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Shaohua Lei

ACADEMI@GBSTRACT

Human noroviruses (HuNoVs) are the leading cause of viral epidemic acute gastroenteritis
and responsible for the deaths of over 200,000 children each year worldwide. HuNoV research
has been hampered by the long absence of a readily reproducible cell culture system and a
suitable small animal model, while gnotobiotic (Gn) pigs have been a unique animal model for
understanding HuNoV pathogenesis and immunity, as well as evaluating vaccine and
therapeutics. Recent reports of HuNoVs infection and replication in B cells supplemented with
commensal bacteria Enterobacter cloacaand in Blab/c mice deficient in RAG/IL2RG have gained
extensive attention, and my studies utilized the well-established Gn pig model to investigate the
effects of these two interventions on HuNoV infection. Surprisingly, the colonization of E. cloacae
inhibited HuNoV infectivity in Gn pigs, evidenced by the significantly reduced HuNoV shedding in
feces and HuNoV titers in intestinal tissues and blood compared to control pigs. Moreover,
HuNoV infection of enterocytes but not B cells was observed with or without E. cloacae
colonization, indicating B cells were not a target cell type for HuNoV in Gn pigs. On the other
hand, using RAG2/IL2RG deficient pigs generated by CRISPR/Cas9 system, with confirmed severe
combined immunodeficiency, | evaluated the effects of host immune responses on HuNoV

infection. Compared to wild-type Gn pigs, longer HuNoV shedding was observed in RAG2/IL2RG



deficient pigs (16 versus 27 days), and higher HuNoV titers were detected in intestinal tissues and
contents and in blood, indicating increased and prolonged HuNoV infection in RAG2/IL2RG
deficient pigs. In addition, | evaluated dietary interventions including probiotics and rice bran
using Gn pig model of HuNoV infection and diarrhea. While the colonization of probiotic bacteria
LactobacillughamnosusGG (LGG) and Escherichia coNissle 1917 (EcN) in Gn pigs completely
inhibited HuNoV fecal shedding, the two cocktail regimens, in which rice bran feeding started
either 7 days prior to or 1 day after viral inoculation in the LGG+EcN colonized Gn pigs, exhibited
dramatic anti-HuNoV effects, including reduced incidence and shorter duration of diarrhea, as
well as shorter duration of virus fecal shedding. The anti-HuNoV effects of the cocktail regimens
were associated with the enhanced IFN-y* T cell responses, increased production of intestinal IgA
and IgG, and longer villus length. Taken together, my dissertation work improves our
understanding of HuNoV infection and immunity, and further supports for Gn pigs as a valuable

model for future studies of human enteric virus infection, host immunity, and interventions.
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GENERAL AUDIENCE ABSTRACT

Human noroviruses (HuNoVs) are the leading cause of viral epidemic acute gastroenteritis.
Using the gnotobiotic pig model of HuNoV infection and diarrhea, we found that (1) the
colonization of a commensal bacterium E. cloacaénhibited HuNoV infectivity, and B cells were
not a target cell type for HuNoV in gnotobiotic pigs. (2) Increased and prolonged HuNoV infection
in RAG2/IL2RG deficient pigs, which had severe combined immunodeficiency. (3) The dietary
supplementation of rice bran and colonization of two probiotic bacteria significantly reduced
HuNoV infectivity and diarrhea, and the beneficial effects were associated with enhanced
intestinal immunity and health. Taken together, the dissertation work improves our
understanding of HuNoV infection and immunity, and further supports for gnotobiotic pigs as a
valuable model for future studies of human enteric virus infection, host immunity, and

interventions.
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Chapter 1 Literature review

Human norovirus pathogenesis and immunity;

Probiotics and rice bran usage in gastroenteritis
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Department of Biomedical Sciences and Pathobiology,
Virginia-Maryland College of Veterinary Medicine,

Virginia Tech, Blacksburg, VA 24061, USA.

Partially published as a book chapter in Mechanisms underlying hesticrobiome interactions in
pathophysiologyf human diseaseg&dited by Sun J and Dudeja PK (2018). Used with permission.
Partially to be published as a book chapter in Dietary Interventions in Gastrointestinal Disease:
Food, Nutrients and Dietary Supplemeiitsited by Watson RR and Preedy VR.

1



1.1 HuNoV pathogenesis and immunity in humans and in animal models

1.1.1 HuNoV gastroenteritis, pathogenesis and cell tropisnhumans

Human noroviruses (HuNoVs) are positive-sense, single-stranded, non-enveloped RNA
viruses that belong to the genus Norovirusin the family Caliciviridaé Since the introduction of
rotavirus vaccines (RotaTeq in 2006 and Rotarix in 2008), HuNoVs have become the predominant
cause of viral epidemic acute gastroenteritis across the globe?“. HuNoV is responsible for
estimated 200,000 children lives each year globally, and approximately $284 million in healthcare
charges, 20 million illness, and 800 deaths annually in the United States®>’. HuNoVs are highly
contagious, infectious to people of all ages, with a higher infection incidence in children and
underdeveloped areas?. Viral transmission occurs via the fecal-oral route by contaminated food
or water and person-to-person spread®. HuNoV gastroenteritis is generally self-limiting with a
duration of 2-3 days and consists of moderate to severe acute diarrhea episodes, sudden onset
of vomiting, and mild or no fever®, but the diseases can become more severe and prolonged in
infants, elderly, and individuals with impaired immunity®. Despite the tremendous disease
burden and financial cost, currently no virus-specific therapeutics or vaccines are available to
treat or prevent HuNoV gastroenteritis!, mainly because HuNoV research has been hampered
by the long absence of a readily reproducible cell culture system and a suitable small animal

model. HuNoV biology has been explored most frequently by viral challenge studies in human

13-15 16

volunteers'®, chimpanzees'?, gnotobiotic (Gn) calves and pigs'®?°, and immunodeficient mice
(Table 1).

Challenging HuNoV in immunocompetent volunteers resulted in acute gastroenteritis,

and biopsy specimens from the individuals who acquired clinical gastroenteritis displayed



histologic changes in the small intestine, including mucosal inflammation, villus blunting,
microvillus shortening, and abnormal organelles such as endoplasmic reticulum and
mitochondrial’-2%. Although intestinal epithelial cells (IECs) are the target for most enteric
pathogens, the presence of HuNoV virions or antigen has not been reported in these biopsies
from immunocompetent humans, and the cellular tropism of HuNoV has long been elusive®’-2%,
Chronic HuNoV infection occurs inimmunocompromised transplant patients. A recent study
using intestinal biopsies from a patient cohort showed that HuNoV infection was observed
in duodenal and jejunal enterocytes, and HuNoV-associated histopathological changes were
present as the flattening of epithelial cells and the severe loss of villin in enterocytes??. In
addition, stem cell-derived and non-transformed human intestinal enteroids have been recently
established as a reproducible cultivation system for multiple HuNoV strains, confirming
enterocytes as target cell types for HuNoV infection in vitro and in viva. B cells were
suggested to be a permissive cell type for HuNoV replication in vitro, which is a novel HuNoV
cultivation system in BJAB cell line supplemented with free histo-blood group antigen (HBGA) or
HBGA-expressing inactivated enteric bacteria?®. However, this cell culture system produced
inconsistent results in other laboratories?>, and HuNoV infection was observed in B cell-
deficient patients?®, along with the low virus yields in such an in vitrocell system compared with
high-level virus shedding in patients?’, suggesting that B cells might not be the primary target cell
of HuNoV.
1.1.2 HuNoV infection and pathophysiology in conventional animal models

Non-human primates (NHP), particularly chimpanzee (99%)%8, share the greatest

genome similarities with humans, which makes them desirable models for studies on



several fastidious viral pathogens, such as human immunodeficiency virus and hepatitis
viruses?®31, The chimpanzee was presented as a viable animal model for subclinical GI.1 HuNoV
infection, characterized by intravenous inoculation, asymptomatic fecal virus shedding, and viral
associated serum antibody responses’?. Biopsies from the jejunum and duodenum showed no
histological changes after HuNoV infection, although the viral genome was detectable up
to 21 days post-inoculation. Interestingly, viral capsid antigen was only observed in cells of
the duodenal and jejunal lamina propria, and further investigations indicated that viral
antigen-positive cells were dendritic cells and B lymphocytes!?. However, the chimpanzee
is not available for biomedical research any longer owing to ethical concerns. Another animal
model of subclinical HuNoV infection is the Balb/c mouse deficient in recombination activation
gene (RAG) and common gamma chain (yc or IL2RG), which lacks T cells, B cells, and natural killer
cells. In this mouse model, a HuNoV GII mix was inoculated intraperitoneally®. Although virus
shedding and gastrointestinal diseases were not observed in those Balb/c RAG/yc™~ mice,
viral genome was detected in the intestinal and systemic sites, with increased levels over
the input virus 1-2 days post-inoculation. Viral structural and nonstructural proteins were
observed in cells morphologically resembling macrophages in the liver and spleen,
validating HuNoV propagation®. Moreover, Balb/c RAG/yc™~ mice can be used for the
evaluation of anti-HuNoV drugs such as the nucleoside analog 2'-C-methylcytidine, which
inhibited HuNoV replication in vivo®?.
1.1.3 HuNoV infection and pathophysiology in gnotobiotic large animal models

The neonatal Gn pig model is a well-established model of HuNoV infection and diarrhea,

and it offers many benefits that other animal models lack. First, humans and pigs share high



homology in genome and proteome, omnivorous diet, analogous physiology of the
gastrointestinal tract, and similar immune system33-3°, Second, no maternal antibodies can be
transferred via the porcine placenta, and Gn piglets are fed with no sow colostrum or milk,
altogether excluding the effects of maternal antibodies on experimental studies. Third, it reflects
HuNoV biology in terms of supporting the natural oral route of infection, resulting in
diarrhea, transient viremia, and virus shedding in feces!® > 3638 Vjral structural and
nonstructural proteins were detected in enterocytes in wild-type Gn pigs experimentally
infected with HuNoV genotype Gl1.4'% %>, indicating viral infection and replication in Gn pigs.
HuNoV-induced diarrhea in Gn pigs was associated with mild villus atrophy and
cytopathological changes in the small intestine, manifested as blunting and shortening of
microvilli and necrosis and apoptosis of enterocytes!* 1>, which recapitulate the hallmark
pathological features in humans.

Twenty-four units of the P domain of HuNoV capsid protein can form P particle,
which efficiently induces innate, humoral, and cellular immune responses in mice?.
Together with its easy and economical preparation in E. coli P particle has gained
recognition as a promising vaccine candidate against HuNoV infection. In the study of P
particle vaccination in Gn pigs, P particle exhibited 47% cross-variant protection against
HuNoV diarrhea, and the protection correlated positively with T cell expansion in the ileum
and spleen, while correlating inversely with T cell expansion in the duodenum?3®,

Neonatal Gn calves serve as another large animal model that supports GIl.4 HuNoV infection;
viral capsid protein was detected in enterocytes of the jejunum and ileum, and in cells

morphologically resembling macrophages in the lamina propria®3. Similar to the findings in



Gn pigs, HUNoV challenge in Gn calves resulted in diarrhea along with intestinal lesions and
mild villous atrophy, fecal virus shedding, transient viremia, and intestinal and systemic
immune responses?'3,

Notably, pigs are natural hosts of noroviruses Gll (genotypes 11, 18, and 19);
however, all porcine noroviruses were detected from conventional pigs without clinical
signs®l. Porcine norovirus has been detected in many countries and geographical
distribution indicates the worldwide occurrence of porcine noroviruses among pigs on
farms. The QW101/2003/US (Gl1.18) isolate from a healthy adult pig was genetically and
antigenically related to HuNoVs and replicated in Gn pigs with fecal shedding coincident
with mild diarrhea??. Seroprevalence of norovirus Gll in pigs was reported to be 97% in the
United States. Attempts have been made, but failed to infect conventional Gottingen
miniature pigs (Marshall BioResources, North Rose, NY, USA) with HuNoV#3. The miniature
pigs neither shed virus nor seroconvert after oral and intravenous HuNoV inoculation. The
difference in the susceptibility to norovirus infection and lack of disease in conventional
pigs suggest that the gut microbiota or maternal antibodies might be protective. Effects of
the gut microbiota on the resistance and immunity to norovirus infection are currently
under investigation.

1.1.4 Effects of microbiome on norovirus infection, immunitgnd disease

The notion that commensal bacteria can enhance enteric viral infection was
demonstrated by two landmark studies published in 2011 using poliovirus, reovirus, and
mouse mammary tumor virus**#>, When intestinal bacteria were depleted by administering

a cocktail of antibiotics to mice, poliovirus infection was dramatically attenuated in



comparison with normal mice with gut microbiota, as characterized by the reduced fecal
virus shedding and mortality**. In addition, the reduced poliovirus infection was reversed
by fecal transplantation to reconstitute intestinal microbes, and the status of the intestinal
microbiota did not affect viral infectivity when poliovirus was inoculated intraperitoneally44,
indicating the role of intestinal bacteria in enhancing enteric viral infection. Poliovirus was
shown to directly bind to the bacterial outer-membrane component lipopolysaccharide,
resulting in virion thermo-stabilization and attachment to host cells** %6, As a result, the
interactions between host-microbiome and enteric viruses have been gaining intense attention.
However, the understanding of effects of the intestinal microbiota on HuNoV has been
impeded by the absence of a suitable cell culture system and animal model. Limited studies
analyzing stool samples from human patients showed that HuNoV infection could alter
microbial composition?’.

Murine norovirus (MNV) was first identified in 2002 from the brain of an
immunocompromised mouse, RAG/STAT1~/~ strain, because of its lethal infection*®. Since
then, MNV has been used widely as a surrogate to explore HuNoV biology regarding viral
pathogenesis, host immunity, and interplays with gut microbiota. Antibiotic treatment
reduced the acute MNV infection, and lower virus titers in the distal ileum, mesenteric
lymph nodes, and colon were observed compared with control mice?*. Antibiotics also
prevented persistent MNV infection in mice, but persistent infection could be restored by
microbial colonization®, indicating the stimulatory role of microbiota in MNV
infectivity. However, major disruptions of the microbiome were not observed following

acute or persistent MNV infection in mice®®. MNV infection is asymptomatic in wild-type



mice, but mucosal inflammation was observed in IL-107/~ mice maintained in a specific
pathogen-free environment, and MNV-induced pathological changes such as reduced tight
junction proteins and inflammatory lesions were lacking in germ-free IL-107" mice,
suggesting that MNV-triggered intestinal diseases might be induced via bacterial

microbiota>l.

1.2 Probiotics usage in gastroenteritis

Probiotics have been increasingly recognized as vaccine adjuvants and therapeutic agents
to ameliorate acute gastroenteritis®> 3. The underlying mechanisms include competing with
pathogens for nutrients and colonization sites, producing antimicrobial metabolites, modulating
gut microbiota composition, enhancing intestinal barrier function, and promoting mucosal
immunity>*. Numerous probiotic strains have been investigated for reducing diarrhea in animal
studies and human clinical trials. The efficiencies of probiotics vary in a strain-dependent and
dose-dependent manner>>>8, and noteworthy examples include bacteria species of the genus
Lactobacills and Bifidobacterium Escherichia colissle 1917 (EcN), and yeast Saccharomyces
boulardii The usage of these four probiotic species/strains on gastroenteritis is discussed below
with additional highlights on reducing diarrhea caused by human rotavirus (HRV), which is a
leading cause of severe gastroenteritis in children under 5 years old>® €,

Gram-positive probiotic bacteria Lactobacilluspp. are most frequently investigated and
used for alleviating clinical symptoms associated with gastrointestinal diseases®’. As a
prototypical and commercially available probiotic strain, LactobacillugshamnosusGG (LGG) has

been extensively evaluated for its beneficial effects such as the prevention and relief of



multifarious type of diarrhea®. For instance, treatment with LGG reduced the risk of antibiotic-
associated diarrhea in patients from 22.4% to 12.3% compared with mock or placebo controls®3,
LGG is the most recommended probiotics for preventing nosocomial diarrhea in children based
on currently available clinical data® ©°, and LGG administration significantly lowered diarrhea
incidence in post-weaning piglets induced by Escherichia colk88%. Particularly, LGG has
garnered overwhelming supportive evidence for lessening HRV infection and diarrhea®’. Previous
studies in our laboratory using Gn pig model have shown that LGG treatment could reduce HRV-
induced intestinal tissue damage and diarrhea®® , promote virus-specific immune responses’®,
enhance the protective efficacy of HRV vaccine®®, and prevent the shift in microbiome
composition caused by virulent HRV challenge in human gut microbiota transplanted Gn pigs’?.

