C overnight. The plates were washed 3x with PBS before blocking
2x with SuperBlock (Thermo Fisher Scientific) for 15 min at RT. Following the
incubation, a 1:1000 dilution of either a polyclonal rabbit IgG anti-VP1 antibody
(Abcam, Cambridge, UK) or a polyclonal rabbit IgG anti-p48 antibody (gift from
Christiane Wobus) in SuperBlock was added to the wells for 1h at 37°C. After
removal of the solution, the wells were washed 3x with KPL wash buffer and a
1:1000 dilution of HRP-conjugated goat anti-rabbit IgG antibody (Thermo Fisher
Scientific) in SuperBlock was added to the wells and incubated at 37°C for 1h. The
solution was decanted and the cells were washed 3x with KPL wash buffer and a
TMB ELISA Substrate Solution (Thermo Fisher Scientific) was added for
colorimetric visualization. ODsso was read using an Epoch Microplate

Spectrophotometer (Biotek).
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Flow Cytometry and IFA

10° Vero cells were infected or mock-infected in a 24-well plate for 72h, the
media decanted, and the cells washed 1x with PBS before 0.05% trypsin addition
for 10 min at 37°C /5% CO2. DMEM + 5% FBS was added to the cells, which were
gently pelleted at 200x g for 5 min. Supernatants were decanted and the cells
suspended in Cytofix (Thermo Fisher Scientific) for 10 min at 4°C. Cells were again
pelleted at 200x% g for 5 min and washed with PBS + 5% BSA. After washing, the
cells were pelleted and resuspended in —20°C methanol and incubated at 4°C for
30 min. Following permeabilization, the cells were washed with PBS + 5% BSA
and blocked with PBS + 5% BSA for 20 min at 4°C. Monoclonal mouse 1gG anti-
VP1 (Abcam) and polyclonal rabbit IgG anti-p48 (gift from Christiane Wobus)
antibodies were diluted 1:500 in PBS + 5% BSA and incubated at RT for 30 min.
The primary antibodies were removed and the cells were washed 3x then
resuspended in a 1:500 dilution of polyclonal PE-conjugated goat anti-mouse 1gG
(BD Biosciences, Franklin Lakes, NJ, USA) and Alexa Fluor 488-conjugated goat
anti-rabbit IgG (Thermo Fisher Scientific) in PBS + 5% BSA for 30 min at RT. The
cells were washed 3% in PBS + 5% and resuspended in PBS + 5% BSA and
analyzed on an LSR Il flow cytometer (BD). Data analysis was performed using
Flowdo with 210,000 gated cells/condition. For IFA, the flow cytometry protocol
was used with the following modifications: (1) cells were not trypsinized, (2) cells
were fixed/permeabilized with acetone:methanol (60:40), (3) nuclei were
counterstained with 4'.6-diamidino-2-phenylindole (DAPI) [1 pg/mL] (Thermo

Fisher Scientific) for 15 min at RT following the secondary antibody incubation, and
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(4) fluorescence images were acquired at 40x magnification using an EVOS FL

imaging system (Thermo Fisher Scientific).

Statistical Analyses

Unpaired two-tailed t-tests and one-way ANOVA with Dunnett’'s post hoc
tests were performed with 95% confidence intervals using GraphPad Prism. p-
values < 0.05 were considered significant: * p < 0.05, ** p < 0.01, ** p < 0.001,
and **** p < 0.0001. Unless otherwise indicated, n = 3 wells/condition/experiment
from n = 3 independent experiments were performed. Error bars represent +

standard error of the mean (SEM).

Results

While others were unsuccessful in propagating HuNoV in Vero cells
[38,44,45], we show that low-passed Vero cells can be used as a cell substrate for
HuNoV. We previously used low-passaged Vero cells in the development of
vaccine substrates for several viruses [49,50]. To begin to evaluate HuNoV
infection, we showed that HuUNoV RNAs are present within Vero cells following a
1h or 6h incubation by qRT-PCR (Figure 3.1). HuNoVs use HBGAs, such as the
H-antigen, as attachment factors [51-53], however, they are not a requirement for
HuNoV infection [54-58]. We examined the level of H-antigen expression on Vero
cells or Caco-2 cells and showed that Vero cells do not express the H-antigen by
ELISA (Figure 3.2). Also, we showed that Vero cells express the murine NoV

receptor, CD300Id/CD300If [36,37,59] (Figures 3.3 and 3.4). We attempted to
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inhibit HUNoV entry into Vero cells using antibody blockade of CD300Id/CD300lf,
and by saturating of potential CD300Id/CD300If binding sites using a
CD300I1d/CD300If ectodomain peptide, but both treatments were unsuccessful.
These findings are consistent with the report that CD300ld/CD300If are not
receptors for HuNoV [60].

Following the investigation of HuNoV binding, replication in Vero cells was
determined and quantified by examining HuUNoV genomes from infected Vero cells
by gRT-PCR (Figures 3.5-3.8). In these studies, Gll.4 Sydney genome replication
peaked between 48-72hpi (Figure 3.5) and was ablated by UV irradiation as
expected (Figure 3.6). The fold-decrease following UV-inactivated HuNoV
incubation for 72h likely corresponds to the degradation of non-replicative HuUNoV
RNA by Vero cells (Figure 3.6). To determine if the findings for Gll.4 Sydney were
strain-specific, Vero cells were examined for their ability to propagate Gll.3 and
Gll.4 Yerseke HuNoV strains (Figures 3.7 and 3.8). Of note, replication for these
three HUNoV strains produced no detectable cytopathic effects at any MOI or time-
points tested. To support replication, HuNoV protein expression was examined for
Gll.4 Sydney (Figure 3.9) and GII.3 (Figure 3.10) HuNoVs using rabbit anti-VP1
antibody indirect ELISAs. Statistically significant (p < 0.0001) dose-dependent
detection of VP1 was observed at an input time-point (Figure 3.9). Furthermore,
the ELISA showed increases in HuNoV capsid and p48, a nonstructural protein
(Figures 3.9-3.11). ELISAs were evaluated instead of western blots because they
are quantitative and allow for the detection of low protein levels. We also examined

the expression of VP1 and p48 in HuNoV-infected Vero cells by flow cytometry
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(Figure 3.12) and showed both proteins were expressed in a low percentage of
cells, a result similar to the findings observed by immunofluorescence assay
(Figure 3.13).

Despite evidence of a full replication cycle, prolonged incubation of HuNoV
with Vero cells impedes their ability to replicate after passaging (Figure 3.14). A
decreased replication potential is observed after a 12h incubation and incubation
for 24h prevents HuNoV replication on fresh Vero cells (Figure 3.14). This may
indicate that following virus uncoating, a new infection cycle is not initiated but this
has not been experimentally confirmed. This study also examined the tempo and
peak of HuNoV replication from filtered or unfiltered stool samples. There were no
substantial differences detected suggesting that bacteria or other filterable agents
from stool samples did not facilitate HuNoV replication (Figure 3.15), contrary to
culturing HuNoVs in BJAB cells [39]. Additionally, HuNoV replication in Vero cells

was similar for a wide MOI range (1.0-100) (Figure 3.16).

