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ABSTRACT
Kari Debbink: Mechanisms of GII.4 Norovirus Antigenic Variation and Evolution
(Under the direction of Ralph S. Baric)
Noroviruses infect an estimated 21 million people annually in the United
States, resulting in ~70,000 hospitalizations and ~800 deaths. These viruses are
easily transmitted among people in close proximity, including healthcare and
educational settings, cruise ships, military environments, and restaurants. Norovirus
symptoms include vomiting and diarrhea over a period of 24-72 hours, but lifethreatening or chronic infections can develop in infants and very young children, the
elderly and immunocompromised individuals. Unfortunately, there are no licensed
norovirus therapeutics or vaccines currently available.
One factor complicating vaccine and therapeutic design for noroviruses is
antigenic variation in GII.4 norovirus, which account for over 70% of all outbreaks.
Every 2-4 years the predominant circulating GII.4 strain is replaced by a new
emergent strain. In predominant GII.4 strains, genetic changes are most prevalent in
continuously evolving areas of the capsid P2 domain and correlate with antigenic
changes. This suggests that GII.4 norovirus strain emergence is driven by changes
in neutralization epitopes as a result of escaping herd immunity to the previous
strain. Therefore, effectively designed therapeutics and vaccines must be broadly
active or easily reformulated to account for the antigenic properties of emergent
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viruses. Our work aims to define the mechanisms that drive genetic changes
leading to antigenic changes in GII.4 noroviruses.
In Chapter 2, we use structure-guided approaches to map epitope A, the
immunodominant GII.4 blockade (potential neutralizaton) epitope. Chapter 3
characterizes antigenic changes between two successive GII.4 strains, GII.4-2009
New Orleans and GII.4-2012 Sydney. In Chapter 4, we investigate the antigenic
change that occurs within an individual chronically infected with norovirus over time,
map the varying epitopes and compare the degree of change with population-wide
changes. We also propose that broadly-blocking GII.4 human monoclonal antibody
71.4 is a potential treatment for chronic norovirus infection. Chapter 5 proposes a
VLP-based vaccine platform that utilizes chimeric particles to induce a broadlyblocking immune response against multiple GII.4 strains. These GII.4 norovirus
studies have allowed us to identify major determinants of antigenic change in GII.4
noroviruses that will allow for rapid diagnostic identification of new epidemic strains
and direct the rational development of norovirus therapeutics and vaccines.
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CHAPTER 1: NOROVIRUS IMMUNITY AND VACCINE DESIGN1
Noroviruses represent a significant worldwide disease burden.
Noroviruses (NoV), members of the calicivirus family, are small, positive
polarity RNA viruses and the most important cause of human food-borne viral
gastroenteritis, worldwide. These viruses cause gastrointestinal disease, resulting in
recurrent bouts of vomiting and diarrhea, which typically last 24-48 hours. Each year
in the United States, noroviruses infect an estimated 21 million people and result in
70,000 hospitalizations, 800 deaths [1]. Furthermore, following the recent
introduction of the rotavirus vaccine, noroviruses represent the primary cause of
acute gastroenteritis requiring medical care in children [2]. Norovirus infections are
most prevalent in the fall and winter months and can spread easily in areas where
people are in close proximity, including daycares, schools, cruise ships, and in
health care settings. In health care settings, noroviruses can cause death, severe
disease outcomes or chronic infection in immunocompromised individuals like the
elderly, transplant patients, and those with immune disorders [3].
Upon infection, noroviruses replicate in mostly undefined cells in the small
intestines and virus is shed in feces. Noroviruses infect via the oral route,
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transmitted through contact with fecal matter or aerosolized vomitus from infected
people and contaminated surfaces, food, or water. Noroviruses are environmentally
stable and have an infectious dose between 18 and 2800 particles [4, 5], making it
difficult to prevent their spread as even small amounts of viral contamination can
seed new infections.
There are currently no licensed vaccines or therapeutics for noroviruses,
although several candidates are under development. Development of vaccines and
therapeutics face considerable challenges as there is no cell culture system or small
animal model for human disease, and these viruses are highly heterogeneous and
undergo antigenic variation in response to human herd immunity, further
complicating our understanding of the complex immune interactions that regulate
susceptibility and disease.

Specific host and virus genetic factors influence NoV susceptibility, evolution,
and immunity.
Noroviruses are divided into 5 genogroups (GI-GV), which differ by >60%
based on capsid sequence [6], and GI and GII NoVs cause human disease (Figure
1.1A-C). Genogroups are further divided into 9 and 22 distinct genotypes,
respectively, which differ by >15% in the capsid sequence [7]. GI.1 is the prototypic
“Norwalk” genotype, and the GII.4 genotype is the genotype responsible for the
majority of outbreaks. While fluctuations in norovirus epidemiology occur by year
and geographic locations, genogroup I strains generally cause ~10% of human
disease, while the GII strains are responsible for the remaining ~90% [8]. A single
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genotype, GII.4 is responsible for over 70% of all human outbreaks since the mid
1990s [8], so in terms of medical relevance, GII.4 noroviruses are key strains
targeted by vaccines and therapeutics.
GII.4 noroviruses, in particular, appear to accommodate a high level of
sequence diversity and undergo positive selection in key surface-exposed residues,
likely allowing for escape from herd immunity [9, 10]. Differences in evolution rates
among different GI and GII norovirus have been attributed to receptor switching and
effective population size, VP1 sequence space and structural plasticity, duration of
herd immunity, and replication fidelity [9, 11-14].
Histoblood group antigens (HBGAs) are a diverse family of carbohydrates
expressed on mucosal surfaces where they serve as binding ligands and putative
receptors for norovirus docking and entry. HBGAs are differentially expressed in
individuals, and binding to specific HBGAs varies by norovirus strain. Expression of
most HBGAs on mucosal tissues is dependent on the presence of a functional FUT2
gene, which codes for a fucosyltransferase that adds side chains to a precursor
molecule. About 20% of people do not encode a functional FUT2 gene and are
considered “non-secretors” (Figure 1.1D). Non-secretors are resistant to GI.1
(Norwalk virus) infection [15]; however, some other NoV strains are known to infect
non-secretors, probably by attachment to Lewis carbohydrates [16-19]. GII.4 strains
may predominate because the epidemic strains bind A, B, and O secretors,
representative of 80% of the population. Antibodies that block virus binding to HBGA
are considered “blockade antibodies” and are predicted to be neutralizing.
Importantly, high pre-challenge blockade antibody titers correlate with protection
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from infection following primary challenge and vaccination [20]. The development of
more human challenge strains and therapeutic antibodies will be key for illuminating
the complex relationships among HBGA affinity, host susceptibility, short and longterm immunity outcomes, and the mechanism of action by which blockade
antibodies prevent infection.

Norovirus immunity: Humoral Immune Response.
A handful of human challenge studies provide insight into the potential for
protective immunity to noroviruses. Short-term immunity has previously been
established for GI.1 viruses [21], and a recent vaccine study found that intranasal
vaccination with GI.1 VLPs protected against disease three weeks post vaccination
[22]. The existence of long-term immunity is more controversial; however, multiple
studies found protective responses against GI.1 were present six months after
challenge in some but not all individuals [20, 22, 23]. Mucosal IgA responses to
Norwalk virus indicate that an early salivary IgA response (days 1-5), rather than a
late response, correlated with protection from infection in secretor positive
individuals; this suggests that previous strain exposure elicited a protective memory
response against the challenge strain [15]. The rapid epidemic GII.4 strain
replacement by new isolates every 3-7 years is consistent with protective, long-term
herd immunity in a substantial portion of the population [24].
GI and GII antibodies are high in acute sera, while cross-blockade patterns
are genogroup-specific [20, 25]. Sera against GI outbreaks are cross-blocking within
the genogroup and are sometimes higher for a heterologous strain immediately after
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infection [12, 25]; however, the blocking response does not extend to GII
noroviruses [26]. In contrast, sera against GII outbreaks have much higher strainspecific homologous responses and not broad GII blocking responses [27, 28].
These studies are complicated by complex pre-exposure histories in human
populations, coupled with a very poor understanding of the serologic relationships
among strains. Using mouse sera targeting single strains, reactivity across GI
genotypes is about 5-10% of the homotypic response and is less than 5% between
genogroups [29]. Simultaneous exposure of rodents/rabbits to multiple strains
significantly boosts cross reactive antibody responses, suggesting that complex
patterns of cross reactivity may exist within multiple GI or multiple GII genotypes or
that repeat/multivalent exposure selects for high affinity antibodies that tolerate
variation within target epitopes [14, 29].
Classic approaches for mapping epitopes cannot be applied to NoV because
of the lack of a cell culture system for isolating antibody escape mutants. For G1
NoVs, point and deletion mutations have identified regions of VP1 targeted by
antibodies [30, 31]. For GII.4 strains, epitope mapping has been done primarily by
using bioinformatics approaches to identify rapidly evolving amino acid residues and
exchanging these regions between strains [10, 11, 13, 32] (Figure 1.2A). This has
allowed for precise mapping of key residues that drive antigenic change in response
to human and rodent antibody binding and blockade responses. These mapping
studies define key sites of antigenic change; however, the actual antibody binding
epitope is usually conformational and likely includes proximal conserved and varying
residues that contribute to escape from human herd immunity. A recent
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crystallography study mapped the binding of a cross-reactive GII monoclonal
antibody in complex with a GII.10 P particle to a highly-conserved, occluded site
within the P1 subdomain, suggesting that the norovirus P domain may
accommodate high conformational flexibility [33].
Monoclonal antibodies that target distinct GII.4 strains demonstrate that
antigenic variation is high and these strains are evolving in response to human herd
immunity. These data also support the hypothesis that many human and mouse
blockade monoclonal antibodies appear to target similar varying epitopes in GII.4
VLPs. Three blockade epitopes have been confirmed, designated A, D, and E [10,
11, 13, 14] (Figure 1.2B-D). A forth blockade site, designated epitope F, is
conserved across all GII.4 tested, yet its location on the particle remains elusive
(Lindesmith et al., in review). Epitope A is substantially recognized by human
polyclonal sera, Epitope D (residues 393-395) is especially interesting because this
region also alters HBGA binding affinity [11, 12, 19]. Importantly, New Orleans 2009
and its recent derivatives demonstrate continued evolution in the major blockade
epitopes, suggesting escape from GII.4-2006 herd immunity. These data support the
hypothesis that antigenic changes that result in escape from herd immunity may also
drive changes in HBGA affinities, altering population susceptibility patterns. While
multiple blockade epitopes change over time, conserved, unmapped GII.4 blockade
epitopes also exist [10]. While evidence for cross-blockade GII epitopes is limited
[26], cross blockade epitopes may be more common for GI strains, explaining the
reduced frequency of disease patterns seen in human populations [25]. No GI or
cross-GI and GII antibody blockade epitopes have been mapped, signaling an
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important priority for future studies. To further characterize the complexity of the
molecular mechanisms driving antigenic variation, additional crystal structures in
complex with strain, genotype, and genogroup specific antibody are needed to
define complete epitopes, tease apart overlapping epitopes, and map the exact
residues comprising important cross reactive and cross blockade epitopes.

Norovirus immunity: Cellular Immune Response.
The role that T cells play in controlling norovirus infection is complex and not
well characterized. Human norovirus infection or vaccination elicits a primarily CD4+
Th1 response, leading to increased secretion of IFN-gamma and IL-2 [16, 25]. One
study using human-derived PBMCs found that T cell responses were more crossreactive between GII strains with higher antigenic relatedness [16], while another
study found that T cell responses toward alternate GI strains were more robust than
the immunizing GI strain in some individuals [25]. Additional studies using a wider
array of genotypes are needed to further characterize T cell responses and their
relationships in controlling human infection.

Factors Complicating Vaccine Design
Vaccine development for noroviruses is complex (Figure 1.3). Noroviruses do
not replicate in tissue culture and, until recently, there was no small animal model for
human norovirus infection [34]. Because of the lack of a validated tissue culture
model, virus neutralization cannot be directly measured after infection or vaccination.
Instead, the virus-like particle (VLP)-HBGA blockade assay has been used as a
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surrogate to evaluate the potential neutralization response of both monoclonal
antibodies and sera [35], and blockade titers in this assay correlate with human
protection [20]. Both chimpanzee and gnotobiotic pig models have been developed
to evaluate vaccine efficacy [36, 37]. However, studies have been halted in the
chimpanzee model due to ethical restrictions on the use of these non-human
primates. To date, only one vaccine efficacy study in gnotobiotic pigs has been
published [36]. Because of limitations in growing virus and testing different vaccines
and therapeutics outside of humans, the factors that modulate vaccine efficacy
remain poorly understood.
Noroviruses are highly heterogeneous viruses, and major antigenic
differences exist between GI and GII noroviruses. Within the GI genogroup,
antibodies from different genotypes share 5-10% cross-reactivity, while crossreactivity between GI and GII genotypes is less than 5% [29]. Furthermore, no
shared neutralization epitopes have been identified between the two genogroups,
suggesting that a multivalent GI + GII vaccine platform is needed to protect against
infection with both GI and GII viruses. Although poorly characterized, there appear
to be some complex cross-blockade relationships that exist within and between GI
and GII genogroups, respectively, meaning that including strategically chosen single
representative GI and GII strains may yield a broadly protective vaccine [29]. While
most noroviruses do not undergo substantial intra-genotype antigenic variation, GII.4
noroviruses are the notable exception. The GII.4 genotype, which accounts for the
majority of human disease, varies considerably over time by both mutation and RNA
recombination processes, suggesting that a successful vaccine will likely need to be
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reformulated periodically with contemporary isolates, as antigenically distinct strains
emerge that circumvent human herd immunity to ancestral isolates. Antigenic
variation within the GII.4 noroviruses is linked to genetic changes in potential
neutralization sites on the major capsid protein P2 domain [11-13, 32], providing
discrete areas to target with vaccines. Every 2-4 years the predominant circulating
GII.4 strain is replaced by a new, antigenically distinct emergent strain that is able to
overcome human herd immunity [28, 38, 39]. GII.3 noroviruses also demonstrate
antigenic changes over time; however, the evolutionary mechanisms differ from
GII.4 noroviruses and are not as well studied [40]. In contrast, GI.1 and GII.2
isolates demonstrate little if any antigenic variation over the past 30 years [41]. It is
unclear whether these genogroup specific patterns of evolution are stable or whether
all strains have the potential to evolve by epochal evolution like the GII.4 genotype
under the appropriate environmental conditions, leading to epidemic strain
replacement over time as seen with influenza A viruses.
The duration of protective immunity after human norovirus infection is
complex. Early human challenge studies suggested that protection lasted only ~6
months to two years [42], leading to concerns regarding the feasibility of developing
a successful norovirus vaccine. Others have postulated that some individuals
develop long-lived immunity [12]. Although still under study, more recent work
based on modeling of epidemiological data suggests that protective immunity to
norovirus may persist for between 4-8 years [42], suggesting that norovirus vaccines
will effectively limit the overall severity and global disease burden. Studies with
monoclonal antibodies targeting time-ordered GII.4 VLPs demonstrate robust
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blockade titers against ancestral, but not future strains; providing a mechanism to
mediate long-term immunity [28]. Another complicating factor is the potential for
previous exposure to norovirus strains to impact the immune response to newlyencountered strains. Pre-exposure history may complicate vaccine performance as
most individuals are exposed to multiple GI and GII norovirus infections over their
lifetime, resulting in complex patterns of cross immunity and potentially short or longterm cross-protection. Although controversial, repeated exposures may lead to
deceptive imprinting, where the immune response is increasingly directed at nonneutralizing epitopes, as has been described for other viruses like HIV and influenza
[43]. However, this has not yet been thoroughly investigated after norovirus
infections or after vaccination.
Results from the single human vaccine efficacy study published to date are
encouraging, but our ability to compare and contrast vaccine platform performance
across studies is limited. The high heterogeneity of antigenic profiles between
genogroups, between some genotypes, and within the GII.4 genogroup suggests
that broad vaccine-induced protection against multiple norovirus groups may be
difficult but possible; especially if multivalent vaccines are used to broaden reactivity
and blockade responses. One study found that immunizing mice against multiple
strains broadens the serum blockade response against both homotypic VLPs and
VLPs representing strains not included in the vaccine formulation [29]. Likewise, a
study examining the strain cross-reactivity induced by a bivalent GI.1/GII.4
consensus VLP vaccine in rabbits found that heterotypic strain cross reactivity was
induced [14]. Together, these studies suggest that a multivalent vaccine approach
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may induce broad protection in humans; however this remains to be evaluated in
human trials.

Vaccine Strategies for Noroviruses
There are several potential vaccine strategies for norovirus; the first human
clinical efficacy trials evaluated a norovirus virus-like particle (VLP) vaccine. The
multivalent HPV vaccines Gardasil and Cervarix are VLP-based vaccines that have
been shown to be highly effective at preventing HPV infections and precancerous
lesions for strains included in the vaccine [44]. Success of the HPV multivalent VLP
vaccines provides a template strategy for use with other viruses, including
noroviruses. Takeda Pharmaceutical Company conducted human trials on a
monovalent GI.1 VLP-based vaccine delivered intranasally [22, 45, 46]. Participants
in the phase one studies were all found to have significant increases in IgA and/or
IgG memory B cell responses at the highest vaccine dose of 100 µg VLP [46]. In a
follow-up human challenge study, participants were given two vaccine doses, three
weeks apart, and then challenged with 10X ID50 Norwalk virus three weeks after the
second vaccine dose [22]. Results from this study found that both gastrointestinal
disease and Norwalk infection was reduced in the vaccinated group compared to the
control group, by 47% and 26%, respectively [22]. Long-term efficacy trials are
currently underway to evaluate duration of protection for this vaccine.
Takeda Pharmaceutical Company is also developing a bivalent VLP-based
norovirus vaccine that contains both GI.1 Norwalk and GII.4 components. The GI.1
component is identical to that used in the monovalent vaccine trials, and the GII.4
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component is based on a consensus sequence from three GII.4 outbreak strains that
first circulated widely in 2002 and 2006 [14]. Human clinical trials with the bivalent
vaccine formulation are currently being conducted, as are long-term vaccine efficacy
trials, but efficacy results have not yet been published.
Other norovirus vaccine approaches that are being explored include
multivalent VLP-based vaccines [47], delivery of VLPs by edible vaccine [48], P
particle-based vaccines [49], polyvalent norovirus P domain-GST complexes [50],
and alphavirus replicon particles (VRPs) that allow formation of norovirus VLPs [51].
While live-attenuated vaccines have been successful for rotavirus, another
gastrointestinal virus, and influenza, the lack of a culture system for human norovirus
makes development of a live-attenuated norovirus vaccine untenable and dependent
upon future basic scientific discoveries.
Because GII.4 noroviruses cause the majority of norovirus outbreaks, but also
demonstrate antigenic variation over time in response to escape from herd immunity,
a successful vaccine will need to address antigenic changes in new contemporary
isolates/year. Differing approaches to addressing GII.4 antigenic variation are being
taken including incorporation of a VLP that represents the predominant circulating
strain [47] and design of a GII.4 consensus meant to broaden the GII.4 neutralization
response [14]. The recent identification of three evolving GII.4 blockade epitopes
(designated A, D, and E) that are linked to antigenic changes in GII.4 strains provide
more focused vaccine targets [10, 11, 13] (Figure 1.2B). In addition to modulating
antigenicity, epitope D is located in the HBGA interaction site, and evolution in this
epitope impacts specificity of HBGA binding, potentially altering the population
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susceptible to infection over time [10]. Importantly, these discrete epitopes retain
their unique antigenic characteristics when moved between GII.4 strains. Although
speculative, a reformulation strategy where the GII.4 vaccine component is changed
based on population-wide monitoring of these epitopes could be developed.
Chimeric VLPs that incorporate epitopes from both the emergent strain and
circulating strain could be built to broaden the neutralization response against
multiple GII.4 strains including novel variants. Importantly, no putative neutralization
epitopes have been mapped in other GI or GII genotypes, making this a basic
objective for improving vaccine design in the future.

Vaccine Protection of At-Risk Populations
Though a licensed norovirus vaccine is not yet available, several populations
would benefit. A norovirus vaccine should save lives, reduce disease severity,
reduce the global disease burden, and decrease norovirus-associated economic
losses. Populations who are at the highest risk for death, dehydration, and nutrient
deficiencies include infants and very young children, the elderly, and the
immunocompromised [52]. Over 60% of norovirus outbreaks occur in long-term care
facilities that serve elderly populations [8], making protection of this group a top
priority. In addition, clinicians who work with immunocompromised populations like
transplant patients, HIV-infected individuals, cancer patients undergoing
chemotherapy, and those with primary immunodeficiencies, should be aware that
chronic norovirus infections can develop and persist in these patient populations for
months to years [53]. Because the elderly and immunocompromised respond poorly
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to vaccines [54, 55], vaccination of people who interact with these populations may
be critical to reduce the risk of exposure and spread. Health care workers and
family members should all be vaccinated to protect against secondary spread.
Recent work shows that a ~7.2% of norovirus outbreaks occur in child care
center and school environments [8]. In addition, children are reported to be most
efficient at transmitting virus compared to other age groups [42]. Together, these
data suggest that children and students in daycare or educational environments may
be important populations to target with a vaccine [8]; however, vaccine outcomes in
young infants and toddlers may be dramatically different from adults due to limited
exposure histories, presence of maternal antibodies and a maturing immune system
in infants. Vaccine safety and efficacy trials in young children will be critical for
illuminating these differences.
Other at-risk populations include military personnel, food handlers, and
travelers. Outbreaks can spread rapidly in military barracks and vessels [56], thus
vaccination of military personnel could reduce disease burden and preserve
scheduled operations and security in this environment. Noroviruses are the leading
cause of foodborne illness [57], thus vaccinating food handlers could prevent
recurrent outbreaks, which has tarnished the reputations of several internationallyrenown restaurants. Some of these outbreaks result from contamination of food
during production, but most are due to contamination by food handlers during
preparation or processing [57]. Despite the transient nature of employment, those
who work on farms, work in food processing facilities, or prepare food should also be
vaccinated against norovirus to prevent outbreaks in restaurants, cruise ships,
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cafeterias, at catered events, and from grocery items. Travelers and travel industry
workers are another group that may benefit from a vaccine as 2.6% of outbreaks
occur in vacation settings such as on cruise ships [8].

Current Control Measures
In the absence of an available norovirus vaccine, the best options for
controlling norovirus infection focus on preventing spread to high-risk populations
and potentially treating chronically infected patients in a hospital setting. Basic
norovirus control measures in health care settings should combine barrier nursing
techniques, increased personal hygiene measures, robust decontamination
strategies, and isolation of infected individuals. The incubation period between
infection and beginning of symptoms ranges from between 12 and 48 hours, and
infected people are contagious for up to 14 hours before the onset of clinical
symptoms and for the duration of symptomatic infection [58]. In addition, viral
shedding often peaks, and then persists for weeks, following symptomatic infection
[58]. It is possible to transmit virus after recovery from clinical symptoms during this
shedding period [59], although it is presently unclear whether virus shed at later time
points is infectious.
In clinical and long-term care environments, it is important for staff who
experience gastroenteritis symptoms to remain at home to avoid seeding an
outbreak in at-risk populations. Upon return to work, staff should practice frequent
hand washing with soap and running water, which minimizes norovirus spread.
Notably, alcohol-based hand sanitizers do not effectively control norovirus [60], and
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should not be used as a substitute for handwashing with running water. Some
individuals infected with norovirus are asymptomatic, and there appears to be a role
for this population in norovirus transmission [61], so staff who experience a potential
norovirus exposure should follow rigorous hand hygiene protocols to protect highrisk populations. Futhermore, decontamination efforts should consider that norovirus
is stable, able to persist for up to 6 weeks on environmental surfaces and in food for
up to 2 weeks [62]. Noroviruses are resistant to common disinfectants including
alcohol-based disinfectants and ammonia-based compounds [63]. Effective
cleansers against norovirus include hypochlorite solutions above 10% [63] and
hydrogen peroxide vapor solutions of 30% [64].
Despite the implementation of decontamination and isolation protocols, there
is always the possibility that individuals in high-risk populations may be infected and
require hospital care. While there are no standard treatments for norovirus, patients
can be given IV fluids and nutrition to counter dehydration and nutrient deficiencies
or, for select patients on immunosuppressive therapies, drug dose can be decreased
[53]. A handful of studies have investigated other potential norovirus treatments
including antivirals and IgG therapy. While the short duration of most norovirus
infections make these therapies ineffective for the general population, their value in
reducing disease and transmission of virus in high-risk settings may make
development important. Antivirals have shown a limited ability to improve norovirus
symptoms, but they fail to clear norovirus infection [53]. Administration of IgG has
also been evaluated with mixed results; in some patients IgG did not improve
disease outcomes, but this therapy was successful in reducing symptoms and
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clearing virus in a few studies [65, 66]. Differences in efficacy are possibly due to the
lack of strain-specific neutralizing (blockade) antibodies against the patient’s
norovirus strain in the IgG used for some of these treatments, and future studies
using IgG should control for this possibility. Successes with IgG suggest that the
potential for treating chronically infected patients with neutralizing monoclonal
antibodies should also be evaluated [10]. Although in its infancy of development,
norovirus protease inhibitors are another potential future treatment option. Norovirus
protease crystal structures provide a tool for structure-guided discovery of protease
inhibitor molecules. This approach has allowed identification of several inhibitor
molecules that may have therapeutic value, though they have not yet been tested in
humans [67].

Conclusions
The availability of a licensed norovirus vaccine will reduce disease severity
and burdens in high-risk populations. As licensed norovirus vaccines become
available, it will be necessary to continue to improve vaccine efficacy. There are
several important considerations that will guide vaccine design. 1) Mapping and
determining the relative contribution of each blockade epitope as a correlate of short
or long-term protective immunity is key to successful vaccine design, especially
against strains that evolve over time. Mapping conserved intra- or inter-genotype
epitopes may uncover more broadly-acting therapeutic targets. 2) Additional human
challenge studies with both GI and GII noroviruses need to be conducted to more
fully understand how long protective immunity lasts among different genogroups and
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genotypes. 3) The impact of pre-exposure history and temporal and phylogenetic
space on contemporary strain vaccine immune responses will need to be clarified.
4) The contribution of T cell responses (CD4+, CD8+, Th17) in protective immunity
will need to be further elucidated. 5) The role of innate immunity in viral
pathogenesis and in short and long-term herd immunity. In order to keep abreast of
novel surface variation that may lead to escape from herd immunity and emergence
of new pandemic strains, areas of the capsid undergoing positive selection over time
in rapidly-evolving norovirus genotypes will need to be continuously monitored. 6)
The potential effects a vaccine would have on the evolutionary dynamics of
emerging NoV strains will need to be clarified. Addressing these questions will not
only allow better design of norovirus vaccine and immunotherapeutics, but will
inform strategies for minimizing the global disease burden of other highly variable
and highly pathogenic human viruses.
These factors represent considerable challenges for the vaccine industry
(Figure 1.3). Despite this, epidemiological and immunologic data generated by the
norovirus field provide a basis on which to design and to reformulate vaccines
(Figure 1.4) including several recent advances that will likely contribute to the
improvement of vaccines. Important antigenic sites have been identified for GII.4
noroviruses, allowing for more targeted vaccine approaches. In addition, recent
comparative studies on multiple vaccine platforms are beginning to elucidate which
approaches generate the most robust immune responses. In addition, on-going and
potential future vaccine efficacy studies using the new mouse model and gnotobiotic
pigs will inform development and improvements to human vaccines. Furthermore,
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continued work using available human challenge models for GI.1, GII.2 and GII.4
strains provides numerous opportunities to test vaccine and immune outcomes in
immunocompetent and at-risk populations, a strength for improving vaccine design
over the next decade.
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CHAPTER 2: GENETIC MAPPING OF A HIGHLY VARIABLE NOROVIRUS GII.4
BLOCKADE EPITOPE: POTENTIAL ROLE IN CONTRIBUTION IN ESCAPE
FROM HUMAN HERD IMMUNITY2
Introduction
Noroviruses (NoVs) are members of the Calicivirus family and represent the
most significant cause of human acute viral gastroenteritis worldwide [68].
Approximately 23 million norovirus infections occur each year in the United States
alone [69], burdening retirement homes, day cares, the military, cruise ships,
hospitals, educational institutions, and other community settings where close contact
between humans is unavoidable. The elderly, very young, and
immunocompromised are at the highest risk for severe complications and death [3,
70, 71], and economic costs of norovirus outbreaks are significant [72, 73]. Although
an estimated 200,000 deaths occur each year from NoV-induced gastroenterisits
[74], there are no approved vaccines or antiviral therapies for the prevention or
treatment of norovirus infections. However, current clinical trials are encouraging
and support the use of norovirus virus like particles (VLPs) as a vaccine platform to
ameliorate the human disease burden [45].
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Noroviruses encode a 7.5 Kb single-stranded, positive sense RNA genome
packaged within a 38 nm non-enveloped icosahedral capsid. The genome encodes
three open reading frames: ORF1 encodes the replicase polyprotein while ORF2
and ORF3 encode the major (VP1) and minor (VP2) structural proteins, respectively
[75]. Expression of VP1 from Baculoviruses [76] or Venezuelean equine encephalitis
[77] replicon particles (VRPs) results in the production of NoV virus like particles
(VLPs). The capsid protein is divided into two distinct domains in the virion, the shell
(S) and the surface protruding domain (P). The P domain is further subdivided into
the P1 and P2 subdomains, with the P2 subdomain flanked by portions of P1 in the
primary coding sequence [75]. The shell forms the base of the capsid, while the P1
region forms a stalk protruding from the shell. The P2 subdomain is positioned atop
the P1 stalk, where it is the most surface-exposed region, able to interact with both
carbohydrates (CHOs) and antibodies [78, 79]. Histoblood group antigens (HBGAs)
are a diverse family of CHOs expressed on mucosal surfaces. These CHOs are
differentially expressed in humans and have been hypothesized to be receptors or
co-receptors that allow NoVs to attach to and enter permissive cells. Conserved
amino acids 343-345, 374, and 441-443 are important for HBGA binding [79],
although it is unclear how nearby amino acid variation affects capsid surface
topology and contributes to HBGA binding affinity differences noted in time-ordered
GII.4 VLPs. Partly because there is no cell culture or small animal model for human
NoVs, the development and testing of vaccines and drug treatments for NoVs have
only recently been evaluated in larger animal models of human disease
(swine/primate models) [36, 37] and in humans [45]. Importantly, VLPs, created by
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the expression of VP1 in a Venezuelan Equine Encephalitis (VEE) Virus [77] or in
baculovirus [76] expression vector, are both physically and antigenically similar to
norovirus virions. These systems offer a promising strategy to study norovirus
structure and function, which may lead to the development of effective vaccines and
treatments [80].
Noroviruses are a genetically diverse group of viruses, divided into five
genogroups (I-V) based on ORF2 sequence homology, where protein sequence can
differ by up to 60%. Each genogroup is further divided into several genoclusters,
differing by 20%-30% in VP1 sequence [81]. Genogroups I and II predominantly
encode strains that cause significant human disease [81]. Among these, genocluster
GII.4 noroviruses account for >80% of norovirus outbreaks [82]. The emergence of
new GII.4 NoV epidemic strains has been linked to changes in HBGA binding profile
using synthetic CHOs [12]. The 1974 strain, currently the prototypic ancestral strain,
binds O type CHOs (H3 and Le-y) [83], 1987 Camberwell binds O type CHOs (H3
and Le-y), while 1997 Grimsby, a pandemic strain, binds A tri, B tri, and O (H3 and
Le-y) CHOs. Farmington Hills 2004 binds B tri and O (H3 and Le-y) CHOs [12]. The
most recent pandemic strain, 2006 Minerva, binds A tri, B tri, and O (H3 and Le-y)
type CHOs [26]. It is also clear that microvariation within the P2 domain between
closely related strains influences CHO binding patterns [12, 19, 84, 85].
Among the GII.4 strains, the P2 region of ORF2 is evolving more rapidly than
other domains and subdomains of the GII.4 norovirus capsid protein, with certain
amino acids undergoing positive selection, likely in response to herd immunity [12,
86]. Antigenic changes are also evident over time, culminating in the emergence of
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new GII.4 strains [12, 24, 86]. On the capsid surface, highly variable amino acids
surround the binding pocket, altering HBGA and antibody binding affinity. Multiple
studies have identified specific residues within the P2 subdomain that are important
for antibody and HBGA interactions [12, 32, 87, 88]. Lindesmith et al. (2008) showed
that residues 393-395 are important for HBGA interactions and antigenicity in GII.4
noroviruses [12]. A D393G change occurred between GII.4-1987 and GII.4-1997.
Importantly, introducing the mutation D393G into the 1987 strain converted GII.41987 into a B binding VLP [86]. In addition, two groups identified amino acids 296298 as potentially important for antigenicity and HBGA binding interactions [86, 87]
and Allen et al (2008) demonstrated these amino acids are involved in strain-specific
antibody recognition [32]. However, it was not clear whether antibodies targeting
these sites blocked VLP-CHO binding interactions, as a surrogate neutralization
assay was not performed [32]. Both of these amino acid clusters (296-298 and 393395) comprise exposed loop regions of the P2 subdomain. In addition, Tan et al.
identified amino acids 346 and 441 as important to A, B, and H binding and showed
that several other amino acids in and around the binding pocket modulate HBGA
specificity [88]. A more recent study based on comparing crystal structures from
GII.4-1996 and GII.4-2004 strains suggests that temporal HBGA affinity differences
exist among strains, and that residues 393-395 directly impact Lewis HBGA, but not
ABH HBGA binding [85]. However, the effects of amino acid differences at these
positions may remodel the conformational and electrostatic landscape around the
binding pocket, indirectly impacting ABH binding affinity. Together, the previous
data demonstrate that clusters of mutations likely work independently or in concert to
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alter HBGA binding profiles and antibody binding. However, the specific interactions
that take place to modulate HBGA binding and antigenicity are still not well
understood.
In this manuscript, we designed and produced a panel of recombinant and
chimeric GII.4 NoV VLPs that exchanged surface-exposed predicted epitopes
between an ancestral GII.4 strain (GII.4-1987, Camberwell) and the most recent
pandemic GII.4 strain (GII.4-2006, Minerva). Our HBGA binding results provide
further evidence for the hypothesis that amino acids 393-395 are important for
HBGA A and B binding. Using a panel of mouse monoclonal antibodies derived
against GII.4-1987 or GII.4-2006 [28] and human and mouse polyclonal sera, we
employed gain and loss of function assays to map varying antibody blockade
epitopes, which are potentially critical sites of virus neutralization and protection from
clinical disease [12, 20, 35]. These data implicate amino acids 296-298 as well as
other nearby amino acids that potentially contribute to antigenic differences among
time-ordered GII.4 strains that are likely associated with escape from herd immunity.
These data provide further support for the hypothesis that the GII.4 viruses are
evolving by epochal evolution and antigenic variation in VP1 [9, 12, 86].