Bifidobacteria are among the predominant bacterial inhabitants in the gastrointestinal
tract of mammals, including humans’?, and they exhibit social behavior in shaping gut microbiota
via metabolic interactions’® 74, In addition to the general benefits in maintaining homeostatic gut,
some bifidobacterial strains have been used as probiotics for their positive effects on
gastrointestinal functions and diseases, examples are B. animalislactis B. bifidum, B. longum
and B. brev€. Accumulating evidence has demonstrated that Bifidobacteria, administrated
alone or in combination with other probiotics and/or prebiotics, exert promising efficacy in
preventing and treating gastrointestinal disorders, including antibiotic-associated diarrhea,
Clostridium difficile-associated diarrhea, Helicobacter pyloriinfection, colorectal cancer,
necrotizing enterocolitis, inflammatory bowel disease, and irritable bowel syndrome’®. Notably,
B.longumsubsp. infantis CECT 7210 could inhibit rotavirus replication in MA-104 and HT-29 cells

and in a BALB/c mouse model’’, and its antiviral property was mediated by the secretion of an



11-amino acid peptide possessing protease activity’. When feeding B.thermophilumRBL67 in
CD-1 suckling mice prior to simian rotavirus SA-11 infection, reduced viral replication, duration
of diarrhea, and epithelial lesions were observed, along with accelerated recovery and enhanced
virus-specific IgG and IgM response’. Moreover, co-colonization of B.animalislactisBb12 and
LGG in Gn pigs lowered fecal virus shedding and diarrhea scores after attenuated HRV vaccination
and virulent HRV challenge than those of non-colonized pigs, and the ameliorated clinical signs
were associated with the enhanced intestinal HRV-specific IgA antibody responses®.
Gram-negative EcN is also a well-characterized and commercially available probiotics
used to treat inflammatory bowel disease®?, ulcerative colitis®?, and diarrhea in infants and young
children® 84 As a veterinary prophylactic and therapeutic option, EcN feeding in neonatal calves
significantly reduced the incidence of diarrhea compared with placebo®, and the pre-treatment
of EcN in neonatal pigs provided complete protection from acute secretory diarrhea associated
with porcine enterotoxigenic E. coliAbbotstown challenge®®. The beneficial effects of EcN could
be mediated by enhancing intestinal barrier function or ameliorating inflammatory responses®’”
89 latter of which contributed to the protection in Gn piglets from lethal infection of Salmonella
Typhimurium®. In addition, EcN was shown to possess HRV-binding and immunomodulatory
properties, and the reduced HRV infection and diarrhea in Gn pigs were attributed to the
enhanced B cell, plasmacytoid dendritic cell, and NK cell responses in the presence of EcN%% °1,
However, such anti-HRV activities were not observed from the treatment of LGG, suggesting that
the Gram-negative probiotic is more effective than various Gram-positive probiotics in promoting

protective immunity against HRV infection®%92.
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Bacteria are not the only microorganisms used as probiotics. The yeast Saccharomyces
boulardii is well-known for its wide use in the prevention and treatment of gastrointestinal
dysfunction, including antibiotic-associated diarrhea®®, acute gastroenteritis in infants and
children®* %>, HIV-associated diarrhea®® ¥, irritable bowel syndrome and Crohn's disease®, as
well as the prevention of C. dfficile infection and the elimination of H. pyloriinfection® 1%, |n
particular, when S.boulardiiwas administrated to children with acute rotavirus diarrhea in two
double-blind randomized trials, the mean duration of diarrhea was significantly shorter than in
controls, while no adverse events were observed!?® 102, Rotavirus-associated diarrhea results
from the viral destruction of absorptive enterocytes, villus ischemia, intestinal secretion induced
by viral non-structural protein 4 (NSP4), and activation of the enteric nervous system>> %, Anin
Vvitro study using Caco-2 cells and human intestinal organ culture model showed that rotavirus
NSP4 induced chloride secretion through the generation of oxidative stress, and S.boulardiicould

inhibit chloride secretion, which was proposed as a mechanism for its anti-diarrhea property®.

1.3 Rice bran usage in diarrhea

1.3.1 Overall health benefits of rice bran dietary supplement

Rice (Oryza sativa..) is grown in over 100 countries and served as the staple food for
around 3.5 billion people all over the world*%*. While the milled and polished rice grain widely
counts for human consumption, the outer covering layer, rice bran, is usually considered as a
type of livestock feed, mainly due to traditional perceptions and the rapid development of
hydrolytic rancidity in the bran during stroage!® 1%, Therefore, rice bran is known as an

underutilized by-product of rice milling. To overcome the storage issue, heat stabilization is
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applied to inactivate rancidity-inducing lipoxygenases and lipases in rice bran, the increased shelf
life and retained bioactivity have expanded the usage of rice bran for human health and
nutrition?’. Rice bran is a natural mixture of a large variety of bioactive compounds. Rice bran
metabolite profiling revealed a suite of 65 biochemical molecules with health properties
including amino acids, vitamins & cofactors, and secondary metabolites'®®. The multifaceted
health benefits of rice bran have been illuminated using whole rice bran as well as extracts such
as rice bran oil, polysaccharides, proteins/peptides, and minerals'®. As a result, there is an
increasing interest in dietary rice bran supplementation in animals and humans for the medicinal
and nutritional properties.

In mice, consumption of rice bran induced an increase in fecal and serum IgA, as well as
increased antigen-presenting cells in mesenteric lymph nodes and lamina propria'®. Another
study showed that rice bran glycoprotein was able to help cyclophosphamide-treated mice
recover from immunosuppression by promoting the proliferation of splenic lymphocytes!*:,
These reports indicate the immunomodulatory effects of rice bran in enhancing mucosal and
systemic immunity. In gnotobiotic (Gn) pigs, rice bran intake exhibited high protective efficacy

against diarrhea induced by HRV infection!!?

. In human clinical trials, dietary rice bran
ameliorated type 2 diabetes by lowering lipid and glycemic levels'!® 114, and arabinoxylan rice
bran has been evaluated with promising therapeutic effects on irritable bowel syndrome and
chronic hepatitis C virus infection'> 116, In addition, emerging scientific evidence indicates that

dietary rice bran represents chemopreventive potential against several types of cancer such as

liver, lung, breast, and colon cancer!’. Overall, rice bran is being recognized as an economical,
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natural, novel, and safe dietary supplement with broad beneficial effects on animal and human
health, including treating gastrointestinal diseases.
1.3.2 Dietary rice bran qeplementation in reducing diarrhea

It is well known that rice bran has been a traditional home remedy for patients with acute
or chronic gastrointestinal illnesses in Asian countries such as China and India, especially in the
rurual areas due to its easy accessibility and low cost. Diarrhea is a manifestation of
gastrointestinal malfunction, and the anti-diarrhea property of rice bran has been first tested in
the cases of irritable bowel syndrome (IBS) and HRV infection.

IBS is a chronic functional bowel disorder in which recurrent abdominal pain is related to
defecation or a change of stool frequency or pattern, including diarrhea, constipation, or mixed
typel!®. As many patients recognize specific dietary contributors for their IBS symptoms, the
traditional first recommended treatment is to increase the dietary fiber intake. In a randomized
clinical trial, 20 patients in the placebo group and 19 patients in the modified arabinoxylan rice
bran (also known as MGN-3 or Biobran) group all suffered from diarrhea, either IBS with diarrhea
or mixed type IBS with both diarrhea and constipation. After 4 weeks of treatment with 2 grams
of Bioran powder per day, the global assessment indicated that 30% of the placebo and 63.2% of
the Biobran group had symptom relief in IBS, and significantly lower diarrhea scores over the
baseline, but not constipation scores, were observed after Biobran treatment, indicating the
therapeutic effects of dietary Biobran in reducing diarrhea in IBS°,

The first report of rice bran’s effects on reducing viral diarrhea was a study using the Gn
pig model of HRV infection and disease. Heat-stabilized rice bran was added to the Gn pigs’ daily

milk diet to replace 10% of total calorie intake starting at 5 days of age, the virulent HRV challenge
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was given at 33 days of age, and then all pigs were euthanized 7 days later. In the study, while
the mock control Gn pigs experienced an average of 5.6 days of diarrhea, the rice bran treated
Gn pigs had a significantly lower mean diarrhea duration of 0.2 days. A significantly lower
incidence of diarrhea (20%) was observed when compared with the control pigs (100%). The
protective effect outperformed two dosages of attenuated HRV vaccination!!2. Remarkably, Gn
pigs were completely protected from HRV diarrhea when treated with rice bran feeding and
attenuated HRV vaccinations!?. In a follow-up study, co-colonization of LGG and EcN presented
a significant protection against HRV diarrhea by lowering the mean duration to 0.7 days, and rice
bran completely prevented HRV diarrhea in the LGG+EcN pre-colonized Gn pigs'®®. In all, the high
protective efficacy of rice bran, used alone or together with vaccine or probiotics, validated it as
a novel and effective measure to prevent and treat HRV-induced diarrhea.
1.3.3 Mechanisms for rice bran usage in reducing diarrhea

Rice bran comprises over 450 distinct phytochemicals'®®, and the compositions and
concentrations might differ across cultivars, cultivation regions, and extraction methods.
Although numerous studies have demonstrated the beneficial effects of rice bran and extracts,
the underlying mechanisms could vary case by case and depend on the experimental hosts and
objectives. As to the diarrhea ameliorating property, we summarized the corresponding
mechanisms in several aspects.
1.3.3.1 Antimicrobial and antiviral activities

A traditional first-line treatment for diarrhea caused by pathogen is to interfere or
eliminate the malicious microorganisms. At least 15 metabolites identified in rice bran might

contribute to its antimicrobial and antiviral ability'°, which have been evaluated on a variety of
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bacteria and viruses. For instance, rice bran extracts reduced the entry and replication of
Salmonellain intestinal epithelial cells?°. Sulfated rice bran glucans exhibited strong anti-
cytomegalovirus activity on preventing viral entry of target hosts!?!, indicating the blockade by
rice bran at the stage of pathogen entry. Moreover, rice bran or extracts inhibited the
colonization and/or replication of Salmonell&? 123, Vibrio cholerag Shigellaspp, Escherichia
coli*?4, Clostiridium?, hepatitis C virus*®, and human immunodeficiency virus*?®.
1.3.3.2 Prebiotic and microbiotanodulatory properties

The prebiotic property of rice bran in enhancing the growth of probiotics was shown in
many studies. Besides the Salmonellareducing effect, dietary rice bran promoted the
colonization of native Lactobacilluspp in mice!® 123, Similarly, rice bran improved the health
condition of weaning pigs by increasing intestinal Bifidobacteriumspp!?’. The prebiotic activity
of rice bran was also observed in Gn pigs by promoting the colonization of LGG and/or EcN, which
was associated with their protective effects on HRV diarrhea'®.

Probiotic lactobacilli increase the production of colonic short-chain fatty acids (SCFA)%%
123 Rice bran also increases the production of SCFA by colonic bacterial fermentation!3?. SCFAs
influence net intestinal Na*, CI and water absorption by increasing Na* absorption via
upregulation of NHE3 (Na*/H* exchanger), Cl absorption by upregulation of CI'/HCOs™ exchanger
DRA (down-regulated in adenoma)*3!, and inhibiting CI- secretion!3?-134, Gn pigs fed rice bran and
probiotics had drastically reduced incidence, shortened duration and reduced severity of HRV
diarrhea, despite no reduction in virus shedding after challenge, suggesting modulation of ion

transporter function by rice bran and/or probiotics as a possible mechanism?°.
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In addition to regulating the growth of certain bacterial species, rice bran has a global
impact on the entire gut microbial composition!3>13¢, Gut microbiome has gained unprecedented
attention for its close association with human health and immunity, especially with
gastrointestinal health'3’, and emerging data in recent years indicates that microbiota modulates
enteric viral infections!3® 13°, There is no doubt that the potential mechanisms of rice bran in
alleviating diarrhea in terms of modulating diarrhea pathophysiology and intestinal microbiome
warrants further investigation.
1.3.3.3 Effects on intestinal immunity and overall health

In general, the immunomodulatory role of rice bran largely accounts for its multifarious
health benefits'®. Enhanced activity of B cells, T cells, dendritic cells, and natural killer cells were
observed from the treatment by rice bran or extracts in vivoor in vitro'1® 140-143 syggesting the
potentially enhanced protective immunity against enteric infection. Specifically, in rice bran fed
mice, reduced Salmonellacolonization was positively correlated with the induction of cellular
immune responses in the small intestine and certain metabolites, such as a-linolenic acid and y-
tocotrienol'?? 123 |n rice bran fed Gn pigs, the reduced HRV diarrhea could be attributed to the
enhanced intestinal and systemic IFN-y producing T cell responses and the elevated virus-specific
intestinal IgA antibody levels!'2. Furthermore, the alterations of lipid and amino acid/peptide
metabolism induced by rice bran consumption contributed to the complete protection against
HRV diarrhea in Gn pigs'#4.

Due to the macronutrient and micronutrient richness, rice bran improved the growth of

119

human infants and Gn pigs''®, indicating enhanced nutrient intake via the gut and overall health.

The beneficial effects on the gut might be exerted by the maintenance orimprovement of healthy
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intestinal morphology. For instance, rice bran fed Gn pigs had significantly lower ileal villus width
and mitotic index under HRV infection'?®, indicating that rice bran prevented viral induced
damage on the intestine. Data from the pilot studies of rice bran intake in infants showed that
rice bran-fed participants had markers of decreased intestinal permeability and inflammation,
and increased growth, including lower fecal alpha-1-antitrypsin (p = 0.02) and higher serum
glucagon-like-peptide 2 (p=0.03) which is secreted from enteroendocrine L cells, associated with
decreased inflammation, and promotes intestinal growth4>. More importantly, the rice bran
group had significantly increased length-for-age Z-score from 6 to 12 months compared to
control (p < 0.01). The diarrhea prevalence was 33% in the rice bran group compared to 79% in
the control group. In the safety evaluation, there were no serious adverse events, no increases
in serum heavy metal concentrations, and no decreases in iron absorption in the rice bran group

(personal communication).

1.4 Concluding remarks

HuNoVs are the predominant cause of epidemic acute gastroenteritis worldwide. Given
the enormous disease burden and financial cost, vaccines and antiviral drugs are in urgent
demand to prevent and treat HuNoV infection and gastroenteritis. However, our understanding
of HuNoV biology has been limited in the first place, by the long lack of a robust cell culture and
small animal model. Hence, clinical stool samples from HuNoV-infected patients have been the
only virus resource for HuNoV infection studies. Among the efforts in establishing in vitrtomodels,
HuNoV passage in 3D intestinal cells were not reproducible*® 147; reverse genetics enabled the

production of virion or virus-like particle derived from HuNoV genomic or subgenomic RNA4,

17



but the productivity remains to be improved. Later, B cells supplemented with free HBGA or
HBGA-expressing E. cloacaeavas reported to have 10-100 times increase in HuNoV RNA copies
after cultivation?, which inspired us to expand our Gn pig model with E. cloacaeolonization to
achieve effective HuNoV propagation and to verify viral infection in B cells. However, our findings
in Gn pigs do not support the conclusion from the in vitro studies.

HuNoV infection and replication were observed in Balb/c mice deficient in RAG/IL2RG,
but the low level of replication and lack of virus shedding exclude its application for HuNoV
propagation®®. Recent advances in genome editing technology, especially the CRISPR/Cas9
system, allow us to generate genetically engineered pigs at higher efficiency'*’. Given the
numerous advantages of Gn pigs in the study of HuNoV infection and disease, RAG2/IL2RG
deficient Gn pigs are expected to support higher HuNoV infection than that of wild-type pigs and
RAG2/IL2RG deficient mice. In addition, HuNoV infection can become persistent with prolonged
virus shedding in immunocompromised patients, who may suffer from increasingly debilitating
and life-threatening gastroenteritis?” 10, and this patient cohort requires a specific animal model
that supports HuNoV infection and mimics the immunodeficiency for the development of
therapeutic strategies. By depleting all major lymphocytes, RAG2/IL2RG deficient Gn pigs present
great promise to recapitulate the hallmarks of HuNoV infection in immunocompromised patients.

The combination of probiotics and rice bran is a promising approach to reduce HuNoV
infection and diarrhea, with increasing specific evidences supporting the idea. Probiotic bacteria
can bind HuNoV P particles on their surface in vitro, and the presence of LactobacillugaseiBL23
and EcN might inhibit P particle attachment to epithelial cells'®!. In another study, the presence

of Bifidobacteriumadolescentignhibited the attachment of HuNoV GI.1 virus-like particle to
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epithelial cells in vitro?, indicating the inhibitory role of probiotics on the initial viral infection
stage. However, instead of affecting the viral attachment, B. adolescentisdecreased the
replication of MNV in RAW 264.7 cells*®2, Vitamin A was shown to inhibit MNV replication in mice
by upregulating lactobacilli in gut microbiota, and anti-MNV effects of lactobacilli were confirmed
in RAW264.7 cells'®3, Evaluation of the effects of consuming Lactobacilluscaseistrain Shirota
fermented milk on HuNoV gastroenteritis during an outbreak in Japan demonstrated that the
elderly HuNoV-infected patients (about 84 years old) who continuously consumed the milk
experienced a shorter duration of fever than the non-treated patients (1.5 versus 2.9 days),
although the incidence of HuNoV gastroenteritis did not differ between the two groups!*.
Together with our previous success in reducing HRV diarrhea in Gn pigs using LGG+EcN and rice
bran!!2 119 the intervention strategy of probiotics and rice bran on HuNoV infection and diarrhea
warrants further studies in animal models to elucidate the mechanisms of action and in human

clinical trials to evaluate the efficacy, safety and optimal dosage.
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Tablel Features of animal models for HuNoV infection

Viral antigen

Gem-free Viral Route of Fecal virus . . . Pathological
Host . . . . . Viremia Diseases
iti i [ i . i
condition strain nfection location shedding changes
) Vomiting and
Immunocompetent humans - Multiple oral N/A + +/- g + 1721
severe diarrhea
Immunocompromised . Vomiting and
P - Multiple oral IECs + N/A g +22,27,150
humans severe diarrhea
155.
, oral = intestinal DC and , 5
Chimpanzees - Gl.1 I + - asymptomatic -
intravenous 2 B cells
. . . . Ma-like cells in )
Balb/c RAG/yc”" mice - Gllmix intraperitoneally . ¢ - N/A  asymptomatic -16
liver and spleen
Gnotobiotic pigs + Gll.4 oral IECs + + mild diarrhea + 1415
. IECs and intestinal o
Gnotobiotic calves + Gll.4 oral + mild diarrhea + 13

Mdo-like cells

IECs: intestinal epithelial cells. Md:

macrophage. N/A, not available.
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Abstract

Human noroviruses (HuNoVs) are the leading cause of epidemic gastroenteritis worldwide. Study
of HuNoV biology has been hampered by the lack of an efficient cell culture system. Recently,
enteric commensal bacteria Enterobacter cloacaeas been recognized as a helper in HuNoV
infection of B cells in vitro. To test the influences of E. cloacaen HuNoV infectivity and to
determine whether HuNoV infects B cells in vivg we colonized gnotobiotic pigs with E. cloacae
and inoculated pigs with 2.74 x 10* genome copies of HuNoV. Compared to control pigs, reduced
HuNoV shedding was observed in E. cloacaeolonized pigs, characterized by significantly shorter
duration of shedding in post-inoculation day 10 subgroup and lower cumulative shedding and
peak shedding in individual pigs. Colonization of E. cloaca@lso reduced HuNoV titers in intestinal
tissues and in blood. In both control and E. cloacaecolonized pigs, HuNoV infection of
enterocytes was confirmed, however infection of B cells was not observed in ileum, and the
entire lamina propria in sections of duodenum, jejunum, and ileum were HuNoV-negative. In
summary, E. cloacaéhibited HuNoV infectivity, and B cells were not a target cell type for HuNoV

in gnotobiotic pigs, with or without E. cloacaeolonization.
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Introduction

Human noroviruses (HuNoVs), non-enveloped positive-strand RNA viruses, are the
leading cause of viral epidemic acute gastroenteritis worldwide®. HuNoVs infect people of all ages,
the gastroenteritis is characteristically self-limiting with a duration of 1 to 3 days, but it can be
severe and prolonged in infants, young children, elderly, and immunocompromised individuals?.
As members of the Norovirusgenus in the Caliciviridagfamily, noroviruses are divided into six
genogroups (Gl - GVI) based on viral capsid gene sequences, but only Gl, Gll, and GIV are found
in humans and thus known as HuNoVs3. Although at least 32 different HuNoV genotypes have
been further classified*, genogroup Il genotype 4 (Gll.4) has been the predominant genotype
causing global acute gastroenteritis outbreaks®. In the past two decades, six major epidemics
have occurred due to novel Gll.4 variants that evolved by recombination and mutation, including
the most recent strain, GIl.4 Sydney _2012%. During the season of 2014-2015, newly emerging
GII.17 variants caused outbreaks in Asia, and the urgent need to control the global spread of
GlI.17 has gained recent attention’. Unfortunately, no vaccines or virus-specific therapies are
currently available to prevent or treat HuNoV infection?®.