Discussion

We re-examined HuNoV replication in Vero cells to clarify whether Vero
cells could be used in HuNoV vaccine development. A comparable attempt at
using Vero cells did not increase the g.e. of HuNoV following infection likely
because later time-points (4-9 dpi) were evaluated [45], which likely missed the
peak HuNoV replication (Figure 3.5). We found that for all HuNoV strains tested,
virus attachment to Vero cells was low ranging from 2-4%, a finding consistent with

a previous report [61]. Cell-surface expression of CD300Id/CD300If on Vero cells
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was unexpected because it had only been previously observed on immune cells
[37,62], and more recently on tuft cells, an uncommon gastrointestinal epithelial
cell type [63]. We attempted to inhibit HuUNoV entry into Vero cells using antibody
blockade, and by saturation of potential CD300ld/CD300If binding sites using a
CD300I1d/CD300If ectodomain peptide, but both attempts were unsuccessful. We
showed that the tempo of HuNoV replication in Vero cells was similar to HIEs [38],
BJAB cells [39], gnotobiotic pigs [64], and gnotobiotic calves [65]. Efforts to detect
HuNoV replication in Caco-2 cells, HEp-2 cells, HepG2 cells, INT-407 cells,
RAW264.7 cells, and RAW264.7+ Caco-2 co-cultured cells using comparable
methodologies were unsuccessful. We found HuNoV replication in Vero cells to be
reduced when compared to BJAB cells (up to 25-fold), or HIE cells (up to 1,000-
fold) possibly because HuNoV replication in Vero cells may be limited to a single
replication cycle. Notably, a single replication cycle is common among HuNoV
replicon models [27].

HBGA-expressing bacteria have been implicated in regulating HuNoV
infections [39,66-68]; however, in our studies, filtration of stool samples did not
markedly affect HUNoV replication in Vero cells which was similar to findings for
HuNoV replication in HIEs [38]. These data imply that, unlike BJAB cells, Vero cells
do not appear to require exogenous HBGAs to aid HuNoV replication.

In summary, infection of Vero cells can occur and these data provide
preliminary support for the use of Vero cells as a cell culture model. Although
replication of HuNoVs in Vero cells is low, infection rates and viral replication are

poised to increase dramatically with the impending discovery of the HuNoV
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receptor. Ectopic expression of the HuNoV receptor in a Vero cell line would

provide greatly enhanced HuNoV replication in this model, providing a robust

system that is more applicable for industrial HuNoV vaccine production.
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Figure 3.1: Gll.4 HuNoV detection by qRT-PCR. qRT-PCR analysis of RNA

extracted from HuNoV-infected Vero cells. Data represent n=3 + SEM. * p < 0.05.

101



H-antigen ELISA

1.01
3 Vero cells
0.8- Bl Caco-2cells
€
S 0.6-
(=]
n
<z 04
a .
(@]
0.0 I T
2° Vero 20 Caco-2
only cells only cells

Figure 3.2: Vero cells do not express the H-antigen. An indirect ELISA was
used to detect the H-antigen on the cell surface of Vero and Caco-2 cells. Data

represent n=4 (Vero cells H-antigen ELISAs) or n=1 (Caco-2 cell H-antigen ELISA)

+ SEM. ** p < 0.01.
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Figure 3.3: Vero cells express CD300Id/CD300If. Anti-CD300If (ectodomain)

indirect ELISA of Vero cells. Data represent n=3 + SEM. **** p < 0.0001.
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Figure 3.4: CD300ld/CD300If expression on Vero cells by
immunofluorescence assay. A representative image is shown at 40x
magnification from n=3 biological replicates. The inset shows a CD300Id/CD300If-

expressing Vero cell.
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Figure 3.5: Vero cells are permissive for Gll.4 Sydney HuNoV. HuNoV levels
were examined over a 5-day time-course and peaked between 48-72hpi by qRT-

PCR. Data represent n=3 + SEM. * p < 0.05 and **** p < 0.0001.
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Figure 3.6: Ultraviolet (UV) light treatment inhibits HuNoV replication. 1h
treatment with UV light inactivated HuNoV reducing replication at 72hpi as
measured by gRT-PCR. Data represent n=3 + SEM. *** p < 0.001 and **** p <

0.0001.
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Figure 3.7: Vero cells are permissive for Gll.3 HuNoVs. gRT-PCR analysis over

a 3-day time-course. Data represent n=3 + SEM. * p < 0.05 and ** p < 0.01.
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*kkk

Fold-change over input

Input 24h 48h 72h
(Oh)

Figure 3.8: Vero cells are permissive for Gll.4 Yerseke HuNoVs. gRT-PCR

analysis over a 3-day time-course. Data represent n=3 + SEM. **** p < 0.0001.
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Figure 3.9: Detection of Gll.4 Sydney HuNoV VP1 by ELISA. OD (450 nm) were
measured and fold-changes normalized to HuNoV negative stool input values were

graphed. Data represent n=3 + SEM. * p < 0.05, ** p < 0.01, and **** p < 0.0001.
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Figure 3.10: Detection of GI.3 HuNoV VP1 by ELISA. OD (450 nm) were

measured and fold-changes normalized to HuNoV negative stool input values were

graphed. Data represent n=1 + SEM. ** p < 0.01.
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Figure 3.11: Detection of Gll.4 Sydney HuNoV p48 by ELISA. Data represent

n=3 + SEM. *** p < 0.001.
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Figure 3.12: Increased VP1 and p48 staining frequency in HuNoV-infected
Vero cells. Detection of single positive (VP1+ or p48+) and double positive (VP1+
p48+) Vero cell populations following HuNoV infection. Histograms generated
following fluorescent bead compensation with the cell counts normalized to the

mode. Data represent n=1 from 5 biological replicates.
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Figure 3.13: Visualization of Gll.4 Sydney VP1 and p48 proteins by
immunofluorescence assay. Representative image shown at 40x magnification

from n=3 biological replicates. The inset shows a HuNoV-infected Vero cell.
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Figure 3.14: Prolonged HuNoV infection inhibits the virus’ ability to be
passaged. A substantial replication impediment is observed when viruses are
passaged =12hpi. Replication fails to occur when HuNoV is passaged at 24hpi.
Data represent n=3 + SEM. not significant (ns), * p < 0.05, ** p < 0.01, and *** p <

0.001.
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Figure 3.15: HuNoV replication is not detectably modified by filtration. 0.45
and 0.20 um filterable agents, such as bacteria, do not affect peak HuNoV levels

as measured by qRT-PCR. Data represent n=3 + SEM. not significant (ns).
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Figure 3.16: Vero cells support Gll.4 Sydney HuNoV across a wide MOI range.
The tempo of HuNoV replication is similar regardless of the MOI as quantified by

gRT-PCR. Data represent n=3 + SEM.
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CHAPTER 4

EXOSOME-MEDIATED HUMAN NOROVIRUS INFECTION OF VERO CELLS?3

2Todd, K. V. & Tripp, R. A. Vero Cells as a Mammalian Cell Substrate for Human
Norovirus. Viruses 12, doi:10.3390/v12040439 (2020). Reprinted here with
permission of publisher.