Methods
Prediction of putative epitopes
Multiple sequence alignments were generated for all full-length GII.4 norovirus
capsid peptide sequences in GenBank using ClustalXv1.86 [89]. A phylogenetic
tree was generated by Bayesian Inference using MrBayes [90], and 36

	
  

38	
  

representative sequences were selected and analyzed based upon unique
phylogenetic clustering characteristics. Representative strains of GII.4 noroviruses
were selected from 1974, 1987, 1997, 2002, 2004, 2005, 2006, 2007, 2008 and
2009. These representative sequences were aligned using clustalXv1.86, and P2
subdomain variation was exported into Excel and amino acid variation over time was
analyzed. Homology models were generated using Modeller (Max Planc Institute
Bioinformatics Tool Kit) building structural models based upon the crystal structure
of V387 (pdb accession: 2OBT) [79] for of each of the reference sequence P
domains. Variable sites that were potentially exposed on the surface of the capsid
were mapped and analyzed as these changes occurred over time from 1974-2009.
Five discrete regions were identified as putative epitopes defined as local regions
where clusters of amino acids map to similar structural regions on the capsid
surface.

Production of VLPs
Parental VLPs were expressed in a VEE expression system as previously
described [12, 26, 77]. Chimeric VLPs were created by replacing the P2 subdomain
of ORF2 in the parental strains with the chimeric sequences (synthesized by
BioBasic) [12]. RNA was electroporated into 1 X 107 BHK cells using BioRad
GenePulser Xcell pulsed 3X with voltage 850V, capacitance 25 µF, resistance ∞Ω
and cuvette size 4 mm. Cells were then incubated 24-28 hours at 37° in MEM-alpha
supplemented with 10% FCS, 10% TPB, 1% anti/anti, and 1% NEAAs. VLPs were
harvested by spinning in 40% sucrose using a Ti-55 rotor at 31,500 RPMs for 75
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minutes. The sucrose cushion containing the VLPs was frozen at -80 degrees.
VLPs were quantified by protein assay and confirmed by electron microscopy.

ELISA assays
ELISAs were performed as previously described [12]. Briefly, EIA high-binding
plates were coated with 100 µl 2 µg/mL VLPs in PBS and incubated for 4 hours at
room temperature. Plates were washed 3X with PBS-0.05% Tween-20, and then
100 µl 5% blotto was added to each well and blocking was done overnight at 4°C.
Plates were again washed 3X with PBS-.05% Tween-20, and 100 µl 2 µg/mL
primary mouse mAb or 1:500 polyclonal sera in 5% blotto was added to each well,
and incubated at 37° for 45 minutes. Following another wash as described above,
100 µl secondary anti-mouse AP antibody (Sigma, Jackson Laboratories) in 5%
blotto was added and allowed to incubate at RT for 30 minutes. Plates were again
washed as described and detected using pNPP (Sigma). Values used in this paper
indicate binding in the linear portion of the binding curve.

CHO Binding assays
CHO binding assays were performed as previously described [12]. Briefly,
avidin-coated plates were washed 3X, and 100 µl 10 µg/mL biotinylated CHO
(GlycoTech) in 5% blotto was added to each well and incubated for 4 hrs. Plates
were then washed 4X with 15 sec soak in PBS/Tween and 100 µl 2 µg/mL VLP was
added to each well and incubated for 1 ½ hrs at RT. Plates were washed 4X with 15
sec soak, and 100 µl of 2 µg/mL primary mAb antibody or 1:1000 polyclonal sera
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was added and incubated for 45 min at RT. Plates were then washed 4X with 15 sec
soak, and 100 µl of 1:10,000 HRP-tagged anti-mouse antibody (GE Healthcare) was
added and incubated for 30 min at RT. CHO binding was measured by adding 100 µl
Ultra TMB ELISA solution (Thermo Scientific). Sera and mouse mAbs were
produced as described previously [12].

Blockade assays
Blockade assays were performed as has been described previously [12].
Briefly, NeutriAvidin-coated plates (Pierce, Rockford, IL) were washed 3X, and 100
µl of 10 µg/mL synthetic biotinyated-H3 CHO (Glycotech, Gaithersburg, MD) in PBS
was added to each well and incubated for 1 hr. VLP-mouse mAb dilutions (1 µg/mL
VLP+ 2 µg/mL mAb) were prepared in a separate, non-binding plate and incubated
for 1 hr. The avidin-coated plate was then washed 3X and VLP-Ab dilutions were
added and incubated for 1 1/2 hrs. The plate was then washed 4X with 15 sec soak
and 100 µl of 2 µg/mL anti-GII VLP rabbit polyclonal antisera in 5% blotto was added
to each well and incubated for 30 min. The plate was then washed 4X with 30 sec
soak and 100 µl of 1:10,000 dilution of HRP-tagged anti rabbit IgG antibody was
added and incubated for 30 min. The plate was washed 4X for 60 secs and then
developed by adding 100 µl TMB-Elisa solution (Thermo Scientific) and 50 µl stop
solution. The plate was read at OD450. All incubations were done at room
temperature. Sera and mouse mAbs were produced as described previously [12].
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Statistical Analysis
Statistical analysis was performed using Prism GraphPad; results with P<0.05
were considered significant. Two-way ANOVA was used to analyze CHO binding
and mAb reactivity. One-way ANOVA was used to analyze BT50 values for blockade
differences. Since GII.4-2006 was not blocked even at the highest mouse serum
concentration, individual replicates not reaching 50% blockade were assigned a
BT50 value of 1:5 (2X the highest serum concentration tested) for the purposes of
statistical analysis.

Results
Multiple sequence alignments were generated for all full-length GII.4 norovirus
capsid genes in GenBank, and 36 representative sequences were selected and
analyzed, based upon unique phylogenetic clustering characteristics. Representative
GII.4 norovirus strains were selected from 1974, 1987, 1997, 2002, 2004, 2005,
2006, 2007, 2008 and 2009. These representative sequences were aligned, and P2
subdomain variation was mapped upon homology models of each protruding domain
to identify variable sites that were potentially exposed on the surface of the capsid
and therefore to the external environment. Five discrete regions [9, 82], two of
which are discussed here, were identified as putative epitopes defined as local
regions where variation appears to cluster on the surface (Figures 2.1A,B). Putative
Epitope A is a conformational site comprised of amino acid 294, 296-298, 368 and
372, and Epitope D is an epitope comprised of contiguous amino acids 393-395. Of

	
  

42	
  

interest, position 394 is the site of a single amino acid insertion that occurred in 2002
and has been fixed in the GII.4 NoV population since this time.

Design of GII.4 1987 and 2006 Chimeric VLPs.
The P1 and P2 regions of the GII.4 NoV VP1 protein include residues that
undergo high levels of variability over time. Using a panel of time-ordered mouse
mAbs to GII.4-1987 and GII.4-2006 VLPs, we demonstrated clear antigenic
differences among GII.4 time-ordered VLPs [12]. To identify key varying residues
that influence HBGA and antibody binding, we created a panel of chimeric VLPs by
exchanging putative epitopes among strains that exhibit unique HBGA CHO binding
and antigenic characteristics [12]. GII.4-1987 (Camberwell) has previously been
shown to bind synthetic HBGA H3 [12], while GII.4-2006 (Minerva) binds synthetic
HBGAs A, B, and H3 [26]. In this study, we focused on predicted Epitopes A and D,
which are surface-exposed and likely play important roles in either HBGA binding,
antigenicity or both (Figure 2.1B). We used synthetic cDNAs and created a panel of
chimeric VLPs where amino acids were exchanged between GII.4-1987 and GII.42006 within the identified putative epitopes (Figure 2.1). Expression of the GII.4
parental and chimeric VP1 genes resulted in the production of robust levels of VLPs
as evidenced by SDS-Page gel and EM (Figure 2.1D).

Epitope D affects HBGA binding but not mAb antigenicity.
Putative Epitope D includes amino acids 393-395, which are surface exposed
and vary greatly over time either by amino acid variation or insertion (Figure 2.1A,B).
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In GII.4 2002, an amino acid insertion at position 394 evolved which in later strains
varied over time and is present in GII.4-2006 but not GII.4-1987. Previous work in
our lab demonstrated that amino acid 393 influenced efficiency for HBGA B binding,
but not for A binding, suggesting that other amino acids likely coordinate this HBGA
interaction [12]. Farmington Hills 2002 contains one change in the P2 region at
position 395 compared to Farmington Hills 2002a. Farmington Hills 2002a is able to
interact with HBGA A, while Farmington Hills 2002 interactions are not robust,
indicating that residue 395 likely influences A binding [12]. GII.4-1987 has been
shown to efficiently bind O type CHOs, but only weakly (or not at all) to synthetic
HBGAs A and B. GII.4-2006, on the other hand, has been shown to efficiently bind
O, A, and B CHOs. We created chimeric VLP, GII.4-2006(+87D), where we
introduced residues 393-395 from GII.4-1987 into the parental GII.4-2006 strain and
then built the reciprocal chimera, GII.4-1987(+06D), by inserting residues 393-395
from GII.4-2006 into the GII.4-1987 parental strain.
We performed a CHO binding assay to evaluate whether Epitope D chimeric
VLPs GII.4-2006(+87D) and GII.4-1987(+06D), in which amino acids 393-395 are
exchanged, would recapitulate HBGA binding characteristics of the parental strains
(Figure 2.2A). As previously described, the GII.4-1987 parent did not efficiently bind
A or B CHOs, while the GII.4-2006 parent bound both A and B in a time and dosedependent manner. However, GII.4-2006(+87D) did not bind to A or B, indicating
the 2006 residues at these positions are important for the ability of this strain to bind
both A and B HBGAs. In addition, GII.4-1987(+06D) gained the ability to weakly
bind HBGA A and strongly bind HBGA B. Despite this gain of function, the binding
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profile clearly differed from that of the GII.4-2006 parent, indicating there may be
additional amino acids elsewhere in the capsid that contribute to subtle remodeling
of the affinity of HBGA A and B interactions. These data are consistent with the idea
that surface exposed residues in and around the conserved HBGA binding sites
influence HBGA binding efficiency [12, 85].
We were also interested in whether Epitope D amino acids are involved in
antigenic differences between GII.4-1987 and GII.4-2006. Our group previously
characterized a large panel of time-ordered mouse monoclonal antibodies that
display varying interactions with time-ordered GII.4 VLPs [12]. In particular, mAbs
GII.4-1987-G1, GII.4-1987-G2, GII.4-1987-G3, GII.4-1987-G4, and GII.4-1987-G5
bound efficiently to GII.4-1987 but not to GII.4-2006 VLPs, while mAbs GII.4-2006G3, GII.4-2006-G4, and GII.4-2006-G7 bound efficiently to GII.4-2006 but not to
GII.4-1987 VLPs [28]. GII.4-2006-G2 primarily bound GII.4-2006 but was somewhat
cross-reactive with GII.4-1987 [28]. The availability of mAbs that recognize distinct
epitopes on the surface of GII.4 1987 and 2006 VLPs provides a means of mapping
key residues that influence antibody escape from binding over time. To determine if
amino acids 393-395 contribute to antigenic differences between GII.4-1987 and
GII.4-2006, we tested the reactivity of these parents and chimeras with our panel of
GII.4-1987 mAbs and GII.4-2006 mAbs. While subtle differences in overall binding
were noted with anti-GII.4-1987 mAbs reacting with GII.4-1987 compared to GII.41987(+06D), we did not detect significant differences in antigenic phenotypes
between GII.4-1987 and GII.4-1987(+06D) or between GII.4-2006 and GII.42006(+87D) (Figure 2.2B) with these characterized mAbs. These data indicate that
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amino acid cluster 393-395 alone does not explain the antigenic differences
observed between GII.4-1987 and GII.4-2006 for any of the mAbs tested in our
panel.

Putative Epitope A amino acids contribute to antigenic differences between
GII.4-1987 and GII.4-2006.
Putative Epitope A consists of closely positioned surface exposed amino acids
294, 296, 297, 298, 368, and 372 (Figure 2.1A,B). These amino acids form a
conformational cluster on the surface ridge of the capsid and display charge
variation over time, suggesting that these residues may play a key role in escape
from herd immunity. We created chimeric VLPs where combinations of amino acids
294, 297, 298, 368, and 372 from GII.4-1987 were introduced into the GII.4-2006
backbone (Figure 2.1C). While we attempted to create the reciprocal exchange and
produce VLPs comprised of GII.4-2006 Epitope A amino acids in the GII.4-1987
backbone, after multiple tries, we were not able to yield VLPs that passed our quality
control standards, which include robust protein production as determined by SDSpage gel and BCA protein assay, visualization of particles by EM, and ability to bind
synthetic CHOs and one or more conformationally dependent mAbs. The ability of
these chimeras to bind anti-GII.4-1987 mAbs and anti-GII.4-2006 mAbs was
measured and compared to parental strains. As expected, GII.4-1987 VLPs
demonstrated strong homotypic reactivity, binding to anti-GII.4-1987-G1, anti-GII.41987-G2, anti-GII.4-1987-G3, anti-GII.4-1987-G4, and anti-GII.4-1987-G5, while
GII.4-2006 did not react with any of the GII.4-1987 mAbs tested (Figure 2.3) [28].
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Chimeric VLP GII.4-2006(+87A.1), which contained all five of the Epitope A variable
residues from GII.4-1987, exhibited significant increases in reactivity with anti-GII.41987-G1, anti-GII.4-1987-G4, and anti-GII.4-1987-G5; this resulted in 6-fold, 14-fold,
and 11-fold increases in reactivity, respectively, compared to GII.4-2006 (Figure 3)
(p<0.0001). However, GII.4-2006(+87A.1) did not significantly alter binding (p>0.05)
with the other two GII.4-1987 mAbs tested, anti-GII.4-1987-G2 or anti-GII.4-1987G3, suggesting the presence of another epitope located elsewhere on the virion
(Figure 2.3). Anti-GII.4-1987-G1, -G4, and -G5 have previously been shown to be
HBGA-VLP blocking antibodies [28], suggesting that Epitope A amino acids may
comprise a neutralizing antibody epitope for GII.4-1987.
Binding of anti-GII.4-2006 mAbs was also compared between GII.42006(+87A.1) and parental strains GII.4-1987 and GII.4-2006. GII.4-2006 had
strong interactions with anti-GII.4-2006-G2, anti-GII.4-2006-G3, anti-GII.4-2006-G4,
and anti-GII.4-2006-G7, while GII.4-1987 bound anti-GII.4-2006-G2 much less
efficiently than GII.4-2006 but did not bind anti-GII.4-2006-G3, anti-GII.4-2006-G4, or
anti-GII.4-2006-G7 (Figure 2.3). Comparatively, GII.4-2006(+87A.1) more closely
resembled the binding pattern seen by GII.4-1987. GII.4-2006(+87A.1) exhibited an
intermediate binding profile for anti-GII.4-2006-G2 that was slightly greater than that
seen for GII.4-1987 but greatly reduced compared to GII.4-2006 (Figure 2.3). GII.42006(+87A.1) binding to anti-GII.4-2006-G3 and anti-GII.4-2006-G4 was negligible,
and reactivity with anti-GII.4-2006-G7 was greatly reduced (Figure 2.3). Overall,
binding of GII.4-2006(+87A.1) was significantly reduced compared to GII.4-2006 for
all anti-GII.4-2006 mAbs tested (p<0.0001).
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Next, we evaluated whether GII.4-2006(+87A.1) also had an increased
reactivity to GII.4-1987 mouse polyclonal sera. We performed an ELISA assay
comparing GII.4-2006(+87A.1) reactivity with both GII.4-1987 and GII.4-2006
polyclonal sera (Figure 2.3). GII.4-1987 and GII.4-2006 parental strains bound most
efficiently to homotypic polyclonal sera, while GII.4-2006(+87A.1) had a significant,
nearly 5-fold increase in binding to GII.4-1987 polyclonal sera (p<0.0001) and a
significant 20% decrease in binding to GII.4-2006 polyclonal sera (p<0.01) compared
to the GII.4-2006 parental VLP. However, GII.4-2006(+87A.1) did not bind to GII.41987 sera as strongly as the GII.4-1987 parental VLP. These results confirm that
GII.4-2006(+87A.1) gained GII.4-1987 reactivity, but that there are additional amino
acid residues and/or epitopes (elsewhere on the capsid) that influence GII.4-1987
antigenic space.

Epitope A amino acids do not influence HBGA A and B binding.
To determine whether Epitope A amino acids influence HBGA A and B binding,
we performed CHO binding assays using GII.4-2006(+87A.1) and compared the
binding profile to the parental GII.4-1987 and GII.4-2006 strains (Figure 2.4). There
were no significant differences in HBGA A and B binding between GII.42006(+87A.1) and the parental GII.4-2006, indicating that these amino acids do not
influence differences in HBGA A and B binding between GII.4-1987 and GII.4-2006
under our treatment conditions.
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Fine Resolution Mapping
Putative Epitope A consists of six surface exposed amino acid residues that
cluster on the surface of the virion. To further investigate the contribution of
individual and/or combinations of amino acids on antibody reactivity, we
characterized the antigenic profiles of additional chimeric VLPs where only one or
two of the residue changes within Epitope A were switched between strains (Figure
1C). Chimera GII.4-2006(+87A.2) contains two amino acid changes at positions
R297H and N298D. By ELISA, GII.4-2006(+87A.2) did not react with any of the antiGII.4-1987 mAbs, except for displaying minimal reactivity with anti-GII.4-1987-G1,
which was not significantly different from the binding of the GII.4-2006 parent (Figure
2.5). In contrast, GII.4-2006(+87A.2) reactivity with anti-GII.4-2006 mAbs was more
similar to the GII.4-1987 parent, in that anti-GII.4-2006-G3 and anti-GII.4-2006-G4
binding were ablated and not significantly different from the GII.4-1987 parent.
Under identical conditions, binding to anti-GII.4-2006-G7 was significantly reduced
compared to the GII.4-2006 parent (Figure 2.5) (p<0.0001). This indicates that antiGII.4-2006-G3, -G4, and -G7 may target similar or overlapping epitopes in GII.42006 comprising amino acids 297 and 298. However, GII.4-2006(+87A.2), like GII.42006, exhibited strong binding with anti-GII.4-2006-G2, indicating that GII.4-2006-G2
targets a different epitope from the other anti-GII.4-2006 mAbs in our panel; this is in
agreement with previous data from our lab [28]. This indicates that these amino
acids modulate specificity to some anti-GII.2006 mAbs, but do not account for the
gain of reactivity seen with the additional amino acid substitutions in GII.42006(+87A.1).
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Both chimera GII.4-2006(+87A.3) and GII.4-2006(+87A.4), which contain two
amino acid changes at positions S368T and E372N and one amino acid change at
position A294V, respectively, did not exhibit significantly different reactivity with antiGII.4-1987 or anti-GII.4-2006 mAbs compared with the GII.4-2006 parent. GII.42006(+87A.3) and GII.4-2006(+87A.4) did not react to any of the anti-GII.4-1987
mAbs, but showed reactivity with all anti-GII.4-2006 mAbs (Figures 2.6 and 2.7).
Taken together, our data indicate that all Epitope A amino acids comprise a major
antigenic site for GII.4-1987 and Epitope A residues 297 and 298 are important
modulators of GII.4-2006 antigenicity (Table 2.1). Our data support the idea that
several noncontiguous amino acids work in concert to account for antigenic
differences between these strains.