HuNoV research has long been impeded by the lack of a robust cultivation system and a
suitable animal model. Limited knowledge of HuNoV biology are mainly from viral infection
studies in chimpanzees!?, gnotobiotic (Gn) calves and pigs?*°, immunodeficient mice'®, and
human volunteers?. Enterobactercloacaewas screened from commensal enteric bacteria with
surface histo-blood group antigen (HBGA) expression and the ability to bind to HuNoV
specifically!’. E. cloacaavas subsequently found to promote HuNoV infection of human B cells

(BJAB cell line) in vitro*, which is a novel HuNoV infection system that redefined the range of
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HuNoV cell tropism and viral infection factors. In this cell culture model, B cells supplemented
with free HBGA or HBGA-expressing enteric bacteria, such as E. cloacagwere susceptible to
HuNoV infection'®. However, there is a total lack of in vivostudies to support the role of E. cloacae
or other HBGA-expressing enteric bacteria in enhancing HuNoV infection of B cells. In addition,
the low-level viral replication in such cultured B cells was inconsistent with high-level virus
shedding in human patients, suggesting that B cells might not be the major target cell type of
HuNoV?2°. Therefore, in vivoevidence is essential to test the stimulatory role of E. cloacaand to
confirm that B cells are a natural target for robust HuNoV infection and replication.

The neonatal Gn pigs recapitulate the hallmark features of the gastrointestinal tract in
young children and have been widely used for enteric virus infection?> 22, HuNoV pathogenesis
studies and vaccine evaluations in Gn pigs have high translational relevance to those of humans®
14,23 Compared to chimpanzees (no longer available for biomedical research) and
immunodeficient mice, Gn pigs are currently preferable for HuNoV infection study in many ways,
such as the ability to become infected via oral route and resulting in diarrhea and fecal virus
shedding?®. In addition, the germ-free environment in the Gn system has enabled the studies of
interaction between virus and specific bacterial strains?>?7, as well as human microbiota?® 2°, In
this study, via E. cloacaeolonization in the well-established neonatal Gn pig model of HuNoV
infection and diarrhea, we aimed to (i) elucidate the effects of E. cloaca®n HuNoV infectivity in
Vivo, (i) determine whether HuNoV infects B cells in vivg and (iii) explore the mechanism of

altered HuNoV infectivity in the presence of E. cloacae
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Results

E. cloacaeeduced HuNoV shedding but not diarrhe

To evaluate the effects of E. cloaca®n HuNoV infection and diseases in vivqg a group of
Gn pigs were inoculated with three doses of E. cloaca®n 3, 4, and 5 days of age. Together with
another group of control pigs, all were inoculated with 2.74 x 10* genome copies of HuNoV
Gll.4/2006b at 6 days of age, which was post inoculation day 0 (PIDO), then euthanized on PID3,
PID7, or PID10. To confirm the colonization of E. cloacaen these Gn pigs, fecal E. cloacae
shedding was determined daily from PIDO to euthanasia day. E. cloacaewas detected in all
treated pigs (Fig. 1), whereas the control pigs remained sterile throughout this study (data not
shown).

Fecal HuNoV shedding was monitored daily in both control and E. cloaca&olonized Gn
pigs after viral inoculation (Fig. 2a). In E. cloacaeolonized pigs, virus shedding was clearly lower
than that of control, as the shedding titers for all pigs on each day were below 5000 genome
copies per gram of feces. The incidence of virus shedding showed that compared to control pigs,
E. cloacaeolonized pigs had a significantly shorter mean duration in PID10 subgroup (6.7 versus
5.5 days) (Table 1). To further characterize the shedding titers, cumulative and peak shedding for
individual pigs were calculated. The cumulative virus shedding in E. cloaca&olonized pigs was
significantly lower on PID7 and PID10 (Fig. 1b), and there was also a trend for lower peak shedding
titers in E. cloacaeolonized pigs (Fig. 1c). No significant difference in the incidence of diarrhea
was observed among groups at any time points (Table 1), indicating E. cloaca&olonization did
not affect the incidence of diarrhea in Gn pigs after HuNoV infection. These data demonstrated

that E. cloacaeolonization inhibited HuNoV shedding in Gn pigs.
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E. cloacaeeduced HuNoV titers in intestinal tissues and blood

Previous studies showed that HuNoV (Gll.4) antigen was observed in duodenum and
jejunum of Gn pigs'3*°. In this study, analysis of the tissue samples confirmed the existence of
HuNoV genomes in duodenum and jejunum, and viral genomes were also detectable in ileum for
both control and E. cloaca&olonized pigs (Fig. 3a, b). Compared to control pigs, on PID3, virus
titers were significantly lower in duodenum and ileum of E. cloaca&olonized pigs (Fig. 3a). On
PID10, virus titer was significantly lower in ileum of E. cloacaeolonized pigs (Fig. 3b).

Previously, HuNoV was detected in blood in humans with gastroenteritis3® 3%, as well as
in Gn calves and pigs after HuNoV challenge®?® 3. In this study, viral genomes were present in
plasma in 4 of 6 control pigs (66.7%) and 5 of 8 (62.5%) E. cloacaeolonized pigs, and virus titer
on PID3 was significantly lower in E. cloacaeolonized pigs (Fig. 3c). In addition, viral genomes
were also detectable in whole blood cells in 2 of 6 control pigs (33.3%) and in 1 of 8 E. cloacae
colonized pigs (12.5%) (Fig. 3d). Taken together, the reduced HuNoV titers in intestinal tissues

and in blood indicated the inhibitive role of E. cloacador HuNoV infection in Gn pigs.

HuNoV antigen was observed in enterocytes but not in B cells

To confirm HuNoV infection of enterocytes in Gn pigs and to identify virus-infected cells
in E. cloacaeolonized pigs, immunohistochemistry (IHC) was performed to detect the viral
capsid protein VP1 on sections of small intestine from both groups. As expected, HuNoV antigen
was observed in enterocytes of duodenum and jejunum from control pigs. In E. cloacaeolonized
pigs, both duodenal and jejunal enterocytes were also the only positive cells, whereas cells of the

lamina propria were negative for both groups (Fig. 4).
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To determine whether HuNoV infects B cells in the presence of E. cloacaén Gn pigs, we
isolated total mononuclear cells (MNC) from ileum and spleen, then performed gRT-PCR to
detect viral genomes. 1 of 6 control pigs had detectable viral genomes in ileal MNC (Fig. 5a), and
3 of 6 control pigs had detectable viral genomes in splenic MNC (Fig. 5b), although the titers were
as low as 20 genomic copies in 10’ MNC. However, no viral genomes were detected in ileal or
splenic MNC in E. cloacaeolonized pigs, presumably resulting from the lower HuNoV infection
in these pigs. Furthermore, IHC for both viral antigen and B cells was performed in ileum, because
ileum is populated with B cells in conventional and Gn pigs3?, and viral genomes were detected
in ileum (Fig. 3a). B cells were observed in the lamina propria, as probed by primary antibody
targeting cellular marker CD79, while HuNoV antigen was observed only in enterocytes. Thus,
there was no signal co-localization in sections from control and E. cloacaeolonized pigs, even
though B cells could be located in close proximity to HuNoV positive cells (Fig. 5¢). In all, these

data suggest that B cells are not a HuNoV target in Gn pigs, with or without E. cloacaeolonization.

E. cloacagoromoted gut immunity

Probiotic lactobacilli colonization enhanced gut immunity in Gn pigs by promoting
intestinal T cell and B cell responses, as well as the secretion of intestinal immunoglobulins?> 26,
Lactobacilli protected against rotavirus diarrhea and also functioned as adjuvants for rotavirus
vaccine by promoting protective immune responses?” 33 3% We hypothesized that E. cloacae
colonization might promote gut immunity in Gn pigs as well, which in return would inhibit HuNoV
infectivity. To determine the role of E. cloacaén intestinal immune system development, we

compared the sizes of ileal Peyer’s patches (IPP) for both groups. In E. cloacaeolonized pigs, IPP
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were significantly larger and more developed than those of control pigs on 6 days and 13 days
post inoculation of E. cloacaéFig. 6a). The IPP in E. cloacaeolonized pigs were characterized by
significantly greater width from muscularis mucosae to muscularis associated with gut associated

lymphoid tissue (GALT), width of GALT, height and width of follicles (Fig. 6b).

Discussion

The lack of a robust cell culture and animal model for HuNoVs propagation has long eluded
study of HuNoV biology and development of antiviral therapies. Among the in vitro models,
HuNoVs reverse genetics systems containing subgenomic or genomic RNA have been
established3* 3¢, but the virus-like particle or virion production was inefficient. Reports of HuNoVs
infection and replication observed in 3D intestinal epithelial cells were not reproducible3’ 38,
Although HuNoV infection has been observed in chimpanzees'?, the species is no longer available
for the entire biomedical research due to ethical concerns. The BALB/c Rag/yc’- mouse was
recognized as a HuUNoV infection model via intraperitoneal inoculation?®, but it is not suitable for
HuNoV propagation due to the low robustness of replication and the lack of virus shedding. Given
the limitations of current models, clinical fecal samples containing HuNoV from patients have
been the only resource for HuNoV infection studies. Recently, HuNoV cultivation was described
in human B cells (BJAB cell line) with free HBGA or HBGA-expressing E..cloacagupplementation®®
13, Hence, we expanded our Gn pig model with E. cloaca&olonization, which should enhance
HuNoV infection and replication. Our original objective was to develop a pig model for effective

HuNoV propagation. Surprisingly, E. cloacaénhibited HuNoV infectivity in Gn pigs instead.
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First, fecal virus shedding has been used as direct evidence to characterize the status of
HuNoV infection in viva Our data showed that the incidence of shedding and the shedding
amount in E. cloacaecolonized pigs were less than those of control pigs, including lower
cumulative shedding and peak shedding in individual pigs (Table 1 and Fig. 2). Second, the small
intestine has been shown to be the primary HuNoV infection site in Gn pigs’3°. We also
confirmed the existence of viral genomes in all sections of small intestine in both groups, and the
titers were significantly lower in E. cloacaecolonized pigs. In addition, lower viremia was
observed in E. cloacaeolonized pigs (Fig. 3). As HuNoV genomes were present in whole blood
cells, it is likely that those were virions captured by phagocytes and translocated through blood
circulation, since ileal and splenic MNC had detectable viral genomes as well. Third, E. cloacae
was expected to facilitate HuNoV infection of B cells based on the in vitromodel, but no HuNoV-
positive B cells were observed in ileum sections even though the adjacent enterocytes were
HuNoV positive. In addition, the entire lamina propria in sections of duodenum, jejunum, and
ileum were HuNoV-negative, in both control and E. cloacaeolonized pigs.

Enteric bacteria can bind to HuNoV via surface HBGA?’. It is likely that HBGA-expressing
E. cloacaserves as a blockade between HuNoV and target cells in vivoinstead of facilitating
virion attachment, and thus leads to lower rates of infection. Both inhibition and enhancement
of HuNoV P particles attachment via such binding have been observed in vitrofor other probiotic
bacteria, such as Lactobacillus cas@iL23 and Escherichia coNissle 19173°. Our data suggested
that inhibition of attachment by E. cloacaevas the scenario in pigs in vivQ resulting in decreased
HuNoV infectivity. Another reason for the lower HuNoV infectivity might be due to the enhanced

development of gut immunity by E. cloacae&olonization. We observed that colonization of E.
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cloacaein Gn pigs stimulated the development of IPP. Further and longer term studies will be
required to determine the magnitude of immune responses to HuNoV infection between the two
groups.

The binding between E. cloaca@and HuNoV may also play a role in virus retention in viva
We observed that virus titer in duodenum decreased from PID3 to PID10 in control pigs, but it
appeared to be unchanged or even increased in E. cloacaeolonized pigs (Fig. 3a, b). E. cloacae
is naturally resistant to broad-spectrum antibiotics*°, thus it could be dominant in gut microbiota
in immunocompromised patients, who also require antibiotic therapy to manage microbial
infections in many cases*’. Increased E. cloacaeamight in return contribute to persistence of
HuNoV infection in immunocompromised hosts by virus retention.

In summary, colonization of E. cloacaén neonatal Gn pigs inhibited HuNoV infectivity,
including reduced virus shedding, lower viral genome titers in intestinal tissues and in blood.
HuNoV infection of B cells was not observed in duodenum, jejunum, or ileum in either control or
E. cloacaeolonized pigs. To our knowledge, this is the first in vivostudy to evaluate the effects
of E. cloacaeon HuNoV infectivity, and our study paves the way for future studies of the

interaction between HuNoV and enteric bacteria in viva

Materials and Methods

Virus and bacteriumA pool of stool containing GIl.4/2006b variant 092895 (GenBank accession
no. KC990829) was collected in 2008 by Dr. Xi Jiang’s laboratory at Cincinnati Children’s Hospital
Medical Center from a child with HuNoV gastroenteritis. Stool sample collection was conducted

in accordance with protocols approved by the institutional review boards of the Cincinnati
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Children’s Hospital Medical Center (IRB number: 2008-1131), and informed consent was
obtained from parents or child. The stool was processed as inoculum and stored in our laboratory
for studies of HuNoV infection in Gn pigs'4. Enterobacter cloaca®as purchased from ATCC (ATCC
13047) and grown in nutrient broth overnight at 303 with shaking at 250 rpm. Overnight cultures
containing 15% glycerol were stored in -803 freezer for colonization of Gn pigs. The final
concentration of E. cloacaavas measured in serial dilutions by enumeration of colony forming

unit grown on nutrient broth agar plates.

E. cloacaeolonization and HuNoV inoculation of Gn pidéear-term Yorkshire cross breed pigs
were derived by hysterectomy and maintained in Gn pig isolators as described previously*?. A
subset of pigs was orally inoculated with 10* CFU of E. cloacaelaily on 3, 4, and 5 days of age to
initiate colonization, which was monitored via testing fecal shedding. Control pigs received a
diluent only. All pigs were orally inoculated with 2.74 x 10 viral RNA copies of HuNoV at 6 days
of age. Four ml of 200 mM sodium bicarbonate was given 15 min prior to HuNoV inoculation to
reduce gastric acidity. Pigs were euthanized on PID3, PID7, or PID10 for collection of blood,
intestinal contents, and tissues. Forty cm of distal ileum and whole spleen organ were collected
for the isolation of MNC?2. Pigs used in this study were HBGA-typed to be A* and/or H*, and
sterility was confirmed one day before E. cloacaénoculation for all pigs, as well as on euthanasia
day for control pigs, as previously described®. All animal experimental procedures were
conducted in accordance with protocols approved by the Institutional Animal Care and Use

Committee at Virginia Tech (IACUC protocol: 14-108-CVM).
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Assessment of diarrhea and HuNoV sheddimig feces were collected daily by rectal swabs
following HuUNoV inoculation to assess diarrhea and fecal virus shedding. Fecal consistency was
scored as follows: 0, solid; 1, semisolid; 2, pasty; 3, semiliquid; and 4, liquid. Pigs with daily fecal
scores of 2 or greater were considered diarrheic. Virus shedding was determined as described
previously!®. Briefly, pig feces on rectal swabs were released by swirling in 1 m| PBS and processed
as solution, 250 ul of which was prepared for total RNA isolation using TRIzol LS (Thermo Fisher
Scientific). The RNA pellet was resuspended in 40 pl RNase-free water, and 5 pul RNA was used in
a TagMan gRT-PCR reaction to detect HuNoV genomes following the manufacturer’s instructions

in the SensiFAST Probe No-ROX One-Step Kit (Bioline).