3 Todd, K. V. & Tripp, R. A. Exosome-mediated human norovirus infection.

Submitted to PLOS ONE, 5/1/2020.
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Abstract

Human norovirus (HuNoV) is a leading cause of acute gastroenteritis.
Outbreaks normally occur via the fecal-oral route. HuNoV infection is thought to
occur by viral particle transmission, but increasing evidence suggests a function
for exosomes in HuNoV infection. HuNoV is contained within stool-derived
exosomes, and exosome-associated HuNoV has been shown to replicate in
human intestinal enteroids. In this study, we examine exosome-associated HuNoV
infection of Vero cells and show that exosomes containing HuNoV may attach,
infect, and be passaged in Vero cells. These findings support earlier findings and

have implications for developing HuNoV disease intervention strategies.

Introduction

Noroviruses (NoVs) are non-enveloped enteric viruses with small capsids
that contain positive-sense RNA genomes [1,2]. NoVs are classified into ten
genogroups (GI-GX), with GI, Gll, and GIV typically causing the majority of human
disease [3]. Human NoVs (HuNoVs) are globally prevalent and often cause self-
limiting acute gastroenteritis. There are ~700 million infections and >200,000
deaths that occur from HuNoV infections annually [4]. GII genotype 4 (Gll.4)
HuNoVs are a concern because they may cause pandemics giving rise to
dominant circulating strains [5-7].

There remains a need for HuNoV disease interventions including vaccines
to prevent disease. Human intestinal enteroids (HIEs) [8] and human Burkitt

lymphoma B cells (BJAB cells) [9] have produced encouraging results as HuNoV
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cell culture models, however, these substrates are not ideal for vaccine production
because HIEs are terminal mixed cell culture systems with a limited lifespan [8,10]
and BJAB cells have been reported to support only a single strain of HuNoV [9,11].
A recent study from our group has shown that Vero cells support HuNoV infection
and replication [12], and as Vero cells are used for the production of a variety of
viral vaccines [13], the study was also encouraging for potential HuNoV vaccine
production.

Infection and transmission of HuNoV are considered to occur by viral
particles, however, accumulating evidence suggests that HuNoVs co-opt host cell
endosome pathways for transmission [14-16]. Briefly, endocytosis of extracellular
components generates endosomes in mammalian cells. These vesicles recycle
and fuse leading to the formation of multivesicular bodies (MVBs). MVBs contain
intraluminal vesicles that form by vesicle fusion and invagination of the endosomal
membrane [17,18]. These intraluminal vesicles and their cargo are either degraded
following fusion of MVBs with lysosomes, or released extracellularly as single-
membraned vesicles called exosomes [19]. Exosomes are membrane-bound
extracellular vesicles (EVs) ranging in size from 50-150 nm. Exosomes may carry
cell-specific cargo loads of proteins, lipids, and/or nucleic acids that may be
selectively taken up by neighboring or distant cells [20,21]. Exosome loading is
regulated in part by post-translational protein modifications including ISGylation,
phosphorylation, SUMOylation, and ubiquitination [20,22-24]. Several non-
enveloped viruses, e.g. hepatitis A virus [25], hepatitis E virus [26-28], poliovirus

[29], and rotavirus [14] can transmit to other cells using EVs. Transport within EVs
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allows viruses to remain immunologically undetected, and to cluster enhancing the
likelihood of infection. Exosomes can regulate virus infections as they may shuttle
microRNAs and cytokines to neighboring cells inducing an antiviral state [30,31].
Exosomes are stable in body fluids, including stool [12,14,32]. HuNoV RNA is also
contained within exosomes, and these exosomes are infectious in HIEs [12,14].
Given the importance of exosomes for HuNoV infection and transmission, we
examined the potential of HuNoV stool-derived exosomes to internalize, replicate,

and be passaged in Vero cells.

Materials and Methods
Cells

Vero cells (African green monkey kidney cells; CCL81.4) were obtained
from the American Type Culture Collection (ATCC; Manassas, VA, USA) and
maintained at low passage (passages 25-30) in Dulbecco’s Modified Eagle’s
Media (DMEM; GIBCO, Gaithersburg, MD, USA), with 5% heat-inactivated fetal
bovine serum (FBS; HyClone, Logan, UT, USA), at 37°C and 5% CO.. A master
cell line bank was generated to ensure low passage cells were used for all

experiments.

Viruses
Human stool samples containing GII.3, Gll.4 Den Haag (2006b pandemic),
or Gll.4 Sydney (2012 pandemic) HuNoV were acquired from Murdoch Children’s

Research Institute (MCRI; Melbourne, Victoria, AUS) or the Viral Gastroenteritis
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Branch in the Division of Viral Diseases in the Centers for Disease Control and
Prevention (CDC, Atlanta, GA, USA) and stored at -80°C. The stool samples were
thawed on ice before making 10% (w/v) dilutions in PBS (HyClone). All samples
were centrifuged 2x at 1500x g for 10 min at 4°C and then at 5000x g for 10 min
at 4°C. The stool samples were passed through 100 ym and 40 pm cell strainers
(BD, Franklin Lakes, NJ, USA) then filtered samples were filtered using 0.45 ym
filters (GE Healthcare, Chicago, IL, USA) before aliquots were made and stored at

—80°C until use.

HuNoV genome equivalent (g.e.) quantification

Stool samples were treated with RNAzol (Molecular Research Center Inc.,
Cincinnati, OH, USA) according to the manufacturer’s instructions to generate total
RNA to be used for amplification and detection by gRT-PCR [12]. Briefly, NK2P>F
(+) and NKP2R (-) primers were used to amplify a segment of the HuNoV RNA-
dependent RNA polymerase (RdRp) that was detected using the RING2-TP probe
under the following cycling conditions: 45°C for 10 min, 95°C for 10 min, followed
by 40 cycles of 95°C for 15s, 50°C for 30s, and 60°C for 30s. The resulting RdRp
gRT-PCR levels are considered g.e. because the amplified site occurs once in
each full-length genome. The g.e. RNA levels for the experimental time-points
were divided by the mean g.e. RNA levels from the input time-point (i.e. Oh) to
calculate fold-changes, normalizing the fold-change of input time-points to 1. MOI

was calculated as the ratio of input g.e. to the number of cells.
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Exosome isolation

The stool was processed with ExoQuick (System Biosciences, Palo Alto,
CA, USA) to isolate exosomes according to the manufacturer’s instructions. Briefly,
stool samples were centrifuged at 3000% g for 15 min, then supernatants were
mixed with ExoQuick (final concentration 20%) before refrigeration at 4°C for 16h.
The mixture was subsequently centrifuged at 1500x g for 30 min and the
supernatant was removed. Exosome pellets were resuspended in PBS and stored
at —80°C until use. Stool exosome samples were tested 10x using an NS300
NanoSight (Spectris, Egham, GBR) for the determination of EV concentrations and

sizes.

Phosphatidylserine (PS) exosome patrtitioning

Stool samples were processed using a MagCapture Exosome Isolation kit
PS (FUJIFILM Wako Chemicals, Richmond, VA, USA) to enrich for PS-exosomes.
Briefly, a supplied exosome capture immobilizing buffer was added to streptavidin
magnetic beads, mixed, then placed on a magnetic stand before removal of the
supernatant. Exosome capture immobilizing buffer and biotin-labeled exosome
buffer were mixed with the streptavidin magnetic beads and rotated at 4°C for 10
min. After centrifugation at 1000x g for 1 min, the beads were placed on a magnetic
stand and the supernatant was removed. Subsequently, the streptavidin magnetic
beads were washed 2x with exosome capture immobilizing buffer. An exosome
binding enhancer buffer was diluted 1:500 in the stool before incubation with the

streptavidin magnetic beads at 4°C for 3h. Following centrifugation at 1000x g for
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1 min, and placement on a magnetic stand, the PS-exosome-depleted stool was
collected and stored at —80°C until use. PS-exosome bound streptavidin magnetic
beads were washed 2x with washing buffer containing 1:500 diluted exosome
binding enhancer. The PS-exosomes were eluted 2x with the exosome elution

buffer then stored at -80°C until use.

