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Abstract

Serum Hemagglutination Inhibition Assay as a Method for Studying the Dynamics of
Immune Response to Norovirus Infection

By Kyung Park

Norovirus infections are a common cause of epidemic gastroenteritis. It is estimated
that over 50% of all gastroenteritis outbreaks worldwide are attributable to norovirus.
Norovirus infection is typically acute, mild, and of short duration. However, the disease can
present much more severely with longer duration in infants, the elderly, and immune-
compromised individuals. Despite norovirus being recognized as a leading cause of major
global epidemics, immune response to infection remains poorly understood. In this study,
serum hemagglutination inhibition (HAI) assay was used to measure the immune response
of 43 volunteers challenged with Norwalk virus (GI.1) and 15 volunteers challenged with
Snow Mountain virus (GIL.2). Hemagglutination inhibition activity was observed from all
13 of the infected volunteers of the 43 challenged with GI.1, and all 9 of the infected
volunteers of the 15 challenged with GII.2. HAI titers increased significantly for individuals
infected with either virus. The magnitude of increase was correlated with the magnitude of
increase in a-norovirus serum IgG concentration, infection status and presentation of
symptoms. Baseline titers were not associated with protection from infection or
presentation of symptoms. Although the amount of viral shedding among infected
volunteers was found to be associated with HAI titer in the Snow Mountain virus challenge
group, there was no significant association found between the amount of viral shedding
and HAI titer for the Norwalk virus challenge group. There was no evidence of correlation
between duration of viral shedding and HAI titer in either challenge study groups.
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Literature Review

Norovirus background and history

First described by Dr. John Zahorsky in 1929 as the ‘winter vomiting disease’,
norovirus infections are the leading cause of viral gastrointestinal illness among adults and
children around the globe[1]. Following the initial report by Zahorsky’s team, studies of
gastroenteritis outbreaks with similar clinical features were widely suspected to be due to
viral infections. However, it was not until 1972 that the virus was first identified from a
previous 1968 outbreak at a school in Norwalk, Ohio[2]. Using electron microscopy,
noroviruses were identified and confirmed in the stools of infected elementary students in
Norwalk, hence the archetype virus was coined as Norwalk virus (NV)[3]. After identifying
the causative agent, many other Norwalk-like agents have since been discovered.
Noroviruses were formerly recognized as Norwalk-like viruses (NLVs) and small round
structured viruses (SRSVs), but are now collectively identified as noroviruses (NoVs)[4].

Over the past several decades, difficulty in the detection of the pathogen has limited
the progress of norovirus studies. The lack of available, sensitive, and routine diagnostic
methods has impeded the efforts to identify the virus. Recent advances in dissecting the
molecular biology of noroviruses, coupled with developments of novel diagnostic
techniques, have substantially benefitted our knowledge of the worldwide burden of

disease due to noroviruses [4].



Virus Classification: Norovirus Structure and Genetic Diversity
Structural Characteristics

Noroviruses are small, and non-enveloped, and are distinguishable by their
structural characteristics. The genus Norovirus is in the family Caliciviridae, which is
characterized by a positive-sense, single-stranded, non-segmented RNA genome [5, 6].
Norovirus genomes are at least 7.5kb, and are enclosed within an icosahedral capsid
approximately 30 to 38 nm in diameter [6, 7]. They are also distinguished by a poly-
adenylated tail at the 3' end, and a 15-kDa genome-linked viral protein (VPg) that is
covalently attached to the 5’-end [8, 9]. The norovirus VPg functions as a primer in viral
RNA replication[10].

Norovirus genomes are typically organized into three open reading frames (ORFs).
ORF1 encodes an RNA polymerase, and non-structural proteins: a helicase and protease
[7]. ORF2 encodes the major viral capsid protein, VP1 [7]. ORF3 encodes a highly basic
minor capsid protein, VP2 [7, 8]. The 5’ region of the norovirus genome encodes all of the
nonstructural proteins in ORF1, while the 3’ region encodes the major and minor structural
proteins in ORF2 and ORF3, respectively [5, 11, 12].
Genetic Diversity and Classification

Until recently, noroviruses have been genetically classified into six genogroups (GI,
GII, GIII, GIV, GV, and GVI), three of which (GI, GII, and GIV) contain primarily human
viruses [7, 13]. Viruses belonging to GlI, particularly GII.4, have emerged as the
predominant strain in the human population over the last decade[14]. However, multiple
porcine noroviruses have also been placed in GII [15-17]. GIII and GV contain bovine

noroviruses and murine noroviruses, respectively [18-22]. GVI primarily infects canines,



but recent findings suggest that canine norovirus may infect humans [23]. The genogroups
are further subdivided into at least 31 distinct clusters or genotypes - 8 Gl, 19 GII, 2 GIII, 1
GIV, and 1 GV genotypes [5, 7]. This nomenclature system of genogroups was based on the
homology of the major VP1 capsid protein sequence in ORF2 [7]. However, the
identification of new strains and recombinant viruses has ushered in a proposal for a new
system that better addresses the continuing emergence of norovirus lineages. In 2013,
Kroneman et al., proposed a dual nomenclature system that utilizes both ORF1 and VP1
sequences for classification [24]. This system suitably acknowledges the rise in prevalence
of recombinant strains.

Noroviruses are also commonly referred to by their genogroup, along with their
genotype. The Snow Mountain (SMV) strain is a GIL.2 strain, as SMV belongs in genogroup
II, genotype 2[25, 26]. Noroviruses contain a wide degree of genetic variability in terms of
their genogroup and genotype. Members within a genogroup differ by approximately 45.0-
61.4% in their capsid genes, members within a genotype differ by 14.3-43.8%, and strains
within a genotype differ by 0-14.1% [7]. Strains with differences above 61.4% may
represent a new genogroup. The range of differences between genogroup and genotype
demonstrates the high genetic and antigenic diversity among noroviruses. Noroviruses
have a high variation of intra-genus range compared to other genera of positive-sense,
single stranded RNA virus families [7].The expansive genetic diversity of noroviruses is
likely a factor that prevents the generation of a broadly-protective norovirus immunity,
either by natural infection or by vaccination.

Global Impact of Norovirus

Burden of Norovirus in Developing Countries



Researchers in the 1970s and 1980s demonstrated that noroviruses, notably
Norwalk virus, were distributed worldwide, but methods to detect these viruses at that
time were limited to a few diagnostic procedures [1, 27, 28]. Electron microscopy and
radio-immunoassays of stool and serum samples, respectively, were the primary diagnostic
tools for detecting Norwalk virus [27, 28]. Data from more recent surveillance studies
suggest there is varied distribution and diversity among circulating noroviruses in
populations of developing countries.

Many molecular epidemiologic studies have shown that norovirus infections are
especially prevalent among pediatric populations in developing nations. In resource poor
settings, the burden of norovirus infections affects both pediatric and adult populations.
However, younger children are especially affected by repeated episodes of acute
gastroenteritis [29]. Through a passive community and hospital pediatric diarrhea
surveillance program in Leon, Nicaragua, a study of 542 stool samples collected between
March 2005 and February 2006 suggested that norovirus is an important etiological agent
of acute diarrhea among children in Nicaragua. 65 of 542 samples were found to have
norovirus, with most strains (88%) belonging to genogroup II [30]. In a hospital-based
study of gastroenteritis in Vellore of Southern India, 350 fecal samples were studied from
children with gastroenteritis. Norovirus infection accounted for 15.1% of hospitalized
children in this surveillance study [31]. In a longitudinal community cohort study between
March 2003 and March 2006, 442 children aged 0 to 5 years in a rural town in the Peruvian
Amazon were randomly selected for stool samples. Within the cohort, symptomatic

norovirus infection was highly associated with age and the odds ratio for infection fell by



2.8% per month [32]. In a 2005 pediatric hospital study of 260 children under 5 years with
acute gastroenteritis in Kurdistan, Iraq, 78 (30%) tested positive for norovirus [33].

In some populations, especially in developing countries, antibodies appear to be
acquired more rapidly in children. The percentage of children 0 to 5 years of age from
developing nations with detectable Norwalk antibody in serum was significantly higher
than that of children from the United States. Greater than 70% of children from Bangladesh
and Ecuador had serum antibody to Norwalk virus, whereas it was demonstrated in less
than 20% of children in the United States [27]. This finding may indicate that norovirus
infection occurs earlier in life in developing countries. As evidenced by these studies,
noroviruses are recognized as significant health risks in the pediatric populations of
developing countries.