Detection of HUNoV genome in tissues and bloGehall intestinal tissues were collected during
necropsies, directly frozen in liquid nitrogen, and then stored in -803 freezer. 40 to 60 mg of
frozen tissues were thawed at room temperature, washed in 1 ml PBS once, then homogenized
in 0.2 ml TRIzol LS using Bullet Blender with 100 mg of 1.0 mm Zirconium Oxide beads (Next
Advance). Total RNA from the homogenized tissues was isolated by adding 0.55 ml TRIzol LS.
Blood was collected immediately after euthanasia, and 30% of ACD was added to prevent
coagulation. Plasma and whole blood cells were separated by centrifugation at 20009 for 5 min.
Plasma from 250 ul blood and whole blood cells from 50 pl blood for each pig were used for RNA
isolation. 1 x 107 MINC from ileum and spleen were used for RNA isolation. For these samples,
RNA was isolated using 750 pl TRIzol LS following the manufacturer’s instructions, and the HuNoV

genome copies were determined by TagMan qRT-PCR as described above.
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Immunohistochemistry.Small intestinal tissues were collected upon euthanasia, fixed in 4%
paraformaldehyde overnight, embedded in paraffin, sectioned at 5 "m, and placed on positively
charged glass slides. Tissue slides were deparaffinized and rehydrated by washing in a graded
ethanol series. For enzymatic antigen retrieval, slides were digested in 80 pug/ml proteinase K
solution (Sigma Aldrich) for 30 min at 37 3 , followed by washing with tris-buffered saline (TBS).
For blocking, slides were incubated in TBS containing 10% normal pig serum and 1% BSA for 2 h
at room temperature. For IHC of duodenum and jejunum, slides were incubated with a goat anti-
HuNoV GllI.4 VLP polyclonal antibody diluted in TBS containing 1% BSA overnight at 4 3 , then
washed with TBS containing 0.025% Triton X-100, and incubated with Alexa Fluor 488-labeled
donkey anti-goat secondary antibody (A-11055; Thermo Fisher Scientific; 1:500) diluted in TBS
containing 1% BSA for 1 h at room temperature. For IHC of ileum, mouse anti-CD79 (VP-C366;
Vector Laboratories; 1:1000) and Alexa Fluor 546-labeled donkey anti-mouse secondary antibody
(A10036; Thermo Fisher Scientific; 1:500) were also included in the two incubation steps above.
Finally, slides were washed in TBS and mounted in Vectashield containing 4,6-diamidino-2-
phenylindole (DAPI) for counterstaining cell nuclei (Vector Laboratories). Images were acquired
on a Zeiss LSM 880 confocal laser scanning microscope in Fralin Imaging Center at Virginia Tech.

lleumPeg r ' s pat c he s Settionsof iloum avdrelpredaredgsydescribed above, and
H&E staining was performed routinely. A pathologist was blinded to identification of the samples

and evaluated the IPP histopathology using a light microscope with an ocular micrometer. To

characterize the IPP sizes, muscularis mucosae to muscularis (mm to m) associated with gut
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associated lymphoid tissue (GALT), width of GALT, height and width of follicles were measured.

For each parameter, 12 random locations including all pigs in each group were measured.

Statistics.Pigs (male and female) were randomly divided to control group and E. cloacagroup,
pigs infected with HuNoV in each group were randomly assigned to be euthanized on PID3, PID7,
or PID10. To assess clinical signs and virus shedding, pigs euthanized on PID10 contributed data
to PID3 and PID7 subgroups, as did PID7 contributed data to PID3 subgroup. Statistical
significance was determined with analyses specified in figure legends and table notes using

GraphPad Prism 6.0 (GraphPad Software). Pvalue < 0.05 was indicated as statistically significant.
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Fecal E. cloacae shedding
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Figure 1. FecdE. cloacaeshedding.Colonization of E. cloacaén the Gn pigs throughout the
HuNoV infection study was confirmed by monitoring fecal shedding. The colony forming unit
(CFU) was measured in serial dilutions of fecal samples by enumeration of colonies grown on agar
plates of culture media. Data shown are pooled from independent experiments performed on

each day, with individual animal data points.
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Figure 2. Lower HuNoV sheddinghi cloacaeolonized Gn pigqa) Fecal HuNoV shedding was
monitored daily from PID1 to PID10 by qRT-PCR to quantify viral genomes in feces. Dashed line
indicates 5000 HuNoV genomes. (b) Cumulative virus shedding was shown as area under curve
calculated for individual pigs based on (a). (c) Peak shedding titers from PID1 to PID3, PID7, or
PID10 in each pig was presented. Sample sizes are shown in Table 1 Data are presented as mean
with individual animal data points (b-c). Statistical significance was determined by Student’s t-

test. NS, not significant, *P<0.05.
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Figure 3. Lower HuNoV titers in small intestine and bloodircloacaeolonized Gn pigsiuNoV
genomes in duodenum, jejunum, and ileum in pigs euthanized on PID3 (a) and PID10 (b) were
measured by qRT-PCR. HuNoV genomes in plasma (c) and whole blood cells (d) were measured
by gRT-PCR. Sample sizes in control groups, PID3 n=3, PID10 n=3; in E. clo&@aegroups, PID3 n=4,

PID10 n=4. Data are presented as mean with individual animal data points. Statistical significance

was determined by Student’s t-test. NS, not significant, *P<0.05.
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Control E. cloacae

Duodenum

Jejunum

Figure 4. HuNoV infection of enterocytes in Gn pigaNoV capsid in duodenum (top panel) and
jejunum (bottom panel) of Gn pigs euthanized on PID3 was detected by immunohistochemistry.
Cell nuclei (blue) were counterstained with HuNoV capsid (bright green). Representative images
showing HuNoV was detected in enterocytes in control and E. cloacaeolonized Gn pigs. Scale

bar, 50 um.
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Figure 5. HUNoV infection of B cells was not observed in Gn pigC from ileum (a) and spleen
(b) were isolated and measured for HuNoV titers by qRT-PCR. Data are presented as individual
animal data points. (C) lleum tissue sections were stained to detect HuNoV capsid protein (bright
green) and B cells (CD79%, red) with counterstain of cell nuclei (DAPI, blue). Representative
images showing that HuNoV were observed in enterocytes but not in B cells in control and E.

cloacaecolonized Gn pigs. Scale bar, 10 pm.
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Figure 6. Colonization oE. cloacaein Gn pigs stimulated the development of IPRa)
Representative H&E staining images of ileum showing more developed IPP in E. cloacaeolonized
Gn pigs compared to that of control pigs on both 6 days (top panel) and 13 days (bottom panel)
post E. cloacaénoculation, Scale bar, 0.5 mm. (b) 12 random locations including all pigs in each
group were measured to characterize the IPP size, including width from muscularis mucosae to
muscularis (mm to m) associated with gut associated lymphoid tissue (GALT), width of GALT,
height and width of follicles. Statistical significance was determined by Mann-Whitney test.

*P<0.05; **P<0.01; ***P<0.001. Error bars denote SEM.
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Diarrhea®® Virus shedding®
Group Time n Pigs with  Mean days Mean Pigs Mean days Mean
diarrhea to onset duration shedding to onset duration
(%)* (SEM)** days (SEM)** virus (%)* (SEM)** days (SEM)**

Control PID3 9 4 (44%) 3.2(0.3) 0.4 (0.2) 7 (78%) 2.1(0.4) 1.4 (0.3)
E. cloacae 8 4 (50%) 3.0(0.4) 0.7 (0.3) 6 (75%) 2.1(0.4) 1.5(0.4)
Control PID7 6 6 (100%) 3.8(0.7) 3.0(0.4) 6 (100%) 2.3(0.6) 4.3 (0.5)
E. cloacae 4 4(100%) 4.3 (1.5) 2.0 (1.0) 4 (100%) 1.8 (0.3) 4.3 (0.5)
Control PID10 3 3 (100%) 2.3(0.3) 3.7 (0.3) 3 (100%) 1.3(0.3) 6.7 (0.3)7
E. cloacae 4 4 (100%) 4.3 (1.5) 2.7 (0.9) 4 (100%) 1.8(0.3) 5.5(0.3)8

Table 1. Incidence of clinical signs and fecal virus shedding in Gn pigs aftéoV&GI11.4 2006b

infection. All pigs were inoculated with a HuNoV GlI.4 2006b variant 092895 at 6 days of age.

Daily rectal swabs were collected after inoculation to assess diarrhea and HuNoV shedding by

Tagman gRT-PCR. @Pigs with daily fecal scores of 22 were considered diarrheic. Fecal consistency

was scored as follows: 0, solid; 1, semisolid; 2, pasty; 3, semiliquid; and 4, liquid. PFecal

consistency score or virus shedding calculation included all the pigs in each group from PID1 to

PID3, PID7, or PID10. If no diarrhea or virus shedding was observed, the days to onset were

recorded as 1 day longer than each timepoint (4, 8, or 11) and the duration days were recorded

as 0 for statistical analysis. *Fisher's exact test or **Student’s t-test was used for statistical

analysis. Groups with significant differences (P<0.05) were indicated with letters A and B.
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Abstract

Application of genetically engineered (GE) large animals carrying multi-allelic modifications has
been hampered by low efficiency in production and extended gestation period compared to
rodents. Here, we rapidly generated RAG2/IL2R@ouble knockout pigs using direct injection of
CRISPR/Cas9 system into developing embryos. RAG2/IL2RG deficient pigs were immunodeficient,
characterized by depletion of lymphocytes and either absence of or structurally abnormal
immune organs. Pigs were maintained in gnotobiotic facility and evaluated for human norovirus
(HuNoV) infection. HuNoV shedding lasted for 16 days in wild type pigs, compared to 27 days
(until the end of trials) in RAG2/IL2RG deficient pigs. Additionally, higher HuNoV titers were
detected in intestinal tissues and contents and in blood, indicating increased and prolonged
HuNoV infection in RAG2/IL2RG deficient pigs and the importance of lymphocytes in HuNoV
clearance. These results suggest that GE immunodeficient gnotobiotic pigs serve as a novel model
for biomedical research and will facilitate HuNoV studies, especially mimicking the persistent

HuNoV infection in immunocompromised patients.
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Introduction

Pigs are an excellent animal model in biomedicine because of their similarity in physiology
and immunology to humans!. For instance, disruption of IL2RG in pigs recapitulates the
phenotype of X-linked severe combined immunodeficiency (SCID) patients much closer than 112rg
knockout rodent models?. RAG2/IL2RG deficient pigs would lack B cells, T cells, and natural killer
cells (B/T/NK cells). By removing all major lymphocytes, they are an ideal animal model to
represent SCID patients and to study virus infection and pathogenesis in immunocompromised
hosts. Recent advances in genome editing technology, especially the CRISPR/Cas9 system, allow
us to generate GE pigs at higher efficiency?.

Human noroviruses (HuNoVs), members of the Norovirusgenus in the Caliciviridadamily,
are the major cause of nonbacterial epidemic acute gastroenteritis worldwide?, especially since
the introduction of rotavirus vaccines> ®. HuNoV claims over 200,000 lives in children under 5
years old, mostly in developing countries annually’. In the United States, HuNoV accounts for
approximately 800 deaths, 21 million illness, and $284 million in healthcare costs each year® °.
HuNoV gastroenteritis is generally self-limiting, but the disease can be severe and prolonged in
specific risk groups, i.e., infants, young children, elderly, and immunocompromised individuals'®.
Although vaccine candidates are under development!® 12, currently no licensed vaccines or
therapeutics against HuNoV gastroenteritis are available.

The lack of a robust cell culture system and a suitable animal model has been an
impediment for understanding HuNoV biology and testing antiviral strategies; limited knowledge
comes primarily from studies of infected human volunteers!, chimpanzees!?, gnotobiotic (Gn)

calves?®, and Gn pigs'>Y’. Novel animal models are urgently needed to further elucidate the
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molecular mechanisms of HuNoV infection, replication, and host protective immunity. Both pigs
and humans are omnivorous, the general anatomy and physiology of the gastrointestinal tracts
of the neonatal pig and the human are very similar'®. After rotavirus or HuNoV infection, neonatal
Gn pigs develop similar pathological changes and immune responses in the small intestine as
those in humans® %20 |n addition, the Gn pig model is better suited than other animal models
for studies of HuNoV-induced diseases in terms of oral route of infection, clinical presence of
diarrhea, and viral shedding?!. HuNoV infection can become persistent with prolonged virus
shedding in immunocompromised patients, who may suffer from increasingly debilitating and
life threatening gastroenteritis?> 23, Therefore, SCID Gn pigs present great promise for the study
of HuNoV biology and the development of therapeutic strategies for this patient cohort.

Here, we disrupted RAG2/IL2RGria direct injection of CRISPR/Cas9 system into
developing embryos. In this approach, we rapidly generated RAG2/IL2RG deficient pigs
presenting SCID phenotype, including substantial depletion of B/T/NK cells in ileum and blood,
either absence of or structurally abnormal thymuses, mesenteric lymph nodes (MLN), and ileal
Peyer’s patches (IPP), as well as impaired production of immunoglobulins. To evaluate the
application of RAG2/IL2RG deficient pigs in biomedical research, we inoculated them with HuNoV
in comparison with wild type (WT) pigs under Gn condition. HuNoV shedding in WT pigs only
lasted for 16 days, whereas the shedding in RAG2/IL2RG deficient pigs was as long as 27 days,
and the prolonged shedding was asymptomatic and sporadic. Higher HuNoV genomic titers were
detected in intestinal tissues and contents and in blood compared to WT pigs, indicating

increased and prolonged HuNoV infection in RAG2/IL2RG deficient Gn pigs.
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Results

Generaticn of RAG2/IL2RG deficient pigs

RAG2/IL2RG deficient pigs were generated by injecting CRISPR/Cas9 RNA into early in
vitro fertilization (IVF)-derived zygotes and performing embryo transfer. Embryos were
transferred into five surrogate sows, piglets were subsequently derived by hysterectomy and
maintained in Gn isolators under germ-free condition (Fig. 1). The generation of RAG2/IL2RG
deficient pigs and subsequent genotyping were performed by Junghyun Ryu under the

supervision of Dr. Kiho Lee, more information is available in our full-length publication?*.

SCID phenotype in RAG2/IL2R€ficient pigs

Postmortem analysis of the RAG2/IL2RG deficient pigs showed clear gross or histological
evidence of SCID phenotype. As summarized in Supplementary Table 1, eight pigs lacked thoracic
thymus, and three lacked lymphocytes within observed thoracic thymuses; seven lacked cervical
thymus, and six lacked lymphocytes within cervical thymuses; ten lacked MLN; and eleven lacked
IPP (also see Figs. 2a, b and Supplementary Fig. 1). Although thymus, MLN, and/or IPP were
observed in some RAG2/IL2RG deficient pigs, their morphology was abnormal compared to those
of WT pigs, including the lack of corticomedullary distinction in thymuses, the absence of follicles
in MLN, as well as poorly developed and unstructured small IPP (Supplementary Fig. 2).

To characterize the immune system of RAG2/IL2RG deficient pigs, especially the intestinal
immune cells, ileum and circulating blood from each pig were collected for the isolation of
mononuclear cells (MNC). Compared to WT pigs, flow cytometry analysis showed that their

B/T/NK cells were substantially depleted in ileum and blood (Figs. 2c, d). The total number of
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MNC was about 10-fold lower in the ileum (Fig. 2e). Together with the proportion of B/T/NK cells
within MNC (Supplementary Fig. 3), the total number of B and T cells were significantly lower in
ileum and blood (Fig. 2f). The significant difference of NK cells was observed in ileum, but not in
blood (Fig. 2f), because two out of six measured pigs possessed hypomorphic IL2ZRG mutations,
resulting in partial disruption of IL2RG and incomplete depletion of NK cells (Supplementary Table
4 and 5). To confirm the depletion of B cells in RAG2/IL2RG deficient pigs, total immunoglobulin
titers in serum were measured. IgA was undetectable, while IgG and IgM were significantly lower
than those of WT pigs (Supplementary Fig. 4a). In addition, B cells were not observed in
mesentery tissues by immunohistostaining targeting cellular marker CD79 (Supplementary Fig.
4b). In all, the absence of or structurally abnormal immune organs and depletion of lymphocytes
indicated SCID phenotype in RAG2/IL2RG deficient pigs, making these pigs a novel large animal

model for the studies of viral pathogenesis and immunity in immunocompromised hosts.

Increased and prolongetiuNoV shedding in SCID Gn pigs

One RAG2/IL2RG deficient Gn pig was euthanized at 3 days of age due to general
weakness rather than illness caused by pathogens; and one was used as a mock infection control.
As HBGA type A* or H* hosts are more susceptible to HuNoV infection?>?’, all pigs (including a
control group of WT Gn pigs) in this study were confirmed A* or H* (Supplementary Fig. 5 and
Supplementary Table 1). The pigs were inoculated at 6 or 7 days of age with a HuNoV Gl1.4/2006b
variant, which has been previously characterized in WT Gn pigs'®, and then euthanized on post

inoculation day (PID) 3, PID10, or PID28. The effects of RAG2/IL2RG deficiency on HuNoV-induced
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disease and infectivity were evaluated daily by comparing diarrhea parameters and fecal virus
shedding to WT pigs.

As a self-limiting enteric virus, HuNoV shedding only lasted for 16 days in WT pigs, peaking
on PID6 and PID10 (Fig. 3a). In contrast, HuNoV shedding could be detected for as long as 27 days
in RAG2/IL2RG deficient pigs, peaking on PID2, PID11, and PID21-23 (Fig. 3a). RAG2/IL2RG
deficient pigs had significantly longer duration of virus shedding than WT pigs on PID11-17 and
PID18-28 (5.5 versus 1.2 days and 4.5 versus 0 days, respectively), and all RAG2/IL2RG deficient
pigs had shedding on PID18-28 (Table 1), indicating prolonged HuNoV infection in SCID pigs.
However, no significant difference in the incidence of diarrhea was observed for the two groups
at any time points (Table 1), indicating that the prolonged HuNoV infection and fecal shedding in
SCID pigs were not associated with increased duration of diarrhea, i.e., it was asymptomatic.
Compared to WT pigs, the cumulative virus shedding in RAG2/IL2RG deficient pigs was
significantly higher on PID1-3 and PID11-17 (Fig. 3b). There was also a trend for higher peak
shedding titer on PID1-3 and significantly higher titer on PID11-17 (Fig. 3c), altogether indicating

increased HuNoV replication in SCID pigs.