HuNoV infection and passage in Vero cells

Stool, exosomes, PS-exosomes, or PS-exosome depleted stool was used
to infect (MOls described in figure legends) Vero cells. Briefly, 8.0x102 Vero cells
were plated in 96-well flat-bottom plates (Corning, Corning, NY, USA), the
supernatant decanted, and serum free (SF)-DMEM volume-normalized (10 uL)
HuNoV infections were performed in 90 uL of SF-DMEM for the duration of the
experimental time-course. All HuNoV infections were performed in SF-DMEM to
avoid the presence of cofounding exosomes from FBS [33]. The cells were gently
rocked then incubated at 37°C and 5% CO.. For 1h and 6h infections (Table 4.1),
the infectious supernatants were removed from all wells except virus input controls,
and the cells were washed 2x with PBS. RNAzol was used to extract RNA from
the cellular fractions of experimental wells and from the cells and supernatants of
virus input controls. The % total g.e. was determined by dividing the cellular
fraction g.e. by the virus input controls across triplicate experimental and control
wells. For exosome passage studies, 108 Vero cells were plated in T-25 flasks
(Corning), the media decanted, and SF-DMEM volume-normalized (100 pL)

HuNoV infections (MOI=0.5) were performed in SF-DMEM (4.9 mL). Exosomes
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were isolated from 5 mL of infectious supernatants from each flask 72hpi using
ExoQuick, then the g.e. of the exosomes was quantified by gRT-PCR. Isolated
exosomes were volume-normalized in SF-DMEM (10 uL) before infection
(MOI=0.2) of 8.0x103 fresh Vero cells in 90 yL of SF-DMEM in 96-well flat-bottom

plates for 72h.

Statistical analyses

Unpaired two-tailed t-tests were performed with 95% confidence intervals
using GraphPad Prism. p-values < 0.05 were considered significant: * p < 0.05, **
p <0.01, *™* p <0.001, and **** p < 0.0001. Means % standard error of the mean

(SEM) are displayed.

Results

We confirmed the presence of intact stool exosomes after ExoQuick
isolation and determined EV concentrations and size distributions (Figure 4.1).
Stool exosomes were also found to contain a substantial portion of HuNoV g.e.
(Figure 4.2). Next, we tested if exosomes from stool samples could infect Vero
cells following incubation for 1h or 6h. The data showed that increased incubation
times correlated with increased intracellular HuNoV as measured by qRT-PCR
(Table 4.1). This observation is consistent with increased incubation times
facilitating HuNoV replication in Vero cells [12]. The HuNoV g.e. levels in Vero cells
were similar between stool [12] and exosome infections at both 1h and 6h time-

points. Exosomes isolated from Gll.4 Sydney stool and PS-exosomes enriched
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from GlI.4 Sydney or GlI.3 stool transferred infectious virus that replicated in Vero
cells as indicated by a significant increase in g.e. (Tables 4.2 and 4.3). The
depletion of PS-exosomes from Gll.4 Sydney or GIl.3 stool by magnetic bead
partitioning did not ablate HuNoV replication in Vero cells (Table 4.3). This finding
suggests that non-PS-exosomes contain HuNoV, and/or virus particles not in
exosomes are infectious. Gll.4 Den Haag stool or PS-exosomes from Gll.4 Den
Haag stool did not infect Vero cells (Table 4.3), possibly indicating strain
differences for infection and replication, which is consistent with a previous attempt
to infect Vero cells with a Gll.4 Den Haag strain [12].

In this report, we show that exosomes will transfer HuNoV infection to
uninfected Vero cells (Table 4.4). This is the first account of HuUNoV passage by
exosomes, although additional passaging needs to be performed to confirm
exosomes as a mode of transmission. We propose that infectious virus is loaded

as cargo into exosomes and this occurs modestly but reproducibly.

Discussion

Exosomes from HuNoV-containing stool samples transferred infectious
HuNoV to Vero cells (Table 4.1) at a level similar to that previously reported for
whole stool [12]. HuNoV (<1-10%) [8,34] and exosomes from stool (6%) [14]
bound and infected HIEs at similar levels. Exosomes from murine NoV-infected
RAW264.7 macrophages have been tested and cannot infect RAW264.7 cells
when the murine NoV receptor, CD300ld/CD300If, is blocked indicating that

passive exosome uptake of the virus is insufficient or not occurring [14,35,36]. It is
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unclear if the attachment and entry mechanisms of HuNoV virions and HuNoV-
loaded exosomes are identical. Gll.4 Sydney replication in Vero cells was low for
PS-exosomes (~1.5-fold) compared to total stool exosomes (~2.5-fold), or PS-
exosome-depleted stool (~2-fold). Increased HuNoV replication from total stool
exosomes over PS-exosomes indicates that non-PS-exosome subpopulations
may also function to facilitate HuNoV infection. HUNoV in tetraspanin-containing
(CD9, CD63, and CD81) exosomes has been reported [14]. Tetraspanins
represent a diverse family of membrane-bound proteins that form tetraspanin-
enriched microdomains, which coordinate diverse exosome processes including
biogenesis, cargo loading, and recipient cell attachment (as reviewed in [37]). Their
role in exosome development suggests tetraspanin-containing exosomes are
notable subpopulations to study for exosome-mediated HuNoV infection.
Additionally, differences between HuNoV stool and exosome replication in Vero
cells may be due to the absence of specific stool components (host, viral, or
bacterial) following exosome isolation, however this has not been further explored.

Previous attempts to mediate HuNoV infection in Vero cells using
transfection reagents to load stool exosomes were unsuccessful [12]. This
suggests that non-specific liposome encapsulation of HuNoV does not aid HuNoV
infection or replication in Vero cells hinting at exosome loading specificity.
Additionally, exosomes from uninfected Vero cells or Caco-2 cells (an intestinal
epithelial cell line) co-administered with HuNoV (MOI=1.0) had no detectable effect

on HuNoV replication.
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It is appreciated that non-enveloped viruses are released after inducing host
cell lysis. Interestingly, HuNoV replication within BJAB cells [9], HIEs [8], and Vero
cells [12] does not cause cell lysis. This indicates that the replication of HuNoV in
these cell culture models is likely the result of non-lytic spread. It has been reported
that the majority of murine NoV is released before cell membrane lysis [14],
meaning that the non-lytic spread of NoVs may occur more readily than previously
thought. The upregulation of pathways associated with non-lytic spread by bile acid
supplementation [15] enhances HuNoV infection in HIEs [8]. Mounting in vitro
evidence supports the non-lytic spread of HuNoVs, however, in vivo experiments

are needed to further validate its role in infection and transmission.
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Figures and Tables
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Figure 4.1: Exosomes are present in HuNoV-infected stool. NanoSight
analysis indicated that high concentrations of exosomes (50-150 nm) are

contained within HuNoV-infected stool. Extracellular vesicle (EV).
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Figure 4.2: Approximately one-half of HuNoV g.e. in stool are associated
with exosomes. Exosomal HuNoV g.e. expressed as a percentage of total

expected g.e. content from the stool used for exosome extraction.
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Table 4.1: Gll.4 Sydney HuNoV levels by gqRT-PCR. Percent total HuNoV g.e.

displayed. Percent total HuNoV g.e. interaction with Vero cells after HuNoV

infection (MOI=1.0) is increased at 6h post-infection (hpi) compared to 1hpi.