Carbohydrate Blockade
Based on previous work by Lindesmith et al., anti-GII.4-1987-G1, anti-GII.41987-G4, and anti-GII.4-1987-G5 are blocking antibodies for the same epitope in the
GII.4-1987 parent strain but do not block GII.4-2006 interaction with synthetic CHOs
[28]. While we determined that GII.4-2006(+87A.1) gained binding to anti-GII.4-1987
mAbs G1, G4, and G5 (Figure 2.3), we also determined whether these antibodies
were able to block the interaction between GII.4-2006(+87A.1) and HBGAs and thus
whether Epitope A amino acids represented a possible neutralizing antibody epitope.
To do this, we performed a CHO blockade assay comparing the ability of anti-GII.41987-G1, anti-GII.4-1987-G4, and anti-GII.4-1987-G5 to block HBGA interactions
with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.1). While anti-GII.4-1987-G1, -G4,
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and -G5 were not able to block GII.4-2006 interactions with H3 [28], all three mAbs
were able to block H3 interactions with both GII.4-1987 and GII.4-2006(+87.1),
indicating that these are blocking antibodies for GII.4-2006(+87A.1) and target
Epitope A. All three antibodies exhibited similar blocking patterns and anti-GII.41987-G1 is shown as a representative (Figure 2.8A). Since GII.4-2006(+87A.2),
GII.4-2006(+87A.3), and GII.4-2006(+87A.4) do not bind anti-GII.4-1987-G1, -G4, or
-G5, it stands to reason that these mAbs cannot be blocking antibodies for these
chimeras. From these data, we determined that in addition to amino acids 296-298,
which have previously been shown to modulate antigenicity, amino acids 294, 368,
and 372 are important for the blockade response to GII.4-1987.
We also determined whether a known GII.4-2006 blocking antibody was able to
retain the ability to block our four Epitope A chimeras. We performed a CHO
blockade assay to determine if anti-GII.4-2006-G7, a mouse mAb identified by
Lindesmith et al. [28] to block GII.4-2006 interaction but not GII.4-1987 interaction
with HBGAs, could block HBGA interaction with GII.4-2006(+87A.1), GII.42006(+87A.2), GII.4-2006(+87A.3), and GII.4-2006(+87A.4). While anti-GII.4-2006G7 was able to block H3 interaction with GII.4-2006, GII.4-2006(+87A.3), and GII.42006(+87A.4) it was unable to block HBGA binding to GII.4-1987, GII.42006(+87A.1), and GII.4-2006(+87A.2) (Figure 2.8B). Taken together, this indicates
that Epitope A amino acids represent a blocking antibody epitope that is undergoing
antigenic variation. The epitope encoded both in GII.4-1987 and GII.4-2006 is
targeted by antibodies that block the homotypic VLP but not the heterotypic
response.
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GII.4-2006(+87A.1) exhibited increased reactivity with GII.4-1987 polyclonal
mouse sera (Figure 2.9A). To determine the degree to which Epitope A amino acids
contribute to the overall GII.4-1987 blockade response, we performed a blockade
assay comparing the ability of GII.4-1987 polyclonal mouse sera to block H3
interaction with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.1) VLPs (Figure 2.9B).
The GII.4-1987 polyclonal sera BT50 concentration for interaction between H3 and
GII.4-1987 was 1:160 (0.7% sera), while the BT50 for GII.4-2006(+87A.1) was 1:40
(2.5% sera). GII.4-2006 did not have a mean BT50 even at the highest
concentration of GII.4-1987 polyclonal sera tested (1:10); however, some individual
replicates in the assays performed did have a BT50 and those that did not were
assigned a BT50 of 1:5 (20% sera) (Figure 2.9C). By one-way ANOVA, BT50
values for GII.4-1987 and GII.4-2006(+87A.1) were not significantly different. GII.42006 was significantly different from both GII.4-1987 and GII.4-2006(+87A.1)
(p<0.05). Overall, these results indicate that Epitope A amino acids account for
approximately 25% of the antibody blockade response encoded within GII.4-1987
mouse polyclonal sera.
GII.4-2006(+87A.1) displayed increased reactivity with 1988 GII.4 NoV
outbreak human sera compared to GII.4-2006 (Figure 2.10A). To determine
whether Epitope A amino acids contribute to the GII.4-1987 blockade response in
humans, we performed a blockade assay comparing the ability of 1988 GII.4 NoV
outbreak human serum samples to block CHO interaction with GII.4-1987, GII.42006, and GII.4-2006(+87A.1). Since we were interested in the contribution of
Epitope A amino acids to the GII.4-1987 blockade response, we chose to utilize nine
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human serum samples that had the ability to block CHO interaction with the GII.41987 VLP [12, 26]. Overall, the human serum samples were able to block GII.4-1987
most efficiently, and, with the exception of one individual, were able to block GII.42006(+87A.1) more efficiently than GII.4-2006, although differences were not
significant. When all nine sera samples were averaged at each time point, the same
trend was seen (Figure 2.10B). GII.4-1987 was blocked most efficiently at all
dilutions. GII.4-2006(+87A.1) and GII.4-2006 were blocked to similar levels, although
GII.4-2006(+87A.1) was blocked to a greater degree than GII.4-2006 at all sera
dilutions. We then compared BT50 values (the dilution at which 50% of the VLPCHO interaction is blocked compared to control) for GII.4-1987, GII.4-2006(+87A.1),
and GII.4-2006. The average BT50 values for GII.4-1987, GII.4-2006(+87A.1), and
GII.4-2006 were 1:1600, 1:800, and 1:400, respectively, indicating significant
differences for BT50 values between GII.4-1987 and GII.4-2006 (p<0.05) but not
between GII.4-2006(+87A.1) and GII.4-1987 or GII.4-2006 (Figure 2.10C).
Together, these data suggest that Epitope A contributes to the global GII.4-1987
blockade response in mice and humans. In vaccinated mice, Epitope A accounts for
approximately 25% of the total blockade response between GII.4-1987 and GII.42006. Using GII.4-1987 human antisera, we can detect clear differences in blockade
responses using time-ordered VLPs. However, because of variation among human
samples and unknown preexposure histories, additional human sera samples will be
needed to detect significant differences in the blockade activity that targets individual
epitopes.
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Discussion
GII.4 NoVs exhibit epochal evolution, whereby major circulating strains give
rise to emergent strains, likely due to escape from herd immunity [12, 86, 91].
Evidence supporting this includes greater positive selection in capsid P2 subdomain
amino acids compared to the rest of the capsid protein, robust data exhibiting altered
antigenicity and HBGA binding over time in VLPs of major outbreak and pandemic
GII.4 strains, and the identification of strain-specific potentially neutralizing
antibodies in GII.4 NoVs [12, 28, 86]. Similar to GII.4 NoVs, influenza A undergoes
antigenic variation as mutations in the hemagglutinin 1 (HA1) domain of HA genes
drive escape from existing herd immunity [92-94]. Additionally, amino acids in the
GII.4 NoVs P2 region, which interact with antibodies and binding ligands, undergo
positive selection similar to the mechanism in influenza whereby HA interacts with
antibodies and sialic acid and also contains many amino acids undergoing positive
selection [93, 95]. Individual epitopes in other viruses, like influenza, have been
shown to lead to escape from herd immunity [92], providing the possibility that GII.4
NoVs undergo a similar mechanism of evolution. To provide further support for this
idea, this study used a novel mapping strategy to identify a blockade epitope in
GII.4-1987 and GII.4-2006 that changed over time in major GII.4 outbreak strains,
and we identified a specific epitope involved in modulating HBGA binding patterns in
different GII.4 strains. This is the first study to identify an antibody blockade epitope
in GII.4 NoVs. These findings will further contribute to elucidation of mechanisms
driving evolution in these viruses, provide insight into the emergence of new
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epidemic variants, and provide direction for broadening the antigenic design and
cross blockade activity of potential vaccines for NoVs.
Five putative epitopes were predicted via sequence analysis using 36
representative, time-ordered GII.4 stains from 1974 to 2009 to identify amino acid
residues that varied consistently over time and were exposed on the capsid surface
in the P2 subdomain [9]. These varying residues were then mapped onto homology
models of each respective representative, and the structural models were compared
to find residues that map together in discrete regions of the capsid surface. We
chose to build chimeras between GII.4-1987 and GII.4-2006 because of known
differential HBGA binding and antigenicity profiles between these two strains [12, 26,
28]. By examining reactivity of our chimeric VLPs with synthetic HBGAs and mouse
monoclonal antibodies against GII.4-1987 and GII.4-2006, we determined that
Epitopes A and D were important for antigenic and HBGA differences between these
strains, respectively. Our results suggest that changes in surface residues drive
antigenic change in GII.4 NoVs, as has been shown previously in influenza.
Additionally, our results validate the utility of using bioinformatics approaches to
identify important antigenic determinants.
Our data clearly show that amino acids 393-395 modulate HBGA A and B
interactions, confirming earlier observations by our lab and others [12, 32]. When
we exchanged amino acids in positions 393-395 between GII.4-1987 and GII.42006, we observed a significant decrease in interaction between GII.4-2006(+87D)
and HBGAs A and B compared to GII.4-2006 and a significant increase in interaction
between these HBGAs and GII.4-1987(+06D) compared to GII.4-1987, indicating
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that these amino acids influence interaction with A and B CHOs. However, we also
noticed that the interaction profile of GII.4-1987(+06D) was very different from that of
the GII.4-2006 parent, suggesting that other amino acids contribute to A and B
interactions as well. Teasing apart these interactions without a crystal structure can
be complex. While modeling programs can be used to provide predictions about
VLP-CHO interactions, these methods rely upon models based on previously solved
structures. Studying the differences between GII.4 NoV strains has been impeded
by the existence of only two GII.4 crystal structures, VA387, which models GII.41997 complexed with CHOs A and B and Hunter 2004 bound to several CHOs.
These structures were used to assemble homology models for GII.4-1987 and GII.42006. Recognizing limitations inherent in this approach, our models identified
potential mechanisms that explain increased GII.4-1987(+06D) interactions with
HBGA B, as compared with GII.4-2006. Structural homology models for GII.4-1987,
GII.4-2006, and GII.4-1987(+06D) predicted subtle differences in the positioning of
residues 393-395 in a surface exposed loop (Figure 2.11A) and in polar interactions
among binding pocket amino acids in sites 1 and 2 (residues 342-347, 374, 390-395,
and 440-444) of GII.4-2006 and GII.4-1987(+06D) and CHO B (Figure 2.11B-F).
Importantly, direct interactions between the CHO and residues 393-395 were not
observed; however, rearrangement of polar interactions between residue 390, 393,
and 395 (Figure 2.11B) occurred, which may slightly juxtapose the interactions in the
binding pocket. This suggests that these residues have long-range effects on polar
interactions in the binding pocket. Variation in the loop programmed specific
differences in GII.4-1987(+06D) ability to: a) form a new hydrogen bond between the
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fucose of CHO B and amino acid 343 (Figure 2.11C), b) terminate two hydrogen
bonds from residue 345 and CHO B (Figure 2.11D), and c) form new hydrogen
bonds between 343 and 444 (Figure 2.11E) and between residues 442 and CHO B
(Figure 2.11F). Together, these altered polar interactions are predicted to stabilize
binding of CHOs within the binding site, allowing GII.4-1987(+06D) to exhibit
stronger binding to CHO B and potentially to H3. However, we stress that crystal
structures of more GII.4 strains bound to CHOs are needed to further address these
predictions. Other groups have suggested additional P2 amino acids that may
modulate HBGA A and B binding. Tan et al. identified 346 as contributing to A and B
interactions [88]. Because this residue varies between GII.4-1987 and GII.4-2006, it
is possible that 346 also modulates A and B binding; however, we did not test this
possibility in this study and this residue did not participate in direct polar interactions
in our homology models. Yang et al. reported I389 as a single amino acid residue
important for A binding [96]. While this amino acid does not contribute to the
differences in A and B binding between GII.4-1987 and GII.4-2006, as both strains
encode I389, we cannot rule out the possibility that this residue contributes to HBGA
binding in other GII.4 strains. However, Shanker et al. also found no evidence that
residue 389 would contribute to HBGA A binding in GII.4-2004 [85].
Epitope A amino acids (294, 296-298, 368, and 372) change over time and
map to the same area of the capsid surface, likely forming a non-contiguous
conformational epitope. Influenza and HIV provide examples of viruses that have
variable, non-contiguous conformational epitopes that change over time, resulting in
viruses that are able to escape the immune response [97-99]. Our data demonstrate
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that Epitope A amino acids collectively comprise a blocking antibody epitope for both
GII.4-1987 and GII.4-2006, suggesting that the surrounding landscape and
conformational changes associated with amino acid variation greatly impact
antigenicity. Variation likely reshapes the surface of the P2 region, altering the
affinity with which different mAbs bind and neutralize the virus; however, additional
GII.4 crystal structures coupled with mAb are essential for understanding the
molecular basis of antibody binding, blockade, and likely for illuminating the
mechanism of escape from herd immunity. While predicted Epitope A also includes
amino acid 296, this residue is conserved between GII.4-1987 and GII.4-2006, so
our current work does not address the antigenic consequences of changes to
residue 296. However, Allen et al (2009) demonstrated that amino acids 296-298
were important antigenic determinants between pre 2002 and post 2002 GII.4
strains although they did not evaluate CHO blockade. Our data corroborate the
importance of these amino acids in GII.4 antigenic changes over time. Introducing
smaller subsets of Epitope A amino acids as in GII.4-2006(+87A.2), GII.42006(+87A.3), and GII.4-2006(+87A.4) did not yield gains in binding to anti-GII.41987 mAbs for the chimeric VLPs tested, suggesting that all five Epitope A amino
acid changes are needed in combination to gain robust binding phenotypes to the
anti-GII.4-1987 mAbs tested. While speculative, some flu epitopes are proposed to
evolve by epochal evolution characterized by drift modified by mutations of large
effect; similar mechanisms may be operating during GII.4 persistence in human
populations [93]. While it is possible that creating additional combinations of these
five amino acids would yield a combination that accounts for the gain in binding to
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anti-GII.4-1987 mAbs, we argue that it is more likely that these non-contiguous
amino acids constitute a conformational epitope where they contribute, in concert, to
the gain in binding to anti-GII.4-1987 mAbs. We do not exclude the possibility that
additional amino acids may contribute to interactions with anti-GII.4-1987 and antiGII.4-2006 mAbs. Importantly, based on sequence alignment data, Epitope A is still
evolving in the currently-circulating Minerva variant, GII.4-2009 New Orleans. This
suggests that this epitope may also constitute an important blocking epitope in future
epidemic GII.4 strains, thus monoclonal antibodies against contemporary GII.4-2009
strains may provide greater resolution in understanding the potential mechanisms
driving antigenic variation and antibody blockade escape over time. To our
knowledge, this is the first study utilizing a panel of time-ordered chimeric viruses
with exchanged epitopes to study these processes; however, this approach may be
highly relevant to studying antigenic variation in other viruses including influenza and
HIV.
Because human NoVs lack a viable cell culture model, antibody neutralization
potential is measured in a surrogate neutralization assay, the CHO blockade assay
[28, 35]. This assay measures an antibody’s ability to block the interaction between
immobilized HBGA and a particular VLP. Reeck et al. (2009) showed a correlation
between the ability of antibodies to block VLP-HBGA interaction in this assay and
protection from symptomatic Norwalk virus infection, demonstrating that the
blockade assay is a relevant surrogate assay that measures a component of
protective immunity [20]. We showed that Epitope A is a significant blockade
epitope. Using anti-GII.4-1987-G1, -G4, and –G5 mAbs, we demonstrated that
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residues 294, 297-298, 368, and 372 work in concert to account for the GII.4-1987
blockade response for these antibodies. Using anti-GII.4-2006-G7, we
demonstrated that amino acids 297-298 account for the GII.4-2006 blockade
response for this antibody. GII.4-2006(+87A.1) and GII.4-2006(+87A.2), which both
contain changes at these residues were not blocked by anti-GII.4-2006-G7, but this
antibody blocked VLP/HBGA interaction for chimeras GII.4-2006(+87A.3) and
GII.4(+87A.4) which did not contain substitutions at 297 or 298. Approximately 25%
of the total blockade response for GII.4-1987 polyclonal mouse sera was targeted
against Epitope A based on comparing the CHO blockade potential of the parental
GII.4-1987 compared to GII.4-2006. This result suggests that there are either
additional unidentified blockade epitopes present for GII.4-1987 or additional
unidentified residues that contribute to the overall antigenic variation in Epitope A.
This approach may be useful in future studies to predict the number of potentially
neutralizing epitopes for each particular strain and the relative importance of each
epitope in contributing to blocking antibody response over time.
Using GII.4 NoV human outbreak sera, we demonstrated that Epitope A is a
potential blockade epitope not just in mice, but in humans as well. Results gleaned
from human data underscore the importance of individual variation and previous
exposure history in the immune response to different GII.4 NoV strains. Mouse
polyclonal sera data, produced in a background with no previous exposure history or
genetic diversity, yielded clear differences in blockade among GII.4-1987, GII.42006(+87A.1), and GII.4-2006, where GII.4-1987 and GII.4-2006(+87A.1) were
blocked but GII.4-2006 was not. Human sera, on the other hand, was able to block
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VLP-CHO interactions with GII.4-1987, GII.4-2006(+87A.1), and GII.4-2006, though
with differences in overall BT50 values. While the human outbreak sera were able
to detect significant differences in BT50 values between GII.4-1987 and GII.2006, it
was unable to distinguish significant differences at the level of a single varying
epitope. However, the overall trend showed that the human outbreak sera blocked
GII.4-2006(+87A.1) more efficiently than GII.4-2006 at every dilution point. This
suggests that Epitope A likely contributes to the human blockade response in GII.41987, but that additional human serum samples are needed to dissect the overall
contribution of an individual epitope. The differences in blockade between mouse
and human sera may be due to varied NoV exposure histories from the human sera
donors. Ogata et al. found that previous influenza vaccination resulted in greater
levels of neutralizing antibodies against the newly emergent human H5N2 avian
influenza virus [100]. In addition, Lee et al. found that previous exposure to pre1957 H1N1 strains was able to provide some cross-neutralizing protection from the
2009 H1N1 strain but not from a 2007 strain [101]. This suggests that in some
cases, previous exposure history may provide subtle to substantial levels of
protection from related, but distinct viral strains on an individual level. Since GII.4
NoVs and influenza exhibit similar evolutionary dynamics, previous exposure to NoV
may provide protection from specific strains, but not others. Our data provide
evidence that Epitope A accounts for up to 25% of the GII.4-1987 blockade
response and suggests that there are additional blockade epitopes for GII.4-1987.
Our approach of using bioinformatics predictions to identify putative GII.4 NoV
epitopes coupled with using our panel of chimeric and parental VLPs, time-ordered
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mouse mAbs, and synthetic CHOs in ELISA-based assays to validate our
predictions offers a powerful method to elucidate the mechanisms driving GII.4 NoV
evolution in the absence of a cell culture or small animal model. Despite evidence
that preferential HBGA binding patterns and antigenicity in GII.4 NoVs change over
time, results among different labs vary and are difficult to directly compare due to
differences that may exist among VLPs, P particles, and P dimers; differences in
protein concentrations used in ELISA-based assays; and lot number differences in
reactivity of commercial biotinylated HBGAs. Variation in CHO binding levels among
assays in this manuscript is due to this differing reactivity among batches of
commercially-available synthetic biotinylated CHOs; however, due to the low supply
of these reagents, this is unavoidable without altering the amount of CHO used in
each experiment. However, it is clear that mutations outside of the conserved CHO
binding residues contribute to the antigenic and HBGA binding differences apparent
over time. Future work will seek to validate our other predicted epitopes by
expanding the epitopes to include surrounding amino acids and building and
characterizing additional chimeras in the GII.4-2002 Farmington Hills background.
GII.4 NoVs are significant human pathogens that cause considerable morbidity
and mortality, worldwide. The identification of highly significant, varying antigenic
epitopes that influence VLP-ligand interaction provides important new insights into
vaccine design and the development of therapeutics that target norovirus virions. For
example, our data predict that vaccines derived from GII.4-1987(+06A) or GII.42006(+87A) should greatly broaden the breadth of the cross antigenic and cross
blockade response against time-ordered GII.4 NoV. Our data predict that GII.4-
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2006(+09A) vaccines would induce stronger blockade responses against
contemporary GII.4 strains as compared to GII.4-2006 VLP vaccines. These
experiments are underway. Finally, we anticipate that a full understanding of the
varying antigenic and blockade epitopes of GII.4 NoV may not only help to predict
the emergence of new epidemic strains but simultaneously identify key
reformulations in vaccine design that will protect the public health against
contemporary and emerging epidemic strains of the future.
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CHAPTER 3: EMERGENCE OF NEW PANDEMIC GII.4 SYDNEY STRAIN
CORRELATES WITH ESCAPE FROM HERD IMMUNITY3
Introduction
Noroviruses are a leading cause of acute gastroenteritis, resulting in
approximately 21 million infections in the U.S. annually[102]. The highly
heterogeneous human noroviruses are divided into two principle genogroups
designated GI and GII, which are further subdivided into 9 and 21 genotypes,
respectively[6, 103]. The GII.4 noroviruses are responsible for >70% of all norovirus
outbreaks[104]. Norovirus disease patterns in human populations include epidemic
outbreaks of disease every 2-3 years, punctuated by the emergence of an
antigenically distinct GII.4 strain that appears to escape human herd immunity to the
previous circulating strain[10, 11, 13, 38]. The first major GII.4 norovirus pandemic
was associated with the GII.4-1997 US95/96 strain[105, 106], which was replaced in
2002 with GII.4-2002 Farmington Hills[107]. GII.4-2002 was then replaced in 2004
by the Hunter strain[108-110]. In 2006, GII.4-2006 Minerva replaced Hunter[109,
111, 112] and was the predominant strain until 2009 when it was gradually replaced
with GII.4-2009 New Orleans[113]. In March 2012, a new strain, called GII.4-2012
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Sydney, was first described, and by November 2012, it had replaced GII.4-2009 as
the primary norovirus strain in most countries in the northern hemisphere[114, 115].
Noroviruses are single-stranded, positive sense RNA viruses that belong to
the family Caliciviridae. The norovirus genome is ~7.5 kb and contains three open
reading frames. ORF1 encodes the non-structural proteins, ORF2 encodes the VP1
major capsid protein, and ORF3 encodes the VP2 minor capsid protein[75]. The P2
subdomain of VP1 contains potential neutralizing antibody epitopes and interacts
with histoblood group antigens (HBGAs), which are a diverse family of
carbohydrates and serve as putative receptors for norovirus entry[11-13, 19, 78, 79,
84, 85, 116]. HBGAs are differentially expressed in humans and differentially bound
by NoV strains[12, 19, 75, 85, 117].
There is currently no cell culture or small animal model available to study
human noroviruses, slowing progress toward understanding the mechanisms of
protective immunity, virus evolution, and the development of an effective vaccine.
However, VLPs, which are morphologically and antigenically comparable to native
virions, serve as a virus surrogate, and in conjunction with bioinformatics and
surrogate neutralization assays, provide a good model to study questions regarding
viral evolution and human immunity, which will ultimately inform vaccine design[11,
13, 28, 38].
Using human and mouse monoclonal antibodies and time-ordered wildtype
and chimeric GII.4 VLPs, we and others have previously shown that the emergence
of these new pandemic strains is often associated with alterations in GII.4 blockade
epitopes mapped to the surface of the major capsid protein P2 subdomain[10, 11,
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13, 38, 83, 87, 118, 119]. In this manuscript, we demonstrate that the emergence of
GII.4-2012 Sydney is associated with changes in major blockade epitopes,
especially epitopes A[11] and D[10], that lead to altered antigenicity as compared to
GII.4-2009 New Orleans.

Materials and Methods
Virus like particles
A synthetically-derived outbreak GII.4-2012 ORF2 cDNA was synthesized
(BioBasic), and inserted into the Venezuelan equine encephalitis virus 3526 replicon
vector (VRP-3526). For GII.4-2006 and GII.4-2009 VLPs, virus replicon particles
(VRPs) were produced and inoculated onto BHK cells as previously described[10].
For GII.4-2012, VLPs were expressed from VEE replicon vector RNA after
electroporation of BHK cells and purified as described previously[11, 38]. Structural
integrity of VLPs was confirmed by EM, EIA, and carbohydrate binding[10].

HBGA-VLP Binding Assay
HBGA binding assays were performed as previously described[11, 12].
Briefly, synthetic HBGAs or PGM was diluted to 10 µg/ml and coated onto plates. 2
µg/ml VLPs were added and detected by polyclonal rabbit sera and then anti-rabbit
IgG-HRP (GE Healthcare) followed by One-Step Ultra TMB EIA HRP substrate
solution (Thermo-Fisher). Data are the average of three replicates with similar
results from at least two independent experiments. Positive reactivity is defined as a
mean optical density greater than 3X the background binding signal.
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EIAs
Mouse and human mAb reactivity was determined by EIA, as reported[10,
13]. Briefly, 1µg/ml VLP in PBS was coated onto plates, followed by addition of 1
µg/ml purified IgG and then anti-mouse or human IgG-HRP (GE Healthcare)
followed by One-Step Ultra TMB EIA HRP substrate solution. Data are the average
of three replicates from at least two independent experiments. Positive reactivity is
defined as a mean OD 450 nm >0.2 after background subtraction[38].

VLP-Carbohydrate Ligand-Binding Antibody Blockade Assays
Pig Gastric Mucin Type III (PGM) (Sigma Chemicals) contains HBGAs α-1,2fucose (H antigen) and α-1,4-fucose (Lewis antigen)[12, 13, 120] and has been
validated as a substrate for norovirus VLP antibody-blockade assays[10, 13].
Blockade assays were performed as previously described[38]. VLPs bound to PGM
or biotinylated B were detected by rabbit anti-GII.4 norovirus polyclonal sera. The
percent control binding was defined as the VLP-ligand binding level in the presence
of test antibody or sera compared to the binding level in the absence of antibody
multiplied by 100[13, 35]. All antibodies were tested for blockade potential at two-fold
serial dilutions ranging from 0.004 to 2 µg/ml for mouse mAbs, 0.008 to 16 µg/ml for
human mAbs, or 0.008 to 1% for human serum. Data shown are the average of at
least two replicates and are representative of similar data from at least two
independent trials. Sigmoidal dose response analysis was performed as previously
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described[38]. EC50 values among VLPs were compared using One-way ANOVA
with Dunnett’s post test. P<0.05 was considered significant.

Hybridoma Production, IgG Purification, and GII.4 Outbreak serum samples
Mouse and human mAbs were produced and purified as described previously
by our group[10, 28]. De-identified human convalescent serum samples collected
from eight subjects infected with GII.4-2009, as previously described were used in
this study[38].

Results
GII.4 noroviruses undergo genetic changes over time, which are associated
with changes in antigenicity[28]. We previously identified three GII.4 blockade
epitopes in VP1, designated A, D, and E, which are altered in GII.4-2012 and other
contemporary strains and affect GII.4 norovirus antigenic profiles[10, 11, 13, 38]
(Figure 3.1). In early strains, epitope A appears immunodominant, accounting for 4055% of the total blockade response[7, 9]; GII.4-2009 and GII.4-2012 share four
common residues but have two amino acid changes at P294T and A368E. Epitope
D shares two residues between GII.4-2009 and GII.4-2012, with differences at
S393G and P396H. Epitope E has one differential residue between GII.4-2012 and
GII.4-2009, a I413T change. To test the impact of these sequence changes on
antigenicity, we produced GII.4-2012 Sydney and chimeric VLPs. Overall, GII.22012 exhibited decreased EIA binding to all synthetic HBGAs tested compared to
GII.4-2009 (Figure 3.2). Next, we compared EIA reactivity and blockade ability of
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mAbs and human outbreak sera between GII.4-2012 and previous predominant
strains GII.4-2009 and GII.4-2006.

GII.4-2006 Mouse Monoclonal EIA Cross Reactivity and Blockade Response
We previously characterized a set of GII.4-2006 mouse mAbs, all of which
exhibit strong EIA reactivity with GII.4-2006 and GII.4-2009 and are blockade
antibodies that target overlapping residues across epitope A[11, 13, 28, 38]. To
determine whether GII.4-2006 mouse mAbs are able to distinguish GII.4-2012 from
previous GII.4 strains, we compared five GII.4-2006 (G2, G3, G4, G6, G7) mouse
mAbs for EIA reactivity with GII.4-2012, GII.4-2006 and GII.4-2009 VLPs. By EIA,
GII.4-2012 did not bind with GII.4-2006-G3 and G4 mAbs (Figure 3.3A), while
reactivity with GII.4-2006-G2, G6, and G7 mAbs was significantly reduced (p<0.05)
1.8-4.5 fold compared with GII.4-2006 and GII.4-2009 (Figure 3.3A).
Blockade is a more sensitive measure of antigenic variation and, unlike EIA,
can measure potential functional differences in antigenicity that correlate with
protective immunity in vivo[20, 121]. Three GII.4-2006 blockade mouse mAbs that
map to epitope A demonstrated EIA reactivity with GII.4-2012 (GII.4-2006-G2, G6,
and G7). To examine functionally relevant antigenic differences between GII.4-2012
and previous strains, we performed surrogate neutralization blockade assays. GII.42006-G2, while able to block both GII.4-2006 and GII.4-2009 VLPs, lost the ability to
block GII.4-2012 VLP interaction with HBGA (Figure 3.3B). GII.4-2006-G6 and G7
mAbs were both able to block GII.4-2012 VLP interaction with HBGA, but EC50
values were significantly reduced (3.9-6.3 fold) compared with GII.4-2006 and GII.4-
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2009 VLPs (Figure 3.3C,D). Out of five GII.4-2006 blockade mouse mAbs that
target epitope A, only two (G6, G7) retained limited EIA and blockade ability against
GII.4-2012 VLPs, and both of these were significantly reduced.

GII.4-2009 Mouse Monoclonal EIA Cross Reactivity and Blockade Response
To further compare the impact of epitope A changes on GII.4-2012 antigenic
structure and function, we evaluated GII.4-2012 reactivity with four GII.4-2009
blockade mouse mAbs. Previous work demonstrated that mAbs NO37 and NO52
target epitope A, but the binding sites for mAbs NO66 and NO224 have not yet been
mapped on the structure[38]. NO37 cross-reacts with GII.4-2006 and GII.4-2009[38],
but does not bind GII.4-2012 (Figure 3.4A). The other NO antibodies tested react
with GII.4-2009 but not GII.4-2006[38]. NO52 and NO224 binding to GII.4-2012 were
significantly reduced (2.75-3.9 fold, respectively) compared to GII.4-2009. NO66
failed to react by EIA with GII.4-2012 under these treatment conditions (Figure
3.4A).
In addition, we tested the GII.4-2009 mouse mAbs that bind GII.4-2012 in EIA
(NO52 and NO224) for blockade potential against this strain. Both NO52 and NO224
were able to block GII.4-2012 (Figure 3.4B,C). Interestingly, NO52 blocked GII.42012 significantly more efficiently than the homotypic GII.4-2009 VLP (Figure 3.4B),
indicating that this mAb may target a unique motif within epitope A compared with
other epitope A-targeting antibodies. EC50 blockade titers for GII.4-2012 and GII.42009 by NO224 were not significantly different (Figure 3.4C). These results support
our data from GII.4-2006 mAbs, demonstrating that antigenicity between GII.4-2012
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and previously circulating strains is significantly different at epitope A. These results
also confirm previous findings that epitope A mAbs likely engage overlapping, yet
distinct epitope residues.

Human Monoclonal Antibody EIA Cross Reactivity and Blockade Response
While mouse mAbs provide an excellent tool to examine targeted, strainspecific norovirus antibody responses, it is possible that the immune systems of
mice and humans engage norovirus epitopes differently. Therefore, we examined
whether human mAb EIA reactivity and blockade responses were also able to
differentiate between GII.4-2012 and ancestral strains. We previously characterized
four blockade human mAbs, which recognize either GII.4-2006 or GII.4-2009, or
both (NVB 43.9, NVB 71.4, NVB 97, NVB 111)[10]. Two of these mAbs map to
epitope A (NVB 43.9, NVB 111), while another maps to epitope D (NVB 97)[10].
NVB 71.4 recognizes a conserved GII.4 blockade epitope across time-ordered
strains that has not yet been mapped onto the structure. We first tested these GII.4
blockade human mAbs for EIA reactivity with GII.4-2012. Consistent with a previous
report, NVB 43.9, NVB 71.4, and NVB 97 recognize GII.4-2006 and GII.4-2009,
while NVB 111 binds only GII.4-2006[10]. When we examined reactivity of these
human mAbs with GII.4-2012, we found that NVB 43.9 and NVB 111 (epitope A),
and NVB 97 (epitope D) lost EIA reactivity with GII.4-2012 (Figure 3.5A). NVB 71.4
retained binding to GII.4-2012 similar to levels seen with GII.4-2006 and GII.4-2009
(Figure 3.5A). These results corroborate the importance of epitope A changes in
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antibody recognition of GII.4-2012. In addition, loss of binding to the epitope D mAb
indicates that this epitope has also evolved in the GII.4-2012 strain.
Next, we determined whether human blockade mAbs could further distinguish
between emergent GII.4-2012 and contemporary GII.4-2009 strains. GII.4-2012 was
only recognized by one human blockade mAb, NVB 71.4. This broadly crossreactive and blocking antibody is capable of preventing HBGA binding with GII.4
strain VLPs from GII.4-1987 through GII.4-2009[10]. When tested for blockade
response against GII.4-2012, NVB 71.4 weakly blocked this strain, with an EC50
significantly higher than for GII.4-2006 and GII.4-2009 (Figure 5B). We also
evaluated NVB 97 blockade activity against GII.4-2012 despite its inability to bind
GII.4-2012 by single dilution EIA. NVB 97 targets epitope D, another previously
identified GII.4 blockade epitope[10]. Corroborating EIA data, NVB 97 was not able
to block GII.4-2012 VLP-binding ligand interaction by blockade assay (Figure 5C).
Overall, human mAb blockade data are consistent with mouse mAb blockade data
demonstrating that GII.4-2012 is antigenically distinct in major blockade epitopes
from previously-circulating contemporary strains GII.4-2006 and GII.4-2009.

Mapping of GII.4-2012 Amino Acids Involved in Epitope A Antigenic
Differences
To more specifically map amino acids important for antigenic differences
between GII.4-2009 and GII.4-2012, three epitope A chimeras between GII.4-2009
and GII.4-2012 were constructed, where residues from GII.4-2009 were inserted into
the GII.4-2012 background (2012.T294P, 2012.E368A, and 2012.09A). We
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performed blockade assays using epitope A targeting antibodies against these
chimeras and compared them to parental strain blockade data. Overall, data shows
that GII.4-2012 residue 368E is important for the antigenic differences in epitope A
between GII.4-2009 and GII.4-2012 as this residue impacted the blockade ability of
all eight epitope A targeting mAbs tested (2006-G2, G3, G4, G6, G7, NO37, NO52,
and NVB 43.9), and representative data are shown (Figure 3.6A). Residue 294T
was also important, synergistically contributing with 368E to the difference in
blockade response for 4 of 8 mAbs (2006-G3, NO37, NO52, NVB 43.9), and
representative data are shown (Figure 3.6B). Importantly, blockade profiles between
GII.4-2009 and GII.4-2012.09A were different for some antibodies (Figure 6A),
indicating that there are other residues not included in the defined epitope A that
contribute to antigenicity changes between GII.4-2009 and GII.4-2012.

GII.4-2009 Outbreak Human Sera Against GII.4-2012.
Blockade results with mAbs demonstrated differences between GII.4-2009
and GII.4-2012 in epitopes A and D, but mAb data don’t represent the total antibody
response. To determine if the polyclonal antibody response is different between
GII.4-2009 and GII.4-2012 and to what degree epitope A accounts for any
differences, we tested the blockade activity of GII.4-2009 outbreak convalescent
human sera from eight individuals against GII.4-2009, GII.4-2012, and GII.42012.09A VLPs. EC50 titers demonstrated that significantly more sera was
necessary to block GII.4-2012 (0.066%) and GII.4-2012.09A (0.048%) compared to
GII.4-2009 (0.021%) (Figure 3.7). This demonstrates that only ~30% of the blockade

	
  

73	
  

against GII.4-2009 is retained against GII.4-2012, and at least 11% of the decreased
response is due to changes in epitope A. Individually, it took significantly more sera
to block GII.4-2012 compared to GII.4-2009 in 7/8 serum samples (Figure 3.8A-G)
and significantly less sera to block in 1/8 serum samples (Figure 3.8H). In 4/8 serum
samples (Figure 3.8), epitope A was responsible for a significant change in
blockade, accounting for between 21-100% of the change.