HuNoVdistribution in Gn pigs

HuNoV (GlI.4) antigen was observed previously in enterocytes of WT Gn pigs*>?’. In this
study, both WT and RAG2/IL2RG deficient pigs had confirmed HuNoV infection in enterocytes of
duodenum and jejunum (Supplementary Fig. 6). Analysis of gut tissues indicated the existence of
HuNoV genomes in all sections of the gastrointestinal tract of both WT and RAG2/IL2RG deficient

pigs. Overall, virus titers in gut tissues of WT pigs peaked on PID3 and declined overtime as
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expected, but virus titers remained consistent in RAG2/IL2RG deficient pigs from PID3 to PID10
(Figs. 4a, b). Specifically, in RAG2/IL2RG deficient pigs, virus titers were significantly higher in
jejunum on PID3 (Fig. 4a), and significantly higher in jejunum and ileum on PID10 than in WT pigs
(Fig. 4b). HuNoV genomes were detectable in 2 of 4 RAG2/IL2RG deficient pigs on PID28, but not
in WT pigs (Fig. 4c). HuNoV genomes were present in many extraintestinal tissues, and the titers
peaked on PID10 for both pig groups (Supplementary Fig. 7). Similar to the findings from clinical
human samples?®, HuNoV genomes were consistently undetectable in cerebrospinal fluid (CSF)
in this study, suggesting that HuNoV is blocked by the blood-brain barrier of WT and SCID hosts.
Unlike WT pigs, HuNoV genomes were detected in liver of RAG2/IL2RG deficient pigs on PID10,
presumably due to loss of protection following the depletion of lymphocytes.

The entire contents of small and large intestine were collected during necropsies and virus
titers were determined. HuNoV titer was significantly higher in RAG2/IL2RG deficient pigs on
PID10 compared to WT pigs (Fig. 4d). Transient HuNoV viremia was observed previously in Gn
pigs and calves'* >, In this study, virus titers in plasma were significantly higher in RAG2/IL2RG
deficient pigs on PID3, PID10, and PID17, whereas HuNoV genomes were not detectable on PID28
from either group (Fig. 4e). Similarly, HuNoV genomes were detectable in whole blood cells, and
the titer was significantly higher in RAG2/IL2RG deficient pigs on PID17 (Fig. 4f). Taken together,
increased and prolonged HuNoV titers in intestinal tissues and contents and in blood
demonstrated that RAG2/IL2RG deficiency promoted HuNoV infection of Gn pigs. Thus, B/T/NK

lymphocytes are important in the control and clearance of HuNoV infection.
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Discussion

HuNoV gastroenteritis is characteristically acute and self-limiting with a duration of 24 to
72 hours, but in immunocompromised patients, the infection and disease can become persistent
for weeks to years, and the chronic viral enteritis can become debilitating and life-threatening?*
23 There is currently no virus-specific therapy available for HuNoV infection, although such
therapies are in greater demand in immunocompromised populations?®. Balb/c RAG/IL2RG
deficient mice support HuNoV infection, but the duration was only three days, and fecal virus
shedding and gastrointestinal disease were not observed. Thus, this mouse model does not
reflect HuNoV biology as in immunocompromised humans3°. Among the related murine
noroviruses (MNVs), MNV-1 can establish persistent infection in RAG1 deficient mice, which lack
B and T cells3!. Here, we demonstrated that RAG2/IL2RG deficient Gn pigs supported increased
and prolonged HuNoV infection. Higher virus shedding was observed for the first 3 days,
indicating SCID hosts were more susceptible to HuNoV infection at the initial stage. Furthermore,
the prolonged HuNoV shedding in SCID pigs (after PID17) was asymptomatic and sporadic, which
is similar to asymptomatic low virus shedding in immunosuppressed patients32. Fecal HuNoV
shedding in WT Gn pigs had two clusters peaking on PID6 and PID10, but virus shedding in
RAG2/IL2RG deficient Gn pigs had three clusters peaking on PID2, PID11, and PID21-23. The
differences in kinetics might result from the higher susceptibility and rapid evolution of HuNoV
in SCID hosts?® 33, and the rapid evolution might also attribute to sporadic virus shedding after
PID17, such as on PID27.

B cells were shown to be susceptible to HuNoV infection in vitro (human BJAB cell line)

and in chimpanzees'® 34 3> but enterocytes are the only cell type that has been observed with
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HuNoV infection in Gn pigs to date!>?!’. Unlike the reduced MNV-3 titers in RAG1 deficient mice
and B cell deficient mice compared to WT mice3®, increased HuNoV titers were observed in
RAG2/IL2RG deficient pigs in this study, suggesting that B cells might not be the target cell type
of HuUNoV in Gn pigs. HUNoV genomes were detected in stomach tissue in both groups with
similar titers, presumably accumulating from duodenum-derived virions by reverse peristalsis
rather than viral infection and replication in the stomach. HuNoV genomes were also detected in
extraintestinal regions, but the titers peaked on PID10 for both groups and it is likely those are
virions that translocated through circulating blood. The liver is a critical and unique organ
populated with immune cells to eliminate pathogens in blood®’, the lack of lymphocytes may
explain how HuNoV genomes were detected in SCID pigs, but were consistently negative in WT
pigs. As HuNoV genomes were only detected at low levels in duodenum, ileum, and spleen from
2 of 4 SCID pigs on PID28, it is likely that HuNoV infection would not persist, and that fecal
shedding afterward, if there were any, would be asymptomatic and sporadic with low viral loads.

Pig models, especially SCID models, are valuable in studying pathogenesis of human
pathogens because of similarities in immunity and physiology between pigs and humans. The
importance of these large animal models is increasingly being recognized by the biomedical
research community3® 3°. However, due to low efficiency in production and difficulty in housing
the SCID pigs long-term for breeding, their application has been limited. In this study, we
introduced a novel experimental platform to apply SCID pigs in pathogenesis study by using
CRISPR/Cas9 and Gn systems. The CRISPR/Cas9 system allows us to generate multi-allelic mutant
pigs without cloning or breeding, and the Gn system can protect the pigs from other pathogens.

Through our study, we found that SCID Gn pigs infected with HuNoV had increased and prolonged
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infection when compared to immunocompetent WT Gn pigs. The combination of the
CRISPR/Cas9 system and gnotobiology demonstrates an ideal platform to use SCID pigs in

biomedical research.

Methods

Virus. Stool containing HuNoV GIl.4/2006b variant 092895 (GenBank no. KC990829) was
collected at Cincinnati Children’s Hospital Medical Center from a child with norovirus
gastroenteritis in 2008. The protocol for stool sample collection was approved by the institutional
review boards of the Cincinnati Children’s Hospital Medical Center (IRB number: 2008-1131), and
informed consent was obtained from parents or child for future studies; the sample collection
procedures were carried out in accordance with the approved guidelines. The stool was
processed as inoculum and stored in our laboratory'®. Inoculum was tested by culturing in
thioglycollate medium and blood-agar plates to confirm sterility, and absence of other viruses
was confirmed by a Virochip Microarray (University of California, San Francisco, Viral Diagnostics

and Discovery Center).

Gnotobiotic pigs and HuNoV inoculatiomMear-term WT and SCID pigs (Yorkshire cross breed)
were derived via hysterectomy and maintained in Gn pig isolators. Sterility was monitored weekly
by culturing feces from rectal swabs in thioglycollate medium and blood-agar plates as described
previously® 40, Pigs were orally inoculated at 6-7 days of age with 10 IDso of HuNoV (2.74 x 10*
viral RNA copies)'®. Four ml of 200 mM sodium bicarbonate was given 15 min prior to inoculation

to neutralize stomach acids. Clinical signs and virus shedding were monitored daily until
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euthanasia on PID3, PID10, or PID28 for collection of blood, intestinal contents, and tissues. All
animal experimental protocols were approved by the Institutional Animal Care and Use
Committee at Virginia Tech (IACUC protocol: 14-108-CVM). All experimental procedures were

carried out in accordance with federal and university guidelines.

HBGA typingPigs were blood-typed by PCR and/or immunofluorescence assay (Supplementary
Fig. 5), HBGA type A" and H™ pigs were excluded from this study. For PCR blood typing, genomic
DNA was extracted from 20 ul whole blood using DNAzol Genomic DNA Isolation Reagent
(Molecular Research Center) following the manufacturer’s instructions. A* or A- was determined
by a 500 bp PCR product using forward primer ABO4s and reverse primer ABO5a, while primers
Pig5 and Pig3 were used as internal control*®. For immunofluorescence assay'®, pig cheek swabs
were collected and swirled in PBS, in which buccal cells were spun down and washed with PBS,
and resuspended in 20 pl PBS. 2 ul buccal cell suspension was air dried on slides and fixed in cold
acetone. HBGA phenotypes were measured by blood group A antigen antibody (sc-69951; Santa
Cruz; 1:500), blood group H antigen antibody (sc-52369; Santa Cruz; 1:500), and AlexaFluor 488-
labled secondary antibody (A-10680; Thermo Fisher Scientific; 1:500). Slides were mounted in
Vectashield containing 4,6-diamidino-2-phenylindole (DAPI) to stain cell nuclei (Vector

Laboratories).

Isolation of MNC.lleum (40 cm) and blood (70 ml) were collected during necropsies for the
isolation of MNC as described previously?°. Briefly, segments of ileum were rinsed with wash

medium and Hanks Balanced Salt Solution without Ca?* and Mg?* (HBSS/Modified; GE Healthcare),
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and intraepithelial lymphocytes and epithelial cells were dislodged mechanically by horizontal
rotation. Segments were minced, resuspended in RPMI-1640 medium containing 10% fetal
bovine serum and 400 U ml! of type 2 collagenase (Worthington Biochemical Co), and digested
at 373 for 30 min with gentle shaking. The supernatants were then collected, and the remaining
tissues were ground on an 80-mesh screen to obtain single cell suspensions. Cells pooled from
supernatants and suspensions above were resuspended to a final concentration of 30% percoll
(GE Healthcare) and centrifuged at 1800g for 20 min at 43 to remove mucous. Cell pellets were
resuspended in 43% Percoll, underlaid with 70% Percoll, and centrifuged at 18009 for 30 min at
43 . MNC were collected from the 43% to 70% Percoll interface. Blood was collected in 30%
(vol/vol) acid citrate dextrose, and peripheral blood lymphocytes (PBL) were isolated by Ficoll-
Paque PREMIUM (GE Healthcare) density gradient centrifugation at 12009 for 30 min. PBL were
collected from the interface and washed in distilled H,O for 5 to 10 sec to lyse the remaining red

blood cells.

Flow cytometry.For detecting CD3* and CD3'CD16* lymphocytes, 2 x 10° of MNC were stained
at 43 for 15 min in 100 pl of staining buffer with 2 ul mouse (IgG1) anti-pig CD3¢e (4510-01;
Southern Biotech) and 1 pl Phycoerythrin (PE) conjugated mouse (lgG1l) anti-pig CD16
(MCA1971PE; AbDSerotec), followed by 1 ul Allophycocyanin conjugated rat (IgG1) anti-mouse
IgG1 (A85-1; BD Pharmingen). Cells were fixed/permeabilized with BD cytofix/cytoperm™ buffer
(BD pharmingen) at 43 for 30 min. One ml of staining buffer (prepared according to BD
Pharmingen™ BrdU Flow Kits Instruction Manual) was used to wash cells between steps and cells

were centrifuged at 5009 for 5 min at 43 . For detecting the frequencies of CD79* lymphocytes
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among MNC, cells were first fixed/permeabilized with BD cytofix/cytoperm™ buffer at 43 for 30
min, then stained at 43 for 30 min in 100 ul of BD perm/wash buffer (BD pharmingen) with 0.5
ul mouse (IgG2b) anti-human CD79a (Vp-C366; Vector Laboratories), followed by stained at 43

for 30 min in 100 pl of BD perm/wash buffer with 0.5 ul PE-Cy7 goat anti-mouse IgG2b (1090-17,
SouthernBiotech). One ml of BD perm/wash buffer was used to wash cells between steps and
cells were centrifuged at 5009 for 5 min at 43 , followed by washing with 1 ml of staining buffer.
At least 20,000 cells were acquired on a FACSAria flow cytometer (BD Biosciences). Flow
cytometry data were analyzed using FlowJo 7.2.2 software (Tree Star, Ashland, Oregon). The
absolute numbers of CD3*, CD3°CD16* and CD79* lymphocytes per tissue were calculated based

on their frequencies among MNC and the total number of MNC isolated from each tissue.

ELISA for total immunoglobulinTotal immunoglobulin (Ig) titers in serum were measured by
ELISA. 96-well plates were coated with goat anti-porcine IgM (01-14-03; KPL; 15 pg ml?), IgA
(A100-102A; Bethyl; 18 pg ml?), or 1gG (01-14-02; KPL; 3 ug ml?) antibody overnight at 43 . Plates
were washed twice with PBS containing 0.05% Tween-20 (PBST), blocked with PBST containing
2% non-fat milk at 373 for 2h, and washed twice with PBST. Sera were serially diluted with PBST
containing 2% non-fat milk, and incubated on coated plates at 373 for 1h. After washing for four
times, horseradish peroxidase-conjugated goat anti-porcine IgM (04-14-03; KPL; 1:5000), IgA
(A100-102p; Bethyl; 1:5000), or 1gG (A100-104p; Bethyl; 1:500) antibody was added and
incubated at room temperature for 1h. Plates were washed four times with PBST and developed

by ABTS substrate (KPL). The highest sample dilution that produced a mean absorbance (Aags)
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greater than the cut-off value (mean Asos of negative controls plus three times of standard

deviation) was considered as the Ig titer.

Detection of HUNoV by gRPCRHuNoV genomes were detected by a one-step TagMan gqRT-
PCR, for which RNA templates from different samples were processed as follows. To assess virus
shedding, pig feces were collected daily following HuNoV inoculation by rectal swab sampling,
then rectal swabs were swirled in 1 ml PBS to release feces, after vortexing and centrifugation at
100009 for 5 min, 250 pl supernatant was prepared for total RNA isolation. Gut tissues were
collected during necropsies and immediately frozen in liquid nitrogen; 40 to 60 mg of tissues
were washed in PBS and homogenized in 0.2 ml TRIzol LS (Thermo Fisher Scientific) with 100 mg
of 1.0 mm Zirconium Oxide beads (Next Advance) using Bullet Blender (Next Advance) for 10 min
at maximum speed, and RNA was isolated by adding another 0.55 ml TRIzol LS. Intestinal contents
were collected and the total volume was measured. Five ml were prepared as 10% solution using
diluent #5 (Minimal Essential Medium with 1% penicillin-streptomycin and 1% HEPES), and RNA
was isolated from 100 ul diluted intestinal contents. Plasma and whole blood cells were
separated from blood containing ACD by centrifugation at 20009 for 5 min. Plasma from 250 ul
blood was used for RNA isolation, and whole blood cells from 50 ul blood was washed in PBS and
used for RNA isolation. MNC from ileum were isolated as described above and 2 x 10° cells were
used for RNA isolation.

Samples processed above were isolated for total RNA using 750 ul TRIzol LS following the
manufacturer’s instructions. The RNA was dissolved in 40 ul DEPC-treated water, and 5 pl RNA

was used for the 25 ul gRT-PCR reaction with a SensiFAST Probe No-ROX One-Step Kit (Bioline)
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to detect HuNoV genomes. Primers COG2F, COG2R, and probe RING2 were adapted from a
previous study*!. Cycling conditions were: reverse transcription at 453 for 10 min, polymerase
activation at 953 for 2 min, 40 cycles of denaturation at 953 for 5s and annealing and extension
at 583 for 20s. A standard curve was obtained by using COG2 amplicon-containing plasmid in
serially diluted tenfold from 107 to 1 genomic copy. Amplification was performed on CFX96 Real-

Time System (Bio-Rad), and data were collected and analyzed with Bio-Rad CFX Manager 2.0.

Assessment of HUNoV diarrheBaily rectal swabs were collected following HuNoV inoculation,
fecal consistency was scored based on our previous system®. From PID1 to PID17, pigs were
scored as follows: 0, solid; 1, semisolid; 2, pasty; 3, semiliquid; and 4, liquid. From PID18 to PID28,
pigs were scored based on a more stringent system since the feces from older pigs were looser:
0, solid; 1, pasty; 2, semiliquid; and 3, liquid. Pigs with daily fecal scores of 2 or greater were

considered diarrheic.

Immunohistostaining. Sections of intestinal tissues were collected during necropsies, fixed
overnight in 10% neutral formalin, embedded in paraffin, and sectioned 5 mm on positively
charged glass slides. For immunostaining, slides were deparaffinized and rehydrated via graded
ethanol series. Enzymatic antigen retrieval was performed by digesting sections in proteinase K
solution (80 pg ml?, Sigma Aldrich) at 37 3 for 30 min. Slides were incubated in blocking buffer
(tris-buffered saline (TBS) with 10% normal pig serum and 1% bovine serum albumin (BSA)) at
room temperature for 2 h. For immunostaining of duodenum and jejunum, the staining

procedure consisted of incubation with a goat anti-HuNoV Gll.4 VLP polyclonal antibody diluted
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in TBS containing 1% BSA overnight at 4 3 , washing with TBS containing 0.025% Triton X-100,
and incubation with Alexa Fluor 488-labeled donkey anti-goat secondary antibody (A-11055;
Thermo Fisher Scientific; 1:500) diluted in TBS containing 1% BSA at room temperature for 1 h.
For immunostaining of mesentery, mouse anti-CD79 (VP-C366; Vector Laboratories; 1:1000) and
Alexa Fluor 546-labeled donkey anti-mouse secondary antibody (A10036; Thermo Fisher
Scientific; 1:500) were used in the two incubation steps above. Slides were washed in TBS and
mounted in Vectashield containing DAPI to stain cell nuclei (Vector Laboratories). Images were

acquired on a Zeiss LSM 880 confocal laser scanning microscope with Zen software (Zeiss).

