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Human noroviruses (HuNoVs) are the leading causative agents of epidemic and sporadic acute gastroenteritis that affect

people of all ages worldwide. They are responsible for over 20% of all the AGE cases annually. Among susceptible

individuals, it has been shown that very low inoculum doses are sufficient to generate a full course of infection with high

titers of virus shed in feces. Very few dose–response studies have been carried out to determine the median infectious

dose of HuNoVs. Here, we evaluated the median infectious dose (ID ) and diarrhea dose (DD ) of the GII.4/2003 variant

of HuNoV (Cin-2) in the gnotobiotic pig model of HuNoV infection and disease. Using different mathematical approaches

(classical, and contemporary methods), we estimated the ID  and DD  to be between 2400–3400 RNA copies, and

21,000–38,000 RNA copies, respectively. Contemporary dose–response models offer greater flexibility and accuracy in

estimating ID . In contrast to classical methods of endpoint estimation, dose–response modelling allows seamless

analyses of data that may include inconsistent dilution factors between doses or numbers of subjects per dose group, or

small numbers of subjects. Although this investigation is consistent with state-of-the-art ID  determinations and offers an

advancement in clinical data analysis, it is important to underscore that such analyses remain confounded by pathogen

aggregation. Regardless, challenging virus strain ID  determination is crucial for identifying the true infectiousness of

HuNoVs and for the accurate evaluation of protective efficacies in pre-clinical studies of therapeutics, vaccines and other

prophylactics using this reliable animal model.
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1. Introduction

Human noroviruses (HuNoVs) are non-enveloped RNA viruses with a positive-sense single-stranded genome that belong

in the Caliciviridae family. They are the most common etiological agents of epidemic and sporadic acute gastroenteritis in

people of all age groups  and are responsible for around 125 million cases of foodborne illnesses worldwide each

year . HuNoVs are transmitted through a fecal-oral route and epidemics primarily occur most in healthcare facilities,

restaurants, and schools among other settings . HuNoV outbreaks primarily occur due to individuals coming in contact

with contaminated food and water .

2. Classification

NoVs are single-stranded positive sense RNA viruses that belong to the genus Norovirus within the family Caliciviridae.

NoV genome is composed of 3 open reading frames (ORFs). NoV classification is based on the genetic sequence of the

entire virus genome or, the sequence of an individual virus gene . Each genogroup is further sub-classified into

genotypes based on phylogenetic analysis of the capsid (VP1) and the RNA dependent RNA polymerase (RdRp) protein

sequences . NoV is currently categorized into 10 genogroups (G1-GX) which are further classified into 49 genotypes

based on VP1 gene . There are 29 different virus strains spread over 3 different genogroups (genogroup I, II, and IV),

that are responsible for AGE in humans .

3. Structure of NoV

The NoV capsid is made up of two structural proteins, VP1 (major) and VP2 (minor), coded by ORF 2 and 3 respectively.

VP1 is divided into a shell (S) domain and the protruding (P) domain that provide form and stability to the virus . The

VP1 has been extensively studied for its antigenic properties and ability to be easily produced using different in vitro
expression systems. The VP1 has been observed to self-assemble leading to the formation of virus-like particles (VLPs)

that have been the basis of NoV vaccines . Recently, using a feline calicivirus model, the VP2 has been discovered to

function as trans-capsid channel that is responsible for the delivery of viral genome upon host cell binding .
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4. Pathogenesis of NoV

Over 80% of all HuNoV-associated GE around the world is caused by GII.4 NoVs . The absence of a cell culture

system has delayed the progress made on the understanding of NoV pathogenesis and immunity and the development of

effective vaccines or therapeutics against NoV disease in humans . The site of replication for NoVs has not been well

established, but it is assumed that they replicate in the upper intestinal tract. Biopsies collected from the jejunum of

volunteers who develop gastrointestinal illness following an oral administration of the Norwalk (GI.1) or Hawaii virus

(GII.1) have exhibited histopathologic lesions . Jones et al, reported that a human-derived continuous B-cell line, BJAB,

is capable of supporting HuNoV replication . Infectivity of a GII.4 HuNoV in the cell culture system was stimulated by

the presence of enteric bacteria or HBGAs, which were proposed to facilitate attachment to the B cells. The same group

also showed that murine norovirus (MNV) were capable of replicating in continuous B-cell lines (M12 and WEHI-231). The

poor repeatability and low viral titers yielded from using the BJAB cell line gave rise to new challenges that need to be

overcome in order to establish a successful cell culture model. This theory of B-cells being permissive for HuNoV

infections was tested in human patients with severe combined immunodeficiency (SCID). Two groups, those with intact