Discussion
GII.4 noroviruses are the principle cause of epidemic norovirus gastroenteritis
in human populations. The GII.4 genotype undergoes epochal evolution whereby a
predominant circulating strain is replaced by an emergent strain containing antigenic
changes facilitated by alterations in the P2 subdomain of the NoV capsid[10, 12, 83,
87, 91, 118]. Increased evolution of GII.4 noroviruses over other genotypes has
been correlated with mutation rate, antigenic space, and herd immunity[122]. These
antigenic changes over time have also been shown to be specifically associated with
GII.4 blockade epitopes[10, 11, 13, 38]. These data support the hypothesis that
emergence of new strains is driven by evolutionary escape from human herd
immunity[12, 86].
To determine if antigenic differences exist between GII.4-2012 and the recent
circulating ancestral strains GII.4-2006 and GII.4-2009, we compared reactivity and
blockade capacity using time-ordered VLPs, mouse and human monoclonal
antibodies, and GII.4-2009 human outbreak convalescent sera. Out of nine tested
mAbs that bind GII.4-2006 and GII.4-2009 (G2, G3, G4, G6, G7, NO37, NVB 43.9,
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NVB 71.4, and NVB 97), only four retained the ability to react with GII.4-2012 (G2,
G6, G7, and NVB 71.4), although at significantly lower levels compared with GII.42006 and GII.4-2009. Of the three mouse mAbs that reacted with GII.4-2009 and not
GII.4-2006 (NO52, NO66, NO224), two of them were able to react with GII.4-2012
(NO52, NO224), albeit at significantly reduced levels. The majority of the tested
mAbs target the A epitope, which has previously been identified as the predominant
GII.4-blockade epitope in earlier strains. Our data also support earlier data that
suggests the presence of several overlapping epitopes within epitope A. Epitope A
targeting mAbs, except NO52, either lost blockade activity or required significantly
more sera to block GII.4-2012-ligand binding interactions. Interestingly, while NO52
binding to GII.4-2012 is reduced compared to GII.4-2009, this mAb blocks GII.42012 more efficiently than GII.4-2009. Possible explanations for this include that
NO52 binding to GII.4-2009 and GII.4-2012 may result in slightly different antibody
positioning that more efficiently blocks VLP-HBGA binding in GII.4-2012, NO52 may
recognize a rare overlapping epitope that is only targeted by the immune systems of
a small fraction of the human population, or NO52 may represent a novel mousespecific epitope. In any event, differences among blockade potential of epitope A
mAbs highlight the need for fine resolution mapping of these overlapping epitopes as
well as the need for assays that measure the fraction of a polyclonal response
against a unique monoclonal antibody epitope[123]. Our mAb data clearly support
the hypothesis that major antigenic differences exist in epitope A between GII.42012 and previously circulating strains, and that this epitope may represent the
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major site for driving GII.4 escape from herd immunity over the past 15 years[10, 11,
32, 38].
Previous studies by our group and others support the hypothesis that human
immune responses may select for mutations in the HBGA binding pocket, selecting
for varying HBGA recognition patterns over time in GII.4 noroviruses[10, 12, 19, 75,
85, 116]. HBGA binding assays revealed similar, but reduced binding patterns as
compared to contemporary GII.4-2006 and 2009 strains, indicating that more
sophisticated measures of affinity binding may be needed to untangle the subtle
changes in HBGA interactions in GII.4-2012 Sydney. Supporting earlier findings,
human mAb NVB 97 completely lost reactivity and blockade against GII.4-2012 D
epitope. Epitope D minimally consists of varying residues 393-395, but likely
includes other adjacent residues that may alter norovirus strain binding affinity and
specificity to HBGAs as well as antibody binding and blockade. Modulation of
several residues in close proximately to the HBGA binding pocket influence HBGA
binding[11, 12, 32, 88, 96], but most of these residues have not been evaluated for
their roles in antibody binding. Overall, results from mAb binding and blockade
assays demonstrate that recognition of epitopes A and D between GII.4-2009 and
GII.4-2012 are very different, and most neutralizing antibodies generated against
epitopes A and D during a GII.4-2009 New Orleans strain infection would probably
not protect against the new GII.4-2012 Sydney strain.
Blockade data from human outbreak sera also showed significant reductions
in the global antibody blockade response for GII.4-2012 compared with GII.4-2009.
Importantly, a comparison of mean outbreak human sera EC50 titers from a GII.4-
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2009 New Orleans outbreak between GII.4-2009 and GII.4-2012 indicate that GII.42012 Sydney retained only ~30% of the GII.4-2009 blockade response, and two
changes in epitope A accounted for 11% of the change in blockade response. On an
individual level, epitope A changes significantly accounted for changes in blockade
response in half of the serum samples. This suggests that individual responses to
new GII.4 strains are highly varied, and the immune response to specific epitopes
may be shaped by previous exposure history. As GII.4 noroviruses are mucosal
pathogens with short incubation periods (<30 hours) and rapid clinical disease
manifestations (~48 hours), waning immunity may rapidly permit repeat acute
infections in some but not all individuals, depending on the specificity and affinity of
the global blockade specific response to different epitopes, perhaps at both an
individual and population level. The frequency at which monoclonal antibodies are
produced against a specific epitope may be a key predictor of short versus long-term
immunity, with antibody responses to the most frequently-targeted epitopes
remaining the longest and selecting for the most antigenic variation. Given that the
majority of blockade monoclonal antibodies that were isolated target epitope A, our
data suggest that antibody responses against A would wane more slowly than
antibody responses against more rarely-targeted epitopes like D, E, and the
universal epitope. Interestingly, the ancestral blockade response against the
universal neutralization site is weak against GII.4-2012, suggesting the emergence
of mutations in this epitope as well. Overall, our data clearly demonstrate that GII.42012 Sydney is antigenically different from both GII.4-2006 and GII.4-2009 and
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support the hypothesis that emergence of GII.4 strains is the result of escape from
herd immunity as they undergo evolution in major neutralizing epitopes.
One of the factors complicating vaccine design is the high degree of GII.4
antigenic variation over time. Because of this variation, the GII.4 component of a
successful norovirus vaccine will likely need to be reformulated over time. Our work
describes an important platform approach to identify GII.4 strains with pandemic
potential and provides important insights into effective vaccine design. We
demonstrate the importance of key reagents such as time-ordered VLPs and
monoclonal antibodies that identify surface varying residues involved in escape from
herd immunity. Tracking sequence and antigenic changes over time may reveal new
patterns of evolution, distinguish important overlapping epitopes, and identify the
emergence of new blockade epitopes. By identifying important blockade epitopes for
GII.4 noroviruses and tracking those particular sites in new strains as they emerge,
vaccines could be reformulated quickly and tailored specifically to new epidemic and
pandemic strains. We may also identify important therapeutic antibodies targeting
these epitopes in circulating strains which would be valuable for treating long-term
chronic infections in immunosuppressed patients as has been demonstrated for
RSV[124]. In particular, our data suggest that epitopes A and D are major drivers of
escape from herd immunity in contemporary strains, and screening new strains for
changes in these and other potential neutralization epitopes may provide a quick
and valuable method for effective vaccine design and reformulation.
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CHAPTER 4: WITHIN HOST EVOLUTION RESULTS IN ANTIGENICALLY
DISTINCT GII.4 NOROVIRUSES4
Introduction
Noroviruses are the leading cause of gastrointestinal illness worldwide. While
typically an acute disease, norovirus infections can be serious in the young, old, and
immunocompromised, as these groups are at risk for more severe disease and
death [3, 70, 71]. Norovirus is spread rapidly in environments where people are
found in close proximity including schools and daycares, nursing homes, cruise
ships, and hospitals. Importantly, hospital outbreaks can result in significant
economic damage, with direct and indirect costs from a single outbreak reaching
$650,000 [72].
Noroviruses are members of the Caliciviridae family and contain a ~7.5 kb
single stranded, positive polarity RNA genome. They are divided into 5 genogroups;
genogroups I and II are responsible for the majority of human disease and are
further subdivided into at least 9 and 22 genotypes, respectively [7]. The human
norovirus genome encodes three open reading frames: the non-structural proteins,
the ORF2 major capsid protein (VP1), and the ORF3 minor capsid protein (VP2)
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[75]. VP1 is further divided into the shell (S) and protruding (P) domains, with the P
domain comprised of the P1 and P2 subdomains [75]. Phylogenetic studies indicate
that the P2 subdomain is the most variable region of the norovirus genome [12, 86].
The P2 subdomain is also the most surface exposed region of the norovirus capsid,
interacting with antibodies and histoblood group antigens, which serve as binding
ligands and putative receptors for human norovirus docking and entry.
GII.4 strains cause over 70% of all norovirus outbreaks [104] and epidemic
outbreaks occur every 2-4 years involving a new antigenically distinct strain [12, 91].
Studies of antigenic variation in GII.4 norovirus have shown that the P2 region is
involved in strain specific antibody recognition [12, 28, 32], and contains at least
three blockade (potential neutralization) epitopes [10, 11, 13]. In epidemic strains,
genetic variation in P2 is linked to antigenic changes over time, indicating that
evolution in the P2 subdomain is likely driven by escape from human herd immunity
[10, 11, 13, 28, 38, 39].
Noroviruses typically cause acute infection in healthy individuals, resulting in
symptomatic infection for 24-48 hours followed by viral shedding for two to four
weeks [27, 125]. However, some immunocompromised individuals such as
transplant patients on immunosuppressive drugs, those with primary
immunodeficiencies, cancer patients undergoing chemotherapy, and those with HIV
may develop chronic norovirus infection. Symptomatic infection and viral shedding
in these patients can persist from weeks to years [111, 126-130] and can result in
medical issues such as dehydration and nutrient deficiencies [52], making
development of treatment options for these patients an important priority.
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Unfortunately, there are no approved therapeutics or vaccines for controlling
norovirus infections. Attempted methods to control chronic infection have included
treatment with drugs effective against other diarrheal diseases [131], adjustment of
immunosuppressive drug type or dosage [132], and oral or enteral administration of
human IgG [65, 66, 133, 134]. Although reduction in immunosuppression coupled
with IgG administration has shown promise for some transplant patients, IgG therapy
has failed in other studies, and reduction of immunosuppression is not always
possible.
Existing studies provide a basis to investigate important questions about
chronic norovirus infection. Although unconfirmed, one recent hypothesis is that
chronically infected norovirus patients may be important sources of infection both in
healthcare settings [135] and as potential reservoirs for new emergent GII.4
norovirus strains [111, 128, 130]. Although the fitness and the infectivity of
chronically shed virus is currently unknown, potential accounts of chronic norovirus
shedders involved in hospital outbreaks and transmission of virus to both
immunocompromised and immunocompetent individuals have been documented
[126, 135, 136].
Virus capsid sequence and phylogenetic data from chronically infected
patients have found substantial genetic variation over the course of infection in
many, but not all, patients [127, 128, 137]. Siebenga et al. found that capsid
mutation rate was linked to immune impairment, suggesting that immune-driven
selection drives evolution in the capsid during chronic infection [137], and explains
differences in evolution depending on level of immunosuppression. Additional
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studies have corroborated a role for intra-host immune driven selection by
demonstrating that virus isolated from chronically-infected patients undergoes
positive selection and exhibits higher genetic diversity in the capsid protein than
virus from acutely infected individuals [128, 130]. In addition, in these chronically
infected patients with GII.4 strain infections, many of the changes occur in blockade
epitopes, areas of known or predicted antigenic importance but antigenic
comparisions have not been performed [10, 11, 13, 127, 137].
In this manuscript, we compare and contrast the antigenic differences using a
panel of polyclonal and monoclonal antibodies and time-ordered VLPs derived from
early (day 1—P.D1) and late (day 302—P.D302) capsid protein amino acid
sequencesfrom a chronically infected immunocompromised patient [128]. Our data
demonstrate significant antigenic differences between intra-host variants that mirrors
variation seen in major successive norovirus strains, suggesting that chronic
norovirus infections can evolve antigenically unique variants with the potential to
seed future norovirus outbreaks.
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Methods
Sequences and Structural Homology Models
GenBank (NCBI sequence database) sequences used in this study were
JQ478409.1 (GII.4-2006b) [13], JQ417309 (P.D1) [128], JQ417327 (P.D302) [128],
JN595867.1 (GII.4-2009) [13], and JX459908.1 (GII.4-2012) [138], and the VA387
crystal structure is available from the RCSB Protein Data Bank: identifier 2OBT [79].
Homology models of these sequences were constructed using Modeller (Max-Planck
Institutue for Developmental Biology) and modeled in PyMOL.

Production of VRPs
Virus replicon particles (VRPs) encoding the norovirus major capsid gene
were produced as previously described [77]. Briefly, expression vector pVR21
encodes the VEE genome with the VEE structural genes replaced with a
commercially synthesized norovirus ORF2 gene (BioBasic) behind the 26S
promoter. The VEE-norovirus ORF2 construct and two separate plasmids
expressing either the VEE 3526 E1 and E2 glycoproteins or VEE 3526 capsid
protein were used to make RNA. RNA from all three constructs was electroporated
into BHK cells, and 48 hours later VRPs were harvested and purified by high speed
centrifugation. VRP titers were determined by counting fluorescent cells detected
with FITC-labeled antibody. VLP production from VRPs and structural integrity was
confirmed by EM.
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Production of VLPs.
VLPs were produced as previously described [11, 13]. Briefly, commercially
synthesized norovirus ORF2 (BioBasic) from chronically infected patient sequence
or outbreak strain sequence was cloned into expression vector pVR21 behind the
26S promotor, and genome length RNAs were synthesized in vitro using T7 RNA
polymerase. RNA from the VEE-ORF2 construct and helper RNAs was
electroporated into BHK cells, and 24 hours later VLPs were harvested and purified
by high speed centrifugation. VLP concentration was determined by BCA Protein
Assay (Pierce), and structural integrity was confirmed for all VLPs by EM.

HBGA Binding Assay
HBGA assays were performed as previously described [12]. Briefly, Avidin
coated plates (Pierce) were coated with 10 ug/mL synthetic biotinylated HBGAs
(GlycoTech), followed by addition of 2 ug/mL VLPs. HBGA binding was detected by
strain specific mouse polyclonal sera followed by anti-mouse IgG-HRP (GE
Healthcare) and then One-Step Ultra TMB HRP substrate. Positive reactivity for
each HBGA is defined as an OD 450 nm signal above or equal to 3X the
background binding (background range 0.049-0.066) after background subtraction.

EIAs
Reactivity with mouse and human mAbs was determined by enzyme-linked
immunoassay (EIA). Plates were coated with .5 µg/ml VLP in PBS, and then two-fold
serial dilutions of mAb starting at 1 µg/ml mAb were added. Anti-mouse or human
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IgG-HRP (GE Healthcare) followed by One-Step Ultra TMB EIA HRP substrate
solution was used for detection. Positive reactivity is defined as a mean OD 450 nm
>0.2 after background subtraction. Data represent at least two replicates and are
indicative of similar data from at least two independent trials. Sigmoidal dose
response analysis was performed as previously described [10] using the reactivity at
1 ug/ml as 100% binding. EC50 values among VLPs were compared using One-way
ANOVA with Dunnett’s post test. P<0.05 was considered significant. VLPs with
maximum reactivity below mean OD 450 nm 0.2 were assigned a value of zero for
graphical representations.

VLP-Carbohydrate Ligand-Binding Antibody Blockade Assays
Blockade assays using Pig Gastric Mucin Type III (Sigma Chemicals) were
performed as previously described [10]. PGM-bound VLPs were detected by rabbit
anti-GII.4 norovirus polyclonal sera. The percent control binding was defined as the
VLP-ligand binding level in the presence of test antibody or sera compared to the
binding level in the absence of antibody multiplied by 100. All mAbs and sera were
tested for blockade potential at two-fold serial dilutions ranging from 0.0039 to 2
µg/ml (mouse mAbs), 0.0039 to 16 µg/ml (human mAbs), and 0.0098 to 5% (mouse
sera). Data shown represent at least two replicates and are indicative of similar data
from at least two independent trials. Sigmoidal dose response analysis was
performed as previously described, and EC50 values among VLPs were compared
using One-way ANOVA with Bonferroni post test. P<0.05 was considered significant.
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Blockade assays utilize VLP concentrations in the low nanomolar range; therefore,
this assay does not discriminate between antibodies with sub-nanomolar affinities.

Monoclonal antibodies and mouse polyclonal sera
Mouse [28] and human [10] monoclonal antibodies were isolated as
previously described. Balb/c mice (five per group) were immunized by footpad
injection with 5 x 104 VRPs expressing norovirus capsid gene (GII.4-1987, GII.42002, GII.4-2006b, GII.4-2009, P.D1, or P.D302). Mice were boosted on day 21,
euthanized 7 days post-boost, and sera were harvested. This study followed all
institutional guidelines for animal care and experimentation (IACUC guidelines).

Antigenic Cartography
Briefly, the EC50 blockade titers of various sera against a panel of VLPs were
normalized to maximum blockade titer of each sera, as well as to the maximum
overall blockade titer across sera (Normalization method 1) using AntigenMap 3D
[139, 140]. Normalized values were used to calculate Euclidean distances, D,
between each pair of VLPs. AntigenMap 3D then determined XYZ-coordinates such
that the difference between the actual D-values and XYZ D-values are as similar as
possible.
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Results
Comparison of sequence changes among chronic infection isolates GII.42006b.
Previous work has shown that changes identified in a few key surface
exposed epitopes correlate with shifts in GII.4 norovirus antigenicity [10, 11, 13, 32],
including residues in Epitope A (294, 296-298, 368, and 372) [11], Epitope D (393395) [10], and Epitope E (407, 412-413) [13]. Changes in these residues likely alter
the ability of preexisting immunity to neutralize the virus, selecting for the emergence
of new epidemic strains.
To study the within-host antigenic evolution of noroviruses during a chronic
human infection, we aligned the sequence of the capsid P2 domains of GII.4-2006b,
P.D1, and P.D302 to examine sequential amino acid changes from GII.4-2006b
through P.D302 after at least 10 months of within-host evolution [128]. Between
VP1 amino acid positions 248-434, there are 9 differences between GII.4-2006b and
P.D1. After 10 months, there were 15 additional differences between P.D1 and
P.D302, and 20 differences between GII.4-2006b and P.D302 located between
these amino acid positions (Figure 4.1A). Similarly, there are 16 differences
spanning this domain between GII.4-2006b and subsequent epidemic strains, GII.42009 and GII.4-2012. Two of the differences between GII.4-2006b and P.D1
(S368A and S393G) and four of the differences between GII.4-2006b and P.D302
(A294G, S296T, S368A, and N412D) are located within blockade epitopes (Figure
4.1B). Four differences in blockade epitope residues also exist between P.D1 and
P.D302 (A294G, S296T, G393S, N412D) (Figure 4.1B). We synthesized GII.4-
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2006b, P.D1, and P.D302 genes, expressed VLPs representing these strains, and
measured differences in antigenicity and HBGA binding among the chronic infection
isolates and GII.4-2006b using biological assays. In addition, several amino acid
substitutions present in the chronic infection strains that are conserved in past
epidemic strains may also influence the antigenic and HBGA binding characteristics
of epitopes A (292, 295, 373), D (391), and E (414) (Figure 4.1B) based on their
position relative to these epitopes in GII.4 homology models (Figure 4.1C).

Comparison of HBGA binding in chronic infection isolates to GII.4-2006b.
To evaluate differences in HBGA binding preferences among GII.4-2006b,
P.D1, and P.D302, we measured VLP binding to synthetic biotinylated
carbohydrates (A, B, Lea, Leb, Lex, Ley, H type 1, and H type 3). As previously
reported, GII.4-2006b bound A, B, Leb, Ley, and H type 3 [26]. In contrast, chronic
infection strain VLPs exhibited differential HBGA binding profiles compared to GII.42006b and to each other (Table 4.1). P.D1 was able to bind A, B, and H type 3,
while P.D302 bound only B and H type 3 synthetic biotinylated HBGAs. This
indicates that HBGA binding preferences may be altered over time during chronic
infection.

Reactivity with GII.4 Mouse and Human mAbs
To measure antigenic differences among VLPs representing GII.4-2006b and
chronic strains P.D1 and P.D302, we performed enzyme-linked immunoassays
(EIAs) using mouse and human mAbs. We tested five GII.4-2006b mouse mAbs
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(G2, G3, G4, G6, G7) and two GII.4 human mAbs (NVB111, NVB43.9), all of which
target epitope A residues (294, 296-298, 368, and 372), for EIA binding with GII.42006b, P.D1, and P.D302 VLPs. GII.4-2006b and P.D1 differ in one epitope A
position, where P.D1 contains S368A compared to GII.4-2006b. P.D302 is different
from GII.4-2006b at 3/6 epitope A residues: A294G, S296T, and S368A, while P.D1
and P.D302 are different at 2/6 epitope A residues: A294G and S296T. We also
tested reactivity of these VLPs with one human mAb (NVB97), which targets epitope
D residues (393-395). While GII.4-2006b and P.D302 share identical epitope D
residues, P.D1 has an S393G change compared to GII.4-2006b. We additionally
tested one human mAb (NVB71.4) that targets an unmapped conserved GII.4
epitope [10]. Consistent with previously-reported results, all mAbs reacted strongly
with GII.4-2006b VLPs [10, 28] (Table 4.2). In contrast, EC50 values for P.D1 VLPs
were significantly different (P<0.05) from GII.4-2006b VLPs for mouse mAbs G2, G4,
G6, and human mAbs NVB43.9, and NVB111 (Table 4.2). Moreover, EC50 values
for P.D302 VLPs were significantly different from GII.4-2006b for all mAbs except
NVB71.4, and different from P.D1 VLPs for all but NVB71.4 and NVB111 (Table
4.2). This indicates that epitopes A and D are antigenically distinct among GII.42006b, P.D1, and P.D302, demonstrating antigenic variation over the course of
chronic infection in important blockade epitopes.

Blockade Activity for GII.4 Mouse and Human mAbs
Compared to EIA, neutralization is a more relevant measure of functional
antigenic change. To test potential neutralization activity of mAbs (GII.4-2006b-G2,
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G3, G4, G6, and G7, and NVB43.9, NVB71.4, NVB97, NVB111) against GII.42006b, P.D1, and P.D302 VLPs, we performed blockade assays, a correlate of
protective immunity [20] and a neutralization surrogate. Consistent with previous
findings, all mAbs were able to block ligand-VLP interactions for GII.4-2006b [10, 28]
(Figure 4.2). Likewise, P.D1 was blocked by all mAbs (Figure 4.2). However, EC50
blockade titers for two out of five GII.4-2006b mouse mAbs, G2 (Figure 4.2A) and
G7 (Figure 4.2E), and two of four GII.4 human mAbs, NVB111 (Figure 4.2G) and
NVB71.4 (Figure 4.2I), were significantly different, requiring 7.1X, 2X, 2X, 3.2X more
antibody, respectively, for blockade compared to GII.4-2006b VLPs. P.D302 VLPligand binding was blocked by GII.4-2006b mouse mAbs G2 (Figure 4.2A), G6
(Figure 4.2D), G7 (Figure 4.2E), but not by G3 (Figure 4.2B) or G4 (Figure 4.2C),
and blocked by GII.4 human mAb NVB71.4 (Figures 4.2I), but not by NVB43.9
(Figure 4.2F), NVB111 (Figure 4.2G), or NVB97 (Figures 4.2H). EC50 blockade titers
were significantly different between GII.4-2006b and P.D302 for G2, G6, G7, and
NVB71.4, requiring 12.6X, 15.9X, 12X, and 6.8X more mAb compared to GII.42006b, respectively. Overall, EC50 blockade titers were significantly higher for
P.D302 compared to both GII.4-2006 and P.D1 for all tested mAbs, demonstrating
major antigenic changes in epitopes A and D over the course of chronic norovirus
infection.

Blockade Response of Strain Specific Mouse Polyclonal Sera
While monoclonal antibodies are informative of the changes in a single
epitope, polyclonal sera are needed to evaluate global antigenic changes. To
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measure differences in the total antibody response, we immunized mice with virus
replicon particles (VRPs) expressing the capsid gene from GII.4-2006b, P.D1, and
P.D302 or GII.4-2009, the consecutive outbreak strain following GII.4-2006, and
measured the induced serum blockade responses (Figure 4.3). Mice immunized
with GII.4-2006b VRPs mounted a robust blockade response against homotypic
GII.4-2006b VLPs, while significantly more sera was needed to block GII.4-2009,
P.D1, and P.D302 VLPs (16X, 9.4X, and 12.7X, respectively) (Figure 4.3A). Sera
from mice immunized with GII.4-2009 VRPs induced a strong blockade response
against GII.4-2009 VLPs; however, significantly more sera was needed to block
GII.4-2006b and P.D302 VLPs, with 39X more sera needed to block P.D302 VLPs
compared to GII.4-2009 (Figure 4.3B). Sera from mice immunized with P.D1 VRPs
most efficiently blocked homotypic P.D1 VLPs. EC50 values indicated that more sera
is required to block GII.4-2009 (3X) and P.D302 (25.8X) than P.D1, while GII.42006b and P.D1 EC50 titers were not significantly different (Figure 4.3C). Sera from
mice immunized with P.D302 VRPs efficiently blocked P.D302 VLP-ligand
interactions and weakly blocked GII.4-2006b and P.D1, requiring 92X and 61X more
sera, respectively. P.D302 sera was unable to block GII.4-2009 VLPs (Figure 4.3D).
This data shows that chronic isolate VLPs induce antibody responses that are
different from the parental strain and each other, demonstrating major changes in
total antibody response over the course of chronic infection.
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Antigenic Cartography
We next compared the antigenic distance between intra-host variants and
naturally occurring epidemic strains over time. We used AntigenMap 3D [139] to
visualize and measure the antigenic relationships among outbreak strains GII.41987, GII.4-1997, GII.4-2002, GII.4-2006b, GII.4-2009, and GII.4-2012 as well as
chronic isolates P.D1 and P.D302. The antigenic distances between strains were
measured using GII.4-1987, GII.4-2002, GII.4-2006b, GII.4-2009, P.D1, and P.D302
mouse sera EC50 blocking titers against VLPs representative of the specified GII.4
strains. Consonant with earlier findings [28], early (GII.4-1987, GII.4-1997, GII.42002) and late strains (GII.4-2006b, GII.4-2009, GII.4-2012) formed distinct but interrelated clusters that diverged over time (Figure 4.4). Not surprisingly, the early
within host variant, P.D1, grouped closely with late strains (Figure 4.4), reflecting its
origins from the GII.4-2006b lineage. In contrast, P.D302 did not group with any
other strain and was antigenically distant from both the early and contemporary
isolates. We compared Euclidean distances, D, between each pair of VLPs across
all serum utilized for antigenic cartography. We first examined the groupings of early
and late GII.4 outbreak strains. The average distance within a group was 3.79
(range 2.11-6.39) while the average distance between early and contemporary
clusters was 10.7 (range 8.49-13.32). As shown in Figure 4, P.D1 grouped closely
with late outbreak strain VLPs, with an average D of 3.46 (range 2.26-5.09). In
contrast, P.D302 was quite distinct from both early and late outbreak strain viruses,
as well as from P.D1, with an average D of 9.92 (range 8.73-11.62). During an ~10
month chronic infection in this individual, our data demonstrate that intra-host

	
  

92	
  

evolution can generate novel variants with unique HBGA binding patterns and
encode unique antigenic differences that are as dramatically distinct as timeordered, epidemic outbreak strains that emerge in human populations.

Expansion of Epitope A
We next determined whether novel sites of within host evolution can refine
existing epitope maps and identify potential immunogenic changes in epidemic
strains of the future. Amino acid position 373 exhibited a N373H change between
P.D1 and P.D302, but was conserved in major GII.4 epidemic strains up until a
N373R substitution in GII.4-2012 Sydney. As changes at site 373 have never been
shown to influence immunogenicity, it is not included as a diagnostic A epitope
residue, potentially hampering new epidemic strain identification. To determine
whether position 373 contributes to antigenic differences in epitope A, we used the
blockade assay to test potential neutralization of VLPs representing parental strains
GII.4-2009 New Orleans, GII.4-2012 Sydney, and chimeric sequences GII.42012.09A, GII.4-2012.09A.R373N, and GII.4-2012.R373N (Figure 4.5) by epitope A
targeting human mAb 43.9. GII.4-2009 was efficiently blocked by mAb 43.9, while
GII.4-2012 required significantly more (55.3X) mAb for blockade. Blockade
response was partially restored in chimeras GII.4-2012.09A and GII.4-2012.R373N,
but required 1.5X and 4.8X more mAb, respectively, for blockade compared to GII.42009. EC50 blockade titers were not statically different between GII.42012.09A.R373N and GII.4-2009 VLPs. Similar trends were seems using mouse
mAbs targeting epitope A residues (data not shown). As this data demonstrates that
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residue 373 is a diagnostic and immunogic residue of the evolving epitope A, it
seems likely that within host evolutionary trends can map and perhaps even predict
novel amino acids changes that may regulate new strain emergence and escape
from herd immunity in the future.