While children are especially affected by repeated episodes of acute gastroenteritis,
the burden of norovirus infections on the adult population in developing countries is also
cumbersome. In a multiple nation serum sample study of adults and children, findings
indicated that norovirus infections are relatively ubiquitous in age and geography. Serum
samples were obtained from donors aged 0 to greater than 50 years from Bangladesh,
Belgium, Ecuador, Nepal, Switzerland, United States and Yugoslavia. The prevalence of
serum antibody to Norwalk virus was present in all age groups. There was no striking
difference in prevalence among adult age groups between developed and less developed
countries, with antibody prevalence ranging from 53.9 to 89.7%][27]. Some studies, like
those conducted in Ho Chi Minh City, Vietnam, Cheonan, South Korea, and Belém, Brazil,
found that norovirus infection recurs in the population on a seasonal basis, indicating that

the virus remains a persistent global threat [34-36].



A meta-analysis and systematic review of 293 unique articles conducted by Ahmed
et al., concluded that norovirus infection is a wintertime phenomenon, at least in the
temperate northern hemisphere [37]. In the southern hemisphere, conflicting findings on
seasonality have made it difficult to determine conclusive patterns. Surveillance studies in
Argentina, Australia, Brazil, Cameroon and Malawi, have found winter months to have
marked peaks of infection [36, 38-41]. Other studies in Australia and Madagascar have
found that warmer months were associated with higher norovirus infections, while studies
in New Zealand and Peru have found little to no seasonal correlation [42-45].

Burden of Norovirus in Developed Countries

The burden of norovirus infections is not limited to populations of developing
nations. Norovirus surveillance studies have provided comparisons of the estimates of
disease burden in various developed countries. According to the Centers for Disease
Control and Prevention (CDC), noroviruses cause 19 to 21 million cases of acute
gastroenteritis each year, resulting in 400,000 emergency department visits, 56,000 to
71,000 hospitalizations, and 570 to 800 deaths in the United States [46]. Noroviruses are
also the most common cause of foodborne-disease outbreaks in the United States. Data
from active and passive surveillance of foodborne gastrointestinal illness in the United
States showed that most (58%) illnesses were caused by norovirus[47]. A European
surveillance network set up to study foodborne viruses across 10 different countries found
that norovirus was responsible for over 85% of all non-bacterial outbreaks reported from
1995 to 2000 [48].A regression analysis conducted from surveillance data in England and
Wales between the years 2001 and 2006 projected that 20% of deaths caused by infectious

intestinal disease in people 265 years were associated with norovirus infection [49]. It is



estimated that approximately 80 deaths each year may be associated with norovirus
infection for this age group in just England and Wales. With the emergence of a novel
predominant norovirus variant of genogroup I1.4, circa 2002, increases in outbreaks have
occurred across all collaborating countries of The European Foodborne Viruses Network
[48, 50].

Norovirus surveillance studies compare outbreaks and provide approximations of
disease, while norovirus outbreak investigations help provide information on the source of
disease. An investigation of a large-scale norovirus outbreak in six nursing homes in the
Tel-Aviv district of Israel during 3 weeks in 2002 found that person-to-person spread was
suspected in all nursing homes. The outbreak affected 246 residents and 33 staff members,
resulting in five fatal cases associated with the viral infection [51]. In another investigation,
norovirus outbreaks occurred in 236 elderly healthcare facilities in Japan between 2004
and 2005, resulting in 12 fatal cases reported in six prefectures[52]. In an investigative
report conducted by the Victorian Infectious Diseases Reference Laboratory (VIDRL),
norovirus was identified in 30 of 59 gastroenteritis outbreaks in the state of Victoria,
Australia in 2001 by RT-PCR or electron microscopy (EM)[53].

Although it is clear from these surveillance and outbreak studies that acute
gastrointestinal illness due to norovirus is a significant burden in both developed and
developing countries, there still exists a substantial amount of underreporting which fails
to accurately measure the true burden. This is possibly attributed to the lack of a norovirus
surveillance network to report to in several geographic locations, the challenges in
laboratory detection, and the reluctance to seek medical care due to a mild or brief

presentation of illness.



Epidemiology of Norovirus: Epidemiology, transmission and clinical presentation
Epidemiology

Norovirus causes worldwide outbreaks in various epidemiological settings, which
includes hospitals, nursing homes, schools, and a variety of social settings like restaurants
and cruise ships[53-56]. In many cases, norovirus infections commonly occur in dense
populations and demonstrate expansive variability in outbreak setting. In the United States,
recent outbreaks have demonstrated the variety of settings affected by norovirus.
Outbreaks have occurred on cruise ships [57], college campuses [58], in restaurants [59],
geriatric long-term care facilities [60-64], hospital wards [55, 65], schools [66], and
military settings [67-69]. The Australian VIDRL investigation revealed that during 2001
norovirus outbreaks occurred in hostels/nursing homes (27%), hospitals (13%), youth
refuges (3%), social gatherings associated with food consumption (27%), school
outings/camps (13%), and pre-school/child-minding centers (17%) [53].

Documented foodborne norovirus outbreaks derive from a range of sources,
which includes contaminated drinking water[70-72], ice consumption [73], raspberries
[74, 75], delicatessen meats [76], wedding cakes [77], and shellfish [78-85]. Little research
has been done on the detection of norovirus in foods other than shellfish due to the time-
consuming, and often unsuccessful, nature of detecting causative agents of foodborne
diseases, especially norovirus . In one study, however, feline calicivirus was used to
determine virus persistence on lettuce, strawberries, ham and stainless steel surfaces.
Infectious virus was recoverable until day 7 from lettuce, ham and stainless steel.
Statistically higher titers of calicivirus were recovered in ham over a 7 day period

compared to titers recovered from lettuce, strawberries, and stainless steel surfaces [86].



Data from active and passive surveillance of foodborne gastrointestinal illness in
Belgium also found that norovirus is the most detected agent in foodborne outbreaks. Data
collected in Belgium from 2000 to 2007 of forty foodborne and waterborne norovirus
outbreak events revealed that 42.5% of these events were linked back to food
handlers[87]. These findings were in accord with internationally recorded data of food
handlers commonly being responsible for norovirus transmission events [88-90]. The CDC
estimates that nearly 50% of all outbreaks of norovirus infection are related to ill food
industry workers who remain on work premises while ill [90].

Transmission

Norovirus infection occurs in all age groups and its transmission occurs mainly
through the fecal-oral pathway. There are multiple mediums that can facilitate its
transmission; food and water, person-to-person, and environmental contamination [53, 54,
56]. With an estimated median infectious dose of 18 viruses, a minimal amount of fecal
matter containing norovirus can pose a risk of transmission via hands, food, objects,
aerosols, or water [90, 91]. Outbreaks of norovirus infection have high attack rates and
secondary transmission rates, which is likely due to its low infectious dose and its ability to
survive for extended periods of time [90, 92]. One study of 99 NoV-infected subjects
showed that viral shedding can occur for as long as 3 weeks in certain individuals [93]. This
was seen in 26% of infected subjects in the study, however, the proportion was higher in
children <1 year of age. In addition, Moe et al. observed that approximately 20% of people
infected with norovirus do not display symptoms [90]. Some literature suggests that it is
possible for asymptomatic individuals to unknowingly shed virus and infect others without

having knowledge of ever being infected [88, 94]. In an investigation of 55 outbreaks and
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35 sporadic cases by Ozawa et al., stool samples were taken from norovirus infected
symptomatic and asymptomatic food handlers. Similar viral loads were found among both
infected groups, indicating the potential hazard of viral transmission from infected
asymptomatic individuals [94]. However, in a modeling study of nosocomial infections
conducted by Sukhrie et al., the study found that symptomatic individuals were more often
involved in transmission events than asymptomatic individuals. Asymptomatic individuals
rarely contributed to transmission, despite high levels of virus shedding in stool [95]. It is
clear that more work needs to be done to assess the transmission of norovirus infection
from asymptomatic individuals, as a conclusive risk is still unknown.