(but sometimes dysfunctional) B cells (n = 10) and those without (n = 8), and all were tested for the presence of NoV RNA

in stool. The viral RNA titers were similar between the two groups, leading to the conclusion that NoV infections do occur

in the absence of B-cells . In a study involving severe combined immunodeficiency (SCID) Gn pigs that were deficient

in B cells (and in T cells and NK cells by RAG2/IL2RG gene knockout), after an oral inoculation with HuNoV, fecal virus

shedding was observed for a longer duration and the virus-tissue distribution was wider compared to the wildtype Gn pigs

. This could either mean that B-cells are not the primary targets of HuNoV infection or that HuNoVs are capable of

infecting a broader range of cell-types similar to the findings in RVs. The results of this study were further supported by

data recently published by another group that showed no difference between rates and severity of NoV infection among

SCID and non-SCID Gn pigs indicating that the innate immune mechanism might be crucial for NoV clearance .

Successful NoV cell-culture has been achieved using a stem-cell derived human enteroid system. Bile acid and the

presence of HBGA receptors on the cell surfaces were identified to be key determinants of virus entry and propagation

. Enteroids derived from all three segments of the small intestine (duodenum, jejunum, and ileum) were permissive for

NoV replication up to 96 hours post inoculation. Immunocytochemistry analysis on intestinal biopsies collected from a

transplant patient who was suffering from severe GII.4 GE revealed that epithelial cells are the primary site of replication

for NoV . In another study, duodenal biopsies taken from an individual suffering from common variable immune

deficiency who was chronically infected with HuNoV also showed viral antigens (capsid proteins and RdRp) within

enterocytes . 

5. Correlates of protection against NoV infections

Current knowledge on immune responses to HuNoV comes predominantly from experimental human infection models and

clinical studies with VLP vaccines. Similar to some RV species as mentioned earlier, HBGAs are host susceptibility

determinants for NoV infections. HBGA found on the surface of intestinal epithelial cells of humans with the secretor

phenotype  have been determined as key regulators of susceptibility to HuNoV binding and entry in humans .

Furthermore, the ABO blood group antigens have also been linked to susceptibility to Norwalk (HuNoV GI.1 prototype)

infection, with AB, and B blood group antigen individuals showing a lower incidence of infection and illness with HuNoV

. Understanding the binding capacity of HuNoV VLPs to blood group antigens allowed for the development of

Hemagglutination Inhibition Assay . Hemagglutination inhibition (HAI) titers have since been used as a correlate of

protection by determining the antibody titers that can effectively block the binding of blood group antigens with HuNoV . 

Antibodies found in serum that block NoV-HBGA binding (HBGA blocking antibodies) have been suggested as a direct

correlate of protection from clinical illness (vomiting and diarrhea) following GII.4 HuNoV vaccination or challenge. In a

HuNoV human volunteer challenge study, pre-challenge serum titer levels (>1:500) of functional antibodies that block

binding of HuNoV VLPs to HBGAs correlated with lower risk of illness . High NoV-specific serum, and salivary IgA and

NoV-specific memory IgG cells have been identified as correlates of protection against NoV AGE .

Interferon-γ (IFN-γ) secreted by CD4+ and CD8+ T cells in response to NoV infections have been correlated with

protection in humans , mice , and Gn pig models . The host factors associated with HuNoV infection are

poorly understood due to their host-specificity and the limited access to laboratory models to study its pathogenesis.

Incremental advancements have been made by studying different aspects of NoV infection using different animal models

and collating the results together to form a better understanding of NoV infection in humans .
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6. Animal models for NoV research

Currently, there is no animal model that can directly recapitulate the full range of NoV disease symptoms that are

observed in humans, but animals in which evidence for infection has been reported following challenge with HuNoV

include Gn piglets and calves , monkeys and chimpanzees , , and immunodeficient mice . MNV has been

used as a surrogate to study the pathogenesis, immunology, and replication of HuNoV infections, and a large amount of

data has been generated . However, the limitations of this model are obvious due to the difference between the two

viruses in clinical manifestations (without diarrhea/vomiting), host receptors (sialic acid versus HBGAs), infected cell types

(dendritic/macrophages versus digestive epithelial cells), and pathogenesis .

An ideal animal model of HuNoV infection and disease would be one that can replicate the biological and clinical features

associated with human disease, including the route of infection, the infective dose, the disease progression and

pathogenesis, and correlates of protection . Among the different models used in norovirus (NoV) research ,

gnotobiotic (Gn) pigs provide a suitable solution for studying HuNoV infection and disease, as well as for evaluating

immunogenicity and protective the efficacy of novel vaccine candidates. This is attributed to the close similarity in

physiology, immune development, virus binding patterns, and histo-blood group antigen (HBGA) phenotypes between

pigs and humans . Since their introduction into research in the early 1960s, Gn pigs have been extensively utilized for

the study of enteric viruses and bacteria . A Gn pig infection model for two different HuNoV GII.4 variants

(GII.4/HS66 and GII.4/2006b) has been established for evaluating HuNoV vaccines , displaying similar levels

of infectivity compared to HuNoV GI.1/Norwalk and GII.4/2003 Cin-1 in human challenge studies and vaccine trials 

.