Discussion
Noroviruses are a major cause of worldwide disease burden, and result in
over 2.5 billion dollars in economic losses and healthcare costs each year in the
United States alone [141]. Furthermore, noroviruses are an important cause of
gastroenteritis in immunocompromised individuals [82, 142], who are at increased
risk for severe disease outcomes [3, 142]. Recent vaccine trials utilizing a VLPbased vaccine approach support the idea that efficacious vaccines can be generated
that elicit short term protection in some healthy individuals, but vaccines may not
protect immunocompromised populations. The current lack of approved vaccines,
antivirals, or other therapeutics that effectively treat or prevent norovirus make
continued development of such therapeutics a top health priority.
In immunocompetent people, norovirus infection results in acute disease
outcomes [58]. In contrast, immunocompromised individuals can develop
symptomatic disease and high titer viral shedding for months to years.
Unfortunately, the literature on specific chronically-infected norovirus patient
populations is sparse, and duration and severity of chronic norovirus infections is
likely influenced by several factors including underlying condition, drug treatment
regime, degree of immunosuppression and the rate of within host virus evolution,
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making it difficult to define the characteristics of a typical chronic norovirus case.
From these limited studies, it is difficult to discern whether there are characteristics
of chronic norovirus infection that are broadly applicable to all populations,
characteristics that are true to specific populations, or whether characteristics vary
by each individual case. However, previous work has shown that during the course
of chronic infection, virus genetic diversity can expand quickly [127, 128, 130, 137];
however, it was previously unknown whether this genetic variation translated into
antigenic variation or the emergence of antigenically unique isolates that differ
significantly from contemporary epidemic strains. For the first time, our work clearly
demonstrates the potential for significant antigenic variation over the course of
chronic infection within an individual, which is important in terms of both therapeutic
treatment considerations and for studying the potential role for chronic shedders as
reservoirs for evolving new outbreak strains.
Since there is no known animal reservoir for human noroviruses [143], the
available data indicate that new GII.4 strains likely arise naturally within the human
population by epochal evolution, immune driven selection and inter-host
transmission over time [10, 11, 28, 38, 39]. The occurrence of frequent long-term
chronic infections in immunosuppressed patients also represents a possible source
of new GII.4 norovirus strains with epidemic potential [128, 130, 137]. While their
immune responses are unable to clear the infection, these patients may provide an
appropriate environment for sustained immune-directed molecular evolution,
apparently targeting previously identified surface exposed blockade epitopes for
mutation driven escape. Evidence supporting this hypothesis includes sequence
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data from chronically infected patients that demonstrate the emergence of genetic
changes in GII.4 blockade epitopes that modulate inter-host antigenicity [127, 137].
This diverse pool may contain variants antigenically distinct from the predominant
circulating strain, allowing emergence of a new strain under the right conditions
[130]. However, host and environmental factors coupled with the type and degree of
immunosuppression may affect the rate and complexity of intra-host evolution that
occurs over time [128], and future work that evaluates the role of different
immunosuppressive conditions on intra-host norovirus evolution are needed.
Starting from these observations, we measured the impact of genetic change on
antigenic divergence and distance between two intra-host isolates (P.D1 and
P.D302), which originated from the GII.4-2006b lineage, and several strains that
have circulated in human populations over the past 20 years.
Reactivity and blockade with mouse and human mAbs demonstrated a
temporal change in antigenicity in epitopes A and D during a chronic norovirus
infection in an immunocompromised patient. Epitope A targeting mAbs generally
exhibited weaker reactivity with P.D1 compared to GII.4-2006b, and though all mAbs
maintained blockade activity against P.D1, three required significantly more sera for
blockade. Six of seven epitope A targeting mAbs lost reactivity with P.D302, and
GII.4-2006-G6 demonstrated significantly weaker binding compared to both GII.42006b and P.D1. All seven mAbs demonstrated a significantly weaker blockade
against P.D302 as compared to P.D1 and GII.4-2006b, and four mAbs completely
lost blockade capacity against P.D302. Interestingly, P.D302 contained residue
substitutions in amino acid positions 292, 295, and 373, which are conserved in
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major GII.4 outbreak strains, except for 373, which was alteredi in the most recent
predominant strain, GII.4-2012 Sydney. Changes in these residues likely impact
epitope A antibody binding and blockade response either by altering the
conformational landscape of the epitope or directly inhibiting the interaction of the
antibody with the capsid. Using GII.4-2009/GII.4-2012 chimeric VLPs, we
demonstrated that residues at position 373 impact the blockade response of human
mAb NVB 43.9, an antibody that targets epitope A. This demonstrates that 373 is
part of epitope A, expanding this epitope to 7 positions including 294, 296-298, 368,
372, and 373. Furthermore, we suggest that monitoring intra-host evolved strains
may provide a novel strategy to map key residues capable of mediating antigenic
changes in future outbreaks. While positions 292 and 295 have been conserved in
previous predominantly-circulating GII.4 strains, their ability to change in this patient
and their proximity to known epitope A residues suggest that these residues have
diagnostic potential to identify future epidemic strains by impacting antigenic change
in epitope A.
Reactivity and blockade response data for antibody NVB97 demonstrates
antigenic evolution in epitope D during chronic infection. Epitope D minimally
include residues 393-395, is in close proximity to the carbohydrate binding pocket
[79], and previous work demonstrates that modulation of residues within this epitope
modulate HBGA specificity [12]. Evolution in this epitope is likely driven both by
antibody selective pressure and pressure to maintain binding to one or more
HBGAs. Despite conservation of residues 393-395 between GII.4-2006b and
P.D302, antigenic phenotypes differ significantly, demonstrating that NVB97
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recognition is modulated by amino acid positions outside of the previously-defined
epitope D. Position 391, which is close to the carbohydrate binding pocket, is
conserved in major outbreak strains and between GII.4-2006b and P.D1. Previous
work demonstrated that an alanine substitution at this residue had little impact on
HBGA binding, recognizing the limitations inherent in this approach [88]. Neither the
antigenic consequences of residue changes nor the impact of other residue
substitutions on HBGA binding at this position have been rigorously evaluated,
meaning that the D391N change in P.D302 may contribute to both the HBGA
reactivity and antibody blockade differences observed for P.D302. To explore this
possibility, we created homology models of these P2 domains and compared the
predicted polar interactions present in residues 390-395 (Figure 4.6) among GII.42006b, P.D1, and P.D302. Conformational comparisons between GII.4-2006b and
P.D1 show general similarities in the shape created by residues 390-395, with
exceptions being the loss of a side chain in 393 of P.D1, and slight shifts in position
for side chains in residues 394 and 395 (Figure 4.6A and 4.6B). These
conformational changes appear to impact the polar interactions within these
residues, as the loss of the side chain in residue 393 ablates the hydrogen bond
present in GII.4-2006b. In addition, the positional shifts in residues 394 and 395 in
P.D1 appear to prevent formation of another hydrogen bond present in GII.4-2006b.
Conformational comparisons between GII.4-2006b and P.D302 demonstrate that the
residue change at 391 has significant impact on the shape and hydrogen bonding
networks for residues 390-395 (Figures 4.6A and 4.6C). In P.D302, position 391 is
bent downward, which differs from the position of this amino acid in GII.4-2006b and
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P.D1. The result of this change is the formation of a hydrogen bond between the
side chain and main chain of 391. In addition, though residue 393 is conserved
between GII.4-2006b and P.D302, the side chain is shifted downward in P.D302
compared to GII.4-2006b, shifting the position of the hydrogen bond found at this
residue. The formation of two additional novel hydrogen bonds between 390 & 393
and 390 & 395 suggests that the 391 residue change and resulting conformational
changes allowed for these increased polar interactions. A slight conformational shift
in residue 395 in P.D302 appears to ablate a polar interaction found in GII.4-2006b
at this position. We also compared polar interactions of GII.4-2006, P.D1, and
P.D302 to residues outside of 390-395 (Figure 4.6D-F). GII.4-2006b and P.D1
displayed five conserved polar interactions to surrounding amino acids (Figures 4.6D
and 4.6E), while P.D302 lost the polar interaction at residue 391 and gained an
additional bond at residue 394 (Figure 4.6F). In addition to epitope D being an
antibody blockade epitope, these residues modulate HBGA binding, so evolution in
this epitope is likely driven both by antibody selective pressure and pressure to
maintain binding to one or more HBGAs. Interestingly, all three structures
maintained the two hydrogen bonds to positions 443 and 444. Residue 443 is in the
HBGA binding site [79], and maintaining interaction with this residue may be
selected for in this individual in order to retain HBGA binding. The altered HBGA
binding profile and reduced NBV 97 binding and blockade for P.D302 may be
explained by these polar differences, although this cannot be confirmed without a
crystal structure of these P2 domains bound to NVB 97 and HBGAs.
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Our demonstration of intra-host changes in HBGA binding profiles in
chronically infected immunocompromised patients could select for a quasispecies
population that is enriched for variants that bind patient-specific HBGAs. While
speculative, the potential emergence of intra-host variants that target patient specific
HBGA expression profiles could select for the emergence of novel strains that
recognize unique or broad combinations of HBGA patterns, allowing for altered
pathogenicity and transmission efficiencies in an individual or across select human
populations. We could not evaluate this possibility in our study because the HBGA
expression profile of this chronically infected patient is unknown.
How much intra-host and inter-host antigenic variation is necessary to give
rise to a new strain that could escape herd immunity in the general population? To
address this question, we used antigenic cartography, which provides an unbiased
measure of the global antigenic relationships among strains and has previously been
used to study antigenic differences in influenza strains [140]. Using blockade EC50
data from mouse sera against GII.4-2006b, GII.4-2009 (representative of a
successive outbreak strain), P.D1, and P.D302, we demonstrate that the antigenic
variation between P.D1 and P.D302 is 1.5X greater than that seen between GII.42006b and GII.4-2009. Antigenic cartography measures provide further support,
demonstrating that the antigenic space between P.D302 and both GII.4-2006b
(D=9.91) and P.D1 (D=9.15) is greater than the average between the consecutive
outbreak strains used in this study (D=4.98; range 2.11 to 12.11) and mirrors the
global difference between early GII.4 isolates (1987, 1997, 2002) and contemporary
strains (2006b, 2009). The use of mouse sera, rather than human sera, to compare
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antigenic profiles among strains permits us to have an immunologically clean
background, whereas the human immune response may be skewed by exposure to
multiple norovirus strains over time. Future work will require well defined, timeordered human sera during natural epidemic outbreaks, time-ordered sera during
intra-host chronic infections, and synthetic reconstruction of capsids representing
both outbreak and unique panels of inter-host variants over time; unfortunately, to
date, we have been unable to obtain the samples necessary to pursue this line of
investigation. Nonetheless, our data and others demonstrate that individuals
chronically infected with norovirus are capable of generating replication competent
isolates that are as antigenically divergent as successive outbreak strains.
Moreover, our data suggest that 1) multiple time-ordered sera can be used to
determine antigenic relatedness for noroviruses using antigenic cartography, 2)
antigenic cartography is an appropriate tool to identify potential pre-emergent strains
that pose a future epidemic threat, and 3) intra-host evolution over a 10-month
period can yield sufficient antigenic change to escape existing herd immunity.
Clearly, additional work examining norovirus infectivity after prolonged shedding is
needed in order to clarify whether chronically infected patients are a probable source
of novel epidemic strains.
The high global disease burden of noroviruses and their potential to cause
severe outcomes in immunocompromised individuals makes development of
vaccines, therapeutics, and effective control measures a top health priority.
Therapeutics are needed to alleviate clinical disease during long-term norovirus
infection and prevent the potential emergence of novel antigenic variants with
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epidemic potential in the general population. Recent work suggests that immune
globulin (IgG) administered enterically can be used to treat chronic norovirus
infection [134], but this intervention is likely only effective in cases where the
administered IgG has neutralizing antibodies to the strain infecting the patient. Our
data demonstrating that P.D302, but not P.D1, escapes the blockade response
directed against parental GII.4-2006b suggest that early during chronic infection, the
virus present in the host may not be antigenically distinct enough to escape human
herd immunity and could possibly be treated with IgG containing neutralizing
antibodies against the infecting strain. However, as time goes on, accumulated
genetic changes may lead to antigenic changes that escape herd immunity to the
infecting strain, leading IgG treatment to be ineffective because of the lack of
neutralizing antibodies against the intra-host variant. This argues that identifying
potentially chronic norovirus infections early during infection may provide the best
option for treating with IgG therapy, and that screening the virus strain and the IgG
for neutralizing antibodies that match the strain may be important for successful
treatment.
The successful use of IgG to treat chronic norovirus also suggests that
similarly-administered broadly neutralizing antibodies may be viable treatment
options for patients suffering from long-term norovirus infection. Our work
demonstrates that GII.4 broadly-neutralizing mAb NVB71.4 retains blockade
response against P.D1 and P.D302, even though both these strains are antigenically
distinct from GII.4-2006b, GII.4-2009, and presumably other major GII.4 strains.
This suggests that NVB71.4 or other antibodies with broad cross-blockade activity
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could be isolated and successfully used as norovirus therapeutics. Importantly,
different monoclonal antibodies will be needed that target other GI and GII strain
chronic infections. Furthermore, increased surveillance of norovirus isolates from
chronically infected patients should be considered in order to better understand the
transmission dynamics and genetic potential of norovirus isolates from these
patients since these are likely different from what is seen in the general population.
Overall, our work supports the idea that chronically infected individuals are potential
reservoirs for antigenically novel norovirus strains, and further work to characterize
their role in transmission and emergent norovirus outbreaks and development of
therapeutics to combat chronic infections should be a top priority.
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CHAPTER 5: A VLP-BASED GII.4 NOROVIRUS VACCINE PLATFORM ELICITS
ABROADLY BLOCKING IMMUNE RESPONSE AGAINST ANCESTRAL AND
CONTEMPORARY GII.4 STRAINS
Introduction
As the primary cause of acute gastroenteritis, noroviruses annually infect
more than 21 million people in the United States [102] and result in an estimated
200,000 deaths in children under five worldwide [74]. Furthermore, norovirusassociated economic losses due to health care costs and lost productivity total an
estimated 5.5 billion dollars per year in the United States alone [141]. Because of
these staggering health and economic burdens, a norovirus vaccine is highly
desirable for those who work in high risk environments including health care
settings, schools and daycares, nursing homes, military barracks, and restaurants.
Unfortunately, progress toward an effective vaccine has been slow due in part to the
lack of a tissue culture system, the highly heterogeneous nature of different
genogroups and genotypes, and lack of understanding of the mechanisms that drive
protective immunity and the duration of protective immunity in humans.
Noroviruses are positive sense RNA viruses and members of the Caliciviridae
family. They are divided into five genogroups, and genogroups I and II infect
humans and are further divided into 9 and 22 genotypes, respectively [6, 7]. The
~7.5 KB norovirus genome is divided into three open reading frames. ORF1
encodes the non-structural proteins, ORF2 encodes VP1, the major capsid protein,
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and ORF3 encodes VP2, the minor capsid protein [75]. VP1 is divided into the shell
(S) and protruding (P) domains, and upon expression of the major capsid gene, VP1
dimers self-assemble into virus-like particles (VLPs), which are antigenically and
morphologically comparable to native virions. The capsid P domain is further
divided into the P1 and P2 subdomains. The capsid P2 subdomain is the most
surfaced exposed area of the virion and interacts with antibodies and cellular binding
ligands, the histoblood group antigens (HBGAs) [19, 78, 79, 84, 85, 116]. HBGAs
are a diverse group of carbohydrates differentially expressed on mucosal surfaces
and differentially targeted by the various norovirus genotypes [12, 19, 85, 117].
Importantly, in the absence of a cell culture model for human norovirus, the blockade
assay [10], a correlate of human protection [20, 22], evaluates potential antibody
neutralization by measuring the ability of monoclonal antibodies or sera to block
VLP-ligand interactions.
Evolutionary patterns and contribution to disease outbreaks vary by
genogroup and genotype. GI.1 (Norwalk virus) and other GI noroviruses exhibit a
limited capacity for antigenic change over time [25], while GII.4 noroviruses
demonstrate a pattern of epochal evolution, whereby a circulating strain in replaced
by an emergent strain, likely in response to herd immunity [10, 11, 13, 28, 38, 39].
GII.3 noroviruses exhibit a similar evolutionary rate to GII.4 noroviruses, but the
evolutionary mechanism appears to be different [40]. GII.2 norovirues, on the other
hand, exhibit limited antigenic evolution over time [41]. Of the remaining human
norovirus genotypes, little is known about their evolutionary mechanisms. In terms
of disease burden, GII.4 noroviruses consistently account for over 70% of all
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outbreaks [104]. Several additional G1 and GII genotypes contribute to norovirus
disease outbreaks at lower levels, but relative contributions vary by year and
geographic location. Since an effective norovirus vaccine should protect against the
strains most commonly responsible for outbreaks, GII.4 noroviruses are the most
medically relevant group to vaccinate against; however, considering the
heterogeneous nature of noroviruses, a vaccine strategy that would protect against a
wide array of viruses would be beneficial. In addition, due to antigenic variation in
GII.4 noroviruses, the GII.4 component of a vaccine would likely need to be
reformulated over time, reflecting the antigenic characteristics of newly evolved
contemporary strains.
There is some uncertainty in the field as to the duration of protective immunity
following norovirus infection. While early human challenge studies suggested that
protection was between 6 months and 2 years [21, 144], the acquisition of norovirus
illness is dose-dependent [4, 5], and the challenge dose used in these studies was
likely much higher than that of a typical human exposure suggesting that early
studies minimized the ability of the immune response to control a natural infection
[42]. Other studies showing strain replacement and extinction of early GII.4
epidemic strains suggested that many individuals may mount more long-term
protective immunity [12, 15, 24]. More recent work using a community-based
transmission model suggests that the duration of immune protection is much longer,
from 4-8 years [42], meaning that an efficacious norovirus vaccine may provide
some individuals protection for several years.
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Results testing the GI.1 component of Takeda’s norovirus vaccine, the only
human challenge norovirus vaccine efficacy study to date, indicate that 3 weeks
after administration of an intranasal VLP-based GI.1 vaccine, gastroenteritis was
reduced by 47% [22]. Interestingly, 31% of the placebo group did not become ill
despite administration of 10X the ID50 [22], suggesting that some study participants
may have had preexisting immunity to the virus. Longer term monitoring of these
participants is also being conducted to determine the duration of protection provided
by this vaccine.
Several additional vaccine strategies are under development. Different VLPbased vaccine platforms are currently being investigated including GII.4 consensus
VLP and multivalent VLP approaches. Immunization studies in mice have
demonstrated that multivalent VLP vaccines induce a blockade response against
VLPs representing strains included in the vaccine formulation and also broaden the
blockade response against VLPs representing strains not included in the vaccine
[29].
Our work involves the development of strategies to rapidly reformulate GII.4
norovirus VLP-based vaccines, simultaneously investigating the capacity of rational
structure-guided antigen design to expand and broaden the antigenic properties of a
VLP based vaccine. In this manuscript, we designed and constructed a chimeric
GII.4 vaccine by admixing previously identified blockade epitopes [10, 11, 13] from
multiple strains into a single vaccine background to induce a more broadly blocking
immune response than a single GII.4 strain vaccine. Here, we utilize an alphavirus
replicon system (VRP) [77], which both acts as an adjuvant [145, 146] and allows
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expression of the norovirus capsid gene, resulting in in vivo formation of VLPs when
used to immunize mice [29, 51]. As proof of principle, we demonstrate that a
chimeric GII.4 capsid vaccine can induce a more broadly blocking immune response
than single GII.4 strain capsid, inducing robust blockade titers of GII.4 VLPs from
GII.4-1987 through GII.4-2012, including those strains not included in the chimeric
VLP. Furthermore, this broadened response is similar to a multivalent vaccine
formulation, which was previously shown to broaden blockade responses [29]. Our
work provides a new conceptual template for the design of multivalent VLP vaccine
formulations using structure-guided antigen design and represents a new and
promising GII.4 norovirus vaccine strategy.

Methods
Structure-Guided Antigen Design
Capsid sequences for major GII.4 outbreak strains were aligned and
structural homology models based on RCSB PBD structure 2OBT were made for
strains representing 1987, 1997, 2002, 2006, 2009, and 2012. Changing residues in
the capsid P2 subdomain were noted and putative epitopes were defined and
characterized as previously reported [10, 11, 13]. Chimeric capsid sequences were
created between strains whereby GII.4-2006 A, D, and/or E epitopes were replaced
with the epitope sequence(s) from one or more heterologous GII.4 strains. These
sequences were synthesized (BioBasic), cloned into expression vector pVR21, and
verified by sequencing.
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Production of VRPs and VLPs
VRPs expressing the norovirus capsid gene were produced as previously
described [77]. Briefly, pVR21 3526 is an expression vector encoding the VEE
genome yet lacks the VEE structural genes. The norovirus ORF2 gene was
synthesized (BioBasic) and inserted into pVR21 3526 in place of the VEE structural
genes behind the 26S promotor. RNA was made from the VEE-norovirus ORF2
construct, as well as from two additional separate plasmids expressing either the
VEE 3526 E1 and E2 glycoprotein genes or capsid gene. RNA from all three
constructs was electroporated into BHK cells and VRPs were harvested 48 hours
later and purified by high speed centrifugation. VRPs were titered by counting
fluorescent cells detected with FITC-labeled antibody. For production of VLPs, BHK
cells were inoculated with VRPs as previously described [10], and VLP production
was confirmed by electron microscopy, enzyme immunoassay, and carbohydrate
binding.

VLP-Carbohydrate Ligand-Binding Antibody Blockade Assays
Pig Gastric Mucin Type III (PGM) (Sigma Chemicals) contains HBGAs α-1,2fucose (H antigen) and α-1,4-fucose (Lewis antigen)[12, 13, 120] and has been
validated as a substrate for norovirus VLP antibody-blockade assays. Blockade
assays were performed as previously described [10]. VLPs bound to PGM were
detected by rabbit anti-GII.4 norovirus polyclonal sera. The percent control binding
was defined as the VLP-ligand binding level in the presence of test antibody or sera
compared to the binding level in the absence of antibody multiplied by 100. All sera
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were tested for blockade potential at two-fold serial dilutions ranging from 0.0098 to
5%. Data shown are the average of sera from five individual mice and represent at
least two replicates and are indicative of similar data from at least two independent
trials. Sigmoidal dose response analysis was performed as previously described
[10]. EC50 values among VLPs were compared using One-way ANOVA with
Dunnett’s post test. P<0.05 was considered significant. Blockade assays utilize VLP
concentrations in the low nanomolar range; therefore, this assay does not
discriminate between antibodies with sub-nanomolar affinities.

Mouse Immunizations
Groups of five each 5-7 week old Balb/c mice were immunized by footpad
injection with 5 x 104 VRPs expressing the norovirus capsid gene and boosted on
day 21. Mice were euthanized and serum was harvested 7 days post boost.

Results
Design of Chimeric VLP Vaccine
Previous work has demonstrated both genetic and antigenic changes over
time in major GII.4 norovirus strains, including changes in at least three blockade
epitopes that are linked to antigenic variation and the emergence of new epidemic
strains in human populations [10, 11, 13]. We aligned the sequences from three
GII.4 strains representing an ancestral strain, 1987, an early pandemic strain, 2002,
and a more contemporary pandemic strain, 2006b in epitopes A, D, and E to
illustrate the changes over time in these epitopes (Figure 5.1A) and mapped their
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location on the surface of the capsid P2 dimer (Figure 5.1B). Previous work
indicates that blockade epitopes are portable among GII.4 strains, conferring
blockade antibody reactivity gains and losses to the background strain [10, 11, 13].
We then used structure-guided design to create synthetic genes in which broad
combinations of time-ordered blockade epitopes were assembled into a single
chimeric construct, which was used to produce a novel nanoparticle-based VLP
vaccine with broadened immunogenicity. We created a single epitope chimera,
GII.4-2006.87A, which is comprised of the GII.4-2006 background with epitope A
(residues 294, 296-298, 368, and 372) from GII.4-1987, and a double epitope
chimera, GII.4-2006.87A.02E, which is comprised of the GII.4-2006 background with
epitope A from GII.4-1987 and epitope E (residues 407, 412-413) from GII.4-2002
(Figure 5.1C).

Individual GII.4 Strain VLPs Do Not Induce Broad Blockade Responses.
To determine the breadth of blockade induced by single parental GII.4 strain
VLPs, we first immunized groups of five BALB/c mice with VRPs expressing the
major capsid gene of GII.4 strains from 1987, 2002, 2006, or 2009 and then used
sera from these mice to assess the ability of each VLP to induce a blockade
response against a panel of GII.4 strain VLPs representing over 25 years of variation
including 1987, 1997, 2002, 2006, 2009, and 2012. Sera from mice immunized with
GII.4-1987 VRPs were able to block carbohydrate-VLP interaction for early strains
GII.4-1987, GII.4-1997, and GII.4-2002 but not for late strains GII.4-2006, GII.42009, or GII.4-2012 (Figure 5.2A). Likewise, sera from mice immunized with GII.4-
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2002 were only able to block the early strains (GII.4-1987, GII.4-1997, and GII.42002) but not the late strains (GII.4-2006, GII.4-2009, and GII.4-2012) (Figure 5.2B).
Conversely, sera from mice immunized with GII.4-2006 did not block early strains
GII.4-1987, GII.4-1997, or GII.4-2002 but efficiently blocked homotypic GII.4-2006,
and heterotypic late strains GII.4-2009 and GII.4-2012 (Figure 5.2C). Sera from
mice immunized with GII.4-2009 did not block early strains GII.4-1987, GII.4-1997,
or GII.4-2002 but blocked GII.4-2006, GII.4-2009, and GII.4-2012 (Figure 5.2D).
Overall, our data show that none of the parental strain VLPs we tested induces a
broad blockade response against ancestral and contemporary GII.4 strains,
consistent with previous work demonstrating GII.4 antigenic variation over time [28,
38, 39].

Chimeric VLPs retain blockade epitopes of the component VLPs.
To determine if chimeric VLPs retain the antigenic properties of multiple GII.4
strains, we tested the blockade ability of sera from mice immunized with parental
strain VRPs (GII.4-1987, GII.4-2002, GII.4-2006, or GII.4-2009) to block VLP-ligand
interactions for two chimeric VLPs. Sera from mice immunized against parental
strains GII.4-1987, GII.4-2002, GII.4-2006, or GII.4-2009 were all able to block both
GII.4-2006.87A and GII.4-2006.87A.02E VLP-carbohydrate interactions but to
differing degrees (Figure 5.3). Sera from mice immunized against GII.4-1987 (Figure
5.3A) blocked GII.4-2006.87A and GII.4-2006.87A.02E VLPs to a similar degree,
while sera from mice immunized against GII.4-2002 (Figure 5.3B) blocked GII.42006.87A.02E VLPs significantly better than GII.4-2006.87A VLPs, likely because
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this chimeric VLP contained a GII.4-2002 blockade epitope. Sera from mice
immunized against GII.4-2006 (Figure 5.3C) and GII.4-2009 (Figure 5.3D) blocked
GII.4-2006.87A VLPs significantly more efficiently than GII.4-2006.87A.02E VLPs.
These results demonstrate that chimeric VLPs can maintain antigenic blockade
properties of multiple GII.4 strains.

Chimeric VLPs Induce a Broadly Blocking Immune Response Against
Homotypic and Heterotypic Strain VLPs
Since antigenic variation in GII.4 noroviruses is a major hurtle to development
of an efficacious vaccine, creating a vaccine that induces neutralization against a
broad panel of strains is ideal. Since chimeric VLPs retain the antigenic properties
of multiple GII.4 strains, we tested their potential as a vaccine. In order to determine
whether a chimeric VLP can induce a more broadly blocking immune response than
parental VLP strains, we developed VRPs that express the capsid genes for
chimeric sequences GII.4-2006.87A and GII.4-2006.87A.02E. We immunized
groups of five BALB/c mice with VRPs expressing either the GII.4-2006.87A or GII.42006.87A.02E capsid gene and compared the ability of the sera from these mice to
block VLP-ligand interactions against our VLP panel with previously-mentioned
representative strains from 1987-2012. Unlike the parental VLPs, which only
blocked a subset of the VLPs tested, sera from mice immunized with GII.4-2006.87A
or GII.4-2006.87A.02E VRPs were able to block all of the VLP strains tested from
GII.4-1987 through GII.4-2012 (Figure 5.4). GII.4-2006.87A sera exhibited
significantly more robust blockade responses compared to GII.4-2006.87A.02 sera
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for VLPs representing strains GII.4-1987 (Figure 5.5A), GII.4-1997 (Figure 5.5B),
GII.4-2006 (Figure 5.5D), GII.4-2009 (Figure 5.5E), and GII.4-2012 (Figure 5.5F)
where between 1.5X-3.9X more GII.4-2006.87A.02E sera was needed for EC50
blockade. GII.4-2006.87A and GII.4-2006.87A.02E immunized mouse sera
blockade of GII.4-2002 VLPs was not different, indicating that introducing epitope E
from GII.4-2002 into the GII.4-2006 did not have a measurable effect on the ability to
block GII.4-2002 VLP-ligand interaction (Figure 5.5C).

Comparison of Immune Response Elicited by Chimeric VLPs versus a
Multivalent Formulation of VLPs
Previous work in our lab showed that immunizing with a multivalent VLP
vaccine formulation induced a broadly blocking response against both VLPs
representing strains included and not included in the formulation [29]. We wanted to
compare the blockade response induced by immunizing with chimeric VRPs versus
a multivalent VRP cocktail. Since GII.4-2006.87A VRPs generally induced a
stronger broadened blockade response than GII.4-2006.87A.02E VRPs, we used
GII.4-2006.87A to represent the chimeric immunization scheme. Importantly, this
demonstrates that the incorporation of epitope A alone is sufficient to attain a
broadened blockade response against multiple GII strains. We immunized groups of
five BALB/c mice with VRPs expressing either a chimeric (GII.4-2006.87A) capsid
gene or a multivalent cocktail of parental VRPs expressing GII.4-1987, GII.4-2002,
and GII.4-2006 capsid genes. Sera from mice immunized with the multivalent
cocktail displayed broad blockade activity, agreeing with previous studies [29],
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although the blockade potential against different strains varied between the
multivalent sera and the chimeric sera (Figure 5.6). Sera from mice immunized with
the multivalent cocktail were able to block GII.4-1987 VLP-ligand interaction to
similar levels compared to chimeric sera (Figure 5.6A). Multivalent sera EC50
blockade titers were 2.2X lower for GII.4-1997 VLPs and 6.8X lower for GII.4-2002
VLPs compared to chimeric sera (Figure 5.6B-C). Chimeric sera blocked late strains
GII.4-2006, GII.4-2009, and GII.4-2012 more efficiently than sera from the
multivalent VLP-vaccinated mice (Figure 5.6D-F), with 4X, 2.9X, and 2.1X more
multivalent sera required, respectively, for EC50 blockade. When the blockade
responses induced by single strain, multivalent strain, and chimeric strain
immunizations are compared, sera against a single parental strain blocks the
homotypic VLP-ligand interaction significantly better than either multivalent sera or
chimeric sera for GII.4-1987 (Figure 5.7A), GII.4-2002 (Figure 5.7B), GII.4-2006
(Figure 5.7C), and GII.4-2009 VLPs (Figure 5.7D). However, for all VLPs, sera from
chimeric GII.4-2006.87A or multivalent formulations blocked as well or better as sera
from the closest heterotypic strain. Chimeric GII.4-2006.87A and multivalent sera
blocked GII.4-1987 VLPs more efficiently than GII.4-2002 sera (Figure 5.7A), and
multivalent sera blocked GII.4-2002 VLPs more efficiently than GII.4-1987 sera
(Figure 5.7B). GII.4-2006.87A sera blocked GII.4-2006 VLPs more efficiently than
GII.4-2009 sera (Figure 5.7C), while blockade of GII.4-2009 VLPs was equivalent for
GII.4-2006 and GII.4-2006.87A sera (Figure 5.7D). Overall, our data show that
chimeric and multivalent vaccine formulations can broaden the blockade response
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against homotypic and heterotypic strain VLPs compared to a single strain vaccine
formulation.