The high attack rate of noroviruses is attributable to several factors, including the
small amounts of virus required to cause an infection, its persistence in the environment,
and its resistance to common disinfectants [86, 91, 96]. Although the estimated median
infectious dose of norovirus is 18 viruses, it has been shown that a single virus particle has
nearly 50% likelihood to infect a susceptible individual. Teunis et al. found that the average
probability that a single Norwalk virus will cause an infection in an individual is 49%.
However, the probability that infected subjects become ill is also dose dependent;
infectivity increases with higher dosage[91]. Moreover, noroviruses appear to remain
stable following prolonged storage in freezing temperatures and multiple passages through
individuals. In multiple challenge experiments, subjects were inoculated with virus isolated
from stool originating from the prototypic 1971 Norwalk virus isolate [91, 97]. Virus
prepared from the first challenge study was used as inoculum for a subsequent challenge

study, accounting for a total of 2 passages originating from the 1971 Norwalk virus isolate



11

[97]. An infectious dose response analysis from the challenge studies showed that
infectivity did not decrease following isolation between passages [91].
Clinical Presentation of Infection

Norovirus infections are typically considered to be short-lived, lasting for only a few
days[98]. In healthy adults without underlying systemic illnesses, the course of norovirus
infection is rapid, with an incubation period of 24-48 hours [99]. Common symptoms
include acute and severe vomiting and diarrhea, with nausea and abdominal cramps which
are likely, but not always present. Chills, headache, low-grade fever, malaise and myalgia
can also develop[100]. The resolution of symptoms occurs within 12-72 hours of onset [99,
100].

While norovirus infection is typically characterized by an acute bout of
gastroenteritis that resolves within hours to a few days from onset of symptoms,
norovirus-induced illness has the potential to be much more damaging and severe in
specific risk groups. Norovirus infection can be particularly severe in the elderly, and can
result in death in some cases [56, 101, 102]. Patients with inflammatory bowel disease may
also have severe symptoms, such as bloody diarrhea, upon norovirus infection [103].
Similarly, norovirus infection in infants and young children can develop chronic
gastroenteritis, with symptoms lasting up to six weeks [104-107]. Globally, norovirus has
been reported to be second only to rotavirus in causing severe acute gastroenteritis in
infants and children [4, 106, 107]. It is possible that norovirus may surpass rotavirus as the
most common cause of severe gastroenteritis following the adoption of a rotavirus
vaccination schedule in children. In a surveillance study published in 2013, Payne et al.

established that norovirus has become the leading cause of acute gastroenteritis among
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children less than 5 years of age in the United States since the introduction of a rotavirus
vaccine [46, 108].

Norovirus Immunity and Susceptibility

Susceptibility to Norwalk Virus (GI1.1)

Human susceptibility to norovirus infections is multi-factorial. Several of the
norovirus challenge studies have reported that a large proportion, as high as 80%, of
volunteers was susceptible to Norwalk virus (NV) infection (GI.1), while a smaller
percentage of their volunteers were resistant to infection [109-111]. Some of these studies
have suggested that the presence of a genetic factor may be responsible for the infection
outcome of individuals. Hutson et al., investigated the relationship between a person's ABO
histo-blood group type and the risk of norovirus infection and symptomatic disease via
clinical challenge with NV. Results from this initial study found that individuals with an O
phenotype have an increased susceptibility to NV infection and symptomatic disease than
those individuals expressing the B phenotype [112].

A major finding from further NV challenge studies is that NV infection and
symptomatic disease is associated with the ABO histo-blood group family and the
expression of the H type-1 oligosaccharide ligand [100, 109, 112]. In a human challenge
model, Lindesmith et al. found that 29% of the study population was homozygous recessive
for the non-functional allele of the a(1,2)fucosyltransferase gene (FUT2), and did not
express the H type-1 ligand. In this subset of the study population, individuals did not
become infected after challenge, regardless of the infectious dose [91, 109, 113].
Furthermore, individuals with the functional FUT2 allele developed symptomatic infection

following challenge.



13

FUT2 encodes an enzyme that is required for the production of sugars called histo-
blood group antigens (HBGA), that are expressed on the surface of epithelial cells,
erythrocytes, and in mucosal secretions [114-116]. Individuals who lack a functional FUT2
gene are unable to generate ABH and Lewis antigens in mucosal secretions, and therefore,
are termed non-secretors (Se-)[109]. In these individuals, ABH and Lewis antigens are still
produced but are no longer secreted into body fluids. Those individuals who possess
functional FUT?2 alleles are termed secretors (Se+), and ABH and Lewis antigens are
present in saliva and other mucosal secretions and are free to bind to the surface of
epithelial cells. Norwalk virus is only capable of infecting Se+ individuals[109, 113].
Individuals who are heterozygous for functional FUT2 alleles are called partial, or weak,
secretors (Se¥). In a study of randomly selected individuals, Kelly et al. found that
approximately 20% of their study population was homozygous for a mutation of the FUT2
alleles, in correspondence with challenge studies that observed similar prevalence of
norovirus-resistant volunteers [114]. Lindesmith et al. found that an estimated 29% of
their NV challenge study population was Se-[109]. Hutson et al., also found that 18% of the
volunteers in their NV challenge study were Se- [117].

The lack of a norovirus culture system has made it difficult to understand the nature
of norovirus infections. However, in vitro studies have identified putative norovirus
receptors using in vitro cell culture systems. ABH and Lewis antigens are thought to act as
cellular receptors for Norwalk virus, and possibly other noroviruses such as GII.4 [118]. By
using Norwalk virus-like particles (VLPs), studies have discovered that VLPs attach to
HBGAs, resulting in VLP internalization in epithelial cells. VLPs were found to preferentially

bind to A, H type 1 and LeP carbohydrates [113, 119-121]. These experiments have
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hypothesized that a successful in vitro cell culture system would most likely possess these
receptors to support norovirus replication.
Susceptibility to Snow Mountain virus (GIL.2) and other noroviruses

Unlike Norwalk virus, not all norovirus infections are associated with ABO blood
type, Lewis type, or secretor status. Salivary binding assays have suggested that Snow
Mountain virus (SMV) VLP binding is possibly associated with expression of the B blood
group antigen (BGA) [120]. In a human challenge study, Lindesmith et al. demonstrated
that SMV infection was independent of secretor status and BGA expression [26]. The study
also showed that the serum IgG, salivary IgA, and effector T cell responses following SMV
infection were cross-reactive between strains within a genogroup, but not between strains
in different genogroups [26]. In contrast to Norwalk virus infection and the SMV findings
by Harrington et al., this human challenge study concluded that SMV infection is not
associated with the presence of a functional FUT2 gene or with expression of any of the H
type 1-related molecules. Instead, an increase in Th1 cytokine response was identified in a
subset of uninfected volunteers following SMV challenge. Therefore, Lindesmith et al.,
suggest that activation of a Th1 cellular immune response may be associated with
protection from infection after challenge in some SMV-susceptible volunteers[26].
However, findings from this study were limited due to a small sample size.

Other outbreak studies involving different noroviruses have also found that not all
norovirus infections are defined by secretor status or ABO blood type. In an investigation of
a foodborne outbreak of GI.3 in Sweden, symptomatic disease was as likely to develop in
Se- individuals as in Se+ individuals. There was also no indication that an ABO phenotype

provided protection to GI.3, or was associated with a higher risk of infection. However,
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persons with blood type B exhibited lower frequency of symptomatic infection, as was
evidenced in NV challenge studies [122].

In a different outbreak investigation of hybrid GII.12/GIIL.g in Ohio, Takanashi et al.,
observed that this emerging norovirus infected humans regardless of ABO blood type.
HBGA typing showed that individuals of various ABO blood types were susceptible to these
norovirus strains, but susceptibility was still limited to Se+ individuals. These results
indicate that some noroviruses may be independent of ABO blood group, yet still
dependent on secretor status. Another critical finding from Takanashi et al. was that in
vitro binding patterns of noroviruses may not accurately reflect in vivo HBGA usage.
Although the hybrid strain was found to infect Se+ individuals of varying blood groups,
GIL.12 VLP did not bind substantially to ABO antigens by synthetic HBGA binding,
hemagglutination, or saliva binding assays [123].

While much progress has been made in the human norovirus field, it is still limited
by the lack of an efficient cell culture model. The immune system response to infection is
not well understood, thus it is unclear which noroviruses are dependent on the FUT2 gene
for susceptibility.

Immunity

Immune response to norovirus relies upon multiple factors including secretor
status, strain type, and time between reinfections. Inmune response to norovirus infection
is best emphasized in human challenge studies in which volunteers are exposed to
homologous virus inoculum [26, 97, 109-112, 120]. In the Norwalk virus challenge study by
Lindesmith et al., 50 to 69% of Se+ individuals became infected after being challenged with

varying doses of inoculum [109]. Around 14 days post-challenge, this group had a greater



16

than seven-fold increase in their baseline antibody titer. In contrast, Se+ individuals that
remained uninfected did not show a significant increase in Norwalk-virus specific antibody
production. There was a two-fold increase within the first 5 days post-challenge, but
tapered back down to baseline by 8 days post-challenge. This difference in immune
response between the two Se+ groups suggests that there may be some acquired resistance
to infection. Se- individuals in this study population did not display changes in the levels of
norovirus-specific antibody throughout the challenge period.