Statistics.All pigs infected with HuNoV were randomly assigned to be euthanized on PID3, PID10,
or PID28. For virus shedding, diarrhea scores, and virus in blood, pigs euthanized on PID28
contributed data to PID3 and PID10 subgroups, as did PID10 contributed data to PID3 subgroup.
Statistical analysis (Mann-Whitney test or Student’s t-test as specified) was performed using

GraphPad Prism 6.0 (GraphPad Software). Pvalue < 0.05 was considered statistically significant.
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Figure 1. Use of CRISPR/Cas9 system to generate RAG2/IL2RG deficieRN pifggm of sgRNA
and Cas9 were injected into presumable zygotes at an optimized concentration. Then the injected
embryos were transferred into surrogate sows. Piglets were derived by hysterectomy and

maintained in Gn isolators.
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Figure 2. SCID phenotype of RAG2/IL2RG defiqeyd at 34 days of agda) Representative
images showing thoracic thymus (black arrows) and cervical thymus (blue arrow) in WT pigs,
while thoracic and cervical thymus were lacking in some RAG2/IL2RG pigs. (b) Representative
images of the mesentery showing the lack of MLN in some RAG2/IL2RG pigs. Representative flow
cytometry of MNC from ileum (c) and blood (d) showing a significant reduction of B cells (CD79%),
T cells (CD3"), and NK cells (CD3°CD16%), as indicated by dot plots gated within lymphocytes. Cy7,
cyanine 7; APC, allophycocyanin; PE, phycoerythrin. (€) Total number of MNC from 40 cm ileum
and 70 ml blood were isolated and quantified for WT (n = 4) and RAG2/IL2RG deficient pigs (n =
6). (f) Lymphocytes in ileum and blood were quantified based on the total number of MNC and
the proportion of cells within MNC (Supplementary Fig. 3). Data are presented as means * s.e.m.
with individual animal data points (e-f). Statistical significance was determined by Mann-Whitney

test. NS, not significant, **P<0.01.
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Figure 3. Increased and prolonged fecal HuNoV shedding in RAG2/IL2RG dgfigid) Daily
virus shedding was monitored from PID1 to PID28 by rectal swab sampling of feces and
guantitative reverse transcription polymerase chain reaction (QRT-PCR) to quantify the HuNoV
genomes. (b) Individual pigs’ cumulative virus shedding was presented as area under curve from
a. (c) Peak virus shedding titers from PID1 to PID3, PID4 to PID10, PID11 to PID17, and PID18 to
PID28 in individual pigs. Sample sizes are shown in Table 1 Dashed line indicates limit of
detection. Data are presented as mean + s.e.m. Statistical significance was determined by two-
way analysis of variance (ANOVA) (@) or Mann-Whitney test (b-c). NS, not significant, *P<0.05,

**P<0.01.
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Figure 4. HuNoV distribution in Gn pigduNoV genomes in stomach (Sto), duodenum (Duo),
jejunum (Jej), ileum, and mesentery (Mes) from pigs euthanized on PID3 (a), PID10 (b), and PID28
(c) were measured by gRT-PCR. (d) Total HuNoV genomes in intestinal contents were measured
by gRT-PCR. HuNoV genomes in plasma (€) and whole blood cells (f) were measured by gRT-PCR.
(a-d) WT groups, PID3 n=3, PID10 n=3, PID n=5; RAG2/IL2RG deficiency groups, PID3 n=3, PID10
n=5, PID n=4. (e-f) Sample sizes are shown in Table 1 Dashed line indicates limit of detection.
Data are presented as mean + s.e.m. with individual animal data points. Statistical significance

was determined by Student’s t-test (a) or Mann-Whitney test (b-f). *P<0.05, **P<0.01.
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WT PIDL3 11 8(73%) 1.0 (0.3) 9 (82%) 1.5(0.3)
RAG2/IL2RG deficiency 12 6 (50%) 0.8 (0.3) 11 (92%) 1.3(0.2)
WT PIDA-10 8 7 (88%) 2.8(0.6) 7 (88%) 3.0(0.7)
RAG2/IL2RG deficiency 9 6 (67%) 1.7 (0.6) 9 (100%) 3.4(0.3)
WT 5 5 (100% 26(1.0 2 (40% 1.2 (1.o)*
PIDI1_17 ( ) (1.0) (40%) (1.0)
RAG2/IL2RG deficiency 4 4(100%) 4.5(1.2) 4(100%) 5.5 (0.6)"
WT 5 1(20%) 0.4 (0.4) 0t ot
PID18-28
RAG2/IL2RG deficiency 4 2 (50%) 0.8 (0.5) 4 (100%)® 45(0.3)"

Table l.Incidence of clinical signs and fecal virus shedding in Gn @gsigs were inoculated
with a HuNoV Gll.4 2006b variant 092895 at 6-7 days of age. Rectal swabs were collected daily
after inoculation to determine diarrhea and virus shedding. SEM, standard error of the mean.
*Fisher's exact test or **Mann-Whitney test was used for statistical analysis. Groups with

significant differences (P<0.05) were indicated with letters A and B.
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a WT RAG2/IL2RG deficiency

Supplementary Figure 1. Lack of lymphocytes in thymus and mesentery in some RAG2/IL2RG
deficient pigs.(a) Representative images of H&E stained sections showing lack of lymphocytes
within observed thymus in a RAG2/IL2RG deficient pig (right), while thymuses were populated
with lymphocytes in WT pigs (left). (b) Representative images of H&E stained sections showing
lack of lymphocytes within mesenteric tissue in a RAG2/IL2RG deficient pig (right), while

mesenteric lymph nodes were populated with lymphocytes in WT pigs (left). Scale bar, 50 um.
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Supplementary Figure 2. Abnormal morphology of thymus, MLN, and IPRAG2/IL2RG
deficient pigs. Representative images of H&E stained sections showing abnormal structure of
thymus (left panel), MLN (middle panel), and IPP (right panel) in RAG2/IL2RG deficient pigs at 34
days of age. (a) Histologically normal thymus from a WT pig with defined cortex and medulla.
Thymus from RAG2/IL2RG deficient pigs with lymphocytes but no distinction between cortex and
medulla (b) or without lymphocytes (c). (d) Histologically normal MLN from a WT pig. (€) MLN
from RAG2/IL2RG deficient pigs without defined cortical or medullary lymphoid tissue. (f)
Mesentery without MLN from a RAG2/IL2RG deficient pig. (g) Normal IPP from WT pigs. (h) Poorly
developed and unstructured small IPP indicated by arrows in RAG2/IL2RG deficient pigs. (i) leum
without IPP from a RAG2/IL2RG deficient pig. Scale bar, 0.5 mm.
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Supplementary Figure 3. Proportion of B cells (CD7Y cells (CD3 and NK cells (CB3D16)

within MNC.The frequency of B cells, T cells, and NK cells within MNC from ileum (a) and blood

(b) were quantified by flow cytometry for WT (n = 4) and RAG2/IL2RG deficient pigs (n = 6). Data

are presented as individual animal data points.
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Supplementary Figure 4. Depletion of B cells in RAG2/IL2RG defipigatat 34 days of agé¢a)
Immunoglobulin titers in serum were determined by ELISA in WT (n = 5) and RAG2/IL2RG
deficient pigs (n = 6). Data are presented as means * s.e.m. with individual animal data points.
Statistical significance was determined by Mann-Whitney test. ¥*P<0.05, **P<0.01. (b) Mesentery
tissue sections from WT and RAG2/1L2RG deficient pigs were stained to detect B cells (CD79%, red)

with counter staining of cell nuclei (DAPI, blue). Scale bar, 50 um.
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b Negative A antigen H antigen

Supplementary Figure 5. HBGA typing of Gn pigs by PCR and immunofluorescence(agsay.
Pigs were determined to be A* or A" by PCR using genomic DNA from blood. Representative gel
image showing A* samples with a 500 bp PCR product in addition to a 300 bp PCR internal control
(Lane 1, 3, 6, 7). (b) Buccal cells were fixed on glass slides and stained for A or H antigen (FITC,
green) and nuclei (DAPI, blue). Representative images indicate HBGA A" and H-, A*, and H* pigs.

Scale bar, 50 um.
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Supplementary Figure 6. HuNoV infection of enterocytes in Gn piggunohistochemistry of
duodenum (upper panel) and jejunum (lower panel) from pigs euthanized on PID3 for HuNoV
capsid protein (bright green) and cell nuclei (blue). Representative images showing HuNoV

infection of enterocytes in WT and RAG2/IL2RG deficient pigs. Scale bar, 10 um.
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Supplementary Fjure 7. HUNoV genomes in extraintestinal tissues in Gn pilg®NoV genomes
in CSF (cerebrospinal fluid), heart, kidney, liver, lung, and spleen in WT and RAG2/IL2RG deficient
pigs euthanized on PID3, PID10, and PID28 were measured by qRT-PCR. WT groups, PID3 n=3,
PID10 n=3, PID n=5; RAG2/IL2RG deficiency groups, PID3 n=3, PID10 n=5, PID n=4. Dashed line

indicates limit of detection. Data are presented as individual animal data points
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Supplementary Table 1. Genotypes and phenotypes of RAG2/IL2RG deficgst pi

Pig ID Gender RAG2 IL2RG Thoracic - Cervical MLN  IPP HBGdA General health Age on
thymus® thymus? type euthanasia
Gp5-2-15* M Homozygous? Hemizygous” + - ++ + H Normal 9 days (PID3)
Gp5-3-15* M Homozygous  Hemizygous” - - ++ + H Normal 9 days (PID3)
Gp5-4-15* F Homozygous  Biallelic - +, ND*® - - A Normal 9 days (PID3)
Gp5-5-15* F Mosaic Homozygous - - - - H Normal 16 days (PID10)
Gp5-7-15* M Biallelic Mosaic* ++ - ++ + H Normal 16 days (PID10)
Gp5-8-15* F Homozygous  Homozygous - - - - A Normal 9 days (mock)
Gp7-1-15* M Homozygous  Hemizygous +,ND ++, ND - - A Normal 34 days (PID28)
Gp7-2-15* M Biallelic Mosaic ++, ND ++, ND - - H Normal 34 days (PID28)
Gp7-3-15* F Biallelic* Biallelic +,ND +, ND - - A Normal 34 days (PID28)
Gp7-4-15* F Homozygous  Biallelic* ++ ++ + + H Normal 34 days (PID28)
Gp7-5-15* F Biallelic? Biallelic” ++ + + + A Normal 17 days (PID10)
Gp7-6-15* F Homozygous  Homozygous” ++ + + + H Normal 17 days (PID10)
Gp7-7-15* M Biallelic? Hemizygous - - - - H Normal 17 days (PID10)
Gp5-1-15 F Biallelic Homozygous - +, ND - - Normal 9 days (PID3)
GP5-6-15 M Biallelic Hemizygous - - - - Failure to thrive 3 days
Gp8-1-15 F Biallelic Biallelic - +,ND - - Normal 34 days (PID28)
Gp8-2-15 F Homozygous  Biallelic* ++ + ++ - Normal 34 days (PID28)

* Pigs used in this HuNoV infection study. # Pre-mature stop codon was not generated on at least one allele based on genotyping.

2 -, not observed; +, smaller than wild type pigs (< 15 mm); ++, similar to wild type pigs (15 mm to 25 mm).

b MLN, mesenteric lymph nodes; -, not observed; +, less than wild type pigs; ++, similar to wild type pigs.
©IPP, ileal Peyer's patches; -, not observed; +, poorly developed and unstructured small IPP.

d Pigs used in this study were blood-typed as A* or H* by PCR and/or immunofluorescence assay.

¢ ND, lymphocytes were not detected in thymus as indicated by H&E staining, only epithelial components were observed.
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Abstract

Probiotics have been recognized as vaccine adjuvants and therapeutic agents to treat acute
gastroenteritis in children. We previously showed that rice bran reduced human rotavirus
diarrhea in gnotobiotic pigs. Human noroviruses (HuNoVs) are the major pathogens causing
nonbacterial acute gastroenteritis worldwide. In this study, Lactobacillus rhamnosusG (LGG)
and Escherichia colNissle 1917 (EcN) were first screened for their ability to bind HuNoV P
particles and virions derived from clinical samples containing HuNoV genotype GIl.3 and Gll.4,
then the effects of LGG+EcN and rice bran on HuNoV infection and diarrhea were investigated
using the gnotobiotic pig model. While LGG+EcN colonization inhibited HuNoV shedding,
probiotic cocktail regimens in which rice bran feeding started 7 days prior to or 1 day after viral
inoculation in the LGG+EcN colonized gnotobiotic pigs exhibited high protection against HuNoV
diarrhea and shedding, characterized by significantly reduced incidence (89% versus 20%) and
shorter mean duration of diarrhea (2.2 versus 0.2 days), as well as shorter mean duration of virus
shedding (3.2 versus 1.0 days). In both probiotic cocktail groups, the diarrhea reduction rates
were 78% compared with the control group, and diarrhea severity was reduced as demonstrated
by the significantly lower cumulative fecal scores. The high protective efficacy of the probiotic
cocktail regimens was attributed to stimulation of IFN-y* T cell responses, increased production
of intestinal IgA and IgG, and maintenance of healthy intestinal morphology (manifested as
longer villi compared with the control group). Therefore, probiotic cocktail regimens containing
LGG+EcN and rice bran may represent highly efficacious strategies to prevent and treat HuNoV
gastroenteritis, and potentially other human enteric pathogens.

Keywords:probiotics, rice bran, human norovirus, diarrhea, gnotobiotic pigs
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Introduction

Human noroviruses (HuNoVs), non-enveloped viruses with a positive-strand RNA genome,
are the major pathogens causing nonbacterial acute gastroenteritis worldwide?. In the United
States, HuNoVs have replaced human rotaviruses (HRVs) as the single most common cause of
viral gastroenteritis in children and adults® 3. After approximately 1.2 days of incubation?, HuNoV
gastroenteritis generally lasts for 2-3 days and consists of nausea, vomiting, and diarrhea>. More
severe and prolonged illness can occur in specific risk groups, including infants, the elderly, and
immunocompromised patients®®. Given the tremendous disease burden and economic loss
associated with HuNoVs infection® 19, vaccines and therapeutics are in great demand to prevent
and treat these infections. However, due to the lack of a robust culturing system and a suitable
small-animal model, HuNoVs vaccine development and antiviral research have long been
hampered. Promising vaccines have focused on recombinant capsid proteins, including virus-like
particles (VLPs) and P particles'l. Appropriate animal models are essential tools to facilitate
investigation of vaccine candidates and therapeutic strategies. Neonatal gnotobiotic (Gn) pigs
recapitulate the pathologic hallmarks of enteric viral infection and associated immune responses
in the gastrointestinal tract of young children®?. Currently, as the only animal model that supports
the oral route of HuNoV infection, develops diarrhea, and sheds virus in feces, Gn pigs are used
to evaluate viral pathogenesis and vaccine efficacy with high translational validity to humans!*
15.

Probiotic bacteria are increasingly recognized as vaccine adjuvants and therapeutic
agents to treat acute gastroenteritis in children'® 7. The potential mechanisms include

competing with pathogens for nutrients and colonization sites, producing antimicrobial
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metabolites, enhancing protective immune responses, and reducing intestinal permeability*8.
Notably, Gram-positive probiotics Lactobacilluspp. have been extensively evaluated for their
beneficial effects against viral infection and diseases. These include reducing HRV and vesicular
stomatitis virus infection in cell cultures!® 2° and promoting HRV-specific immune responses,
which contribute to shortened HRV-induced diarrhea in animal models?*23 and human clinical
trials?4%6, Gram-negative Escherichia colissle 1917 (EcN) is also a well-characterized probiotic
used to treat diarrhea in infants and young children?”- 28, as well as in neonatal large animals?® 3,
The beneficial health effects are mediated via improving intestinal barrier function3! or
moderating inflammatory responses3?, which could protect Gn piglets from lethal infection of
SalmonellaTyphimurium32, In addition, EcN was recently shown to have HRV-binding and
immunomodulatory properties, resulting in significantly reduced HRV infection and diarrhea in
Gn pigs>3. Probiotics can act as adsorbents for HuNoV P particles, and the presence of L. casei
BL23 and EcN might inhibit P particle attachment to epithelial cells3**. Enterobactercloacae(EC)
is a commensal bacterium that can bind to HuNoV by surface histo-blood group antigen (HBGA)
and inhibit HuNoV infectivity in Gn pigs3> 3. Taken together, diarrhea-reducing probiotics may
inhibit HuNoV infectivity in vivg most likely by the binding between bacteria and virions.

Rice bran (RB), an underutilized by-product of rice milling, contains a variety of prebiotic
and bioactive components that modulate gut microbiota and potentially prevent chronic diseases,
including diabetes, cancer, metabolic syndrome, and cardiovascular disease®’. In mouse studies,
dietary RB feeding increased production of fecal and serum IgA3®, and RB glycoproteins
ameliorated cyclophosphamide-induced immunosuppression by restoring splenic lymphocytes3®,

indicating that RB promoted the development of mucosal and systemic adaptive immunity.
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Chemically engineered RB glucans possessed anti-cytomegalovirus activity by blocking viral entry
of target cells*. Recently, therapeutic effects of RB in inhibiting enteric infections and reducing
diarrhea have been gaining attention. In a clinical trial, Biobran (modified arabinoxylan rice bran)
improved irritable bowel syndrome symptoms, presumably resulting from its anti-inflammatory
and/or immunomodulatory effects*'. In our previous Gn pig studies, dietary RB feeding
significantly enhanced HRV vaccine immunogenicity and reduced HRV-induced diarrhea*?. RB
could also protect against HRV diarrhea in the presence of probiotics by preventing intestinal
epithelial damage and promoting innate immune responses*. Therefore, its beneficial effects on
gastrointestinal health support RB as a promising agent against HuNoV infection.

In this study, aiming to develop an effective and ready-to-use anti-HuNoV therapeutic
strategy, we first screened a group of probiotics to identify the virus-binding bacteria using
HuNoV P particles and native virions. Subsequently, probiotics and RB were evaluated
individually or combined as cocktail regimens for their effects on HuNoV infection and diseases
in the well-established Gn pig model®3. Finally, the mechanisms of antiviral and diarrhea-reducing

activities from those treatments were explored.

Materials and methods

Viruses and bacteriaA human stool sample containing the HuNoV GII.4/2006b variant 092895
(GenBank KC990829) was collected in 2008 at the Cincinnati Children’s Hospital Medical Center
from a child with norovirus gastroenteritis. The sample pool was processed as an oral inoculum
for HuNoV infection studies in Gn pigs!3. A human stool sample containing the HuNoV

Gl1.3/20110200 (GenBank KX355506) was collected in 2011 at the Thai Binh Pediatric Hospital
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(Thai Binh province, Vietnam) from a female child with norovirus gastroenteritis. L. reuteri{ATCC
23272), L. acidophilugstrain NCFM), L. rhannosusGG (ATCC 53103), and L. bulgaricusATCC
11842) were cultured in lactobacilli MRS broth (Neogen Corporation) anaerobically using BBL™
GasPak™ jar system with Anaerobe Sachets (BD) under static condition at 37°C. Escherichia coli
Nissle 1917 (a gift from Dr. Jun Sun, Rush University, Chicago, IL) and Enterobacter cloaca@TCC
13047) were cultured in Luria Bertani medium at 37°C and in nutrient broth at 30°C, respectively,

with shaking at 250 rpm.