Discussion
Vaccine design for human noroviruses has been hindered by several factors
including lack of tissue culture systems for human norovirus cultivation, the
heterologous properties of different genogroups and genotypes, incomplete
understanding of duration of immunity to noroviruses, the effects of pre-exposure
history on the kinetics and duration of adaptive immunity, and antigenic variation in
GII.4 noroviruses. Since GII.4 noroviruses account for over 70% of all norovirus
outbreaks, they are the most medically important group to target with a vaccine;
however, they pose a unique challenge as new GII.4 strains emerge every 2-4 years
by escaping human herd immunity. This antigenic change over time suggests that
frequent vaccine reformulation may be necessary in order to continuously protect
against the GII.4 genotype. An approach that uses an approved backbone gene
with targeted replacements of key antigenic epitopes for eliciting protective immunity
offers a strategy for improving vaccine performance while streamlining FDA approval
processes for human use. In this manuscript, we demonstrate that detailed
molecular characterization of key varying blockade epitopes, coupled with structure
guided antigen design and synthetic biology yields a VLP vaccine formulation that
induces a more broadly blocking immune response than a single outbreak strain
capsid. This, and recent work using a similar epitope transfer strategy in dengue
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virus [147], demonstrates that structure-guided antigen design provides a novel
method of mapping immunogenic targets in medically-important RNA viruses.
Multivalent VLP-based vaccines have demonstrated induction of broadlyblocking immune responses in mice, blocking both VLPs included in the formulation
and heterologous strain VLPs [29]. Of the other VLP-based norovirus vaccine
strategies being investigated, the Takeda vaccine is furthest along in human clinical
trials. The GII.4 component of the vaccine is based on a GII.4 consensus sequence
from three major epidemic strains. Though clinical results have not yet been
published, the consensus VLP approach may similarly broaden the protective
response against multiple GII.4 strains. Another vaccine strategy currently being
explored is based on norovirus P particles, which consist of varying numbers of P
domains in a single particle. This approach utilizes the most surface-exposed,
antigenically-important portion of the norovirus capsid protein to generate an
immune response in mice. While multiple studies have found that P particles
generate good immune responses (Fang, 2013, Plos One; Xia, 2011, Vaccine; Tan,
2011, JVI), a study comparing P particles to VLPs demonstrated that VLP immune
induction is generally stronger and able to induce cross reactive B and T cells, while
P particles did not (Tamminen, 2011). Another norovirus vaccine approach involves
using polyvalent complexes made up of dimeric glutathione S-transferase (GST)
fused with norovirus P domains (Wang, 2013, Biomaterials). This approach induces
a stronger blockade response and overall norovirus-specific immune response
compared to P particles (Wang, 2013), but the quality of immune response induction
comparisons between polyvalent complexes and VLPs are not yet known.
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Our work demonstrates that chimeric and multivalent GII.4 strains induce
broadly blocking immune responses in mice, although single strain VLPs induce a
stronger blockade response against the parental strain than either chimeric or
multivalent VLPs. Whether this is due to differences in the number of epitopes from
each strain presented, immune interference, or both is unknown. However, both
immune interference and antigen dose are known to affect the strength of immune
response. Immune interference has been noted in other multivalent norovirus
vaccines [14], and multivalent VLP-based HPV vaccines [148], live virus vaccines
[149, 150], and killed/recombinant vaccines [151] when compared to monovalent
vaccines. Importantly, unlike multivalent vaccines, chimeric VLP-based vaccines
may not induce immune interference since only one type of particle is present in the
vaccine. This, coupled with our data showing that multivalent and chimeric sera
more efficiently blocked strains that were most represented in their respective
vaccine, makes it likely that antigen dose and epitope dominance are more likely to
account for differences in immune induction in our study. Despite having stronger
blockade against a homotypic strain, the immune response to a single GII.4 VLP
does not broadly block heterologous strains, suggesting that the ability of a single
strain to induce a neutralizing response against closely related circulating GII.4
strains is limited. This is problematic for a GII.4 vaccine since emerging strains may
quickly escape the herd immunity elicited by a single strain. Previous work suggests
that an increase in dosage of a single strain VLP would probably not increase
blockade breadth, whereas increasing the dosage of a chimeric or multivalent
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vaccine could potentially compensate for the comparative weakness in blockade
strength [29].
Our results also suggest that incorporating immunodominant epitope A from
one strain into another is sufficient to induce a blockade response against that strain.
Of our two chimeric VLPs, GII.4-2006.87A VLPs induce a generally stronger
blockade response against all VLPs tested from GII.4-1987 through GII.4-2012, with
the exception of GII.4-2002, which was not different between the two chimeric VLPs.
This demonstrates that epitope A alone was sufficient to induce a blockade
response against early strains GII.4-1987, GII.4-1997, and GII.4-2002 and supports
earlier work demonstrating that epitope A is the immunodominant GII.4 epitope [11].
The addition of GII.4-2002 epitope E in GII.4-2006.87A.02E did not significantly
increase blockade response against GII.4-2002, suggesting that this is a minor
epitope or that additional residues are required in this epitope to fully recapitulate the
antigenic properties of the epitope.
Public health preparedness requires a platform strategy to survey disease
prevalence in human populations, categorize sequence variation, identify antigenic
variants that may seed future outbreaks, and inform vaccine design. A similar
strategy to that in place for reformulation of the annual influenza vaccine could be
used to address reformulation of future norovirus vaccines. The current influenza
paradigm involves a synchronized effort by public health agencies and centers
around the world to conduct ongoing epidemiological antigenic testing and genetic
characterization of influenza isolates and make predictions about which may cause
the greatest threat to human health worldwide [152]. Norovirus surveillance systems
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like CDC Calicinet [113] and the European NoroNet, while relatively new, are key to
developing a similar, widespread, coordinated effort to track norovirus epidemiology
and emergent strains [115]. The apparent plasticity and immunodominance of
epitope A has applications for both GII.4 norovirus surveillance and vaccine design;
epitope A accounts for 25-55% of the total blockade response between major
epidemic strains in humans [10, 11, 38, 39], demonstrating that changes in this
epitope have a major impact on new strain emergence. Epidemiological work on
GII.4-2012 Sydney has shown that this strain was present at low levels in the
population for at least a year before its emergence as a major circulating strain
[153], showing that new strains are likely present early enough before emergence for
detection, antigenic testing, and targeted surveillance. As is done for Influenza,
panels of defined antibodies could be used to probe the antigenic properties of
epitope A in pre-emergent strains. When coupled with epidemiologic surveillance
data, this system could provide a mechanism for predicting future emergent strains
and vaccine reformulation prior to epidemic seasons (Figure 5.8), providing a key
public health preparedness platform and vaccine reformulation strategy for
noroviruses.
These studies, coupled with studies reported by other groups, highlight the
power of antibody-based identification of key neutralizing epitopes in viral
pathogens. This information provides an opportunity to map the conformational
epitopes and identify key residues, which influence immunogenicity and protective
immunity. When coupled with structure guided antigen and synthetic gene design,
chimeric VLPs or even recombinant live viruses can be constructed with novel
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properties that broaden neutralization antibody responses and protective immunity-even against strains not included in the original design. This fledgling strategy
promises to revolutionize the design of new generation vaccines, with the ultimate
goal of improving the global health of populations.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS
Summary
The studies described in this dissertation investigate the underlying
mechanisms that influence GII.4 norovirus evolution with the goal of identifying
targets that can be used to for rational design of effective norovirus vaccines and
therapeutics that reduce norovirus-induced morbidity and mortality. Our work
employs novel methods and reagents for approaching questions about norovirus
evolution and antigenic variation in the face of limited animal models and in the
absence of a cell culture system for human norovirus. As an overall approach, we
used chimeric VLPs and VLPs representing common outbreak strains along with a
large panel of strain- and genotype-specific mouse and human monoclonal
antibodies in biological binding and blockade assays to measure antigenic
differences among strains and to map important potential neutralizaton epitopes for
GII.4 noroviruses. Our work characterized both population-wide and intra-host
antigenic variation for GII.4 noroviruses and identified the immunodominant
blockade epitope for GII.4 noroviruses, allowing the design of more targeted
norovirus vaccines and therapeutics.
Central to the success of the work presented in this dissertation was previous
work done in our lab using structure-guided approaches to aid in the identification of
potential neutralization epitopes. The capsid sequences of major GII.4 outbreak
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strains from 1974-2006 were aligned, and the changes over time were mapped onto
crystal structure homology models representing these strains. We then identified
amino acid positions in the capsid P2 subdomain that are surface exposed, change
over time, and map together on the crystal structure. Using this structure-guided
approach, we predicted the location of five putative neutralization epitopes, A-E.
Chapter 2 describes experiments that characterize epitope A and confirm that
it is the immunodominant blockade epitope for GII.4 noroviruses. In addition, this
work demonstrates that antigenic epitopes can be exchanged between strains while
retaining the epitope’s strain-specific antigenic properties. Furthermore, this chapter
demonstrates that Epitope D impacts HBGA A and B binding, supporting earlier
work from our lab showing that residue 393 is important for HBGA B binding, but not
A binding [12], and we provide evidence that residues 394 and 395 are important for
interaction with HBGA A. Chapter 3 describes experiments that characterize the
antigenic variation between two consecutive predominant GII.4 norovirus strains,
GII.4-2009 New Orleans and GII.4-2012 Sydney, allowing us to explore populationwide evolutionary mechanisms. Using both mouse and human polyclonal sera, we
note significant global antigenic change between these two strains and demonstrate
major epitope A and D-specific antigenic differences using mouse and human
monoclonal antibodies. Chapter 4 describes experiments that explore intra-host
antigenic variation in an individual chronically infected with norovirus, and we
compare the within-host variation to the degree of variation typically observed with
major consecutive GII.4 outbreak strains using antigenic cartography. Furthermore,
we consider a broadly-blocking GII.4 monoclonal antibody as a potential norovirus

	
  

123	
  

therapeutic in chronically infected patients. Chapter 5 describes proof-of-concept
experiments for using chimeric VLPs as a vaccine platform that is both broadly
blocking against multiple GII.4 strains and easy to reformulate as virus escape from
human herd immunity gives rise to antigenically novel strains. We show that
incorporating epitope A from one strain into the background of another strain is
sufficient to induce a blockade response against both strains included in the chimeric
VLP and heterologous GII.4 strains. This suggests that a chimeric VLP-based
vaccine that is reformulated as epitope A changes is a promising GII.4 norovirus
vaccine strategy.

Norovirus Epitope Mapping
Efforts to map norovirus blockade epitopes have yielded the identification of
three GII.4 potential neutralization epitopes, A, D, and E [10, 11, 13]; however, our
understanding of norovirus neutralization sites is in its infancy. From ongoing work
in our lab, it is clear that the defined amino acid positions that comprise epitopes A
(residues 294, 296-298, 368, 372), D (393-395), and E (407, 412, 413) are the
minimal residues that make up these antigenically important domains, and additional
amino acid positions may impact antibody binding. For example, these epitopes are
based on residue changes occurring between 1987 and 2006, but the most recent
pandemic strain, Sydney 2012, contains a residue change N373R, a previously
conserved residue that is one amino acid position from epitope A position 372.
Based on structural modeling, this residue change likely impacts epitope A antibody
binding. Likewise, in the chronic infection isolates, VLPs representing GII.4-2006
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and late isolate P.D302 had very different antibody binding to a mAb that recognizes
epitope D despite having the same residues at 393-395. However, a residue
change at 391 (a historically conserved residue) in P.D302 compared to GII.4-2006
may explain the antigenic differences noted in this epitope as well as HBGA binding
differences between these isolates. Future work on GII.4 epitope mapping must
consider how novel genetic changes over time may impact antibody interaction in
these epitopes, and epitopes should be updated based on the newest available
data. Figure 6.1 shows an updated prediction of epitopes A, D, and E based on
nearby amino acid positions that changed in intra-host evolved strains and major
outbreak strains since GII.4-2006, presenting a more accurate roadmap for tracking
emergent strains.
In addition to expanding these epitopes as new strains emerge, fine
resolution mapping of strain-specific mAb binding sites is needed. Based on
differential blockade and binding data from mAbs that recognize epitope A, it is clear
that epitope A is actually made up of overlapping epitopes, some of which may be
smaller than the defined epitope A. Fine resolution mapping of strain-specific mAbs
may allow us to tease apart individual amino acid position motifs within defined
epitopes A, D, and E that contribute to the epitope for each unique antibody. This
could also be relevant to improving vaccine specificity since there may be dominant
epitope targets within these overlapping antigenic sites.
Our epitope mapping work thus far captures the evolving residues within an
epitope, but nearby conserved residues may be part of these epitopes as well.
These nearby conserved residues may represent important antibody binding sites,
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with evolving residues mediating access to them; however, additional work will be
needed to test this hypothesis. Alternatively, these conserved residues may be
necessary to maintain the structural integrity of the virion. This possibility is less
likely given that in the chronic infection isolate, P.D302, there were several amino
acid positions in close proximity to our defined blockade epitopes that are normally
static in GII.4 outbreak strains but were altered in this isolate. These included amino
acid positions 292 and 295 (epitope A), 391 (epitope D), and 414 (epitope E). Since
we were able to build intact, functional VLPs from this patient isolate sequence, it
argues that these conserved residues are not maintained by structural dependence.
Despite mapping most of our mAbs, our panel of mAbs contains three
blockade antibodies that do not recognize the known blockade epitopes. This
suggests that there are additional unmapped or partially overlapping blockade
epitopes for GII.4 noroviruses. One of these is a broadly-blocking GII.4 human mAb
that has therapeutic potential, and the other two are strain specific mouse mAbs.
The fact that each of these three mAbs have differential binding and blockade
patterns suggests that they recognize unique blockade epitopes.
Beyond GII.4 noroviruses, there are at least 30 other norovirus genotypes.
No blockade epitopes that have been identified for any of these genotypes; future
work mapping epitopes in other epidemiologically important genotypes should be
pursued in order to better understand the similarities and differences among groups
and aid in identification of vaccine and therapeutic targets. In particular, given that
there is some cross-blockade activity among GI genotypes, vaccine design
strategies could be improved by identifying these common epitopes. Because the
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GI viruses do not undergo much genetic change over time, it is hard to pick out
areas of antigenic importance over areas that are not important. We can use
structure-guided approaches similar to our GII.4 epitope mapping by looking for
surface-exposed areas that stick out from the P2 dimer surface; however, while this
strategy works for GII.4 noroviruses, it is presently unclear if cross-neutralizing GI
epitopes would also exist in a similar location or if they would be more hidden from
antibody recognition.
Additional chimeric VLP studies can be done to address some of these
questions. For instance, teasing apart epitope A overlapping epitopes could be
done by incorporating smaller sets of amino acids within epitope A from one strain
into another. This would allow for more specific mapping of each antibody.
Chimeric VLPs could also be used to identify blockade epitopes for the mAbs that
are not yet mapped. Because each has a specific binding and blockade profile,
specific amino acid changes that occur between strains that are blocked and strains
that escape blockade could be used to predict where these epitopes are located,
and chimeric VLPs could be built to test these predictions. Furthermore, chimeric
VLPs could be built to test the impact of novel amino acids that replace previously
conserved residues on the blockade response of identified epitopes. We are
currently building two chimeric VLPs (2012.09A+R373N and 2012.R373N) to test the
impact of the novel 373 change on the antigenic variation in epitope A between
GII.4-2009 and GII.4-2012.
Crystal structures of antibody-bound P dimers or VLPs are needed to address
many of the unanswered questions referenced above. Future studies with crystal
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structures of antibody-bound GII.4 P dimers or VLPs will be needed to determine
which residues in or around these epitopes are antibody binding sites and how
alterations in amino acid size and charge may impact virus-antibody interactions. In
addition, crystallization studies with unmapped blockade antibodies could help
identify additional GII.4 blockade epitopes. Development of GI cross-blockade
mAbs and their crystallization with different GI genogroup P2 dimers or VLPs could
help identify shared GI blockade epitopes, and similar studies could be conducted to
find potential shared blockade epitopes within GII genotypes. We have ongoing
collaborations to address some of these questions using crystal structure studies,
unfortunately, attempts to crystallize antibodies with P dimers and VLPs have failed
thus far.

Norovirus Vaccine Design
Vaccine development for noroviruses is hampered by several factors
including (1) the limited number of challenge and vaccine efficacy studies done in
humans, (2) the absence of a cell culture system and limited animal models for
testing vaccines, (3) the limited and conflicting data on how long protective immunity
lasts after infection or vaccination in humans, (4) differing evolutionary patterns and
antigenic profiles between genogroups and among genotypes within genogroups, (5)
antigenic variation within GII.4 noroviruses and possibly within other genotypes, and
(6) the unknown effects of exposures to multiple norovirus genotypes and strains
during a lifetime on the immune response to newly-encountered strains. Despite
these challenges, many strategies are being explored to develop efficacious, broadly
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protective norovirus vaccines. The majority of groups working on norovirus vaccines
utilize VLP-based approaches, as VLPs have shown to be highly immunogenic in
mice and humans, stimulating balanced Th1/Th2 responses and induction of IgA
and blockade antibodies [22, 46, 154]. These VLP approaches include different
delivery methods including intramuscular, intranasal, and edible vaccines, and
different monovalent and multivalent vaccine formulations, each utilizing differing
approaches to choosing genotypes to target and methods of inducing broadened
blockade against multiple genotypes and strains.
Work in this dissertation focuses specifically on addressing the issue of
changing antigenicity over time in GII.4 noroviruses and how to best develop
vaccines that are able to induce broadened GII.4 protection and be reformulated
over time as new strains emerge. The identification of major GII.4 norovirus
blockade epitopes has allowed us to specifically target evolving areas of antigenic
importance. We propose a chimeric VLP-based vaccine approach where we
simultaneously broaden GII.4 blockade response and provide a strategy for targeted
reformulation. Our approach, as presented here, utilizes alphavirus VRPs that
encode a chimeric norovirus capsid protein to deliver norovirus VLPs in vivo and that
simultaneously act as an adjuvant to boost immune response. Alternatively,
chimeric VLPs could be produced and directly administered with or without an
adjuvant, although future work should compare these approaches to evaluate
differences in immune induction. Both of these approaches allow for a vaccine
platform that is both specifically targeted to circulating strains and easy to
reformulate with the emergence of new strains, but each has its own advantages
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and disadvantages. While a VRP system allows for inherent adjuvant activity, it will
be harder to get approved for human use given that there are potential safety
concerns in using a pathogenic virus as an expression system. In addition, with a
multivalent vaccine, there may be differences in VLP expression efficiency of the
vaccine components with a VRP system, which will need to be further studied and
monitored if this vaccine approach is developed. A VLP-based vaccine presents
fewer safety risks, but this approach may require adjuvants in order to induce robust,
long-lasting immune responses.
Our work demonstrates that chimeric VLPs containing epitope A from one
strain in the background of another strain can broaden GII.4 blockade responses
against both strains contained in the chimeric particles and expand blockade to
strains not included in the chimeric particle. Multiple studies from our lab have
determined that epitope A is the immunodominant GII.4 blockade epitope in the
strains we have tested and accounts for ~50% of the human polyclonal blockade
response [10, 11]. Other blockade epitopes including epitopes D and E, and other
currently unidentified epitopes, make up the remaining 50% of the blockade
response. This suggests that a chimeric VLP-based vaccine can target ~50% of the
blockade response from two separate strains with a single VLP. This is important
considering that when an emergent GII.4 strain replaces the previously-circulating
major GII.4 strain to become the new predominant GII.4 strain, the old strain still
circulates at low levels in the population for 1-2 years [153]. A chimeric vaccine
composed of two successive circulating strains could provide balanced protection
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against both the new emergent strain and the previous circulating strain, reducing
overall GII.4 disease burden.
In order for the chimeric VLP vaccine approach described in this dissertation
to work efficiently, epidemiological sampling must include measures that specifically
and consistently track genetic and antigenic changes in epitope A to prepare for
potential changes in the predominant GII.4 strain. Just as predictions are made and
vaccines are reformulated annually for the seasonal influenza vaccine, the GII.4
component of a norovirus vaccine could be monitored in the same way. Noroviruses
and influenza have similar seasonal high points occurring during the winter months,
so it is theoretically plausible that careful tracking and prediction of potential
emergent GII.4 strains during one winter season could inform vaccine reformulation
for the following season. This, of course, assumes that the next emergent strain is
identifiable during the previous season. Epidemiological data from the emergence of
GII.4-2012 Sydney suggest that this is possible. The GII.4-2012 Sydney sequence
was published in March 2012 and identified as an important new strain before its
replacement of GII.4-2009 New Orleans as the predominant GII.4 strain in
November 2012. In addition, sequence data collected by the CDC indicates that this
strain was actually circulating at low levels for several months prior to the sequence
being published (unpublished data, personal communication). This demonstrates
that potential epidemic strains are likely present at least one season before their
emergence as a predominant strain. However, how well these potential new
epidemic strains can be selected from other background variants has yet to be
assessed. Since there is no cell culture model for human norovirus, antigenic
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properties of these viruses have been investigated in isolation from other potential
factors that may influence strain emergence like replication efficiency and
recombination. Whether GII.4 antigenic variation alone can be measured to predict
future strain emergence is unknown, but should be evaluated. This could be
accomplished by sequencing of epidemiological samples, tracking genetic changes
in epitope A variants, constructing VLPs that represent this genetic diversity,
evaluating antigenic profiles of these VLPs, and choosing specific isolates that are
antigenically distinct. Since there are no studies evaluating antigenic variation in
minor circulating variants, it is unclear whether antigenic divergence is a rare
occurrence or whether many antigenically distinct variants evolve and other factors
influence their epidemic potential. Future collaborations with agencies involved with
norovirus surveillance will help address this question. Another challenge facing
vaccine design is that selection of one GII.4 variant over another for incorporation in
the vaccine may drive evolution of GII.4 strains in another direction as the population
is protected from that particular variant, resulting in the emergence of a strain that
was not accounted for. Despite these complications, additional work should be done
to explore the feasibility of developing a chimeric GII.4 norovirus vaccine and
improving design of other norovirus vaccine platforms.
Beyond the issue of antigenic variation in GII.4 noroviruses, several other
factors will impact the efficacy of future norovirus vaccines. Among these are
genetic and environmental factors that influence induction of protective immunity.
Based on preliminary data from human serum samples collected from the Takeda
bivalent GI.1/GII.4c human vaccine trials, blockade responses vary considerably by
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individual (Lindesmith, unpublished), with some individuals responding to both
vaccine components and others only responding to either the GI or GII.4c
component. Furthermore, broadened responses also varied; some individuals
mounted vaccine component-specific responses, while others demonstrated
broadened responses against other GII.4 strains, and/or other GI or GII genotypes
(Lindesmith, unpublished). Given that some of the non-responders had high preexisting blockade titers against some strain VLPs, it is likely that individual immune
responses can be explained in part by differing exposures to norovirus strains in the
past; however, host genetic factors may also play a role in the immune response to
vaccines.
Identification of host genetic factors that impact vaccine efficacy is difficult to
address in humans, but the collaborative cross offers a genetically diverse mouse
model to evaluate potential genetic determinants of immune response to VLP-based
norovirus vaccines and adjuvants. Preliminary data on 10 collaborative cross mouse
lines indicate that there are genetic differences in the response to VLP-based
vaccines and adjuvants. Continued work with collaborative cross lines will
characterize these differences and identify specific potential host genetic factors that
influence norovirus vaccine and adjuvant efficacy, allowing for better refinement of
norovirus strain and adjuvant selection for vaccines.

Norovirus Therapeutics
Immunocompromised, the elderly, and very young children are at risk for
severe norovirus disease and death. While most populations would probably not
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benefit from norovirus therapeutics due to the short duration of disease,
development of therapeutics should be a top priority because they could treat
serious infections in these at-risk populations. We pioneered work on intra-host
antigenic variation, investigating GII.4 norovirus antigenic changes over time in an
immunocompromised patient. Importantly, we found that intra-host evolution in
chronically infected patients can give rise to antigenically distinct strains over time.
That intra-host evolution can give rise to antigenic variation is critical
knowledge for therapeutic development, as it means strain-specific therapeutics may
become ineffective over time during chronic infection in some patients. For this
reason, more broadly-acting therapies are needed. Our work identified a human
monoclonal antibody that has broad blockade activity against all major GII.4 strains
as well as against intra-host evolved variants. This suggests that this or other
broadly-blocking mAbs could be used to treat severe norovirus infections. However,
since our data are representative of a single person, further work with additional
chronic infection isolate VLPs from other patients will determine whether our work
has broader applications to specific immunocompromised populations, and whether
our mAb has potential as a therapeutic antibody. Future work will also attempt to
map the antibody epitope for this monoclonal antibody to identify this conserved
GII.4 blockade epitope.

Conclusions
Noroviruses are a significant source of global disease burden and continued
development of vaccines and therapeutics is warranted. The work described in this
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dissertation significantly advances our understanding of the mechanisms governing
GII.4 evolution and the antigenic determinants of GII.4 noroviruses, and we
demonstrate how this information can be applied to norovirus vaccine and
therapeutic development. Future work will aim to identify blockade epitopes in other
norovirus genotypes as well as additional GII.4 epitopes, identify specific epitope
binding sites, improve norovirus vaccines, develop broadly-acting norovirus
therapeutic antibodies, and identify potential host genetic factors that influence
vaccine performance. Through this work, we hope to contribute to the development
of vaccines and therapeutics that reduce global norovirus disease burden.
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APPENDIX 1: CHAPTER 1 FIGURES AND TABLES

Figure 1.1

Figure 1.1: Norovirus Structure, Phylogeny, and HBGA Phenotype Pathways
A: NoV genome schematic. The norovirus genome encodes three open reading
frames. ORF 1 encodes the non-structural proteins (blue); ORF 2 encodes VP1, the
major capsid protein(purple); and ORF 3 encodes VP2, the minor capsid protein
(green). VP1 is further divided into the shell, which forms the base of the virion (teal);
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the P1 subdomain, which forms a stalk-like projection from the surface (orange); and
the P2 subdomain, which is the most variable and surface-exposed area of the
virion, contains ligand binding sites, and interacts with potentially-neutralizing
antibodies (red). B: Norovirus phylogenetic tree. Noroviruses are divided into 5
genogroups. Genogroups 1 (pink) and 2 (orange) cause the majority of human
disease. Genogroups are further divided into genotypes. Genotype GII.4 NoVs (red
bracket) account for ~80% of outbreaks. Genotype GI.1 are the prototypic Norwalk
viruses. C: NoV capsid protein (VP1) cryo EM image and P2 dimer. Colors in cryo
EM correspond approximately to the shell (teal), the P1 subdomain (yellow/orange)
and the P2 subdomain (red). Close up of a P2 dimer (pink) shows locations of
epitopes A (blue), D (green), and E (purple). Black denotes HBGA binding pocket. D.
Secretor/Non-secretor Phenotype Pathways. Enzymes (Secretor or Lewis) add
specific modifications to a precursor molecule. Individuals without a functional FUT2
gene cannot express HBGAs from the left branch of the pathway (left of the dotted
line) on mucosal surfaces. For those without a functional FUT2 gene (nonsecretors), the precursor molecule can still be modified by the Lewis enzyme to
make Lewis a antigen (branch on the right side of the dotted line).
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Figure 1.2

Figure 1.2: GII.4 Variation in Blockade Epitopes
A: GII.4 P2 subdomain variation over time. Colored residues indicate change over
time since 1974; changes present in 1987=yellow, 1997=red, 2002=teal,
2004=green, 2005=orange, 2006=purple, 2009=blue, HBGA interaction sites=black.
Carbohydrate shown in white sticks. B: GII.4 blockade epitopes. Three blockade
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epitopes have been identified in GII.4 NoVs. Epitope A-residues 294, 296-298, 368,
and 372(green), Epitope D-residues 393-395(orange), and Epitope E-residues 407,
412-413(yellow) all map to the P2 subdomain on the surface of the virion. The
HBGA interaction sites are shown in black. C: GII.4 NoV variation over time in
blockade epitope regions. GII.4 NoV blockade epitopes undergo change over time,
likely in response to human herd immunity. Colors indicate in which outbreak strain a
particular residue change originated. D: Mapping of GII.4 variation over time in
blockade epitope regions. Each VLP shows areas within blockade epitopes that
change over time. Yellow indicates differences from 1974 present in 1987,
red=1997, teal=2002, green=2004, orange=2005, purple=2006, and blue=2009.
These blockade epitopes continue to evolve in new outbreak strains since 2009.
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Figure 1.3

Figure 1.3: Factors Complicating Norovirus Vaccine Design
Vaccine development for noroviruses is hampered by several factors including the
limited number of challenge and vaccine efficacy studies done in humans, the
absence of a cell culture system and limited animal models for testing vaccines, the
limited and conflicting data on how long protective immunity lasts after infection or
vaccination in humans, differing evolutionary patterns and antigenic profiles between
genogroups and among genotypes within genogroups, antigenic variation within
GII.4 noroviruses and possibly within other genotypes, and the unknown effects of
exposures to multiple norovirus genotypes and strains during a lifetime on the
immune response to newly-encountered strains.
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Figure 1.4

Figure 1.4: Design of a Multivalent Norovirus VLP Vaccine
(A) Large circles represent the two major norovirus genogroups that infect humans,
GI and GII. Smaller circles within the larger circles represent the nine (G1) and 22
(GII) individual genotypes within each genogroup. (B) Heterogeneity of GI and GII
viruses necessitates a multivalent vaccine to maximize protective coverage of
multiple genotypes. Multivalent vaccines containing VLPs representing GI.1 and
GII.4 components (red circles) cover norovirus genotypes responsible for ~80% of
outbreaks, but a multivalent approach likely broadens the immune response to
potentially protect against some heterologous norovirus gentypes (green circles) as
well. Heterologous genotypes (green) are shown as examples and are not
representative of published data. (C) Continued work on norovirus VLP vaccines
should consider that there will likely be epidemiological changes over time where
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relative changes in disease burden by different genotypes occur, and strain
replacement occurs every 2-4 years for GII.4 noroviruses, thus norovirus vaccines
will need to be reformulated over time 1) in response to changes in epidemiologically
important viruses, and 2) in response to changing antigenicity of GII.4 noroviruses.
Changes in epidemiologically important norovirus genotypes in C.1 are shown as
examples and are not representative of published data.
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APPENDIX 2: CHAPTER 2 FIGURES AND TABLES

Figure 2.1

	
  

143	
  

Figure 2.1: Putative Epitopes A and D.
A) Amino acid differences between GII.4-1987 Camberwell and GII.4-2006 Minerva
in the P2 region of VP1. Green shading indicates amino acids within putative
Epitope A, and orange indicates amino acids within putative Epitope D. Shared
residue 296S was included because it falls within putative Epitope A. B) Epitope A
is shown in green, consisting of 6 amino acids 294, 296, 297, 298, 368, and 372.
Epitope D is shown in orange, consisting of 3 amino acids 393-395. Black shading
indicates HBGA binding pocket. C) Epitope A chimeric VLPs. The parental GII.42006 and GII.4-1987 amino acid residues are shown in purple and yellow,
respectively. GII.4-2006 Minerva residues (purple) were replaced in each chimera by
GII.4-1987 Camberwell residues at the positions shown in yellow. A total of four
Epitope A chimeric VLPs were created. D) Representative EM images of parental
and chimeric VLPs. a. GII.4-1987, b. GII.4-2006, c. GII.4-1987(+06D), d. GII.42006(+87D), e. GII.4-2006(+87A.1), f. GII.4-2006(+87A.2), g. GII.4-2006(+87A.3), h.
GII.4-2006(+87A.4).
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Figure 2.2
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Figure 2.2: Epitope D chimeric VLP reactivity with synthetic HBGAs and anti-GII
mAbs.
A) HBGA reactivity. Synthetic CHO was diluted to 10 µg/ml and assayed by CHO
binding assay for interaction with GII.4-1987, GII.4-2006, GII.4-1987(+06D), and
GII.4-2006(+87D). Amino acid residues from GII.4-1987 were exchanged with GII.42006 residues at positions 393-395. The dashed line represents 3X the background
level of binding and indicates a positive signal. B) anti-GII.4 mAb reactivity. AntiGII.4-1987 and -2006 mAbs were diluted to 2 µg/ml and assayed by EIA for
reactivity with GII.4-1987, GII.4-2006, GII.4-1987(+06D), and GII.4-2006(+87D)
VLPs. Amino acid residues from GII.4-1987 were exchanged with GII.4-2006 at
positions 393-395. Bars represent the mean optical density values with standard
error of the means. The dashed line represents 3X the background level of binding
and indicates a positive signal.
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Figure 2.3

Figure 2.3: GII.4-2006(+87A.1) reactivity with anti-GII.4 mAbs.
Anti-GII.4-1987 and -2006 IgG were diluted to 2 µg/ml and assayed by EIA for
reactivity with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.1) VLPs. Amino acid
residues from GII.4-1987 were inserted into the GII.4-2006 backbone at positions
294, 297, 298, 368, and 372 to create GII.4-2006(+87A.1). Bars represent the mean
optical density values with standard error of the means. The dashed line represents
3X the background level of binding and indicates a positive signal.
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Figure 2.4

Figure 2.4: Epitope A chimeric VLP reactivity with synthetic HBGAs.
Synthetic CHOs were diluted to 10 µg/ml and assayed by CHO binding assay for
interaction with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.1). Amino acid
residues from GII.4-1987 were inserted into the GII.4-2006 backbone at positions
294, 297-298, 368, and 372. The dashed line represents 3X the background level of
binding and indicates a positive signal.
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Figure 2.5

Figure 2.5: GII.4-2006(+87A.2) reactivity with anti-GII.4 mAbs.
Anti-GII.4-1987 and -2006 IgG were diluted to 2 µg/ml and assayed by EIA for
reactivity with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.2) VLPs. Amino acid
residues from GII.4-1987 were inserted into the GII.4-2006 backbone at positions
297 and 298 to create GII.4-2006(+87A.2). Bars represent the mean optical density
values with standard error of the means. The dashed line represents 3X the
background level of binding and indicates a positive signal.