Significant differences were observed between 1h and 6h time-points. Data

represent n=3 £ SEM. ** p < 0.01.

Virus Sample Time-point | Mean * SEM | Significance
1h 2.16 £ 0.27 —
Gll.4 Sydney exosomes 6h 306041 "
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Table 4.2: Vero cells infected with stool exosomes. qRT-PCR analysis after a

72h infection (MOI=1.0). Significant differences and mean fold-changes over Oh

time-points displayed. Data represent n=3 + SEM. ** p < 0.01 and *** p < 0.001.

Virus Sample Time-point | Mean * SEM | Significance
Oh 1.00 £ 0.04 —
24h 2.37 £0.35 **
Gll.4 Sydney exosomes 48h 576 £ 0.40 —
72h 2.40 +£0.39 **
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Table 4.3: Vero cells infected with PS-exosomes or PS-exosome depleted

stool. qRT-PCR analysis after a 72h infection (MOI=0.1). Mean fold-changes

over Oh time-points displayed. Significant differences between Oh and 72h time-

points were calculated. Magnetic bead partitioning was used to isolate PS-

exosomes and generate PS-depleted stool samples. Data represent n=3 + SEM.

*p <0.05and **** p < 0.0001.

Virus Sample Time-point | Mean * SEM | Significance
PS-eX0SOMES Oh 1.00£0.12 —
72h 1.43+0.12 *
Gll.4 Sydney

PS-depleted Oh 1.00 £ 0.09 —

72h 1.94 £ 0.13 bl

PS-eX0SOMES Oh 1.00 £ 0.08 —
Gll.3 72h 1.42 £ 0.17 *
PS-depleted Oh 1.00 £ 0.09 —

72h 2.67 £0.28 bl

stool Oh 1.01£0.13 —

72h 1.28 £ 0.17 ns

Gll.4 Den PS-eX0SOMeS Oh 1.00£0.14 —
Haag 72h 1.22 +0.18 ns
Oh 0.96 + 0.07 —

PS-depleted 72h 0.990.13 ns
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Table 4.4: Infected Vero cells release HuNoV-loaded exosomes. After a 72h
infection (MOI=0.5) with either stool or stool exosomes, exosomes were isolated
by ExoQuick and used to infect (MOI=0.2) fresh Vero cells for 72h. Exosome
passage was performed at a lower MOI as there was lower virus recovery after
infection and exosome isolation. Data for passage 2 are shown and represent n=3

+ SEM. ** p <0.01 and **** p < 0.0001.

Virus Sample Time-point | Mean * SEM | Significance
stool Oh 1.00 £ 0.06 —
72h 1.44 £ 0.11 **
Gll.4 Sydney xosomes Oh 1.00 + 0.03 -
72h 1.45 £ 0.06 bl
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CHAPTER 5
DEVELOPMENT OF A VERO CELL SUBSTRATE FOR HUMAN NOROVIRUS

REPLICATION?

2Todd, K. V. & Tripp, R. A. Vero Cells as a Mammalian Cell Substrate for Human
Norovirus. Viruses 12, doi:10.3390/v12040439 (2020). Reprinted here with

permission of publisher.
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Abstract

Human noroviruses (HuNoVs) are a predominant cause of acute
gastroenteritis leading to substantial disease burden. Efforts to develop a vaccine
have been limited by lack of a vaccine-approved mammalian cell substrate. While
Vero cells show limited replication of HuNoVs, there is a need to enhance
replication levels to generate an optimal substrate for industrial vaccine production.
We demonstrate that trypsin addition and host-targeted gene expression
disruption are viable methods for enhancing HuNoV replication in Vero cells.

These data provide a path for the development of a HuNoV vaccine.

Introduction

Globally, diarrheal diseases represent the second leading cause of non-
birth related mortality in children <5 years of age [1]. Human norovirus (HuNoV) is
the leading cause of acute gastroenteritis globally [2,3]. Annual HuNoV disease
burden accounts for ~699 million infections, ~219,000 deaths, and ~$64.5 billion
in economic loss [4]. It is believed that a vaccine with multi-year protection
administered to infants <6 months of age has the potential to prevent 60-85% of
pediatric infections [5-7]. While there is a need for HuNoV vaccines and antivirals,
there are currently no licensed vaccines or therapeutics for HuNoV.

HuNoV vaccine development is complicated by a myriad of factors. The
first is the genetic diversity of HuNoVs. NoVs are categorized into at least 10
genogroups (GI-GX) and over 40 genotypes, with GlI, Gll, GIV, GVIII, and GIX

causing disease in humans [8]. Vaccine development against diverse strains is an
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immunological challenge. Further, the immunological parameters of HuNoV
protection are unclear as is the breadth of immunity. Existing HuUNoV modeling
tools are not sufficient for vaccine research (as reviewed in [9]), and HuNoV cell
model systems such as BJAB cells or human intestinal enteroids (HIEs) [10,11]
are not approved by the Food and Drug Administration for vaccine development.

We showed that vaccine-approved Vero cells support HuNoV [12]. As virus
replication was limited in Vero cells, we explored trypsin treatment to enhance
HuNoV replication as this has been successful for other enteric viruses [13-18].
We also targeted specific host genes via microRNA (miR) or small interfering RNA
(siRNA) knockdown (KD) and used clustered regularly interspaced short
palindromic repeat (CRISPR) gene knockout (KO) to try to elicit increased HuNoV
replication. We explored canonical innate antiviral genes and leveraged gene hits
from various siRNA screens [19-21] to increase our chances of success.

Enteric virus capsids that are primarily transmitted by the fecal-oral route
are remarkably resilient as they have a role in protecting the viral genome when
the virus is outside of the host cell. However, the capsids require proteolytic
cleavage for virus activation, binding, internalization, and replication [13-18].
Proteolytic cleavage has been examined for HuNoV virions but trypsin was shown
to have minor effects [22-24], likely because of the conformation of the viral
capsids [25]. However, smaller conformations of HuNoV capsid proteins are
trypsin-cleavable [26]. Following cleavage, the smaller capsid conformations likely

have a role in viral replication, which warrants further investigation [26].
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miRs are non-coding RNAs derived from genome encoded hairpin-loop
structures. These structures are modified to produce mature miR duplexes 18-22
nucleotides long. These duplexes are processed into single-stranded RNAs
thought to regulate >30% of protein-coding genes in the human genome [27] by
base pair-specific post-transcriptional regulation [28]. siRNAs are synthetic
duplexes that mimic natural miR functions but have gene-specific targets. miRs
may regulate multiple genes due to their short seed sequence length which results
in mismatches while siRNAs regulate only a single gene due to longer seed site
length and chemical modifications resulting in increased specificity. The role of
miRs in HuNoV replication has not been determined and the modulation of host
genes to enhance HuNoV replication has sparsely been explored [29].