In a Snow Mountain virus study by Lindesmith et al., 67% of Se+ individuals and
50% of Se- individuals became infected following challenge - results from this study may
be limited due to a small sample size [26]. The infected volunteers produced anti-Snow
Mountain virus immune response levels that were significantly higher than their pre-
challenge titers, with a median increase of 23.8 fold. Volunteers who were uninfected did
not display a significant rise from their pre-challenge titer.

In another Norwalk virus challenge study by Johnson et al., 19 individuals were
challenged 3 consecutive times, each spaced 6 months apart. At the time of the first
challenge, 73.8% of volunteers became infected. During the second challenge, only 18% of
individuals became re-infected. By the third challenge, no individuals showed signs of
infection, suggesting that the rate and frequency of reinfection plays a role in generating

resistance to infection [111].
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Hemagglutination Inhibition as a Method for Studying Immune Response to
Norovirus Infection

In vivo, the binding of Norwalk virus to HBGA in Se+ individuals has been found to
be essential in establishing infection [109, 113, 117, 124]. Therefore, an assay that can
measure the ability of serum antibody to block the norovirus binding to HBGA is helpful in
studying the immune response to norovirus infection. Since human erythrocytes are a
natural source of HBGA, Czako et al., have optimized an assay commonly used for
measuring the correlate of protection against influenza to quantify protective response to
norovirus [125].

Czako et al., has shown that hemagglutination inhibition is a useful method in
measuring the protective antibody response to norovirus exposure and in detecting
potential cross-reactive serum antibodies to other noroviruses. To understand the
mechanism behind hemagglutination inhibition, the process of hemagglutination must first
be understood. A standardized method of hemagglutination is often used to quantify the
levels of virus, or bacteria, present in a sample. The standardized tests utilize a constant
phosphate-buffered saline diluent, along with constant volumes of serum, antigen, and
standardized erythrocyte suspension [126]. Receptors in the capsid protein of noroviruses
are thought to bind to HBGAs on the surface of erythrocytes allowing the agglutination of
erythrocytes [124].

The basis of the inhibition of hemagglutination activity is that the antibodies present
in the serum will bind to the HBGA binding site on the virus and prevent the attachment of
virus to HBGA. HBGAs are expressed on gastroduodenal cells and are thought to be the
cellular receptor for norovirus [113, 127]. Therefore, agglutination of red blood cells is

inhibited by the presence of antibodies.
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Different noroviruses possess different receptor-binding profiles associated with
the ABO, secretor, and Lewis HBGA types [112]. Several of the human challenge studies
have shown that human HBGAs serve as receptors for specific norovirus infections, and
that the recognition of human HBGAs by some noroviruses is a typical protein-
carbohydrate interaction [26, 112, 120, 124, 128, 129]. The protruding domain of the
norovirus capsid protein forms an interface with the oligosaccharide side-chains of the
HBGA, thereby forming a characteristic latticed layer of virus bound to erythrocytes [130].
Tan et al., suggest that the P domain of norovirus forms a dimer and possesses the essential
elements for strain-specific binding to HBGA receptors, although a wide diversity of this
mechanism exists among different genotypes and strains [131].

Future of Norovirus Research and Significance of Study

Findings from hemagglutination inhibition (HI) assays can serve as determinants for
future improvements in the control and prevention of norovirus infection. HI assays can be
used to explore host range and evolution of noroviruses, aiding our understanding of the
epidemiology of norovirus gastroenteritis. They can provide new strategies in the
development of antiviral and preventative treatment against norovirus, namely through
the inhibition of viral attachment to host cells, development of vaccine candidates for host
immunity, and the efficacy assessment of novel vaccines.

This study aims to expand the limited knowledge of host immune response to
norovirus infection by examining the following objectives:

1) The use of hemagglutination inhibition assays to correlate immune

response to host susceptibility of GI.1 and GII.2 virus infection and illness.
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2) The use of hemagglutination inhibition assays to define the target histo-
blood group antigens and binding specificity for G1.1 and GII.2 virus
Results from this study can aid in the discovery of critical knowledge on norovirus
infection and epidemiology in humans. Data from HI assays will be used to evaluate the
method’s practical application in surveying hemagglutination ability of GI.1 and GII.2 virus
and host susceptibility. Achieving these study objectives can benefit the development of
future antiviral and vaccine research, thereby decreasing the global burden of norovirus

gastroenteritis.
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Abstract

Norovirus infections are a common cause of epidemic gastroenteritis. It is estimated
that over 50% of all gastroenteritis outbreaks worldwide are attributable to norovirus.
Norovirus infection is typically acute, mild, and of short duration. However, the disease can
present much more severely with longer duration in infants, the elderly, and immune-
compromised individuals. Despite norovirus being recognized as a leading cause of major
global epidemics, immune response to infection remains poorly understood. In this study,
serum hemagglutination inhibition (HAI) assay was used to measure the immune response
of 43 volunteers challenged with Norwalk virus (GI.1) and 15 volunteers challenged with
Snow Mountain virus (GII.2). Hemagglutination inhibition activity was observed from all
13 of the infected volunteers of the 43 challenged with GI.1, and all 9 of the infected
volunteers of the 15 challenged with GIL.2. HAI titers increased significantly for individuals
infected with either virus. The magnitude of increase was correlated with the magnitude of
increase in a-norovirus serum IgG concentration, infection status and presentation of
symptoms. Baseline titers were not associated with protection from infection or
presentation of symptoms. Although the amount of viral shedding among infected
volunteers was found to be associated with HAI titer in the Snow Mountain virus challenge
group, there was no significant association found between the amount of viral shedding
and HAI titer for the Norwalk virus challenge group. There was no evidence of correlation

between duration of viral shedding and HAI titer in either challenge study groups.
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Introduction

Noroviruses are a major cause of epidemic and sporadic cases of acute
gastroenteritis in adults and children worldwide. Norovirus accounts for greater than 90%
of viral gastroenteritis illness and approximately 50% of all viral outbreaks world-wide
[132]. Data from past surveillance reports indicate that 58% of food-borne gastrointestinal
illness is caused by norovirus in the United States, infecting nearly 21 million American
people annually [46, 47]. Despite this widespread incidence, the nature of immune
response to norovirus infection remains somewhat unclear. This is largely due to the lack
of a tissue culture model, and a lack of a simple and sensitive diagnostic tool for measuring
the human response to infection.

Currently, the methods used to detect serum antibody concentrations following
norovirus infection are primarily limited to an enzyme-linked immunosorbent assay
(ELISA) and a histo-blood group antigen (HBGA) blocking assay. An ELISA is useful in
quantitating the amount of serum antibodies present in infected individuals. The humoral
immune response of norovirus infection is comparable to that of other infections. High
seroconversion, an increase of at least four-fold, of serum a-norovirus IgG is observed
following exposure, as confirmed through several serological studies of sera obtained from
human challenge studies and outbreaks [26, 133-137]. A subset of antibodies are known to
block the binding of norovirus to HBGAs, the proposed cellular receptors for norovirus
[112, 120, 138]. HBGA-blocking antibody titers are the first known correlate of protection
from illness [113, 119, 120, 124]. Therefore, the HBGA blocking assay has often been used
to measure the protective immune response to infection. However, the blocking assay has

several technical challenges, as it is sensitive to temperature, pH, and the quality of the
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purified HBGAs utilized[125, 134, 139]. The assay is also quite expensive due to the need
for synthetic HBGAs.

In an effort to create a reliable, simpler assay that measures the ability of serum
antibody to block the virus-HBGA interaction, Czako et al., have adapted a serum
hemagglutination inhibition (HAI) assay that is commonly used for influenza investigations
[125]. Norovirus virus-like particles (VLP) have been shown to exhibit hemagglutination
activity in vitro through HBGA binding. HBGAs are glycans that are expressed on the
surface of erythrocytes, as well as epithelial cells and mucosal secretions [114-116].
Analysis of serum samples collected from subjects experimentally challenged with
norovirus shows significant increases in HAI activity following infection[124].

In this study, the HAI assay described by Czako et al., will be used to assess the
dynamics of the serum antibody response following Norwalk virus challenge and Snow
Mountain virus challenge. Norwalk virus (NV) and Snow Mountain virus (SMV) are the
prototype strains of their genogroup clusters, GI.1 and GII.2, respectively [26]. GI.1 and
GII.2 are estimated to cause a combined 13% of norovirus outbreaks, with GII.2
responsible for 8% of those outbreaks [26, 140].