	
  

149	
  

Figure 2.6

Figure 2.6: GII.4-2006(+87A.3) reactivity with anti-GII.4 mAbs.
Anti-GII.4-1987 and -2006 IgG were diluted to 2 µg /ml and assayed by EIA for
reactivity with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.3) VLPs. Amino acid
residues from GII.4-1987 were inserted into the GII.4-2006 backbone at positions
368 and 372 to create GII.4-2006(+87A.3). Bars represent the mean optical density
values with standard error of the means. The dashed line represents 3X the
background level of binding and indicates a positive signal.
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Figure 2.7

Figure 2.7: GII.4-2006(+87A.4) reactivity with anti-GII.4 mAbs.
Anti-GII.4-1987 and -2006 IgG were diluted to 2 µg /ml and assayed by EIA for
reactivity with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.4) VLPs. An amino acid
residue from GII.4-1987 was inserted into the GII.4-2006 backbone at position 294
to create GII.4-2006(+87A.4). Bars represent the mean optical density values with
standard error of the means. The dashed line represents 3X the background level of
binding and indicates a positive signal.
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Table 2.1

Table 2.1: Relative reactivity of chimeric versus parental homotypic VLPs.
For anti-GII.4-1987 mAbs, binding of chimeric and parental GII.4-2006 VLPs was
compared to that of GII.4-1987. For anti-GII.4-2006 mAbs, binding of chimeric and
parental GII.4-1987 VLPs was compared to that of GII.4-2006. Scoring is as follows:
VLPs that exhibited 0-5% of the binding level of the homotypic parental VLP (GII.41987 or GII.4-2006) received a score of “0”, 6-25% scored “1”, 26-50% scored “2”,
51-75% scored “3”, and 76%+ scored “4”.
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Figure 2.8

Figure 2.8: Anti-GII.4 mAb blockade of VLP/synthetic HBGA interactions.
(A) The ability of anti-GII.4-1987-G1 and (B) anti-GII.4-2006-G7 to block VLP
interaction with synthetic HBGA was measured by surrogate neutralization assay
and expressed as a percent of the control (100%) binding. An antibody is
considered a “blocking antibody” if it is able to block at least 50% of the control
(dashed line). Anything below the dashed line represents potential neutralization.
Error bars represent standard error of the means from experiments run in triplicate.
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Figure 2.9

Figure 2.9: GII.4-1987 mouse polyclonal sera blockade.
A) GII.4-1987 polyclonal mouse sera was diluted 1:1000 and assayed by EIA for
reactivity with GII.4-1987, GII.4-2006, and GII.4-2006(+87A.1) VLPs. Bars represent
the mean optical density values with standard error of the means. The dashed line
represents 3X the background level of binding and indicates a positive signal. B)
GII.4-1987 polyclonal mouse sera blockade of GII.4 VLP/synthetic HBGA
interactions. Ability of GII.4-1987 polyclonal mouse sera to block VLP/synthetic CHO
was measured by surrogate neutralization assay and expressed as a percent of the
control (100%) binding. An antibody is considered a “blocking antibody” if it is able
to block at least 50% of the control (dashed line). Anything below the dashed line
represents potential neutralization. Error bars represent standard error of the means
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from experiments run in triplicate. C) GII.4-1987 polyclonal mouse sera BT50 values
for GII.4-1987, GII.4-2006, and GII.4-2006(+87A.1). Blocking titers of GII.4-1987
mouse polyclonal sera were determined as the serum concentration at which 50% of
the VLP/synthetic HBGA was blocked. Box and whiskers plots represent the mean
serum concentration at which BT50 was achieved for each VLP.
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Figure 2.10

Figure 2.10: 1988 human outbreak sera blockade. A) 1988 human outbreak sera
was diluted 1:500 and assayed by EIA for reactivity with GII.4-1987, GII.4-2006, and
GII.4-2006(+87A.1) VLPs. Bars represent the mean optical density values with
standard error of the means. The dashed line represents 3X the background level of
binding and indicates a positive signal. B) 1988 human outbreak sera blockade of
GII.4 VLP/synthetic HBGA interactions. Ability of human sera to block VLP/synthetic
CHO was measured by surrogate neutralization assay and expressed as a percent
of the control (100%) binding. An antibody is considered a “blocking antibody” if it is
able to block at least 50% of the control (dashed line). Anything below the dashed
line represents potential neutralization. Error bars represent standard error of the
means from experiments run in triplicate. C) 1988 human outbreak sera BT50
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values for GII.4-1987, GII.4-2006, and GII.4-2006(+87A.1). Blocking titers of human
sera were determined as the serum concentration at which 50% of the VLP/synthetic
HBGA was blocked. Box and whiskers plots represent the mean serum
concentration at which BT50 was achieved for each VLP.

	
  

157	
  

Figure 2.11

Figure 2.11: Homology models comparing GII.4-1987, GII.4-2006, and GII.41987(+06D).
A) Overlay of binding pocket of GII.4-1987 (yellow), GII.4-2006 (purple), and GII.41987(+06D) (grey). Side chains are shown for residues in sites 1 and 2 (342-347,
374, 390-395, and 440-444). Residues 393-395 are shown in teal (GII.41987(+06D)), orange (GII.4-1987), and red (GII.4-2006). B) Residue 390 (yellow)
forms a hydrogen bond with residue 395 (yellow) in GII.4-1987(+06D) that is not
found in GII.4-2006. GII.4-2006 residues 393 and 395 form hydrogen bonds not
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found in GII.4-1987(+06D). C) Residue 343 (yellow) forms a hydrogen bond (red
arrow) with the FUC of HBGA B (orange) in GII.4-1987(+06D) but not with GII.42006. D) Three hydrogen bonds are formed between residue 345 (yellow) and the
FUC of HBGA B in GII.4-2006 but only one is formed with GII.4-1987(+06D). E)
Residues 343 and 444 (both yellow) share a hydrogen bond in GII.4-1987(+06D) but
not in GII.4-2006. F) Residue 442 (yellow) participates in hydrogen bonding with the
FUC of HBGA B in GII.4-1987(+06D) but not with GII.4-2006. In GII.4-1987(+06D),
residue 442 (yellow) also forms a hydrogen bond with residue 443, which is not
found in GII.4-2006.
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APPENDIX 3: CHAPTER 3 FIGURES AND TABLES
Figure 3.1

Figure 3.1: GII.4 norovirus Structure and Genetic Variability in Blockade Epitopes
(A) Schematic representation of the norovirus genome. ORF1 encodes the nonstructural proteins, ORF2 encodes the major capsid protein, and ORF3 encodes the
minor capsid protein. The major capsid protein is divided into the shell and the P1
and P2 subdomains. (B) Blockade epitopes for GII.4 noroviruses. A structural model
of a GII.4 norovirus P2 dimer indicates the location of previously identified blockade
epitopes A, D, and E. (C) GII.4-2012 Changes in Evolving Blockade Epitopes.
Amino acid sequences from GII.4-2006, GII.4-2009, and GII.4-2012 were aligned
and changes occurring in epitopes A, D, and E are noted in the tables. (D)
Previously-reported epitope binding specificity of GII.4-2006 and GII.4-2009 mouse
mAbs and GII.4 human mAbs.
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Figure 3.2

Figure 3.2: GII.4-2012 HBGA Binding
VLPs representing GII.4-2006, GII.4-2009, and GII.4-2012 strains were assayed for
their ability to bind synthetic biotinylated HBGAs or PGM. The mean OD450 nm was
calculated and graphed. Error bars represent SEM. VLP reactivity is defined as a
positive signal over 3X the background binding, indicated by the dashed line.
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Figure 3.3

Figure 3.3: GII.4-2006 Mouse mAb EIA Reactivity and Blockade Response Against
GII.4-2012
(A) Mouse monoclonal antibodies (1 µg/ml) against GII.4-2006 (G2, G3, G4, G6, and
G7) were assayed for ability to react with GII.4-2006, GII.4-2009, and GII.4-2012
VLPs by EIA. The mean OD450 nm was calculated and graphed. Error bars
represent SEM. * Reactivity is significantly different from that of the homotypic GII.42006 VLP. Reactivity is defined as a positive signal above 0.2 by EIA, represented
by the dashed line. VLP reactivity below the dashed line is considered non-reactive.
(B-G) Mouse monoclonal antibodies against GII.4-2006 (G2, G6, G7) were assayed
for ability to block GII.4-2006, GII.4-2009, and GII.4-2012 VLP interaction with
carbohydrate ligand PGM (B-D) or biotinylated B (E-G). The mean percent control
binding (percent of the VLP bound to carbohydrate ligand in the presence of an

	
  

162	
  

antibody compared to the amount of VLP bound with no antibody present) of each
VLP was fit with a sigmoidal curve, and the mean EC50 (µg/ml) blockade titers for
GII.4-2006, GII.4-2009, and GII.4-2012 were calculated. Error bars represent 95%
confidence intervals. * Mean EC50 blockade titer for the test VLP is significantly
different from the mean EC50 for GII.4-2006 (p<0.05). Monoclonal antibodies that
did not block a particular VLP were assigned an EC50 of 4 µg/ml for statistical
analysis and are shown on the graph by data points above the upper limit of
detection (dashed line). Statistics for both EIA and blockade assays were calculated
by One-way ANOVA with Dunnett’s post test.
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Figure 3.4

Figure 3.4: GII.4-2009 Mouse mAb EIA Reactivity and Blockade Response Against
GII.4-2012
(A) Mouse monoclonal antibodies (1 µg/ml) against GII.4-2009 (NO37, 52, 66, and
224) were assayed for ability to react with GII.4-2006, GII.4-2009, and GII.4-2012
VLPs by EIA. The mean OD450 nm was calculated and graphed. Error bars
represent SEM. * Reactivity is significantly different from that of the homotypic GII.42009 VLP. Reactivity is defined as a positive signal above 0.2 by EIA, represented
by the dashed line. VLP reactivity below the dashed line is considered non-reactive.
(B-E) Mouse monoclonal antibodies against GII.4-2009 (NO 52, 224) were assayed
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for ability to block GII.4-2006, GII.4-2009, and GII.4-2012 VLP interaction with
carbohydrate ligand PGM (B-C) or biotinylated B (D-E). The mean percent control
binding (percent of the VLP bound to carbohydrate ligand in the presence of an
antibody compared to the amount of VLP bound with no antibody present) of each
VLP was fit with a sigmoidal curve, and the mean EC50 (µg/ml) blockade titers for
GII.4-2006, GII.4-2009, and GII.4-2012 were calculated. Error bars represent 95%
confidence intervals. * Mean EC50 blockade titer for the test VLP is significantly
different from the mean EC50 for GII.4-2009 (p<0.05). Monoclonal antibodies that
did not block a particular VLP were assigned an EC50 of 4 µg/ml for statistical
analysis and are shown on the graph by data points above the upper limit of
detection (dashed line). Statistics for both EIA and blockade assays were calculated
by One-way ANOVA with Dunnett’s post test.

	
  

165	
  

Figure 3.5

Figure 3.5: GII.4 Human mAb EIA Reactivity and Blockade Response Against GII.42012
(A) Human monoclonal antibodies against GII.4 norovirus (1 µg/ml) were assayed
for ability to react with GII.4-2006, GII.4-2009, and GII.4-2012 VLPs by EIA. The
mean OD450 nm was calculated and graphed. Error bars represent SEM. *
Reactivity is significantly different from that of the GII.4-2009 VLP. Reactivity is
defined as a positive signal above 0.2 by EIA, represented by the dashed line. VLP
reactivity below the dashed line is considered non-reactive. (B-E) Human
monoclonal antibodies against GII.4 noroviruses were assayed for ability to block
GII.4-2006, GII.4-2009, and GII.4-2012 VLP interaction with carbohydrate ligand
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PGM (B-C) or biotinylated B (D-E). The mean percent control binding (percent of
the VLP bound to carbohydrate ligand in the presence of an antibody compared to
the amount of VLP bound with no antibody present) of each VLP was fit with a
sigmoidal curve, and the mean EC50 (µg/ml) blockade titers for GII.4-2006, GII.42009, and GII.4-2012 were calculated. Error bars represent 95% confidence
intervals. *Mean EC50 blockade titer for the tested VLP is significantly different from
the mean EC50 for GII.4-2009 (p<0.05). Monoclonal antibodies that did not block a
particular VLP at the highest mAb concentration tested were assigned an EC50 of
2X the upper limit tested in µg/ml for statistical analysis and are shown on the graph
by data points above the upper limit of detection (dashed line). Statistics for both EIA
and blockade assays were calculated by One-way ANOVA with Dunnett’s post test.
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Figure 3.6

Figure 3.6: Monoclonal Antibody Blockade of Chimeric GII.4-2012 VLPs
Mouse and human epitope A targeting monoclonal antibodies against GII.4
noroviruses (2006-G2, G3, G4, G6, G7, NO37, NO52, and NVB 43.9) were assayed
for ability to block GII.4-2012.T294P, GII.4-2012.E368A, and GII.4-2012.09A
interaction with carbohydrate ligand, and graphs representative of two distinct
patterns are shown. The mean percent control binding (percent of the VLP bound to
carbohydrate ligand in the presence of an antibody compared to the amount of VLP
bound with no antibody present) of each VLP was fit with a sigmoidal curve, and the
mean EC50 (µg/ml) blockade titers for GII.4-2009, GII.4-2012 VLP, GII.42012.T294P, GII.4-2012.E368A, and GII.4-2012.09A were calculated. Error bars
represent 95% confidence intervals. *Mean EC50 blockade titer for the tested VLP is
significantly different from the mean EC50 for GII.4-2009 (p<0.05). Monoclonal
antibodies that did not block a particular VLP at the highest mAb concentration
tested were assigned an EC50 of 2X the upper limit tested in µg/ml for statistical
analysis and are shown on the graph by data points above the upper limit of
detection (dashed line). Statistics for both EIA and blockade assays were calculated
by One-way ANOVA with Dunnett’s post test.
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Figure 3.7

Figure 3.7: GII.4-2012 and GII.4-2012.09A Blockade by GII.4-2009 Outbreak
Human Sera
Human convalescent polyclonal sera from 8 individuals infected in 2010 with GII.42009 New Orleans were assayed for ability to block GII.4-2009, GII.4-2012, and
GII.4-2012.09A VLP interaction with carbohydrate ligand. The mean percent control
binding (percent of the VLP bound to carbohydrate ligand in the presence of sera
compared to the amount of VLP bound with no sera present) of each VLP was fit
with a sigmoidal curve, and the mean EC50 (% sera) blockade titers for GII.4-2009,
GII.4-2012, and GII.4-2012.09A were calculated. Error bars represent 95%
confidence intervals. * Mean EC50 blockade titer is significantly different from the
mean EC50 for GII.4-2009 (p<0.05). Statistics were calculated by One-way ANOVA
with Dunnett’s post test.
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Figure 3.8

Figure 3.8: GII.4-2009 Outbreak Human Sera Blockade by Individual
Individual human convalescent polyclonal sera from 8 individuals infected in 2010
with GII.4-2009 New Orleans were assayed for ability to block GII.4-2009, GII.42012, and GII.4-2012.09A VLP interaction with carbohydrate ligand. The mean
percent control binding (percent of the VLP bound to carbohydrate ligand in the
presence of sera compared to the amount of VLP bound with no sera present) of
each VLP was fit with a sigmoidal curve, and the mean EC50 (% sera) blockade
titers for GII.4-2009, GII.4-2012, and GII.4-2012.09A were calculated. Error bars
represent 95% confidence intervals. * Mean EC50 blockade titer is significantly
different from the mean EC50 for GII.4-2009 (p<0.05). Statistics were calculated by
One-way ANOVA with Dunnett’s post test.
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APPENDIX 4: CHAPTER 4 GRAPHS AND TABLES
Figure 4.1

Figure 4.1: Sequence Changes in Chronically Infected Patient Strains Compared to
GII.4-2006b.
(A) Available capsid amino acid sequences for GII.4-2006b, P.D1 and P.D302 were
aligned using Clustal Omega, and sequence differences among GII.4-2006, P.D1,
and P.D302 are shown. GII.4-2006b residues are shown in purple. P.D1 and P.D302
differences from GII.4-2006b are indicated in light blue, while orange indicates a
reversion to the GII.4-2006b residues. (B) Alignment of GII.4-2006b, P.D1, and
P.D302 amino acid sequences in and around Epitopes A, D, and E. Green indicates
a position within a defined epitope, while white indicates nearby residues that may
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impact antigenicity in these epitopes. (C) Structural homology models of GII.42006b, P.D1, and P.D302 capsid P2 dimers shown from top view. Purple shows
location of Epitopes A, D, and E on the capsid P2 dimer, while green shows
changing amino acid residues in P.D1 and P.D302 compared to GII.4-2006b.
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Table 4.1

Table 4.1: Chronic Infection Strain HBGA Binding Preferences
VLPs representing GII.4-2006b, P.D1, and P.D302 were assayed for their ability to
bind synthetic biotinylated HBGAs A, B, Lea, Leb, Lex, Ley, H type 1, and H type 3 by
carbohydrate binding assay. Positive reactivity was defined as a value greater or
equal to 3X the background binding value.
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Table 4.2

Table 4.2: GII.4 Mouse and Human mAb EIA Reactivity with Chronic Infection
Strains
Mouse and human GII.4 monoclonal antibodies against were assayed for reactivity
with GII.4-2006b, P.D1, and P.D302 VLPs by multiple dilution EIA. The mean
percent binding (percent of the VLP bound to antibody in the dilution course
compared to the amount of VLP bound with antibody at 1 ug/mL) of each VLP was fit
with a sigmoidal curve, and the mean EC50 (µg/ml) EIA reactivity titers for GII.42006b, P.D1, and P.D302 were calculated. * Mean EC50 EIA reactivity titer for the
test VLP is significantly different from the mean EC50 for GII.4-2006b (light grey), or
** was significantly different from both GII.4-2006b and P.D1 (p<0.05) (dark grey).
Monoclonal antibodies that did not demonstrate EIA reactivity at or above OD450
nm 0.2 at 1 ug/mL with a particular VLP are denoted by an EC50 of >1 ug/mL.
Statistics were calculated by One-way ANOVA with Bonferroni post test.
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Figure 4.2

Figure 4.2: GII.4 Mouse and Human mAb Blockade Response Against Chronic
Infection Strains
(A-I) Mouse and human GII.4 monoclonal antibodies were assayed for ability to
block GII.4-2006b, P.D1, and P.D302 VLP interaction with carbohydrate ligand. The
mean percent control binding (percent of the VLP bound to carbohydrate ligand in
the presence of an antibody compared to the amount of VLP bound with no antibody
present) of each VLP was fit with a sigmoidal curve, and the mean EC50 (µg/ml)
blockade titers for GII.4-2006b, P.D1, and P.D302 were calculated. Error bars
represent 95% confidence intervals. * Mean EC50 blockade titer for the test VLP is
significantly different from the mean EC50 for GII.4-2006b (p<0.05), or ** was
significantly different from both GII.4-2006b and P.D1 (p<0.05). Monoclonal
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antibodies that did not block a particular VLP were assigned an EC50 of 2X the upper
limit of detection for statistical analysis and are shown on the graph by data points
above the upper limit of detection (dashed line). Statistics were calculated by Oneway ANOVA with Bonferroni post test.
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Figure 4.3

Figure 3: Blockade Activity of Mouse Polyclonal Sera Against Homotypic and
Heterotypic VLPs
Mice were immunized with VRP expressing the capsid gene of GII.4-2006b, GII.42009, P.D1, and P.D302, and sera collected from these mice were tested for
blockade activity against GII.4-2006b, GII.4-2009, P.D1, and P.D302 VLPs. (A)
Blockade activity of sera from mice immunized against GII.4-2006b (A), GII.4-2009
(B), P.D1 (C), and P.D302 (D) with homotypic and heterotypic VLPs. The mean
percent control binding (percent of the VLP bound to carbohydrate ligand in the
presence of sera compared to the amount of VLP bound with no sera present) of
each VLP was fit with a sigmoidal curve, and the mean EC50 (% sera) blockade titers
for GII.4-2006b, GII.4-2009, P.D1, and P.D302 were calculated. Error bars represent
95% confidence intervals. * Mean EC50 blockade titer for the test VLP is significantly
different from the mean EC50 for the homotypic strain (p<0.05). Sera that did not
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block a particular VLP were assigned an EC50 of 10% sera for statistical analysis
and are shown on the graph by data points above the upper limit of detection
(dashed line). Statistics were calculated by One-way ANOVA with Bonferroni post
test.
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Figure 4.4

Figure 4.4: Antigenic Cartography for GII.4 Noroviruses
Sera from mice immunized with GII.4 VRPs expressing the norovirus major capsid
gene for strains GII.4-1987, GII.4-2002, GII.4-2006b and GII.4-2009, and chronic
isolates P.D1 and P.D302 were tested for the ability to block VLP-PGM interactions
for strains GII.4-1987 (yellow), GII.4-1997 (red), GII.4-2002 (light blue), GII.4-2006b
(light purple), GII.4-2009 (dark blue), GII.4-2012 (dark purple), P.D1 (light green),
and P.D302 (dark green). EC50 blockade titers were calculated and this data was
used to generate a 3D antigenic cartography map in AntigenMap 3D that illustrates
the antigenic differences among GII.4 norovirus strains. A) Early strains GII.4-1987,
GII.4-1997, and GII.4-2002 grouped together (lower right hand quadrant), and late
strains GII.4-2006b, GII.4-2009, and GII.4-2012 grouped together (lower left hand
quadrant). P.D1 grouped with late strains, closest to GII.4-2006b, while P.D302 was
separate from either late or early strains (upper right quadrant). B) Side view of the
same 3D graph showing the antigenic differences between strains.
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Figure 4.5

Figure 4.5: Expansion of Epitope A
Epitope A targeting human GII.4 mAb 43.9 was assayed for its ability to block GII.42009 New Orleans, GII.4-2012 Sydney, GII.4-2012.09A, GII.4-2012.R373N, and
GII.4-2012.09A.R373N VLP interaction with carbohydrate ligand. The mean percent
control binding (percent of the VLP bound to carbohydrate ligand in the presence of
an antibody compared to the amount of VLP bound with no antibody present) of
each VLP was fit with a sigmoidal curve, and the mean EC50 (µg/ml) blockade titers
for all VLPs were calculated. Error bars represent 95% confidence intervals.
Statistics were calculated by One-way ANOVA with Dunnett’s post test. * Mean EC50
blockade titer was significantly different from GII.4-2009.
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Figure 4.6

Figure 4.6: Comparison of Epitope D Polar Interactions Among GII.4-2006 and
Chronic Infection Strains
Pymol was used to model the polar interactions within residues 390-395 (A-C) and
interactions between these residues and surrounding residues (D-F). GII.4-2006b is
shown in purple (A and D), P.D1 is shown in teal (B and E), and P.D302 is shown in
pink (C and F). Residues 390-395 are shown in orange for GII.4-2006b, yellow for
P.D1, and aqua for P.D302. Dotted lines represent structure-based predicted polar
interactions. Dark purple residues represent positions that interact with HBGAs (DF).
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APPENDIX 5: CHAPTER 5 GRAPHS AND TABLES
Figure 5.1

Figure 5.1: Design of Chimeric Vaccine VLPs
(A) Sequences from GII.4-1987, GII.4-2002, and GII.4-2006 were aligned and
residues in blockade epitopes A, D, and E are shown. (B) Capsid P2 dimer (grey)
showing the location of blockade epitopes A (pink), D (green), and E (orange). (C)
Chimeric VLP P2 dimers. Differential epitope A residues from parental strain GII.41987 (A294V, R297H, N298D, S368T, E372N) are inserted into the parental GII.42006 strain background to create chimeric VLP GII.4-2006.87A. Chimeric VLP GII.42006.87A.02E contains the same GII.4-1987 residue substitutions as well as epitope
E substitutions (N412T, V413G).
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Figure 5.2

Figure 5.2: Single Strain VRPs Do Not Induce a Broad Blockade Response
Balb/c mice were immunized with with VRPs expressing the norovirus capsid gene
from parental strains GII.4-1987, GII.4-2002, GII.4-2006, or GII.4-2009 via footpad
injection. The ability of sera from mice immunized with (A) GII.4-1987, (B) GII.42002, (C) GII.4-2006, and (D) GII.4-2009 VRPs was evaluated for ability to block
VLP interaction with carbohydrate ligand pig gastic mucin type III (PGM) for VLPs
representing strains GII.4-1987, GII.4-1997, GII.4-2002, GII.4-2006, GII.4-2009, and
GII.4-2012. For each VLP, the mean percentage of control binding (percent of the
VLP bound to PGM in the presence of sera compared to the amount of VLP bound
with no sera present) was fit to a sigmoidal curve, and the mean EC50 % sera was
calculated (percentage of sera required to block 50% of the VLP-PGM interaction).
Sera that did not block a particular VLP were assigned a value of 10% (2X the upper
limit of detection) for statistical analysis and placed as a data point above the dotted
line (upper limit of detection).
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Figure 5.3

Figure 5.3: Single Strain VRP Sera Blockade Response Against Chimeric VLPs
Balb/c mice were immunized with with VRPs expressing the norovirus capsid gene
from parental strains GII.4-1987, GII.4-2002, GII.4-2006, or GII.4-2009 via footpad
injection. The ability of sera from mice immunized with (A) GII.4-1987, (B) GII.42002, (C) GII.4-2006, and (D) GII.4-2009 VRPs was evaluated for ability to block
VLP interaction with carbohydrate ligand pig gastic mucin type III (PGM) for chimeric
VLPs GII.4-2006.87A and GII.4-2006.87A.02E. For each VLP, the mean percentage
of control binding (percent of the VLP bound to PGM in the presence of sera
compared to the amount of VLP bound with no sera present) was fit to a sigmoidal
curve, and the mean EC50 % sera was calculated (percentage of sera required to
block 50% of the VLP-PGM interaction). Sera that did not block a particular VLP
were assigned a value of 10% (2X the upper limit of detection) for statistical analysis
and placed as a data point above the dotted line (upper limit of detection).
*Statistical significance was determined by 1-way analysis of variance (ANOVA) with
Bonferroni post-test.
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Figure 5.4

Figure 5.4: Chimeric VRPs Induce Broad Blockade Responses
Balb/c mice were immunized with with VRPs expressing the norovirus capsid gene
from chimeric sequences GII.4-2006.87A and GII.4-2006.87A.02E via footpad
injection. The ability of sera from mice immunized with (A) GII.4-2006.87A and (B)
GII.4-2006.87A.02E VRPs was evaluated for ability to block VLP interaction with
carbohydrate ligand pig gastic mucin type III (PGM) for VLPs representing strains
GII.4-1987, GII.4-1997, GII.4-2002, GII.4-2006, GII.4-2009, and GII.4-2012. For
each VLP, the mean percentage of control binding (percent of the VLP bound to
PGM in the presence of sera compared to the amount of VLP bound with no sera
present) was fit to a sigmoidal curve, and the mean EC50 % sera was calculated
(percentage of sera required to block 50% of the VLP-PGM interaction). Sera that
did not block a particular VLP were assigned a value of 10% (2X the upper limit of
detection) for statistical analysis and placed as a data point above the dotted line
(upper limit of detection).
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Figure 5.5

Figure 5.5: Comparison of Chimeric VRP Sera Blockade Response Against
Parental GII.4 VLPs
Balb/c mice were immunized with with VRPs expressing the norovirus capsid gene
from chimeric sequences GII.4-2006.87A and GII.4-2006.87A.02E via footpad
injection. The ability of sera from mice immunized with GII.4-2006.87A and GII.42006.87A.02E VRPs was evaluated for ability to block VLP interaction with
carbohydrate ligand pig gastic mucin type III (PGM) for VLPs representing strains
(A) GII.4-1987, (B) GII.4-1997, (C) GII.4-2002, (D) GII.4-2006, (E) GII.4-2009, and
(F) GII.4-2012. For each VLP, the mean percentage of control binding (percent of
the VLP bound to PGM in the presence of sera compared to the amount of VLP
bound with no sera present) was fit to a sigmoidal curve, and the mean EC50 %
sera was calculated (percentage of sera required to block 50% of the VLP-PGM
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interaction). Sera that did not block a particular VLP were assigned a value of 10%
(2X the upper limit of detection) for statistical analysis and placed as a data point
above the dotted line (upper limit of detection). *Statistical significance was
determined by 1-way analysis of variance (ANOVA) with Bonferroni post-test.
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Figure 5.6

Figure 5.6: Comparison of Chimeric versus Multivalent VRP Sera Blockade
Response Against Parental GII.4 VLPs
Balb/c mice were immunized with with VRPs expressing either the norovirus capsid
gene from chimeric sequence GII.4-2006.87A or a multivalent mix of VRPs
expressing the capsid gene from GII.4-1987, GII.4-2002, and GII.4-2006 via footpad
injection. The ability of sera from mice immunized with GII.4-2006.87A and
multivalent VRPs was evaluated for ability to block VLP interaction with
carbohydrate ligand pig gastic mucin type III (PGM) for VLPs representing strains
(A) GII.4-1987, (B) GII.4-1997, (C) GII.4-2002, (D) GII.4-2006, (E) GII.4-2009, and
(F) GII.4-2012. For each VLP, the mean percentage of control binding (percent of
the VLP bound to PGM in the presence of sera compared to the amount of VLP
bound with no sera present) was fit to a sigmoidal curve, and the mean EC50 %
sera was calculated (percentage of sera required to block 50% of the VLP-PGM
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interaction). Sera that did not block a particular VLP were assigned a value of 10%
(2X the upper limit of detection) for statistical analysis and placed as a data point
above the dotted line (upper limit of detection). *Statistical significance was
determined by 1-way analysis of variance (ANOVA) with Bonferroni post-test.
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Figure 5.7

Figure 5.7: Parental Strain Blockade Comparisons Among Homotypic, Heterotypic,
Chimeric, and Multivalent Sera
Balb/c mice were immunized with with VRPs expressing either the norovirus capsid
gene fromGII.4-1987, GII.4-2002, GII.4-2006, GII.4-2009, chimeric sequences GII.42006.87A or GII.4-2006.87A.02E or a multivalent mix of VRPs expressing the capsid
gene from GII.4-1987, GII.4-2002, and GII.4-2006 via footpad injection. Sera from
these mice were evaluated for ability to block VLP interaction with carbohydrate
ligand pig gastic mucin type III (PGM) for VLPs representing strains (A) GII.4-1987,
(B) GII.4-2002, (C) GII.4-2006, and (D) GII.4-2009. For each VLP, the mean
percentage of control binding (percent of the VLP bound to PGM in the presence of
sera compared to the amount of VLP bound with no sera present) was fit to a
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sigmoidal curve, and the mean EC50 % sera was calculated (percentage of sera
required to block 50% of the VLP-PGM interaction). Sera that did not block a
particular VLP were assigned a value of 10% (2X the upper limit of detection) for
statistical analysis and placed as a data point above the dotted line (upper limit of
detection). *Statistical significance was determined by 1-way analysis of variance
(ANOVA) with Bonferroni post-test, and statistical differences compared to the
homotypic VLP are shown.
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Figure 5.8

Figure 5.8: Model of Chimeric GII.4 VLP-based Vaccine Reformulation Strategy
Starting with the current predominant circulating GII.4 strain, (1) epidemiological
studies identify sequence changes in epitope A in minor variants that arise in the
population. (2) Using the sequences of these epitope A variants, a panel of VLPs
representing this genetic diversity is built and monoclonal antibodies and polyclonal
sera can be used to evaluate changes in antigenicity for each variant. (3) From this
data, specific variants that are antigenically distinct from the predominant strain are
identified and can be more closely monitored in the population. (4) If one of these
variants seems likely to emerge as a new predominant strain, the chimeric VLP is
already made and can quickly be introduced into a new vaccine formulation. (5)
When a new predominant strain emerges, this process can be repeated in order to
consistently address GII.4 antigenic variation.
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APPENDIX 6: CHAPTER 6 GRAPHS AND TABLES
Figure 6.1

Figure 6.1: Putative Updated Blockade Epitopes
Sequences from contemporary GII.4 outbreak strains (GII.4-2006b, GII.4-2009, and
GII.4-2012) and intra-host evolved isolates were aligned and evolving residues in
and around previously-identified epitopes A (green), D (orange), and E (yellow) are
noted (blue shades). *Indicates amino acid positions that have changed in outbreak
strains prior to GII.4-2006.