CRISPRs are used by bacteria and archaea to obstruct invading phages or
evade genetic elements [30,31]. Upon infection with a phage, bacteria store viral
nucleic acid sequences within protospacers of the CRISPR gene locus, to be
transcribed into CRISPR RNAs to target the degradation of these viruses by a
CRISPR-associated (Cas) protein. The CRISPR-Cas9 system has been adapted
to perform targeted genome editing [32-34]. Briefly, a 17—20 nucleotide guide RNA,
containing both a CRISPR RNA and a trans-activating RNA complementary to a
protospacer DNA site, provides targeted association of the genomic DNA with the
Cas9 protein. The Cas9 protein generates double-stranded DNA breaks that are
repaired to create either genetic deletions (non-homologous end joining) or

substitutions (homology-directed repair).
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Materials and Methods
Cells

Vero cells (African green monkey kidney cells; CCL81.4) were obtained
from the American Type Culture Collection (ATCC; Manassas, VA, USA) and
maintained at low passage (passages 25-30) in Dulbecco’s Modified Eagle’s
Media (DMEM; GIBCO, Gaithersburg, MD, USA), with 5% heat-inactivated fetal

bovine serum (FBS; HyClone, Logan, UT, USA), at 37°C and 5% COa..

Viruses

Human stool samples containing Gll.3, Gll.4 Yerseke (2006a pandemic), or
Gll.4 Sydney (2012 pandemic) HuNoV were acquired from Murdoch Children’s
Research Institute (MCRI; Melbourne, Victoria, AUS) or the Centers for Disease
Control and Prevention (CDC, Atlanta, GA, USA) and stored at —80°C. The stool
samples were thawed on ice before making 10% (w/v) dilutions in PBS (HyClone).
All samples were centrifuged 2x at 1500x g for 10 min at 4°C and then at 5000x g
for 10 min at 4°C. The stool samples were passed through 100 um and 40 um cell
strainers (BD, Franklin Lakes, NJ, USA) then filtered samples were filtered using
0.45 um filters (GE Healthcare, Chicago, IL, USA) before aliquots were made and

stored at —80°C until use.

HuNoV genome equivalent (g.e.) quantification

Stool samples were treated with RNAzol (Molecular Research Center Inc.,

Cincinnati, OH, USA) according to the manufacturer’s instructions to generate total
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RNA to be used for amplification and detection by qRT-PCR as previously
described [12]. The resulting qRT-PCR levels are considered g.e. because the
amplified site occurs once in each full-length genome. MOI was calculated as the

ratio of input g.e. to the number of cells.

HuNoV Infection

The media from Vero cells was decanted and HuNoV infections (MOI=1.0)
were performed in SF-DMEM. The plated cells were gently rocked before
incubation at 37°C and 5% CO.. At 72hpi, total RNA was extracted and HuNoV
g.e. were evaluated. For HuNoV infections including trypsin, 0.25% trypsin (Gibco
by Life Technologies; Thermo Fisher Scientific, Waltham, MA, USA) was added to
the virus at a final concentration of 1% [8.8 BAEE units] for 30 min at 37°C and 5%

CO:; before infection.

SiRNA and miR gene knockdown (KD)

ON-TARGETplus siRNAs (Dharmacon, Lafayette, CO, USA) targeting
human genes were used to KD gene expression in Vero cells. The siRNAs were
previously validated to specifically target and KD the host genes in Vero cells
[19,35]. Four siRNA duplexes, each targeting distinct gene-specific seed regions,
were pooled and transfected simultaneously to enhance gene expression KD.
siRNA KD of each host gene was confirmed by qPCR compared to non-targeting
control (NTC) siRNA treatments. The siRNAs [50 nM final] were pre-plated in 96

well-plates before incubation with 0.35 pL of Dharmafect 4 (Dharmacon) diluted in
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Hank’s Balanced Salt Solution (HBSS; HyClone) for 30 min at room temperature
(RT). Following the incubation, 8x103% Vero cells were reverse-transfected in SF-
DMEM and incubated at 37°C and 5% CO- overnight. At 16h post-transfection, the
transfection media was replaced with DMEM + 5% FBS. At 48h post-transfection,
the wells were infected with HuNoV for 72h. The siRNA transfection protocol was
used for miR transfection with the following modification: miR mimics and inhibitors

were transfected at [25 nM final].

Genes of interest during infection

8x102 Vero cells were plated in 96-well plates and mock-infected or infected
with HuNoV (MOI=1.0) for 24, 48, or 72h. RNA samples were extracted as above
and quantified on a Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific).
RNA quantities were normalized across each experiment before cDNA synthesis
using a Verso cDNA Synthesis Kit (Thermo Fisher Scientific). cDNA amplification
was achieved using gene-specific DNA primers (Integrated DNA Technologies;
Coralville, 1A, USA) and the Brilliant 11l Ultra-Fast SYBR Green qPCR Kit (Agilent,
Santa Clara, CA, USA) according to the manufacturer’s instructions, on an
Mx3005P gPCR system (Agilent). GAPDH-normalized host gene expression was

calculated using the 2-(2CT) method.

CRISPR-Cas9 gene editing

Single-plasmid CRISPR gene editing (MilliporeSigma; Burlington, MA,

USA) was performed in Vero cells. 9x10° Vero cells were plated in 6-well plates in
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DMEM + 5% FBS at 37°C and 5% CO2. 12.5 uL of Lipofectamine LTX (Thermo
Fisher Scientific) and 3.75 ug of CRISPR DNA were each diluted to a final volume
of 100 uL in OPTI-MEM (Thermo Fisher Scientific). After mixing, the Lipofectamine
and CRISPR DNA were combined and incubated at RT for 30 min. Meanwhile, the
cells were washed 1x with HBSS before the addition of DMEM + 5% FBS. After
adding 200 pL of the Lipofectamine and CRISPR DNA mix, the plate was
incubated at 37°C and 5% CO: for 6h before the addition of another 1 mL of DMEM
+ 5% FBS. At 24h post-transfection, the media was changed to DMEM + 10% FBS,
100 units/mL of penicillin, 100 pg/mL of streptomycin, and 250 ng/mL of
amphotericin B (Thermo Fisher Scientific). Single-cell colonies were sorted using
a MoFlo Astrios EQ (Beckman Coulter, Brea, CA, USA) based on GFP expression
48h post-transfection into 96-well plates. Expansion of the colonies from a 96-well
plate format to a 6-well plate format was performed in duplicate to allow for
genotypic (qRT-PCR followed by Sanger sequencing and next-generation
sequencing) and phenotypic (HuNoV infection) validation. Gene KO was
confirmed by bp deletion resulting in disruption of the open reading frame.
Additionally, clones containing genes with insertions were excluded from the

analysis.

Statistical Analyses

Unpaired two-tailed t-tests and one-way ANOVA with Dunnett’'s post hoc

tests were performed with 95% confidence intervals using GraphPad Prism. p-
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values < 0.05 were considered significant: * p < 0.05, ** p < 0.01, ** p < 0.001,

and **** p < 0.0001. Error bars represent + standard error of the mean (SEM).