Sera used in this study were obtained from previous norovirus human challenge
studies. The Norwalk virus challenge study was published in 2011 by Leon et al., and the
Snow Mountain virus challenge study was published in 2005 by Lindesmith et al., [26, 141]
HAI activity from these sera was examined for correlation with infection status, symptoms,

viral shedding, and anti-norovirus IgG levels in serum.
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Materials and Methods

Norwalk virus human challenge study
The Norwalk virus serum samples utilized in this study were collected from a human
challenge study conducted by Leon et al. in 2009 at Emory University [141]. A total of 51
subjects were challenged in a double-blinded, randomized human challenge study in order
to assess the effect of high hydrostatic pressure (HPP) on Norwalk virus infectivity in
human volunteers. The participant demographic was healthy men and women, 18-50 years
of age, with a genetic susceptibility to Norwalk virus infection (e.g. Secretor positive)[109].
Prior to challenge, saliva, serum and stool samples were collected from each volunteer.
Oysters that had been artificially seeded with 1x104 genomic equivalent copies (GEC) of a
safety-tested Norwalk virus inoculum were subjected to HPP at varying times and
pressures. Each volunteer consumed 6 raw oysters, for a maximum total dose of 6x104 GEC.
Study subjects were monitored for gastrointestinal symptoms and vital signs in the Emory
University Hospital Clinical Research Network, part of the Atlanta Clinical and
Translational Science Institute, three times a day post-challenge. Saliva, serum, and stool
samples were collected daily during the first five days post-challenge. Additional serum and
saliva specimens were collected during follow-up visits on days 8, 14, 21, 28 and 35 post-
challenge.
Snow Mountain virus human challenge study

The Snow Mountain virus serum samples utilized in this study were collected from a
human challenge study conducted by Lindesmith et al., at the University of North Carolina
[26]. In an aim to examine the infectivity of Snow Mountain virus, 15 healthy adult

volunteers were admitted to the University of North Carolina General Clinical Research
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Center (GCRC). Prior to challenge, blood, saliva and stool samples were collected. Doses of
safety-tested Snow Mountain virus inoculum were prepared from stool filtrates and
administered to each study participant. Doses ranged from 10 to 105 PCR detectable units,
as defined by endpoint titration reverse transcription polymerase chain reaction (RT-PCR),
and were randomly distributed amongst study subjects.

Following challenge, study participants remained in the GCRC for the first 5 days for
monitoring. Saliva, serum, and stool samples were collected during the first 5 days post-
challenge. Participants returned for follow-up visits on days 8, 14, and 21 post-challenge,
and sera and saliva were collected at each follow-up visit.

Measurement of anti-norovirus serum IgG levels

The amount of anti-norovirus IgG levels in serum was measured using an enzyme-
linked immunosorbent assay (ELISA). Serum IgG measurements were collected prior to
this study using methods described by Monroe et al., and The ELISA Guidebook [142, 143].
ELISA was conducted using baculovirus-produced Norwalk virus-like particles (VLPs) with
alkaline phosphatase-labeled rabbit a-human IgG (Sigma-Aldrich, MO). Antibody
concentrations were determined using a standard curve with known IgG concentrations as
a measure of comparison. Seroconversion was defined as an increase equal to or greater
than four-fold of virus-specific serum IgG units.

Assessment of secretor status using ELISA

An ELISA protocol described by Azevedo et al. (see [144]), was used to determine
the secretor status of red blood cell donors in this study. This protocol detects free H-type 1
carbohydrate in whole saliva. Briefly, saliva was diluted 1:1000 in 1X Phosphate Buffer

Saline (PBS-1X)(Invitrogen Life Technologies, NY) and 100 pL of diluted saliva was added
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to the wells of a polystyrene Medium Binding EIA/RIA plate (Nunc, Corning, MA). The
plates were incubated at 4° C overnight.

After washing with 1X PBS-T (PBS-1X + 0.05% Tween 20 Invitrogen), the plates
were blocked with 5% w/v defatted milk (Blotto) (Sigma-Aldrich, MO) in PBS-1X for 1 hour
in a 37° C humid chamber. Following three washes in 1X PBS-T, plates were incubated
with1l mg/ml horseradish peroxidase-conjugated rabbit anti-UEA-I antibody (EY
Laboratories, CA) diluted to 1:500 in 5% Blotto/PBS for 1 hour in a 37° C humid chamber.
Reactions were developed with 3,3',5,5'-tetramethylbenzidine (TMB) liquid substrate
(BioFX, MD) and were stopped with 0.18M hydrochloric acid (Fisher Scientific, NH). Plates
were read using an ELx800 spectrophotometer (Bio-Tek Instruments, VT) at 450 nm
wavelength and analyzed with KC Junior software (Bio-Tek Instruments, VT). Volunteers
were considered to be secretor positive if their optical density averages were greater than
or equal to four times the average of the negative control. The negative control and positive
control was chosen from donor saliva of known secretor status. Furthermore, PBS-1X was
included as a negative control, and a secretor positive sample washed without UEA was a
control for the TMB substrate. The use of multiple controls ensured accuracy of data and
quality control of reagents.

Hemagglutination Inhibition Assay

An HAI assay protocol described by Czako et al. (see [125]) was performed using
serum samples from 43 volunteers challenged with Norwalk virus, and from 15 volunteers
challenged with Snow Mountain virus [26, 141]. For the Norwalk virus serum samples,
human type O erythrocytes were collected from a donor whose positive secretor status was

confirmed using the ELISA protocol. The same measure was completed for Snow Mountain
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virus challenged serum samples using human type B erythrocytes from a secretor positive
red blood cell donor. Blood was collected in 8.5 mL Buffered Citrate Sodium tubes (Becton,
Dickinson and Company, NJ), filtered through 12-ply sterile gauze (Kendall International,
MA), and washed with PBS-1X in 4° C for 48 hours until supernatant was visibly clear. A
centrifuge was not used to wash blood to reduce hemolysis. The remaining clear
supernatant was aspirated to leave a pellet of packed erythrocytes, which were stored at 4°
C until ready for use.

To quantitate serum antibody, baculovirus-produced Norwalk virus VLPs produced
by Baylor University, made available as part of the NoroCORE Food Virology Collaborative
(norocore.ncsu.edu), were used as the hemagglutination (HA) antigen. The HA antigen was
titrated prior to the start of the HAI assay. HA antigen was serially diluted by two-fold in
PBS-1X across a polystyrene 96-well, V-bottom micro-test plate (Denville Scientific, NJ); the
final dilutions were 1:1 through 1:2048. The final row contained only PBS-1X as a quality
control of reagents. Fifty microliters of red blood cell (RBC) suspension (0.75% v/v packed
erythrocytes in PBS-1X) was added to each well. The plate was gently agitated to mix, and
incubated at 4° C for 75 minutes to allow complete settling of cells. The plates were read by
eye, and the presence of a latticed well indicated hemagglutination. The highest dilution of
VLP that caused complete hemagglutination was considered the HA titration end point.
Using the HA titration end point as the starting concentration, the VLP was diluted in PBS-
1X pH 5.5 to achieve a final end point of 8 HA units. For example, if the last dilution
showing complete agglutination is 1:128, the dilution factor is 1 part VLP and 15 parts PBS-

1X pH 5.5.
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Serum samples collected pre-challenge were used to determine the baseline
hemagglutination inhibition (HAI) titer. Corresponding serum samples collected at time
category 5, 6,8, 9 or 10 (see Table 1) were used to determine post-challenge HAI titers.
Sera treatment began by heat inactivation in a 56° C water bath for 30 minutes. Heat-
inactivated sera were diluted 1:4 in 25% w/v kaolin (Sigma-Aldrich, MO) suspension in
PBS-1X and rotated on a spinner at room temperature for 30 minutes to remove non-
specific inhibitors. Supernatant was recovered after spinning at 10k rpm for 10 minutes. To
prevent non-specific binding of serum antibodies to the red blood cell surface, packed
erythrocytes were added to each serum sample, creating a 1:20 final dilution of erythrocyte
in serum. Sera were left to incubate at 4° C for 1 hour, and then spun for 10 minutes at
2000 rpm at 4° C. The supernatant was recovered and the adsorption was repeated one
more time, for a total of two times. After a final spin for 10 minutes at 2000 rpm at 4° C, the
remaining supernatant was recovered. PBS-1X pH 5.5 was added to each pre-treated serum
sample to achieve a final serum dilution of 1:10. Treated serum was stored at -20° C until
further testing.