Purification of HuNoVs and VP1 sequenciiije pooled human stools containing HuNoVs were
diluted 10-fold with diluent #5 (Minimal Essential Medium with 1% penicillin-streptomycin and
1% HEPES) and mixed thoroughly with an equal volume of Vertrel XF (Miller-Stephenson), and
viruses were purified by CsCl gradient centrifugation as described previously**. VP1 of
GlI.4/2006b variant 092895 was cloned and sequenced previously*4. GI1.3/20110200 viral RNA
was extracted from the purified virus by TRIzol LS and reverse transcribed by SuperScript I
Reverse Transcriptase (Thermo Fisher Scientific) using universal Gll.3 reverse primer 5’ -TAG CCC
CTG CAT TAA CTA-3’ and following the manufacturer’s instructions. The Gll.3 VP1 was cloned by
a nested PCR with primer set 1 (forward: 5'-TGA GCA CGT GGG AGG GCG-3’ and reverse: 5’-TAG
CCC CTG CAT TAA CTA-3’) and primer set 2 (forward: 5’-CAC CAT GAA GAT GGC GTC GAA T-3" and
reverse: 5’-TTA TTG AAT CCT TCT ACG CC-3’) into pENTR directional TOPO vector (Thermo Fisher
Scientific). The GII.3 VP1 fragment in the recombinant plasmids were sequenced by Virginia
Bioinformatics Institute at Virginia Tech, and the predominant sequence was used for the

preparation of P particles.
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P particles and transmission electron microscopkhe region coding for the P domain was
amplified from the recombinant plasmids containing VP1 capsid gene of HuNoV GlI.3 or GIl.4 as
described above. The P domains were cloned into prokaryotic expression vector pET21a (EMD
Millipore) as previously described3*. A 6xHis-Tag was incorporated to the N-terminus of P
proteins by forward primers, and a cysteine-rich peptide CDCRGDCFC was incorporated to the C-
terminus of P proteins by reverse primers to enhance the P particle stability®>. P proteins were
expressed in E. colistrain BL21 (New England Biolabs) and purified via HisPur Ni-NTA Spin
Columns (Thermo Fisher Scientific) following the manufacturer’s instructions. Protein production
was monitored by SDS-PAGE and InVision His-tag In-gel Stain (Thermo Fisher Scientific). Protein
concentrations were measured spectroscopically by Quick Start™ Bradford protein assay (Bio-
Rad). Electron microscopy formvar carbon square grids (Electron Microscopy Sciences) were
pretreated with 1% aqueous Alcian blue for 5 min. After washes, P particles of genotype GlI.3 or
Gll.4 were diluted in PBS to 5 ug/ml and absorbed to the grids for 1 min. The grids were stained
with 3% phosphotungstic acid pH 7.0 for 1 min and viewed with a JEOL JEM 1400 transmission

electron microscope.

Binding of P particles and virions to bacteriafter the initial inoculation into fresh culture
medium, bacteria were grown overnight and sub-cultured at 1:50 for 2-3 hours until ODsgo
reached 0.4-1.0, which was the log phase of growth. Bacteria were washed three times and
resuspended with PBS to an ODeoo of 1.0. Then 10 pg P particles or 10° viral genome copies of
purified HuNoVs were incubated with 1 ml bacteria for 1h at 37°C, then the mixture was

centrifuged and washed three times with PBS. To measure the remaining P particles attached to
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bacteria, the bacterial pellets were resuspended with 100 ul Laemmli sample buffer (Bio-Rad)
and boiled for 10 min, and 20 ul of sample was loaded to 10% SDS-PAGE gel and analyzed by
Western Blot using HRP conjugated anti-His-Tag antibody (MA1-21315-HRP, Thermo Fisher
Scientific). To measure the remaining virions, the total RNA of the bacterial pellets was extracted
by 750 ul TRIzol LS, and HuNoV genomes were detected by a one-step TagMan gRT-PCR with
primers targeting all Gll viruses*® 4’ For controls, Enterobacter cloaca#ere heat-killed at 65°C
for 40 min, then blocked with 5 ul of A antigen antibody (sc-69951, Santa Cruz) and H antigen

antibody (sc-52369, Santa Cruz) at 37°C for 20 min before adding P particles or virions.

Gnotobiotic pigs and treatment groups\ear-term Yorkshire cross-breed pigs were derived via
hysterectomy by veterinarians and maintained in sterile isolator units as described previously®2.
Neonatal Gn pigs (male and female) were randomly assigned to the five treatment groups upon
derivation: Cocktail-7d (n=5), Cocktail+1d (n=5), RB-7d (n = 4), LGG+EcN (n=5), Control (n=9).
To initiate the colonization of LGG and EcN, 10* CFU of each were mixed in five ml of Minimal
Essential Medium and administered orally to pigs on post-partum day (PPD) 3, 5, and 7. The low
dosage was chosen on purpose to be well below the therapeutic practice (10° to 10*? CFU). LGG
and EcN fecal shedding were determined by rectal swab sampling of pig feces and enumeration
of colonies grown on media agar plates as described previously*. For RB feeding of pigs, heat-
stabilized and gamma-irradiated RB (Calrose variety) was added to pigs’ milk diet by replacing 10%
daily calorie intake 3. Daily feeding started 7 days prior to or 1 day after HuNoV inoculation until
euthanasia. All pigs were orally inoculated on PPD33 with 6.43 x 10° viral genome copies of

HuNoV GlI.4/2006b variant 092895. To reduce gastric acidity, four ml 200 mM sodium
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bicarbonate were given to pigs 15 min prior to inoculation. Fecal consistency and virus shedding
were assessed daily until euthanasia on PPD40 where blood, tissues, and intestinal contents were
collected. Fecal consistency scores were obtained based on previous scaling system?3, and fecal

virus shedding was measured by a one-step TagMan qRT-PCR as described previously*.

Flow cytometry analysisMononuclear cells (MNCs) were isolated from the duodenum, ileum,
spleen, and blood as described previously®®. 2 x 10® of MNCs were restimulated in vitro with P
particle (12pug/ml for the spleen and 6ug/ml for others), positive control PHA (10ug/ml), or mock
control in E-RPMI media for 17h at 37°C. Brefeldin A (B6542, Sigma-Aldrich, 5ug/ml) and anti-
CD49d monoclonal antibody (561892, BD Biosciences, 1ul/ml) were added at 12h post incubation
to block the secretion of cytokines and enhance the stimulation, respectively. IFN-y* CD4* and
CD8* T cells were quantified by flow cytometry as described previously*. Isotype matched
irrelevant antibodies were included as negative gate controls. Mock-stimulated samples indicate
the total IFN-y* T cells, while the increased cell populations of P particle-stimulated over mock-

stimulated samples indicate HuNoV-specific IFN-y* T cells.

ELISA for total immunoglobulin and IFN The total immunoglobulin (Ig) titers in intestinal
contents were determined by ELISA as described previously?’. Intestinal IFN-y titers were
measured by Swine IFN-y VetSet™ ELISA development Kit (Kingfisher Biotech) following the

manufacturer’s instructions.
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Jejunum histopathology.Jejunum tissue was collected after pig euthanasia, fixed in 4%
paraformaldehyde for 12-16h, paraffin embedded, sectioned into 5um slices and placed on
positively charged slides, for routine H&E staining. A pathologist who was blinded to the sample

identifications evaluated the villus length using an ocular micrometer under a light microscope.

Ethical statementStool collection protocols were approved by the Institutional Review Boards
of the Cincinnati Children’s Hospital Medical Center (IRB#: 2008-1131) and the National Institute
of Hygiene and Epidemiology - Vietnam (IRB#: 15-IRB), written consent was provided by parents
or guardians of the children. Animal experimental protocols were approved by the Institutional
Animal Care and Use Committee at Virginia Tech (IACUC protocol: 13-187-CVM and 14-108-CVM).
All sample collection and experimental procedures were conducted in accordance with the

approved guidelines.

Statistics. Statistics were performed using GraphPad Prism 6.0 (GraphPad Software) with
analyses indicated in table notes and figure legends. Statistical significance was determined at

the level of P< 0.05.

Results

Probiotic bacteria bind to HuUNoVs
Although HuNoV genotype Gll.4 accounts for the most global acute gastroenteritis
outbreaks?, Gll.3 is emerging and becoming predominant in some underdeveloped areas*®>2. To

explore the interactions between HuNoVs and probiotics, we first cloned the capsid VP1 genes
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of GII.3 and GlI.4 from clinical stool samples, then the P-domains were cloned and proteins were
expressed with N-terminal 6xHis-Tag to facilitate their detection and purification (Figure 1A The
formation of P particles was not compromised as indicated by a negative staining electron
microscopy (Figure 1B

P particles were first used as a model to determine HuNoVs interactions with probiotics,
including a Gram-negative strain EcN and four Gram-positive lactobacilli strains, i.e., L. reuteri
(LR), L. acidophilugLA), L. rhamnosussG (LGG), and L. bulgaricusL@). Since EC can bind to
HuNoVs specifically by surface HBGA3>, native EC was used as a positive control and HBGA A&H
antibodies-blocked EC was a negative control in the binding assays. After incubation of P particles
and bacteria, the P particles remaining on the bacterial surface were quantified by Western Blot
using anti-His-Tag antibody. The results showed that all the tested bacteria were able to bind to
both GlI.3 and GlI.4 P particles, and lactobacilli strains had significantly higher binding capacity
than those of EcN and EC (Figure 1@ Additionally, LA was stronger than LR in binding to GII.3 P
particle, while EcN was weaker than EC. The four lactobacilli strains did not differ from each other
in binding to GlI.4 P particle, and neither did EcN and EC (Figure 1@ Similarly, the binding assays
were performed using HuNoV virions purified from stool samples. Unlike the P particles, Gll.3
virions had comparable binding to all tested bacteria except for the higher binding to LGG,
whereas Gll.4 virions shared the binding pattern with P particle except for the lower binding to
LGG and higher binding to LB (Figure 1[). These data suggest that probiotic bacteria can bind to

HuNoVs.
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LGG+EcN inhibited HuNoV shedding and RB reduced diarrhea in Gn pigs

To develop a ready-to-use anti-HuNoV therapeutic strategy, LGG and EcN were chosen
for the evaluation of their potential antiviral effects in the Gn pig model of HuNoV infection and
diarrhea, since they could bind HuNoVs in vitro and are commercially available as diarrhea-
reducing probiotics. Previous study showed that RB protected against HRV-induced diarrhea in
the presence of LGG and EcN #3, we tested RB feeding and/or LGG+EcN co-colonization in five
treatment groups in this study: Cocktail-7d (n = 5), pigs were pre-colonized with LGG and EcN, RB
feeding started 7 days prior to HuNoV inoculation; Cocktail+1d (n = 5), pigs were pre-colonized
with LGG and EcN, RB feeding started 1 day after virus inoculation; RB-7d (n = 4), RB feeding
started 7 days prior to inoculation; LGG+EcN (n = 5), pigs were colonized with LGG and EcN only;
Control (n =9), non-RB fed and non-LGG+EcN colonized. All pigs were inoculated with a HuNoV
GI1.4/2006b variant 092895 on PPD33/PID0 and euthanized on PID7 (Figure 2A.

Fecal consistency and virus shedding were assessed daily after the HuNoV inoculation
(Supplementary Figure 1). The results summarized in Table 1showed that compared to the
control group, LGG+EcN group had similar rates of HuNoV diarrhea (89% versus 60%), yet
undetectable HuNoV shedding. RB-7d group had a slightly shorter mean duration of diarrhea (2.2
versus 1.3 days) and significantly delayed shedding onset (2.8 versus 6.3 days). More importantly,
cocktail-7d and cocktail+1d groups had a significantly lower incidence (20%), delayed onset (3.9
versus 7.0 and 7.2 days, respectively), shorter mean duration of diarrhea (2.2 versus 0.2 days),
and shorter mean duration of virus shedding (3.2 versus 1.0 days). In both cocktail groups, the
diarrhea reduction rates were 78% [1 - (% of treated pigs with diarrhea / % of control pigs with

diarrhea)], and the reduced severity of diarrhea was also shown by the significantly lower
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cumulative fecal scores (Figure 2B. Interestingly, only the LGG+EcN group had significantly
reduced cumulative and peak virus shedding compared to the control group. RB feeding with or
without LGG+EcN colonization did not significantly alter virus shedding pattern, except that
shedding in the cocktail+1d group trended lower when compared to the other RB fed groups and

the controls (Figures 2C and 3D

RB promoted he colonization of EcN but not LGG in Gn pigs

The colonization of LGG and EcN in Gn pigs was confirmed by their fecal shedding on
PPD26 (Figures. 3A and 3BAfter the beginning of RB feeding on PPD26 in the cocktail-7d group
and on PPD34 in the cocktail-1d group, LGG fecal shedding appeared to decrease in both groups,
however, statistical significance was not observed for these differences (Figure 3A. On the other
hand, RB feeding significantly increased EcN fecal shedding in the cocktail-7d group and slightly
in the cocktail-1d group (Figure 3B. Taken together, these results indicate the differential effects

of RB on the co-colonization of probiotic bacteria.

LGG+EcN and RB stimulated the production of-{EN cells

To elucidate the mechanisms of the inhibitory effects of LGG+EcN and RB on HuNoV
infection and diarrhea, their immunomodulatory roles were first assessed regarding effector T
cells. After euthanasia on PID7, MNCs were isolated from both intestinal and systemic lymphoid
tissues, and the frequencies of IFN-y* CD4* and CD8* T cells were determined by flow cytometry
(Figure 4A. MNCs were stimulated with P particle to detect HuNoV-specific IFN-y* T cells, which

was the increased frequency compared to the mock stimulated sample. For pigs in the control,
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LGG+EcN, and RB-7d groups, no significant increase of IFN-y* T cells was observed in P particle
stimulated MNCs (Figure 4Aand data not shown), suggesting low or short-term HuNoV-specific
IFN-y* T cell responses. However, compared with control pigs, both LGG+EcN colonization and RB
feeding significantly increased frequencies of non-specific total IFN-y* T cells (Figure 4B. In
addition, compared with the LGG+EcN group, the RB-7 group had significantly higher frequencies
of IFN-y* CD8* T cell population in ileum and IFN-y* CD4* T cell population in all assayed lymphoid
tissues (duodenum, ileum, spleen, and blood) (Figure 4B, indicating that RB has strong
stimulatory effects on total IFN-y* T cell responses, which may contribute to the reduction of

HuNoV diarrhea in Gn pigs.

Probiotics plus RB cocktail regimens enhanced gut immunity

The immunomodulatory roles of LGG+EcN and RB on gut immunity were evaluated by
testing total intestinal IgA, 1gG, and IFN-y levels, since PID 7 is too early to detect virus-specific
IgA and IgG antibody responses. Compared with the control group, the cocktail-7d, cocktail+1d,
and LGG+EcN groups had significantly higher IgA titers in both small and large intestinal contents
(SIC and LIC), but the increase was not observed in the RB-7d group (Figure 54, indicating that
LGG+EcN but not RB enhanced the production of IgA. The cocktail-7d and cocktail+1d groups had
significantly higher IgG titers in both SIC and LIC, whereas no differences were observed in either
the LGG+EcN or RB groups (Figure 5B. Consistent with the strong stimulation of RB on total IFN-
y* T cells (Figure 4B, significantly higher IFN-y concentrations were detected in LIC from the

cocktail-7d, cocktail+1d, and RB-7d groups (Figure 5 In all, cocktail regimens remarkably
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enhanced gut immunity in Gn pigs by secretion of intestinal immunoglobulins and interferon,

which might provide protection against HuNoV infection.

Probiotics plus RB cocktail regimens increased jejunal villi length

Villus blunting is a major manifestation of impaired intestinal health, such as in Crohn’s
disease, celiac disease®, and virus-induced gastroenteritis>>. To examine the beneficial effects
of LGG+EcN and RB on the health of small intestine in Gn pigs, sections of jejunum were stained
with H&E and evaluated for all the treatment groups after euthanasia. Compared with control,
both LGG+EcN colonization and RB feeding were associated with significantly longer jejunal villus
length. Their stimulatory roles might be additive as the two cocktail groups displayed greater
villus length than either single treatment (Figure §. These data indicate that the cocktail
regimens promote the growth and health of intestinal epithelium, which might contribute to the

protection of HuNoV-induced disease.