7. Vaccine Development

There are currently no licensed vaccines available for HuNoVs, but several virus-like particle (VLP) vaccine candidates

are currently undergoing various stages of clinical trials and have thus far shown some promise in both immunogenicity,

and protective efficacy studies, although the correlates of protection to norovirus infections are yet to be fully determined

. Treatment for NoV infections is centered over palliative care. This is particularly difficult in developing

countries where access to healthcare is limited, and in some locations, clean water is scarce. Due to these reasons, NoV

vaccines are urgently needed and they need to be safe, affordable, and efficacious, with a reasonable shelf-life. Vaccines

developed to confer protection against NoVs need to account for the genetically and antigenically diverse nature of

NoVs . VLPs have been most widely explored as a candidate for NoV vaccines. They are readily produced using

various expression systems  and self-assemble to a confirmation that is structurally and antigenically similar to an

infectious NoV particle.

VLPs based on GI.1 NoVs were initially developed as a monovalent vaccine candidate and evaluated for its safety,

immunogenicity and efficacy in a proof-of-principle study . They were administered intranasally together with

monophosphoryl lipoprotein (MPL) and chitosan adjuvants. Study participants who received the vaccine had a reduced

incidence rate (37%) of GI.1-associated GE compared to participants who received the placebo vaccine (69%). Infection

characterized by the presence of viral RNA detected by RT-PCR was observed among 61% of vaccine recipients

compared to 82% who received the placebo.Protection conferred by the vaccine was synonymous with the presence of

Norwalk virus-specific serum IgA and IgG levels, along with the induction of IgA ASCs and memory B cells . It was

soon identified that a bivalent intramuscular (IM) vaccine (GI.1 and GII.4) adjuvanted with aluminum hydroxide elicited a

stronger immune response compared to the intranasal administration . This bivalent IM VLP vaccine is

currently under Phase III clinical evaluations and is leading the race for licensure for a NoV vaccine.

Another vaccine that is under clinical evaluations is the adenovirus-vectored G1.1 VP1 vaccine which recently concluded

its Phase I clinical trials. This vaccine is orally administered in the form of a tablet and is comprised of a non-replicating

adenovirus vector expressing the NoV GI.1 VP1 gene adjuvanted with a double-stranded RNA. The vaccine generated a

2-fold increase in blocking titers among 78% of the vaccinated individuals and generated strong systemic and mucosal

IgA and IgG responses 

P particles , VLPs and lactic acid bacteria-based vaccine candidates  have been evaluated for their

immunogenicity and protective efficacy in Gn pig model of HuNoV infection and diarrhea. Several other candidate

vaccines that are still under development include: a RV-VP6 intermediate capsid expressing the NoV GI.3 and GII.4 VLPs

as a trivalent vaccine ; a bivalent GII.4 NoV and enterovirus 71 VLP-based vaccine ; and a Newcastle disease virus

vector expressing a GII.4 VP1 gene .
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8. HuNoV dose-response studies

HuNoVs are known to be highly infectious. A few challenge studies have evaluated the infection potential  and

calculated the median infectious dose (ID ) of various norovirus strains. In humans, the ID  of Norwalk virus was

identified to be between 18 and 2800 genomic equivalents . Similarly, the ID  of a GII.4/2006b variant was identified

to be ≤2.74 × 10  RNA copies in newborns (4–5 days of age) and 6.43 × 10  RNA copies in older (33–34 days of age) Gn

pigs . Dose–response data are critically important for the standardization of the animal challenge model used in the

pre-clinical evaluation of vaccine efficacy and anti-viral agents. While ID  is of primary interest to clinicians, such studies

are also widely used to interpret pathogen occurrence and exposure data and translate them to health outcomes. For

example, quantitative microbial risk assessments (QMRAs) for pathogen infections in humans are regularly used to

develop and improve industrial and regulatory policy in the water and food safety sectors . Utilization of dose–

response approaches (experimental design and analysis) concurrently enables wider application and impact from

experimentally derived data.

ID  values are often estimated using classical methods, such as the Reed–Muench, Dragstedt–Behrens, and Spearman–

Karber methods or more recently by logistic regression. In recent decades, several mechanistic models have been

developed to describe plausible phenomena that are inherent to experimentally derived dose–response data .