To perform the HAI assay, treated sera was serially diluted by two-fold in PBS-1X
down the columns of a 96-well, V-bottom microtiter plate. Final total dilutions of sera,
including the addition of PBS-1X during treatment were 1:10 through 1:1280. Column 12
contained only PBS-1X as a quality control for the reagents and the VLP dilution to 8 HA
units. Twenty-five microliters of standardized HA antigen was added to each plate well and
the plate was gently agitated. Each plate well was then combined with 50 pL of RBC
suspension, gently agitated to mix, and left to incubate at 4° C for 75 minutes. The highest

dilution of sera that caused complete inhibition of hemagglutination was considered the
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HAI titration end point. The HAI titer was documented as the reciprocal of the HAI titration
end point.
Statistical Methods

All data analyses were performed using SAS version 9.3 (SAS Institute, NC) to test
the significance of association between the following variables: infection status and HAI
titer, infection status and seroconversion, infection status and ABO blood type,
presentation of symptoms and HAI titer, characteristics of viral shedding and HAI titer, and
HAI titer and anti-norovirus serum IgG. Baseline HAI titer measurements were collected
from baseline sera, however, final HAI titer measurements were not always from sera
collected on the same day for each volunteer. Final HAI titer measurements were collected
from the last available serum collection day, ranging from time category 5 to 9 (see Table
1). The characteristics of viral shedding used for analysis include the duration of viral
shedding in days, and the amount of viral shedding measured by peak titer.

Variables were added to the existing dataset for further analysis. “Fold increase in
HAI titer” is a continuous variable calculated by dividing final HAI titer by the baseline HAI
titer. “Seroconversion” is a dichotomous variable indicating whether or not there was a
four-fold increase between baseline HAI titer and final HAI titer. “Fold increase in IgG” is a
continuous variable calculated by dividing the peak serum anti-norovirus IgG
concentration by the baseline serum anti-norovirus IgG concentration.

There were 51 volunteers in the Norwalk virus challenge study, but only 43 sera
samples were identified for this study. Sera from all 15 volunteers of the Snow Mountain
virus challenge study were used for analysis. A p-value less than 0.05 was considered

significant.
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Results

Volunteer characteristics

To determine the correlation between infection and volunteer characteristics, the
following variables were considered: age, sex, race and ABO blood type. Age, sex and race
were not found to be correlated with infection for either virus type, with a similar mean age
among infected and non-infected groups for both challenge studies (see Table 2 and 8).
Among the Norwalk virus challenge volunteers, infection was more common among ABO
blood types A and O, but especially among blood type O. This finding is consistent with
other Norwalk virus studies [109]. However, there was no significant association found in
statistical analysis between ABO blood type and infection status of either study groups (see
Table 13). This was likely due to the small sample size of both challenge studies.

All of the volunteers selected for the Norwalk virus challenge study were screened
for secretor status, and only secretor positive individuals were chosen for enrollment. Of
the 15 Snow Mountain virus challenge volunteers, 12 were secretor positive. Norwalk virus
infection has been shown to be dependent on secretor status, however, Snow Mountain
virus infection was not found to be associated with secretor phenotype. A total of 67% of
infected volunteers were secretor positive, and the remaining infected population was

secretor negative [26].

Characteristics of Clinical Illness
The distribution of symptoms among infected volunteers were collected through
patient self-reports and clinical vital assessments for both Norwalk virus and Snow

Mountain virus challenge studies. The measured symptoms were consistent with other
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published Norwalk virus studies including: diarrhea, emesis, nausea, abdominal cramping,
headache, chills, myalgia, fatigue, low-grade fever (oral temperature =37.6 C), and
gastroenteritis [132, 145, 146]. The onset and duration of symptoms appeared rapidly and
resolved quickly, ranging from 1 to 2 days, with the exception of one Snow Mountain
challenge volunteer (see Table 3 and 9). Infected volunteers were considered to be
symptomatic if the presence of one symptom, with the exception of fever or mild cramping,
was found to be associated with at least one other symptom [141]. Volunteers who
experienced either mild abdominal cramping or low-grade fever were considered
asymptomatic. The severity of symptoms were based on a modification of the Vesikari
scale, as described by Atmar et al, [147]. The scale ranges from 0 to 17, with the most
severe case from both studies found to be at a severity level of 8.

As expected, presentation of symptoms within the Norwalk virus challenge group
sub-set (N = 43) was associated with the value of the final titer and with the fold increase in
HAI titer from baseline (See Table 4). Surprisingly, there was no significant correlation
between HAI titer and clinical illness among the infected volunteers (N = 13). The baseline
HAI titer, final HAI titer and fold increase in HAI titer was not found to be associated with
presentation of symptoms, which is not consistent with findings from other similar studies
[125].

Analysis of clinical illness was not conducted for the Snow Mountain virus challenge

group, as all infected volunteers presented with symptoms.
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Correlates of Infection

Norovirus infection was defined as a RT-PCR detection of norovirus RNA in any
post-challenge stool or vomitus sample. There were 15 infected volunteers in the Norwalk
virus challenge study, with data from 13 of the 15 volunteers used for analysis in this study.
A total of 9 volunteers were infected in the Snow Mountain virus challenge study, and all
infected volunteers were included in the analysis.

There was a significant difference found between the infected and non-infected
groups for seroconversion in both virus challenge studies (see Table 5 and 10). Moreover,
the final HAI titer and fold increase in HAI titer were both found to have a significant
correlation with infection status using bivariate analysis. Analysis was performed using
only control subjects for the uninfected group to prevent skewing by subjects that were not
exposed to virus inoculum due to HPP treatment.

There was no significant difference found in the mean baseline HAI titer between
the infected and uninfected groups of the Norwalk virus and Snow Mountain virus

challenge studies (see Table 5 and 10).

Correlates of Viral Shedding

An extended period of viral shedding occurred following infection, as was detected
by RT-PCR of stool samples from infected groups of both challenge studies. The duration of
shedding documented by both groups ranged from 3 to 35 days (data not shown). The
patterns were similar to viral shedding characteristics found in other human challenge

experiments [148].
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Interestingly, there was found to be no significant relationship between viral
shedding and HAI titers for the Norwalk virus challenge study (see Table 6). Although other
studies have found that norovirus-specific humoral response is correlated with duration of
viral shedding, baseline HAI titer, final HAI titer, and fold increase in HAI titer were not
correlated with either the amount or duration of viral shedding for this group [149].

On the other hand, the Snow Mountain virus study group showed a significant
association between the amount of viral shedding and HAI titers (See Table 11). The
magnitude of increase in HAI titer and the value of post-challenge HAI titer were associated
with the amount of virus shed. A greater increase or greater HAI value corresponded with a
greater amount of viral shedding as measured by peak titer. The duration of viral shedding
was not found to be correlated with HAI titer for the Snow Mountain virus study group.
Correlates of a-norovirus Serum IgG Response

As seen with infection status and seroconversion, there was a strong correlation
between the fold increase of HAI titer and the fold increase of a-norovirus serum IgG for
the Norwalk virus challenge group (see Table 7). There was found to be a strong, positive
linear relationship between those two variables. However, evidence was lacking of a
significant relationship between the magnitude of increase in HAI titer and the peak value
of a-norovirus serum IgG in infected volunteers.

In the Snow Mountain virus challenge group, HAI seroconversion was a strong
indicator of infection status. However, there was no significant correlation found between
HAI titers and a-norovirus serum IgG among infected volunteers (see Table 12). This is a
direct contrast from what was observed with the Norwalk virus challenge group. Results

from the Norwalk virus challenge group suggest that there is a strong, positive linear



relationship between the fold increase in HAI titer and the fold increase of a-norovirus
serum IgG. Results from the Snow Mountain virus challenge group did not display this

relationship.
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Discussion

Noroviruses are major etiologic agents of acute viral gastroenteritis worldwide.
However, the immunological response to norovirus infection remains poorly characterized,
and immunological methods are limited. In this study, a serum hemagglutination inhibition
assay was used to evaluate the human serum antibody response to norovirus infection.
The humoral response was measured from volunteers of two separate norovirus challenge
studies - Norwalk virus (GI.1) challenge and Snow Mountain virus (GIL.2) challenge [26,
141]. Fifty-one volunteers were challenged in the Norwalk virus challenge and 15
volunteers became infected. Of these, 43 challenged volunteers and 13 infected volunteers
were included for this study. A total of 15 volunteers were challenged in the Snow
Mountain virus study, and 9 volunteers became infected. All challenged and infected
volunteers from the Snow Mountain virus challenge were included in this study. The
dynamics of the immune response were assessed by measuring the ability of serum

antibody to inhibit norovirus binding to human erythrocytes.