Discussion

Robust cell culture and animal models have long been lacking for HuNoV propagation, as
a result, clinical stool samples from patients are the only resource for HuNoV infection studies. P
particles are promising surrogates as they exhibit surface conformation and receptor-binding
profiles similar to the corresponding VLPs>®, and they have been validated as an in vitromodel to
evaluate viral binding with probiotics®*. In this study, we first prepared HuNoV GlI.3 and GlI.4 P
proteins, which displayed double bands as expected (Figures. 1A and 1)&. The P particle

structures were observed under electron microscopy. The binding assays with both P particles
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and native virions showed that their binding capacity with Gram-negative EcN was lower than
that with Gram-positive lactobacilli, EcN was still included in this study due to its commercial
availability, diarrhea-reducing properties on enteric pathogens such as HRV33, and potential
inhibition of HuNoV attachment to epithelial cells34. It is likely that differential cell surface
composition of Gram-negative and Gram-positive bacteria determines the observed differences,
although surface components that are responsible for viral binding remain to be identified.
Bacterial microbiota was shown to facilitate persistent and acute murine norovirus
(MuNoV) infection in mice®” %8, but the effects of different bacteria on MuNoV infectivity might
vary as lactobacilli could inhibit MuNoV infection in vitrousing RAW264.7 cell culture model and
vitamin A inhibited MuNoV replication in mice by upregulating lactobacilli in gut microbiota?. In
this study, after HuNoV inoculation in Gn pigs colonized with LGG+EcN, virus fecal shedding was
below the limit of detection, indicating significant inhibition on HuNoV infection by their
colonization. Similar to the reduced virus shedding but unaffected incidence of diarrhea observed
in EC colonized Gn pigs in the previous study3®, LGG+EcN colonization did not alter the occurrence
of diarrhea, suggesting that HuNoV gastroenteritis could be induced by extremely low viral loads
and that anti-HuNoV agents inhibiting viral replication may have insufficient efficacy in reducing
the disease. Given that bacterial anti-HuNoV capacity might depend on the extent of viral
retention ability, it is likely that LGG plays a more important role on the inhibition of HuNoV
infectivity than EcN, since LGG has a greater HuNoV-binding ability, but further investigations will
be required to clarify the effects of LGG or EcN mono-colonization on HuNoV infection.
Nevertheless, cocktail regimens containing LGG and EcN offer great promise to simultaneously

protect against HuNoV and HRV infection33.
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Although RB was shown to promote the colonization of lactobacilli in mice32, LGG fecal
shedding was lower after RB feeding in cocktail groups in this study. When colonized together
with EcN in Gn pigs, LGG fecal shedding and concentration in intestinal tissues trended toward
lower than those of single colonization33, suggesting that the presence of ECN might inhibit the
growth of LGG. Thus, it is likely that higher growth of EcN led to lower growth of LGG after RB
feeding, and underlying mechanisms utilized by EcN need to be identified, such as competing for
the nutrients and colonization sites, improving intestinal barrier, and modulating immune
responses3! 32, In all, higher protective efficacy against HuNoV shedding and diarrhea might be
achieved only if rice bran and LGG are given.

Effector T cells are a crucial immune component to eliminate viral infected cells, and their
responses in the small intestine are associated with protective immunity against HRV*°. However,
HuNoV infection or P particle vaccination did not significantly stimulate virus-specific IFN-y* CD4*
or CD8* T cell responses'4, and neither did LGG+EcN colonization nor RB feeding in this study.
Still, significantly increased frequencies of non-specific IFN-y* T cells were observed especially
after RB feeding, which might be correlated with the diarrhea-reducing property of RB, but a
significant reduction in virus shedding was not observed along with the enhanced T cell responses
in the RB-7d group, which was similar to our previous study on HRV#2, For the cocktail regimens,
the intestinal IgA was increased by LGG+EcN alone, while the increased intestinal IgG might have
been induced by the synergism between LGG+EcN and RB. The additive effects of the probiotics
and RB appeared to be associated with longer jejunal villus length.

In this study, the cocktail-7d group displayed a 78% reduction of diarrhea, as well as

significantly shortened duration of diarrhea and virus shedding after HuNoV challenge, indicating
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the regimen is an effective preventive measure. In addition, similar effects in reducing diarrhea
and virus shedding were observed in the cocktail+1d group, in which RB feeding started 1 day
after HuNoV challenge, thus this regimen could be considered as a therapeutic strategy to treat
HuNoV gastroenteritis. The first HuNoV vaccine candidate evaluated in clinical trials was an
adjuvanted monovalent GI.1 VLP, which provided 47% and 26% protection against Norwalk virus
gastroenteritis and infection compared with the placebo group, respectively®. A bivalent VLP-
based vaccine containing both Gl.1 and Gll.4 components is under development as well, and
human clinical trials showed a 52% reduction in vomiting and/or diarrhea compared with the
control after challenge®!. Our previous evaluations of adjuvanted Gll.4 VLP and P particle vaccines
in Gn pigs demonstrated reductions of diarrhea by 60% and 47%, respectively'*. Therefore, the
probiotics plus RB cocktail regimens may provide an alternative strategy with better anti-HuNoV
effects than the current vaccine candidates.

In summary, lactobacilliand EcN could bind to HuNoV P particles and virions derived from
Gll.3 and Gll.4 clinical samples. Colonization with LGG+EcN completely inhibited HuNoV fecal
shedding in Gn pigs. The two cocktail regimens had RB feeding started either 7 days priorto or 1
day after viral inoculation in the LGG+EcN colonized Gn pigs, and both regimens exhibited
dramatic anti-HuNoV effects, including reduced incidence and shorter duration of diarrhea, as
well as shorter duration of virus fecal shedding. The anti-HuNoV effects of the cocktail regimens
were associated with the stimulated IFN-y* T cell responses, increased production of intestinal
IgA and IgG, and longer villus length. Considering the natural source and commercial availability
of probiotics and RB, the cocktail regimens may represent a novel, safe and ready-to-use strategy

against diarrhea and infection caused by HuNoV infection and other enteric pathogens.
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EC, Enterobacter cloacae&cN, Escherichia coNissle 1917; Gn, gnotobiotic; HBGA, histo-blood
group antigen; HRV, human rotavirus; HuNoV, human norovirus; LA, Lactobacillus acidophilys
LB, Lactobacillus bulgaricusGG, Lactobacillus rhamnos&G; LR, Lactobacillus reuterMuNoV,
murine norovirus; PID, post-infection day; PPD, post-partum day; RB, rice bran; VLP, virus-like

particle.
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Figure 1. Probiotic bacteria bind to HuNoV P patrticles and virigA$SDS-PAGE analysis of the
6xHis tagged P proteins expressed and purified from the prokaryotic system. Lane 1, protein
standard marker. Lane 2 and 3, GIl.3 and GlI.4 P proteins. (B) Transmission electron micrographs
of P particles. Scale bar, 200 nm. (Q Probiotic bacteria bind to P particles. Bottom panels,
representative Western Blot using anti-His-Tag antibody showing the P particles bound to
bacteria. Top panels, four independent experiments were analyzed by Image J. The relative
bindings are referred to that of EC. (D) Probiotic bacteria bind to virions. The virions bound to
bacteria were quantified by qRT-PCR for viral genomes. The experiments were repeated three
times independently. Controls were heat-killed and A&H antigen antibodies-blocked EC. Data are
presented as means = SEM. Statistics was determined by one-way analysis of variance (ANOVA).
Different letters indicate significant differences among groups (P<0.05), while shared letters

indicate no significant difference.
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Figure 2. Design and summary of Gn pig stu@dy.Experimental timeline. PPD, post-partum day.

PID, post inoculation day. Cumulative fecal scores (B) and shedding (Q are shown as area under

curve from daily measurements of individual pigs (Supplementary Figure 1). (D) Mean peak virus

shedding titers from PID1 to PID7 in individual pigs. Sample sizes are shown in Table 1. Data are

presented as means + SEM. Dashed lines indicate limit of detection. Statistics were determined

by Kruskal-Wallis test. Different letters indicate significant differences among groups (P<0.05),

while shared letters indicate no significant difference.
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Figure 3. LGG and EcN fecal sheddRigfeces were collected by rectal swab and suspended in
PBS. The concentrations of LGG and EcN were determined in serial dilution of fecal samples and
enumeration of colony forming unit (CFU) grown on MRS or LB media agar plates. Sample sizes
are shown in Table 1. Data are presented as means + SEM. Statistics were determined by Kruskal-

Wallis test. NS, not significant, *P<0.05.
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CD3*CD4" (Th) cells and CD3*CD8* (CTL) cells. Representative dot plots showing frequencies of

HuNoV-specific (P particle stimulated) and non-specific (mock stimulated) IFN-y* T cells in ileum

isolated from LGG+EcN colonized Gn pigs. SSC-A, side scatter area; APC, allophycocyanin; FITC,

fluorescein isothiocyanate; SPRD, spectral red; PE, phycoerythrin. (B) Non-specific IFN-y* T cells

in intestinal (duodenum, ileum) and systemic (spleen, blood) tissues on PID7. Sample sizes are

shown in Table 1. Data are presented as means + SEM. Statistics were determined by Kruskal-

Wallis test. NS, not significant, *P<0.05, **P<0.01.
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Figure 5. IgA, IgG, and IRN | e v e | sal dontents aftér €NV infectionTotal IgA (A)
and 1gG (B)titers in small and large intestinal contents (SIC and LIC) were measured by ELISA. (Q
IFN-y concentration in LIC was measured by ELISA. Sample sizes are shown in Table 1. Data are
presented as means + SEM. Statistics were determined by Kruskal-Wallis test. Different letters

indicate significant differences among groups (P<0.05), while shared letters indicate no

significant difference.
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Control

Figure 6. LGG+EcN and RB are associated with longeAil. Representative images of H&E

stained jejunum showing the villi length in the five groups. Scale bar, 0.25 mm. (F) 30 random villi
including all pigs in each group were measured to quantify the villi length. Data are presented as
means with individual points. Statistics were determined by Kruskal-Wallis test. Different letters
indicate significant differences among groups (P<0.05), while shared letters indicate no

significant difference.
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Table 1. Incidence of diarrhea and fecal virus shedding in Gn pigs after HuNoV GlI.4 challenge

DiarrheaP Virus shedding®
Group n Pigs with  Mean days dm:;gn Pigs Mean days dl'j/rlz’?ign
diarrhea to onset days s.hedding to onset days

(%)* (SEM)** (SEM)** virus (%)* (SEM)** (SEM)**
Cocktail-7d 5 1(20%)*  7.0(1.0*  0.2(0.2)* 4 (80%)"  4.0(1.2)"® 1.0(0.3)8
Cocktail+ld 5 1(20%)*  7.2(0.8)*  0.2(0.2)* 5(100%)* 4.8 (0.2)"8 1.0 (0)A
RB-7d 4 3(75%)"® 3.3(1.6)"® 1.3(0.5)"® 3 (75%)* 6.3(0.8)  1.5(0.6)"®
LGG+EcN 5 3(60%)"® 4.0(1.6)"® 1.8(1.1)"® (3 8.0 (0)¢ o¢
Control 9 8 (89%)8 3.9(0.7)8 2.2 (0.4)8 8 (89%)A 2.8 (0.8)8 3.2(0.9)8

aGn pigs were inoculated with a HuNoV Gll.4 2006b variant 092895 at 33 days of age. Diarrhea and
virus shedding were monitored by daily rectal swab sampling and RT-qPCR after inoculation.

Calculation included all pigs in each group from PID1 to PID7.

bIf diarrhea or virus shedding was not observed, the days to onset was recorded as 8 and the duration

days was recorded as O for statistical purposes.

*Fisher's exact test or **Kruskal-Wallis test was used for comparisons. Different letters indicate
significant differences among treatment groups (P<0.05), while shared letters indicate no significant

difference.
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Supplementary Figure 1. Fecal consistency scores and HuNoV shed@ijrecal consistency
scores. Pig feces were collected by rectal swabs and scored as follows: 0, solid; 1, pasty; 2,
semiliquid; and 3, liquid. Fecal scores of 22 as indicated by dashed lines were considered diarrheic.
(B) Fecal HuNoV shedding. Viral titers in pig feces were measured by qRT-PCR, dashed lines

indicate limit of detection. Data are presented as individual animal data points.
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General discussioand future directions

Impacts of interactions between HuNoV-bacterium and HuNoV-host on the viral
infectivity are the focus of this desseration study. Histo-blood group antigens (HBGAs) are
complex carbohydrates present on mucosal epithelium or as free antigens in biological fluids?,
norovirus and rotavirus are found to recognize HGBAs for attachment in strain-specific patterns®
3,1n 2014, HBGA-bearing bacteria were screened out of a stool sample from a healthy adult, and
E. cloacaeSENG-6 was shown to have HuNoV binding capability. Subsequently, B cells
supplemented with free HBGA or E. cloacaevas established as a novel HuNoV infection system>,
which redefined the range of HuNoV cell tropism and viral infection factors. Although many
laboratories failed to grow HuNoV in B cells®, the binding between bacteria and HuNoV is widely
believed to mediate bacterial effects on viral infectivity. In the first phase of this study we
showed that the administration of E. cloacaén Gn pigs inhibited HuNoV infection’, but the design
of the treatment groups was questioned for the lack of non-binding bacterial strain as a control
group®. E. cloacaeavas shown with specificity to bind HuNoV, but the screening procedure did
not indicate that HuNoV bond to E. cloacaexclusively*. Consistent with the binding of all tested
bacteria and all tested HuNoVs®, we tried multiple bacterial strains, including Gram-positive and
Gram-negative, but failed to obtain a single strain without HuNoV-binding property (data not
shown), rising new debates on the role and importance of enteric bacteria on HuNoV infection.
Nevertheless, in our ongoing project evaluating the effect of human gut microbiota on HuNoV
infectivity in Gn pigs, increased virus genomes in fecal shedding and in intestinal tissues suggest
the enhanced HuNoV infection in the presence of human gut microbiota, which serves as a

control and validates the inhibitory role of E. d0acaeon HuNoV infection in vivo. Given the lower
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HuNoV replication in Gn pigs in the presence of E. cloacaghan that of human gut microbiota,
different bacterial strains may have divergent effects on HuNoV infection. There should be
certain bacterial strains that enhance HuNoV infection and some others inhibit. The outcome is
the average effects of human gut microbiota. Overall, further investigations are required to
differentiate the effects of different bacterial strains on enteric virus infection, and the
mechanisms underlying the altered viral infectivity could be elucidated by systematic analysis,
including transcriptome analysis of intestinal tissues, metabolome profiling of intestinal contents
and pathway analysis, and microbiome dynamics.

With the advances in genetic engineering technology, genetically modified animals have
been emerging models in biomedical research, and the use of certain animal species has
increasingly relied on the feasibility of utilizing genetic engineering. While genetically modified
mice show genetic disorders that resemble human conditions and serve as models for a variety
of diseases'®, the rising CRISPR/Cas9 system has significantly saved time and cost for the
generation of genetically modified pigs as no cloning or breeding were needed??, which further
expanded the application of pig model in the exploration of virus-host interactions'? 3, In the
second phase of this studyincreased and prolonged HuNoV infection was observed in our
RAG2/IL2RG deficient Gn pigs, but the increase was moderate with peak around 10* viral
genomes per gram of feces and the prolongation was limited within 27 days’, presumably
resulting from the host innate immune barrier of HuNoV infection. Similarly, RAG/IL2RG
deficiency enabled subclinical HuNoV infection in Balb/c mice for less than 3 days'4, altogether
indicating that the importance of host lymphocytes in HuNoV clearance is very limited. However,

significantly increased and robust MNV infection was observed in mice with immunodeficiency
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in STAT1%, a key component in the interferon (IFN) signaling pathway in innate antiviral
responses, and a recent study showed that systemic and intestinal persistence of MNV are
controlled by IFN-a and IFN-A, respectively!®. Thus, it is likely that the innate immunity plays a
pivotal role in host anti-HuNoV activity, and successful disruption of innate immunity, such as
knockout of STAT1 or certain IFNs and Toll-like receptors, might remarkably promote HuNoV
infection in Gn pigs. There is no doubt that HuNoV biology will be largely explored using human
intestinal enteroids and probably other newly developed cell culture systems in the future, and
genome-wide screening technologies such as RNA interference and CRISPR/Cas9 system would
enable the discovery of key host component(s) against HuNoV infection, which paves the way for
the generation of novel animal models supporting robust HuNoV infection.

Studies have suggested that probiotics reduce the severity of diarrhea through
stimulating the expression of the ClI'/HCOs exchanger DRA (down-regulated in adenoma) in
intestinal epithelial cells to improve CI- absorption!’” 8 Probiotics can also increase the
expression of the Na*/H* exchanger NHE3 which contributes to the upregulation of intestinal
electrolyte absorption'®. However, LGG+EcN without rice bran did not confer significant
protection in the third phase of this studyalthough HuNoV fecal shedding was below the limit
of detection??. For future studies, other probiotic strains such as Bifidobacteriumbifidum and
Lactobacillus acidophilUdCFMcan be considered to use alone or together with rice bran to
obtain higher efficiency against HuNoV-induced diarrhea. Alternatively, genetic engineering has
generated recombinant LGG and EcN with enhanced immunomodulatory activity?" %2, and
modified probiotics expressing HuNoV VLP or P particle should provide extra protection by

stimulating viral specific immune response?3 24,

122



It is important to note, the prominent characteristic of rice bran is that it is a natural
complex with more than 450 distinct phytochemicals, which are balanced nutrients such as fibers,
oils, proteins, and vitamins?>. While component dissection and further functional investigation
for each ingredient are in great demand to better understand the bioactive profile of rice bran,
it merits our attention that the phytochemical components are likely working synergistically for
the broad positive health benefits, including antioxidant, antimicrobial, antiviral, microbiota-
regulating and/or immunomodulatory properties. The function of dietary rice bran usage to fight
gastrointestinal diseases, diarrhea in particular, warrants further study and medical food
application. All in all, the combination of probiotics and prebiotics represent a highly efficacious
measure for the prevention and treatment of gastroenteritis induced by HuNoV, HRV, and
potentially other enteric pathogens?? 26,

Germ-free animal models provide an indispensable tool for the investigation of viral
impacts on host intestinal physiology and immunity, as well as the evaluation of vaccine and
therapeutics against enteric virus infection and gastroenteritis?’2°. The Gn pig model with its
distinct advantages has greatly contributed to studies of the effects and mechanisms of gut
microbiota and probiotics on enteric virus infections and vaccines3C. However, the drawbacks of
applying Gn pigs in modeling human diseases are the fairly high cost and relative lack of species-
specific molecular reagents compared with mouse models, which hinder in-depth mechanistic
studies. Additionally, the Gn pig system has been using cross-breed piglets, leading to relatively
high experimental variablity between individuals compared with mouse models, and such
disadvantage could be overcome by developing inbred pig model in the future. Further

optimization of the pig models, including genetic modification using CRISPR/Cas9 technology,
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humanization of the immune system through stem cell transfer in immunodeficient pigs, and
transplantation with human gut microbiota from donors representing different health, disease,
and immune statuses will further improve the usefulness and reliability of the pig models for
mimicking enteric virus infection and disease in humans. Unravelling the role of microbiome,
specific probiotics, and prebiotics in the infectivity, pathogenesis, and immunity of enteric viruses

will facilitate the development of strategies against those infections and diseases.
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