Results

Trypsin cleavage of enteric virus capsids is beneficial to astrovirus,
poliovirus, porcine epidemic diarrhea virus, and rotavirus replication [13-18].
Therefore, we explored trypsin treatments for the enhancement of HuNoV
replication. We examined a range (1.76—10,000 BAEE units) of trypsin treatments
and determined that HuNoV titers slightly increased (~1.5-fold) using a higher
MOI=100 when co-incubated with 8.8 BAEE units of trypsin throughout the
infection time-course (Figure 5.1). This effect was consistent with the abundance
of trypsin-cleavable capsid conformations. Trypsin addition also increased stool-
derived exosome HuNoV replication (~1.5-fold) in an MOI-dependent manner, but
at a lower MOI=1.0 (Figure 5.2). Selective loading of trypsin-cleaved capsid
conformations into exosomes may not occur, explaining the inconsistency.

To elucidate some of the antiviral Vero cell genes that modify HuNoV
replication, we evaluated siRNA KD of host genes previously identified to be
important for influenza virus [21], poliovirus [20], and rotavirus [19] replication. KD
of several genes in Vero cells, specifically empty spiracles homeobox 2 (EMX2),
fibroblast growth factor 2 (FGF2), neuraminidase 2 (NEUZ2), pyrroline-5-
carboxylate reductase 1 (PYCR1), RAD51 associated protein 1 (RAD51AP1), and
Sec61 translocon gamma subunit (SEC67G) enhanced HuNoV replication in Vero

cells (Figure 5.3). When several canonical innate antiviral genes were examined
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following siRNA KD, specifically interferon regulatory factor 3 (/IRF3), IRF7,
interferon induced with helicase C domain 1 (IFIH1; MDAS5), DExD/H-box helicase
58 (DDX58; RIG-I), toll-like receptor 2 (TLR2), TLR3, and TLR7 the findings
showed that these genes affect HUNoV replication (Figure 5.3). Expression of
these genes during HuNoV infection was largely unaffected, following either stool
or exosome infections (Figures 5.4 and 5.5).

We also attempted to corroborate the host genes needed for HuNoV
replication with miR regulation using both miR mimic addition and miR depletion
with miR inhibitors. Specifically, we were unable to link miR-let7 (DDX58; RIG-I),
miR-18a (RAD51AP1), miR-26b (TLR3), miR-105 (TLR2), miR-223 (TLR3), and
miR-512 (TLR7) to increased HuNoV replication (Figures 5.6 and 5.7). The
promiscuous nature of miRs for different targets may likely have obscured any
effects.

Based on earlier virus-host gene studies for influenza virus [21], poliovirus
[20], and rotavirus [19] replication, we generated several CRISPR-Cas9 gene-
edited Vero cell lines and tested their ability to serve as substrates for enhanced
HuNoV replication (Table 5.1). Notably, the leucine-rich repeats and guanylate
kinase domain-containing (LRGUK) gene KO enhanced GII.3 HuNoV replication
(Table 5.1). The LRGUK gene was screened and validated as an antiviral gene
that regulated rotavirus replication [19], and interestingly only the LRGUK KO Vero
cell line, but not LRGUK KD improved HuNoV replication. This is likely due to the
heterozygous nature of the gene KD using siRNAs or bias of the single cell-derived

KO cell line population for enhanced ability to replicate GII.3 HuNoVs.
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Discussion

While BJAB cells and HIEs have been used to test antivirals and antibody
neutralization, these cell culture systems are unsuited for vaccine development
[36,37]. BJAB cells have only been shown to support a single HuNoV strain,
meaning their utility may be limited especially given the diversity of HuNoVs. HIEs
are an uncharacterized mixed cell culture system with a limited lifespan, creating
regulatory issues linked to batch-to-batch variation. The development of an
approved vaccine cell line for HuNoV vaccine development represents a promising
path forward. Vero cells are a proven and widely used substrate for viral vaccines.

While trypsin is needed for proteolytic cleavage events affecting some
enteric viruses [13-18], the HUNoV capsid is understood to be resistant to trypsin-
mediated cleavage as trypsin does not impact binding or internalization [22,23,38].
HuNoV capsids contain approximately 15 trypsin cleavage sites; however, each
site is inaccessible to the enzyme while in its infectious form [25]. Of note, a trypsin-
cleavable GlI.3 norovirus virion has been described [39,40]. Smaller conformations
of the HuNoV capsid form under alkaline conditions [38,41], such as those in the
gastrointestinal tract, and upon exposure to trypsin can be cleaved [26]. Following
cleavage, these capsid conformations may have a role in the viral replication cycle
[26]. The effect of trypsin on HuNoV titers following infection with native stool may
correspond to a high MOI containing increased numbers of immunomodulatory
trypsin-cleaved capsid conformations. Trypsin enhancement of exosome-
associated HuNoV may occur at a low MOI because of viral clustering occurring

within exosomes but this remains to be explored.
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The antiviral host genes that affect HuNoV replication are not well-
understood, but it is known that viruses co-opt host genes to replicate, and host
genes are known to be required for virus replication. We took advantage of
previous findings of virus-host gene interactions from genome-wide siRNA screens
[35,42,43]. The antiviral host genes identified here have diverse functions. It was
shown that EMX2 functions in the Wnt/B-catenin pathway and may have a role in
cell cycle regulation and apoptosis [44]. EMX2 has also been shown to bind to the
translational factor elF4E [45]. This interaction may affect HuNoV VPg recruitment
of elF4E, modulating HuNoV replication. FGF2 has been shown to stabilize basally
expressed RIG-I [46], implicating its downregulation with decreased virus sensing
mechanisms. NEU2 functions as a sialidase and cleaves Lewis X carbohydrates
[47]. HuNoV VLPs have been shown to bind Lewis X [48-50] conceivably
implicating a decrease in NEUZ2 gene expression with increases in attachment
factor availability. PYCR1 leads to cell cycle arrest [51,52]. A similar mechanism
has been shown for the murine NoV VPg [53]. It remains unknown if VPg directs
cell cycle arrest through PYCR1 downregulation. RAD51AP1 facilitates
homologous recombination of host DNA [54], while SEC61G functions in
membrane protein translocation and incorporation into the endoplasmic reticulum
[55]. The interactions between HuNoV and these genes are speculative; however
IRF3 [56,57], IRF7 [29,57], MDA5 [58-61], RIG-I [29,59,60,62], TLR3 [58], and
TLRY7 [60,63,64] have been previously implicated in NoV responses. Of note, TLR2
enhances cytokine production upon the detection of rotavirus [65]. No additive or

synergistic effects were observed for any of the genes when two genes were KD
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simultaneously. We observed limited differential gene expression of the handful of
genes tested after HuNoV infection in Vero cells. Given the number of genes
analyzed, this observation is in agreement with an earlier study demonstrating low
levels of differentially regulated genes after HuNoV infection of HIEs [29].
Collectively, this report demonstrates that modest HuNoV replication in Vero cells
may be enhanced by trypsin or by siRNA KD or CRISPR-Cas9 gene editing of
antiviral host genes. Prospectively, one may seek to target multiple genes with
CRISPRs and/or miRs to achieve additive or synergistic replication, and the data

provided here reveals several host genes for this purpose.
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Figures and Tables
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Figure 5.1: Improvement of Gll.4 Sydney HuNoV replication by trypsin
addition is MOI-dependent. Incubation of 8.8 BAEE units of trypsin with Vero
cells increased peak HuNoV levels at a high MOI as measured by qRT-PCR. Data

represent n=3 + SEM. ** p < 0.01.
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Figure 5.2: Improvement of Gll.4 Sydney HuNoV exosome replication by
trypsin addition is MOIl-dependent. Incubation of 8.8 BAEE units of trypsin with
Vero cells increased peak HUNoV levels at a low MOI as measured by qRT-PCR.