Serum Hemagglutination Inhibition Activity

A previous norovirus human challenge study by Czako et al., indicated that serum
hemagglutination inhibition activity can be used to assess serum antibody response to
norovirus infection [125]. The results of this study were consistent with the findings by
Czako et al,, that HAI activity is highly predictive of infection status. All infected volunteers
in this study exhibited seroconversion, suggesting that serum HAI activity is a strong
correlate of infection. However, baseline HAI titers and magnitude of seroconversion were

not found to be related with protection from gastroenteritis development. Czako et al.,
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were able to find significant differences in baseline HAI titers between symptomatic and
infected-but-asymptomatic volunteers, indicating that serum HAI activity correlates with
protection from clinical illness among infected individuals. It is reasonable to predict that a
higher baseline HAI titer is associated with a stronger immune response to clinical illness.
However, this was not consistent with the findings of this study, as this was not displayed
in our data. In addition, baseline HAI titer was not correlated with age in this study, which
may indicate that any memory response to previous norovirus exposures was not reflected
by serum HAI activity.

The results from our study may have differed from that of the Czako at al., group due
to the methods used in the experimental challenge and the hemagglutination inhibition
assay. For their study, Czako at al., used sera that was obtained from a previous challenge
study by Atmar et al., [148]. The virus inoculum that was administered to each volunteer
was given at one of three different doses prepared from the liquid feces of volunteers who
participated in the Atmar et al,, study [125, 148]. The sera used in this study was obtained
from a human challenge study that used norovirus inoculum prepared from stool filtrates
from a subject previously infected with human norovirus. The final virus concentration of
the inoculum was standardized for all subjects who were challenged. The method of virus
inoculum delivery between this study and that of Czako et al., was also different. These
contrasts in inoculum preparation and source may have elicited differing humoral
responses to norovirus infection.

There were also minor differences in the assay methods of this study compared to
the Czako et al., study which may have led to inconsistent results. In this study, the human

type O red blood cells came from a single donor whose secretor status was determined



44

using an ELISA protocol. The same method was used for the human type B red blood cells
used in this study. The source of erythrocytes may have played a role in the different
patterns of agglutination. It is unclear whether the incongruity in results is attributable to
differing study conditions, or if one study is reflecting the true biology of the virus over the
other. It is clear, however, that more research is required to understand the dynamics of
the immune response to norovirus infection.

This is the first study to examine the relationship between serum HAI activity and
the characteristics of viral shedding from norovirus infections. The duration and quantity
of viral shedding was considerably variable across all study participants in both study
groups. Although the dynamics of viral shedding did not display any significant correlation
with serum HALI titers for the Norwalk virus study group, HAI titers were found to be
directly correlated with the amount of viral shedding, as measured by peak titer, for the
Snow Mountain virus study group. The finding that HAI titers are indicative of greater viral
shedding is particularly interesting as the factors that determine viral shedding remain
largely unknown [146]. The understanding of norovirus shedding dynamics is critical
because of the known infectivity of the virus and its persistence in the environment outside
of the human host [86, 90, 91, 93].

Currently, the HBGA blocking assay and ELISA are the primary techniques used to
detect humoral response following norovirus infection. Although HBGA blocking and HAI
titers have been found to correlate with protection from illness, levels of a- norovirus
serum IgG are not predictive of protection from illness [26]. In this study, serum HAI
activity was compared to a-norovirus serum IgG levels that were measured using ELISA.

There was a strong relationship found between the increase of serum HAI titer and the
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increase of a-norovirus serum IgG titer for the Norwalk virus challenge study, which shows
that hemagglutination inhibition assays can potentially serve as a viable alternative to
detecting the humoral response following certain norovirus infections. However, there was
no significant relationship found in this study between the magnitude of HAI titer increase
and the highest value of a-norovirus serum IgG measured. It could be hypothesized that a
stronger increase in serum HAI titer is correlated with higher serum IgG levels, but this was
not supported in our data. Unfortunately, results from the Snow Mountain virus challenge
study did not correspond with the HAI titer and a-norovirus serum IgG level findings from
the Norwalk virus challenge study. However, these results may have been confounded by

study limitations.

Limitations

The main limitation of this study was the limited sample size. Only a sub-set of the
full study group was used from the Norwalk virus challenge study because of the
inaccessibility of specimen from 8 volunteers, and the absence of data from a few study
participants. This further limited the sample size of an already restricted pool of study
participants. The Snow Mountain virus challenge study was even smaller than the Norwalk
virus challenge study. The small number of participants characterized in this study is not
sufficient for identifying trends, especially with variables of considerable fluctuation.

The Norwalk virus and Snow Mountain virus challenge studies utilized self-
reporting of some data variables, including age, race and development of symptoms. This
introduces potential for information bias, particularly when calculating the severity of

symptoms or classifying asymptomatic infection. Another limitation was the recruitment of
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participants in both studies. As with most, if not all, human challenge studies, the
participants were all healthy adults with no underlying conditions. A final limitation of this
study was the artificial inoculation of norovirus in participants of both challenge studies.
The calculated inoculum may not be representative of the course of natural norovirus

infection, possibly confounding the level of humoral response.
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Table 1. Classification of Days Post-challenge in Time Categories

Time Days Post-

Categories Challenge

1 0

2 2

3 3

4 4

5 5

6 7t09

7 13to 16

8 21to 26

9 27 to 30

10 35to 41
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Table 2. Volunteer Characteristics of Norwalk Virus Challenge

Infected Uninfected Total
N=13 N=30 N=43
Age Range (years) 2 19 - 35 (23.2) 20 -51 (29.7) 19 - 51 (27.2)
Male b 7 (53.8) 12 (40.0) 19 (44.2)
Race ¢ AAd 4(30.8) |[AAd 11 (36.7) | AAd 15 (34.9)
Caucasian 6 (40.0) Caucasian 14 (46.7) | Caucasian 20 (46.5)
Other ¢ 3(20.0) | Othere 5(16.6) | Othere 8 (16.6)
ABO blood typef | A 2(154) (A 8(26.7) |A 10 (23.3)
B 0(0.00) (B 4(133) | B 4 (9.30)
AB 0(0.00) |AB 1(3.30) | AB 1(2.30)
0 11(84.6) (O 17 (56.7) | O 28 (65.1)
Secretor status & Se+ 13 (100) Se+ 30 (100) | Se+ 43 (100)
Se- 0 Se- 0 Se- 0

aNumber in parenthesis indicates mean value.
befg Number in parenthesis indicates percent within each category.

d African American.

e Asian, Hispanic, Multi-racial, and other.
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Table 3. Distribution of Symptoms in Norwalk Virus Challenge 2

Number of symptoms Duration of symptoms Severity of symptoms ¢
presented b (days)

3 0
4
9
12
15
16
17
29
34
37
40
46
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a Among infected volunteers (N=13).

bSymptoms include: Diarrhea, emesis, nausea, abdominal cramping, headache, chills, myalgia,
fatigue, fever, gastroenteritis.

¢ Severity of symptoms were based on Vesikari scale



Table 4. Bivariate Analysis for Correlates of Symptomatic Infection in

Norwalk Virus Challenge

Variable 1 Variable 2 Test Statistic 2 P-value
(T-value)
Symptoms b Fold Increase in HAI 3.47 0.0013
Titerb (41)
Variable 1 Variable 2 Test Statistic P-value
(R?)
Symptoms b Baseline HAI Titer ¢ 0.0095 0.7511
Baseline HAI Titer b 0.0143 0.4338
Final HAI Titer ¢ 0.0201 0.6440
Final HAI Titer b 0.3352 <0.0001
Fold Increase in HAI 0.0046 0.8248
Titer ¢
Fold Increase in HAI 0.2267 0.0013
Titer®

aNumber in parenthesis indicates degrees of freedom.

b Full study group (N=43); Symptomatic infection was defined as having the presence of one
symptom, with the exception of fever or mild cramping, associated with the presence of at least one

other symptom.
¢ Among infected volunteers (N=13).
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Table 5. Bivariate Analysis for Correlates of Infection in Norwalk Virus

Challenge
Variable 1 Variable 2 Test Statistic P-Value
(T-value)=

Infection Status b Baseline HAI Titer ¢ 1.39 0.1812
(20)

Final HAI Titer ¢ -3.56 0.0020
(20)

Fold Increase in HAI -3.39 0.0029
Titer ¢ (20)

Variable 1 Variable 2 Test Statistic P-Value
(R?)