Critically, such models provide a basis for inference about the probability of infection at any dose level (i.e., not just ID ),

though low-dose extrapolation is an ever-present concern for applications, such as drinking water risk assessments in

which mean doses are often less than one pathogen . Contemporary dose–response models may offer greater

flexibility and accuracy (i.e., managing inconsistent dilution factors between doses or numbers of subjects per dose group

or small numbers of subjects) in estimating ID .

9. Virus Inoculum

The GII.4 HuNoV challenge pool (103,041) used in this study, identified henceforth as Cin-2, was the unfiltered 10%

suspension of stool samples collected from a volunteer who was challenged with HuNoV GII.4/2003 (Hu/GII.4/Cin-

1/2003/US), a 2002 Farmington Hills-like variant (GenBank number JQ965810), as part of a vaccine study conducted by

Xi Jiang’s laboratory at Cincinnati Children’s Hospital Medical Center. The volunteer developed a 3-day illness

characterized by diarrhea, vomiting, nausea, abdominal cramps, and fever . The HuNoV concentration of the

challenge pool was determined by RT-qPCR to be approximately 2 × 10  viral genomic RNA copies/mL of stool. The

challenge pool was stored at −80 °C in individual 1 mL aliquots until the day of Gn pig inoculation. 

10. Assessment of Infection Status in Gn Pigs

Infection caused by HuNoV Cin-2 was defined by the presence of viral RNA quantified using RT-qPCR carried out on

samples isolated from rectal swabs collected from PID 1 to 7. The percentage of affected animals, mean days to onset,

duration, peak titer and area under the curve (AUC) of virus shed in feces of pigs in each of the seven dose groups are

summarized in Table 1. An increase in inoculation dose was positively associated with a shorter incubation period (Figure

1A), which coincided with the observed increased duration (Figure 1B) as well as increased overall virus shedding in

feces measured by AUC (Figure 1C). All pigs belonging to dose groups 1 to 4 shed detectable titers of virus in their feces,

while 67% of pigs in dose groups 5 and 6 and 25% of the pigs in dose group 7 shed viruses. It is important to note that

pigs in dose group 3 shed a significantly higher (>1 × 10  RNA copies) amount of viruses in their feces (p < 0.0001) and

shed viruses for a significantly longer duration (>3 days) than pigs in the other groups (p < 0.0001) (Figure 1A,B).

 

Figure 1. Box and whisker plots showing (A) virus shedding onset day, (B) duration of virus shedding, (C) log  AUC of

virus shedding, (D) diarrhea onset day, (E) duration of diarrhea, and (F) log  cumulative diarrhea scores, among each

dose group. The maximum and minimum values are denoted by the whisker and the boundaries of each box represent

the quartiles with the mean indicated by a black line.

11. Assessment of Diarrhea Status in Gn Pigs

After inoculation, pigs were monitored daily for diarrhea status. The percentage of pigs with diarrhea, the mean duration,

the AUC and mean onset day of diarrhea from Cin-2 inoculated pigs are summarized in Table 1. A faster diarrhea onset

(Figure 1D), a longer duration of diarrhea (Figure 1E) and a higher cumulative diarrhea score (Figure 1F) were observed

in Gn pigs that were inoculated with higher doses of Cin-2. Pigs in dose group 3 that had the highest virus titers shed in
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their feces also experienced diarrhea for a longer duration of time than the pigs inoculated with other doses. Pigs

belonging to dose group 1 experienced diarrhea for the longest duration of time (5 out of 7 days) and had the quickest

onset (within 1.5 days after inoculation), indicating severe clinical onset, mimicking that in humans , while HuNoV-

associated gastroenteritis typically lasts for 3–5 days after infection among susceptible populations . Pigs in dose group

6 had a delayed onset to diarrhea, together with lower cumulative fecal consistency scores, demonstrating a milder

diarrhea burden. No diarrhea was observed among pigs in dose groups 5 and 7.

12. Determination of ID  and DD Using Various Dose–Response Models

(Table 1 and see details in doi:10.3390/v12090955). 

Table 1. ID  and DD  calculations of Cin-2

Method Log ID ID  Log DD DD

Reed-Muench      

Hand calculation

“skrmdb” R script
3.40 2.51x10  4.58 3.80x10

Dragstedt-Behrens

“skrmdb” R script
3.39 2.45x10  4.58 3.80x10

Spearman-Karber

Hand calculation

“skrmdb” R script

online calculator

3.52 3.31x10  4.49 3.09x10

Logistic Regression

online calculator
3.40 2.51x10  4.34 2.18x10

Exponential 

R script
3.76 5.75x10  4.76 5.75x10

Approximate Beta-Poisson      

R script 3.41 2.57x10  4.33 2.13x10

a.      Exponential and Beta-Poisson were determined based on R script used by Weir et al. 2017 .
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