Data represent n=2 + SEM. * p < 0.05.
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SiRNA knockdown enhances
HuNoV replication
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Figure 5.3: Knockdown of antiviral host gene expression increases Gll.4
Sydney HuNoV replication. Treatment with pooled gene-specific sSiRNAs [50 nM]
48h prior to infection resulted in substantial increases in HuNoV titers 72hpi by
gRT-PCR. Data represent n=3 + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and

ek 1y < 0,0001.
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Figure 5.4: Antiviral host gene expression modulation during Gll.4 Sydney
HuNoV infection. GAPDH-normalized gene-specific gPCR results compared to
uninfected controls at equivalent time-points. Average % gene expression relative

to uninfected controls is graphed from n=3 experiments.
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Figure 5.5: Antiviral host gene expression modulation during Gll.4 Sydney
HuNoV exosome infection. GAPDH-normalized gene-specific qPCR results
compared to uninfected controls. Average % gene expression relative to

uninfected controls is graphed from n=3 experiments.
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Gll.4 Sydney + miR mimics
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Figure 5.6: miR mimic addition does not appreciably affect peak HuNoV
levels. Treatment with miR mimics [25 nM] 48h before infection did not significantly

alter HuNoV titers 72hpi by qRT-PCR. Data represent n=3 + SEM.
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Figure 5.7: miR inhibitor addition does not appreciably affect peak HuNoV
levels. Treatment with miR inhibitors [25 nM] 48h before infection did not

significantly alter HuNoV titers 72hpi by qRT-PCR. Data represent n=3 + SEM.
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Table 5.1: Gene knockout (KO) effects on HuNoV replication in Vero cells.
gRT-PCR analysis after a 72h infection (MOI=1.0). Mean fold-changes over Vero
cells displayed. Significance for enhanced replication compared to wild type Vero
cells is shown. Data represent n=3 £ SEM. not significant (ns) and * p < 0.05. Gene
KO cell lines tested include empty spiracles homeobox 2 (EMX2), leucine rich
repeats and guanylate kinase domain containing (LRGUK), neuraminidase 2

(NEU2), and WD repeat domain 62 (WDRG62).
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. . Time- Mean % . g
Virus Sample Cell Line point SEM Significance
1.00 +
stool Vero 72h 0.06 -
0.74 +
stool AEMX2 72h 0.06 ns
0.85 +
stool ALRGUK 72h 0.09 ns
stool AWDR62 | 72h 0(.)81231 ns
1.00 +
Gll4 stool Vero 72h 0.05 -
Sydney stool ANEU2 72h 0.88 + ns
0.09
1.00 +
exosomes Vero 72h 0.05 -
0.68 +
exosomes AEMX2 72h 0.04 ns
exosomes | ALRGUK 72h 0(')38; ns
exosomes | AWDR62 72h 0(')58; ns
1.00 +
stool Vero 72h 0.10 -
stool AEMX2 72h bsi = ns
0.10
Gll.3 140 %
stool ALRGUK 72h 013
stool AWDR62 | 72h 06519; ns
1.00 +
stool Vero 72h 0.06 -
1.22 +
Gll4 stool AEMX2 72h 014 ns
Yerseke stool ALRGUK |  72h 1(.)0125: ns
0.90 +
stool AWDRG62 72h 0.07 ns
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CHAPTER 6

CONCLUSIONS

Globally, HuNoVs cause substantial disease burden that remains
unchecked due to the lack of a licensed vaccine or antiviral. As current vaccine
methodologies are limited to recombinant protein vaccines, a vaccine-approved
cell line would aid the development of all vaccines including inactivated and live-
attenuated vaccines. Vero cells are well-documented and offer a faster path
towards vaccine implementation. The central hypothesis of this undertaking was
that Vero cells will support HuNoV replication and aid the development of a HuNoV
vaccine. The rationale was that HuNoV research and translational HuNoV vaccine
development would benefit from this cell culture system.

Specific Aim 1. Determine HuNoV replication in Vero cells. The working
hypothesis is that Vero cells support HuNoV replication. In chapter 3, we
demonstrate the attachment and internalization of HuNoV particles into Vero cells.
Upon internalization, we observed the synthesis of new HuNoV RNA, structural
proteins, and nonstructural proteins concomitant with replication. The tempo of
HuNoV replication was not dependent on filterable agents, such as HBGA-
expressing bacteria, or limited to a particular MOI range. Additionally, replication

was observed in multiple clinically relevant HuNoV strains. While replication was
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modest and limited to a single infection cycle, these data provide encouraging
results for further development of the model.

Specific Aim 2: Determine exosome-driven HuNoV replication in Vero cells.
The working hypothesis is that HUNoV infects Vero cells through exosomes. In
chapter 4, we verify the presence of exosomes in HuNoV stool and that these
exosomes contain substantial HuNoV RNA. HuNoV from stool exosomes
associates with Vero cells at similar levels as whole stool, and HuNoV replication
levels are similar between stool and exosomes. Exosomes contain infectious
HuNoV, and may be responsible for a considerable portion of stool-derived HuNoV
replication. Cell-derived exosomes from HuNoV-infected Vero cell supernatants
contained infectious virus that was successfully passaged. The necessity of
exosome isolation before passage indicates the relevance of exosomes for HuNoV
infection. The importance of exosomes for HuNoV infection has been described in
HIEs, but in vivo studies are needed to further validate HuNoV transmission by
exosomes.

Specific Aim 3. Develop a Vero cell substrate for HuNoV replication. The
working hypothesis is that the Vero cell model can be enhanced by media
supplementation and host-targeted gene expression disruption. Results from
chapter 5 demonstrate that trypsin addition can enhance HuNoV replication. We
noted that both stool and exosome infections benefit from trypsin, at a high and
low MOI respectively. We postulate that a high MOI stool infection contains larger
quantities of trypsin-cleavable capsid conformations, which have an antiviral effect

once cleaved. Additionally, we identified 13 antiviral genes that when KD with
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siRNAs enhanced HuNoV replication. Lastly, we generated an LRGUK KO Vero
cell line that increased peak HuNoV infection levels beyond the wild type Vero
cells. Collectively, these data demonstrate the potential to develop the Vero cell
substrate for enhanced HuNoV replication. These strategies for increased HuNoV
propagation are needed to generate a robust Vero cell line that is ideal for HuNoV
vaccine development.

In conclusion, this research showed that Vero cells can support HuNoV.
Exosome-mediated infection and transmission were demonstrated in the Vero cell
model. Trypsin addition and host-targeted gene expression disruption were used
to enhance modest HuNoV replication in Vero cells. Collectively, these data
represent the foundational research necessary to begin the development of Vero

cells as a mammalian cell substrate for HuNoV vaccine development.
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