Infection Status b Baseline HAI Titer d 0.0458 0.1580

Final HAI Titer d 0.2317 0.0271

Fold Increase in HAI 0.2908 0.0271

Titer d
Variable 1 Variable 2 Test Statistic 2 P-value
(T-value)

Infection Status b Baseline HAI Titer ¢ 1.57 0.1239
(41)

Variable 1 Variable 2 Test Statistic P-value

(Chi-square)
Infection Status® HAI Seroconversion ¢f 12.75 <0.0001

aNumber in parenthesis indicates degrees of freedom.

b Infection status determined by the detection of Norwalk virus RNA in one or more stool or vomitus

samples via RT-PCR.

¢ Comparison between infected (N=13) and control group (N=9).

d Control group (N=9).

e Among infected volunteers (N=13).
fSeroconversion defined by at least a 4-fold increase in HAI titer.



Table 6. Bivariate Analysis for Correlates of Viral Shedding in Norwalk
Virus Challenge 2

Variable 1 Variable 2 Test Statistic P-value
( Pearson’sr)
Duration of Viral Baseline HAI Titer 0.41126 0.1627
Shedding
Final HAI Titer -0.00386 0.9900
Fold Increase in HAI -0.2925 0.3321
Titer
Peak Viral Baseline HAI Titer 0.06465 0.8338
Shedding
Final HAI Titer 0.19305 0.5275
Fold Increase in HAI 0.04609 0.8812
Titer

a Among infected volunteers (N=13).
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Table 7. Bivariate Analysis for Correlates of a-norovirus Serum IgG

Response in Norwalk Virus Challenge 2

Variable 1 Variable 2 Test Statistic P-value
(Pearson’s r)
Fold Increase in Fold Increase in IgG 0.84648 <0.0001
HAI Titer Antibody
Final Total IgG 0.19842 0.5158

a2 Among infected volunteers (N=13).



Table 8. Volunteer Characteristics of Snow Mountain Virus Challenge
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Infected Uninfected Total
N=9 N=6 N=15
Age Range 23-54(33.8) 21-32(26.0) 21-54(30.7)
(vears) @
Male b 5 (55.6) 2 (33.3) 7 (46.7)
Race ¢ AAd 3(33.3) | AAd 1(16.7) | AAd 4 (26.7)
Caucasian 6 (66.7) | Caucasian 5(83.3) | Caucasian 11 (73.3)
Other ¢ 0 Other 0 Other 0
ABO blood typef | A 2(222) |A 2(333) |A 4 (26.7)
B 1(111) (B 0 B 1 (6.7)
AB 2(22.2) | AB 0 AB 2(13.3)
0 4(444) | O 4(66.7) |O 8(53.3)
Secretor status g | Se+ 8(88.9) | Se+ 4 (66.7) | Se+ 12 (80.0)
Se- 1(11.1) | Se- 2(33.3) | Se- 3(20.0)

aNumber in parenthesis indicates mean value.

befg Number in parenthesis indicates percent within each category.

d African American.

e Asian, Hispanic, Multi-racial, and other.
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Table 9. Distribution of Symptoms in Snow Mountain Virus Challenge 2

- Number of symptoms Duration of symptoms  Severity of symptoms ¢
presented b (days)
1 9 2 2
2 9 3
3 9 4 5
4 2 1 0
10 7 2 6
11 4 1 2
12 9 1 5
13 9 2 3
15 9 1 3

a Among infected volunteers (N=9).

bSymptoms include: Diarrhea, emesis, nausea, abdominal cramping, headache, chills,
myalgia, fatigue, fever, gastroenteritis.

¢ Severity of symptoms were based on Vesikari scale.
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Table 10. Bivariate Analysis for Correlates of Infection in Snow Mountain

Virus Challenge
Variable 1 Variable 2 Test Statistic 2 P-value
(T-value)
Infection Status b Baseline HAI Titer ¢ 0.45 0.6621
9)
Baseline HAI Titer d 0.52 0.7210
(13)
Final HAI Titer ¢ 2.49 0.0271
(13)
Fold Increase in HAI 2.40 0.0318
Titer ¢ (13)
Variable 1 Variable 2 Test Statistic P-Value
(R?)
Infection Status Baseline HAI Titer ¢ 0.0152 0.6621
Final HAI Titer ¢ 0.3229 0.0271
Fold Increase in HAI 0.3079 0.0318
Titer c
Variable 1 Variable 2 Test Statistic P-value
(Chi-square)
Infection Status HAI Seroconversion ¢ ¢ 15.00 0.0001

aNumber in parenthesis indicates degrees of freedom.

bInfection status determined by the detection of Norwalk virus RNA in one or more stool or vomitus

samples via RT-PCR.

¢Full study group (N=15).
d Comparison between infected (N=9) and uninfected volunteers (N=6).

eSeroconversion defined by at least a 4-fold increase in HAI titer.



Table 11. Bivariate Analysis for Correlates of Viral Shedding in Snow
Mountain Virus Challenge 2

Variable 1 Variable 2 Test Statistic P-value
( Pearson’sr)
Duration of Viral Baseline HAI Titer -0.32985 0.3860
Shedding
Final HAI Titer -0.61950 0.0752
Fold Increase in HAI 0.62462 0.0721
Titer
Peak Viral Shedding Baseline HAI Titer -0.05194 0.8944
Final HAI Titer 0.78998 0.0113
Fold Increase in HAI 0.76323 0.0167
Titer

a2 Among infected volunteers (N=9).



Table 12. Bivariate Analysis for Correlates of a-norovirus Serum IgG

Response in Snow Mountain Virus Challenge 2

Variable 1 Variable 2 Test Statistic P-value
(Pearson’sr)
Fold Increase in HAI Fold Increase in IgG -0.24873 0.5187
Titer Antibody
Final Total IgG 0.00269 0.9945

a2 Among infected volunteers (N=9).
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Table 13. Bivariate Analysis for Correlates of Infection

Variable 1 Variable 2 Test Statistic P-value
(Chi-square)

Infection Status ABO Blood Type? 3.7107 0.2944

Infection Status ABO Blood Typeb 2.5000 0.4753

aNorwalk virus study group (N=43)
bSnow Mountain virus study group (N=15)
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Conclusions and Public Health Implications

Noroviruses are the most common cause of epidemic, viral gastroenteritis and are a
significant global health concern, especially in developing countries [4, 27, 28]. A
systematic review of literature by Patel et al., found that norovirus infections are estimated
to cause over 1 million hospitalizations and up to 200,000 deaths among children under
the age of 5 in developing countries [132, 145]. The limited knowledge currently available
on the immune response to norovirus infection hinders the ability to reduce the morbidity
and mortality associated with this pathogen.

Currently, an effective norovirus vaccine does not exist, and it is a logical next step
in preventing the morbidity and mortality caused by norovirus infection. However, the lack
of understanding of the immune response to infection remains a major obstacle to vaccine
development. Another obstacle to development is that an effective vaccine needs to
provide protective immunity against a hefty list of norovirus strains that continues to grow.
Development and evaluation of the multitude of potential vaccine candidates requires tools
to measure vaccine efficacy.

The use of serum HAI assays in norovirus research is of particular interest because
it has been shown to be a correlate of protection from illness [6]. Czako et al., was able to
reflect the practical use of this assay by measuring serum HAI titers as a predictor of
protection against illness from norovirus [6]. However, this relationship was not clearly
seen in this study.

Serum HAI assays can also serve as a potential alternative to the HBGA blocking
assay that is widely used as a correlate of protection against illness due to norovirus. The

HBGA blocking assay that is currently used is highly sensitive, expensive and includes
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several technical challenges [125, 134, 139]. The assay used in this study was relatively
inexpensive and timely, and yielded valuable results to facilitate immunologic research.
However, obtaining appropriate red blood cells for use in this assay is limited as donors of
known secretor status are not commercially available.

Further exploration and work is necessary with serum HAI assay and its role in
understanding the dynamic course of norovirus infection. Factors of norovirus infection,
like viral shedding characteristics from asymptomatic, infected individuals, pose serious
public health implications due to the highly virulent nature of norovirus. The correlation
found between HAI titer and viral shedding among the Snow Mountain study group is of
particular interest as this is the first study to demonstrate the relationship.

Although this study could not find an association between presentation of clinical
illness and serum HAI titer, Czako et al., produced promising results with their serum HAI
activity study [125]. From the findings of their study, it is reasonable to hypothesize that
serum HAI titer can be used as a measurable correlate of protection against norovirus
associated disease. Finally, from the results of this study, it is evident that the serum HAI
assay is a hopeful alternative to the current research methods of immune response to

norovirus infection.
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