	
  

193	
  

REFERENCES
1.	
  Hall	
  AJ,	
  Lopman	
  BA,	
  Payne	
  DC,	
  et	
  al.	
  Norovirus	
  disease	
  in	
  the	
  United	
  States.	
  Emerg	
  
Infect	
  Dis	
  2013;	
  19:1198-‐205.	
  
	
  
2.	
  Payne	
  DC,	
  Vinje	
  J,	
  Szilagyi	
  PG,	
  et	
  al.	
  Norovirus	
  and	
  medically	
  attended	
  gastroenteritis	
  
in	
  U.S.	
  children.	
  N	
  Engl	
  J	
  Med	
  2013;	
  368:1121-‐30.	
  
	
  
3.	
  Mattner	
  F,	
  Sohr	
  D,	
  Heim	
  A,	
  Gastmeier	
  P,	
  Vennema	
  H,	
  Koopmans	
  M.	
  Risk	
  groups	
  for	
  
clinical	
  complications	
  of	
  norovirus	
  infections:	
  an	
  outbreak	
  investigation.	
  Clin	
  Microbiol	
  
Infect	
  2006;	
  12:69-‐74.	
  
	
  
4.	
  Atmar	
  RL,	
  Opekun	
  AR,	
  Gilger	
  MA,	
  et	
  al.	
  Determination	
  of	
  the	
  Human	
  Infectious	
  Dose-‐
50%	
  for	
  Norwalk	
  Virus.	
  J	
  Infect	
  Dis	
  2013.	
  
	
  
5.	
  Teunis	
  PF,	
  Moe	
  CL,	
  Liu	
  P,	
  et	
  al.	
  Norwalk	
  virus:	
  how	
  infectious	
  is	
  it?	
  J	
  Med	
  Virol	
  2008;	
  
80:1468-‐76.	
  
	
  
6.	
  Zheng	
  DP,	
  Ando	
  T,	
  Fankhauser	
  RL,	
  Beard	
  RS,	
  Glass	
  RI,	
  Monroe	
  SS.	
  Norovirus	
  
classification	
  and	
  proposed	
  strain	
  nomenclature.	
  Virology	
  2006;	
  346:312-‐23.	
  
	
  
7.	
  Kroneman	
  A,	
  Vega	
  E,	
  Vennema	
  H,	
  et	
  al.	
  Proposal	
  for	
  a	
  unified	
  norovirus	
  nomenclature	
  
and	
  genotyping.	
  Arch	
  Virol	
  2013;	
  158:2059-‐68.	
  
	
  
8.	
  Vega	
  E,	
  Barclay	
  L,	
  Gregoricus	
  N,	
  Shirley	
  SH,	
  Lee	
  D,	
  Vinje	
  J.	
  Genotypic	
  and	
  
Epidemiologic	
  Trends	
  of	
  Norovirus	
  Outbreaks	
  in	
  the	
  United	
  States,	
  2009-‐2013.	
  J	
  Clin	
  
Microbiol	
  2013.	
  
	
  
9.	
  Donaldson	
  EF,	
  Lindesmith	
  LC,	
  Lobue	
  AD,	
  Baric	
  RS.	
  Viral	
  shape-‐shifting:	
  norovirus	
  
evasion	
  of	
  the	
  human	
  immune	
  system.	
  Nat	
  Rev	
  Microbiol	
  2010;	
  8:231-‐41.	
  
	
  
10.	
  Lindesmith	
  LC,	
  Beltramello	
  M,	
  Donaldson	
  EF,	
  et	
  al.	
  Immunogenetic	
  mechanisms	
  
driving	
  norovirus	
  GII.4	
  antigenic	
  variation.	
  PLoS	
  Pathog	
  2012;	
  8:e1002705.	
  
	
  
11.	
  Debbink	
  K,	
  Donaldson	
  EF,	
  Lindesmith	
  LC,	
  Baric	
  RS.	
  Genetic	
  mapping	
  of	
  a	
  highly	
  
variable	
  norovirus	
  GII.4	
  blockade	
  epitope:	
  potential	
  role	
  in	
  escape	
  from	
  human	
  herd	
  
immunity.	
  J	
  Virol	
  2012;	
  86:1214-‐26.	
  
	
  
12.	
  Lindesmith	
  LC,	
  Donaldson	
  EF,	
  Lobue	
  AD,	
  et	
  al.	
  Mechanisms	
  of	
  GII.4	
  norovirus	
  
persistence	
  in	
  human	
  populations.	
  PLoS	
  Med	
  2008;	
  5:e31.	
  
	
  
13.	
  Lindesmith	
  LC,	
  Debbink	
  K,	
  Swanstrom	
  J,	
  et	
  al.	
  Monoclonal	
  antibody-‐based	
  antigenic	
  
mapping	
  of	
  norovirus	
  GII.4-‐2002.	
  J	
  Virol	
  2012;	
  86:873-‐83.	
  
	
  

	
  

194	
  

14.	
  Parra	
  GI,	
  Bok	
  K,	
  Taylor	
  R,	
  et	
  al.	
  Immunogenicity	
  and	
  specificity	
  of	
  norovirus	
  
Consensus	
  GII.4	
  virus-‐like	
  particles	
  in	
  monovalent	
  and	
  bivalent	
  vaccine	
  formulations.	
  
Vaccine	
  2012;	
  30:3580-‐6.	
  
	
  
15.	
  Lindesmith	
  L,	
  Moe	
  C,	
  Marionneau	
  S,	
  et	
  al.	
  Human	
  susceptibility	
  and	
  resistance	
  to	
  
Norwalk	
  virus	
  infection.	
  Nat	
  Med	
  2003;	
  9:548-‐53.	
  
	
  
16.	
  Lindesmith	
  L,	
  Moe	
  C,	
  Lependu	
  J,	
  Frelinger	
  JA,	
  Treanor	
  J,	
  Baric	
  RS.	
  Cellular	
  and	
  
humoral	
  immunity	
  following	
  Snow	
  Mountain	
  virus	
  challenge.	
  J	
  Virol	
  2005;	
  79:2900-‐9.	
  
	
  
17.	
  Huang	
  P,	
  Farkas	
  T,	
  Marionneau	
  S,	
  et	
  al.	
  Noroviruses	
  bind	
  to	
  human	
  ABO,	
  Lewis,	
  and	
  
secretor	
  histo-‐blood	
  group	
  antigens:	
  identification	
  of	
  4	
  distinct	
  strain-‐specific	
  patterns.	
  
J	
  Infect	
  Dis	
  2003;	
  188:19-‐31.	
  
	
  
18.	
  Huang	
  P,	
  Farkas	
  T,	
  Zhong	
  W,	
  et	
  al.	
  Norovirus	
  and	
  histo-‐blood	
  group	
  antigens:	
  
demonstration	
  of	
  a	
  wide	
  spectrum	
  of	
  strain	
  specificities	
  and	
  classification	
  of	
  two	
  major	
  
binding	
  groups	
  among	
  multiple	
  binding	
  patterns.	
  J	
  Virol	
  2005;	
  79:6714-‐22.	
  
	
  
19.	
  de	
  Rougemont	
  A,	
  Ruvoen-‐Clouet	
  N,	
  Simon	
  B,	
  et	
  al.	
  Qualitative	
  and	
  quantitative	
  
analysis	
  of	
  the	
  binding	
  of	
  GII.4	
  norovirus	
  variants	
  onto	
  human	
  blood	
  group	
  antigens.	
  J	
  
Virol	
  2011;	
  85:4057-‐70.	
  
	
  
20.	
  Reeck	
  A,	
  Kavanagh	
  O,	
  Estes	
  MK,	
  et	
  al.	
  Serological	
  correlate	
  of	
  protection	
  against	
  
norovirus-‐induced	
  gastroenteritis.	
  J	
  Infect	
  Dis	
  2010;	
  202:1212-‐8.	
  
	
  
21.	
  Parrino	
  TA,	
  Schreiber	
  DS,	
  Trier	
  JS,	
  Kapikian	
  AZ,	
  Blacklow	
  NR.	
  Clinical	
  immunity	
  in	
  
acute	
  gastroenteritis	
  caused	
  by	
  Norwalk	
  agent.	
  N	
  Engl	
  J	
  Med	
  1977;	
  297:86-‐9.	
  
	
  
22.	
  Atmar	
  RL,	
  Bernstein	
  DI,	
  Harro	
  CD,	
  et	
  al.	
  Norovirus	
  vaccine	
  against	
  experimental	
  
human	
  Norwalk	
  Virus	
  illness.	
  N	
  Engl	
  J	
  Med	
  2011;	
  365:2178-‐87.	
  
	
  
23.	
  Johnson	
  PC,	
  Mathewson	
  JJ,	
  DuPont	
  HL,	
  Greenberg	
  HB.	
  Multiple-‐challenge	
  study	
  of	
  
host	
  susceptibility	
  to	
  Norwalk	
  gastroenteritis	
  in	
  US	
  adults.	
  J	
  Infect	
  Dis	
  1990;	
  161:18-‐21.	
  
	
  
24.	
  Siebenga	
  JJ,	
  Lemey	
  P,	
  Kosakovsky	
  Pond	
  SL,	
  Rambaut	
  A,	
  Vennema	
  H,	
  Koopmans	
  M.	
  
Phylodynamic	
  reconstruction	
  reveals	
  norovirus	
  GII.4	
  epidemic	
  expansions	
  and	
  their	
  
molecular	
  determinants.	
  PLoS	
  Pathog	
  2010;	
  6:e1000884.	
  
	
  
25.	
  Lindesmith	
  LC,	
  Donaldson	
  E,	
  Leon	
  J,	
  et	
  al.	
  Heterotypic	
  humoral	
  and	
  cellular	
  immune	
  
responses	
  following	
  Norwalk	
  virus	
  infection.	
  J	
  Virol	
  2010;	
  84:1800-‐15.	
  
	
  
26.	
  Cannon	
  JL,	
  Lindesmith	
  LC,	
  Donaldson	
  EF,	
  Saxe	
  L,	
  Baric	
  RS,	
  Vinje	
  J.	
  Herd	
  immunity	
  to	
  
GII.4	
  noroviruses	
  is	
  supported	
  by	
  outbreak	
  patient	
  sera.	
  J	
  Virol	
  2009;	
  83:5363-‐74.	
  
	
  
27.	
  Rockx	
  B,	
  De	
  Wit	
  M,	
  Vennema	
  H,	
  et	
  al.	
  Natural	
  history	
  of	
  human	
  calicivirus	
  infection:	
  
a	
  prospective	
  cohort	
  study.	
  Clin	
  Infect	
  Dis	
  2002;	
  35:246-‐53.	
  
	
  

195	
  

	
  
28.	
  Lindesmith	
  LC,	
  Donaldson	
  EF,	
  Baric	
  RS.	
  Norovirus	
  GII.4	
  strain	
  antigenic	
  variation.	
  J	
  
Virol	
  2011;	
  85:231-‐42.	
  
	
  
29.	
  LoBue	
  AD,	
  Lindesmith	
  L,	
  Yount	
  B,	
  et	
  al.	
  Multivalent	
  norovirus	
  vaccines	
  induce	
  
strong	
  mucosal	
  and	
  systemic	
  blocking	
  antibodies	
  against	
  multiple	
  strains.	
  Vaccine	
  
2006;	
  24:5220-‐34.	
  
	
  
30.	
  Hale	
  AD,	
  Tanaka	
  TN,	
  Kitamoto	
  N,	
  et	
  al.	
  Identification	
  of	
  an	
  epitope	
  common	
  to	
  
genogroup	
  1	
  "norwalk-‐like	
  viruses".	
  J	
  Clin	
  Microbiol	
  2000;	
  38:1656-‐60.	
  
	
  
31.	
  Parker	
  TD,	
  Kitamoto	
  N,	
  Tanaka	
  T,	
  Hutson	
  AM,	
  Estes	
  MK.	
  Identification	
  of	
  Genogroup	
  
I	
  and	
  Genogroup	
  II	
  broadly	
  reactive	
  epitopes	
  on	
  the	
  norovirus	
  capsid.	
  J	
  Virol	
  2005;	
  
79:7402-‐9.	
  
	
  
32.	
  Allen	
  DJ,	
  Noad	
  R,	
  Samuel	
  D,	
  Gray	
  JJ,	
  Roy	
  P,	
  Iturriza-‐Gomara	
  M.	
  Characterisation	
  of	
  a	
  
GII-‐4	
  norovirus	
  variant-‐specific	
  surface-‐exposed	
  site	
  involved	
  in	
  antibody	
  binding.	
  Virol	
  
J	
  2009;	
  6:150.	
  
	
  
33.	
  Hansman	
  GS,	
  Taylor	
  DW,	
  McLellan	
  JS,	
  et	
  al.	
  Structural	
  basis	
  for	
  broad	
  detection	
  of	
  
genogroup	
  II	
  noroviruses	
  by	
  a	
  monoclonal	
  antibody	
  that	
  binds	
  to	
  a	
  site	
  occluded	
  in	
  the	
  
viral	
  particle.	
  J	
  Virol	
  2012;	
  86:3635-‐46.	
  
	
  
34.	
  Taube	
  S,	
  Kolawole	
  AO,	
  Hohne	
  M,	
  et	
  al.	
  A	
  mouse	
  model	
  for	
  human	
  norovirus.	
  MBio	
  
2013;	
  4.	
  
	
  
35.	
  Harrington	
  PR,	
  Lindesmith	
  L,	
  Yount	
  B,	
  Moe	
  CL,	
  Baric	
  RS.	
  Binding	
  of	
  Norwalk	
  virus-‐
like	
  particles	
  to	
  ABH	
  histo-‐blood	
  group	
  antigens	
  is	
  blocked	
  by	
  antisera	
  from	
  infected	
  
human	
  volunteers	
  or	
  experimentally	
  vaccinated	
  mice.	
  J	
  Virol	
  2002;	
  76:12335-‐43.	
  
	
  
36.	
  Souza	
  M,	
  Costantini	
  V,	
  Azevedo	
  MS,	
  Saif	
  LJ.	
  A	
  human	
  norovirus-‐like	
  particle	
  vaccine	
  
adjuvanted	
  with	
  ISCOM	
  or	
  mLT	
  induces	
  cytokine	
  and	
  antibody	
  responses	
  and	
  
protection	
  to	
  the	
  homologous	
  GII.4	
  human	
  norovirus	
  in	
  a	
  gnotobiotic	
  pig	
  disease	
  model.	
  
Vaccine	
  2007;	
  25:8448-‐59.	
  
	
  
37.	
  Bok	
  K,	
  Parra	
  GI,	
  Mitra	
  T,	
  et	
  al.	
  Chimpanzees	
  as	
  an	
  animal	
  model	
  for	
  human	
  norovirus	
  
infection	
  and	
  vaccine	
  development.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  2011;	
  108:325-‐30.	
  
	
  
38.	
  Lindesmith	
  LC,	
  Costantini	
  V,	
  Swanstrom	
  J,	
  et	
  al.	
  Emergence	
  of	
  a	
  norovirus	
  GII.4	
  
strain	
  correlates	
  with	
  changes	
  in	
  evolving	
  blockade	
  epitopes.	
  J	
  Virol	
  2013;	
  87:2803-‐13.	
  
	
  
39.	
  Debbink	
  K,	
  Lindesmith	
  LC,	
  Donaldson	
  EF,	
  et	
  al.	
  Emergence	
  of	
  New	
  Pandemic	
  GII.4	
  
Sydney	
  Norovirus	
  Strain	
  Correlates	
  with	
  Escape	
  from	
  Herd	
  Immunity.	
  J	
  Infect	
  Dis	
  2013.	
  
	
  
40.	
  Boon	
  D,	
  Mahar	
  JE,	
  Abente	
  EJ,	
  et	
  al.	
  Comparative	
  evolution	
  of	
  GII.3	
  and	
  GII.4	
  
norovirus	
  over	
  a	
  31-‐year	
  period.	
  J	
  Virol	
  2011;	
  85:8656-‐66.	
  
	
  

196	
  

	
  
41.	
  Swanstrom	
  J,	
  Lindesmith	
  LC,	
  Donaldson	
  EF,	
  Yount	
  B,	
  Baric	
  RS.	
  Characterization	
  of	
  
Blockade	
  Antibody	
  Responses	
  in	
  GII.2.1976	
  SMV	
  Infected	
  Subjects.	
  J	
  Virol	
  2013.	
  
	
  
42.	
  Simmons	
  K,	
  Gambhir	
  M,	
  Leon	
  J,	
  Lopman	
  B.	
  Duration	
  of	
  immunity	
  to	
  norovirus	
  
gastroenteritis.	
  Emerg	
  Infect	
  Dis	
  2013;	
  19:1260-‐7.	
  
	
  
43.	
  Tobin	
  GJ,	
  Trujillo	
  JD,	
  Bushnell	
  RV,	
  et	
  al.	
  Deceptive	
  imprinting	
  and	
  immune	
  
refocusing	
  in	
  vaccine	
  design.	
  Vaccine	
  2008;	
  26:6189-‐99.	
  
	
  
44.	
  Pomfret	
  TC,	
  Gagnon	
  JM,	
  Jr.,	
  Gilchrist	
  AT.	
  Quadrivalent	
  human	
  papillomavirus	
  (HPV)	
  
vaccine:	
  a	
  review	
  of	
  safety,	
  efficacy,	
  and	
  pharmacoeconomics.	
  J	
  Clin	
  Pharm	
  Ther	
  2011;	
  
36:1-‐9.	
  
	
  
45.	
  El-‐Kamary	
  SS,	
  Pasetti	
  MF,	
  Mendelman	
  PM,	
  et	
  al.	
  Adjuvanted	
  intranasal	
  Norwalk	
  
virus-‐like	
  particle	
  vaccine	
  elicits	
  antibodies	
  and	
  antibody-‐secreting	
  cells	
  that	
  express	
  
homing	
  receptors	
  for	
  mucosal	
  and	
  peripheral	
  lymphoid	
  tissues.	
  J	
  Infect	
  Dis	
  2010;	
  
202:1649-‐58.	
  
	
  
46.	
  Ramirez	
  K,	
  Wahid	
  R,	
  Richardson	
  C,	
  et	
  al.	
  Intranasal	
  vaccination	
  with	
  an	
  adjuvanted	
  
Norwalk	
  virus-‐like	
  particle	
  vaccine	
  elicits	
  antigen-‐specific	
  B	
  memory	
  responses	
  in	
  
human	
  adult	
  volunteers.	
  Clin	
  Immunol	
  2012;	
  144:98-‐108.	
  
	
  
47.	
  Tamminen	
  K,	
  Lappalainen	
  S,	
  Huhti	
  L,	
  Vesikari	
  T,	
  Blazevic	
  V.	
  Trivalent	
  combination	
  
vaccine	
  induces	
  broad	
  heterologous	
  immune	
  responses	
  to	
  norovirus	
  and	
  rotavirus	
  in	
  
mice.	
  PLoS	
  One	
  2013;	
  8:e70409.	
  
	
  
48.	
  Tacket	
  CO,	
  Mason	
  HS,	
  Losonsky	
  G,	
  Estes	
  MK,	
  Levine	
  MM,	
  Arntzen	
  CJ.	
  Human	
  
immune	
  responses	
  to	
  a	
  novel	
  norwalk	
  virus	
  vaccine	
  delivered	
  in	
  transgenic	
  potatoes.	
  J	
  
Infect	
  Dis	
  2000;	
  182:302-‐5.	
  
	
  
49.	
  Fang	
  H,	
  Tan	
  M,	
  Xia	
  M,	
  Wang	
  L,	
  Jiang	
  X.	
  Norovirus	
  P	
  particle	
  efficiently	
  elicits	
  innate,	
  
humoral	
  and	
  cellular	
  immunity.	
  PLoS	
  One	
  2013;	
  8:e63269.	
  
	
  
50.	
  Wang	
  L,	
  Huang	
  P,	
  Fang	
  H,	
  et	
  al.	
  Polyvalent	
  complexes	
  for	
  vaccine	
  development.	
  
Biomaterials	
  2013;	
  34:4480-‐92.	
  
	
  
51.	
  Harrington	
  PR,	
  Yount	
  B,	
  Johnston	
  RE,	
  Davis	
  N,	
  Moe	
  C,	
  Baric	
  RS.	
  Systemic,	
  mucosal,	
  
and	
  heterotypic	
  immune	
  induction	
  in	
  mice	
  inoculated	
  with	
  Venezuelan	
  equine	
  
encephalitis	
  replicons	
  expressing	
  Norwalk	
  virus-‐like	
  particles.	
  J	
  Virol	
  2002;	
  76:730-‐42.	
  
	
  
52.	
  Koo	
  HL,	
  DuPont	
  HL.	
  Noroviruses	
  as	
  a	
  potential	
  cause	
  of	
  protracted	
  and	
  lethal	
  
disease	
  in	
  immunocompromised	
  patients.	
  Clin	
  Infect	
  Dis	
  2009;	
  49:1069-‐71.	
  
	
  
53.	
  Bok	
  K,	
  Green	
  KY.	
  Norovirus	
  gastroenteritis	
  in	
  immunocompromised	
  patients.	
  N	
  Engl	
  
J	
  Med	
  2012;	
  367:2126-‐32.	
  
	
  

197	
  

	
  
54.	
  Chen	
  WH,	
  Kozlovsky	
  BF,	
  Effros	
  RB,	
  Grubeck-‐Loebenstein	
  B,	
  Edelman	
  R,	
  Sztein	
  MB.	
  
Vaccination	
  in	
  the	
  elderly:	
  an	
  immunological	
  perspective.	
  Trends	
  Immunol	
  2009;	
  
30:351-‐9.	
  
	
  
55.	
  Duchini	
  A,	
  Goss	
  JA,	
  Karpen	
  S,	
  Pockros	
  PJ.	
  Vaccinations	
  for	
  adult	
  solid-‐organ	
  
transplant	
  recipients:	
  current	
  recommendations	
  and	
  protocols.	
  Clin	
  Microbiol	
  Rev	
  
2003;	
  16:357-‐64.	
  
	
  
56.	
  Delacour	
  H,	
  Dubrous	
  P,	
  Koeck	
  JL.	
  Noroviruses:	
  a	
  challenge	
  for	
  military	
  forces.	
  J	
  R	
  
Army	
  Med	
  Corps	
  2010;	
  156:251-‐4.	
  
	
  
57.	
  Hall	
  AJ,	
  Eisenbart	
  VG,	
  Etingue	
  AL,	
  Gould	
  LH,	
  Lopman	
  BA,	
  Parashar	
  UD.	
  Epidemiology	
  
of	
  foodborne	
  norovirus	
  outbreaks,	
  United	
  States,	
  2001-‐2008.	
  Emerg	
  Infect	
  Dis	
  2012;	
  
18:1566-‐73.	
  
	
  
58.	
  Atmar	
  RL,	
  Opekun	
  AR,	
  Gilger	
  MA,	
  et	
  al.	
  Norwalk	
  virus	
  shedding	
  after	
  experimental	
  
human	
  infection.	
  Emerg	
  Infect	
  Dis	
  2008;	
  14:1553-‐7.	
  
	
  
59.	
  Thornley	
  CN,	
  Hewitt	
  J,	
  Perumal	
  L,	
  et	
  al.	
  Multiple	
  outbreaks	
  of	
  a	
  novel	
  norovirus	
  GII.4	
  
linked	
  to	
  an	
  infected	
  post-‐symptomatic	
  food	
  handler.	
  Epidemiol	
  Infect	
  2013;	
  141:1585-‐
97.	
  
	
  
60.	
  Liu	
  P,	
  Yuen	
  Y,	
  Hsiao	
  HM,	
  Jaykus	
  LA,	
  Moe	
  C.	
  Effectiveness	
  of	
  liquid	
  soap	
  and	
  hand	
  
sanitizer	
  against	
  Norwalk	
  virus	
  on	
  contaminated	
  hands.	
  Appl	
  Environ	
  Microbiol	
  2010;	
  
76:394-‐9.	
  
	
  
61.	
  Nicolay	
  N,	
  McDermott	
  R,	
  Kelly	
  M,	
  et	
  al.	
  Potential	
  role	
  of	
  asymptomatic	
  kitchen	
  food	
  
handlers	
  during	
  a	
  food-‐borne	
  outbreak	
  of	
  norovirus	
  infection,	
  Dublin,	
  Ireland,	
  March	
  
2009.	
  Euro	
  Surveill	
  2011;	
  16.	
  
	
  
62.	
  Escudero	
  BI,	
  Rawsthorne	
  H,	
  Gensel	
  C,	
  Jaykus	
  LA.	
  Persistence	
  and	
  transferability	
  of	
  
noroviruses	
  on	
  and	
  between	
  common	
  surfaces	
  and	
  foods.	
  J	
  Food	
  Prot	
  2012;	
  75:927-‐35.	
  
	
  
63.	
  Tung	
  G,	
  Macinga	
  D,	
  Arbogast	
  J,	
  Jaykus	
  LA.	
  Efficacy	
  of	
  commonly	
  used	
  disinfectants	
  
for	
  inactivation	
  of	
  human	
  noroviruses	
  and	
  their	
  surrogates.	
  J	
  Food	
  Prot	
  2013;	
  76:1210-‐
7.	
  
	
  
64.	
  Bentley	
  K,	
  Dove	
  BK,	
  Parks	
  SR,	
  Walker	
  JT,	
  Bennett	
  AM.	
  Hydrogen	
  peroxide	
  vapour	
  
decontamination	
  of	
  surfaces	
  artificially	
  contaminated	
  with	
  norovirus	
  surrogate	
  feline	
  
calicivirus.	
  J	
  Hosp	
  Infect	
  2012;	
  80:116-‐21.	
  
	
  
65.	
  Florescu	
  DF,	
  Hermsen	
  ED,	
  Kwon	
  JY,	
  et	
  al.	
  Is	
  there	
  a	
  role	
  for	
  oral	
  human	
  
immunoglobulin	
  in	
  the	
  treatment	
  for	
  norovirus	
  enteritis	
  in	
  immunocompromised	
  
patients?	
  Pediatr	
  Transplant	
  2011;	
  15:718-‐21.	
  
	
  
	
  

198	
  

66.	
  Ebdrup	
  L,	
  Bottiger	
  B,	
  Molgaard	
  H,	
  Laursen	
  AL.	
  Devastating	
  diarrhoea	
  in	
  a	
  heart-‐
transplanted	
  patient.	
  J	
  Clin	
  Virol	
  2011;	
  50:263-‐5.	
  
	
  
67.	
  Prior	
  AM,	
  Kim	
  Y,	
  Weerasekara	
  S,	
  et	
  al.	
  Design,	
  synthesis,	
  and	
  bioevaluation	
  of	
  viral	
  
3C	
  and	
  3C-‐like	
  protease	
  inhibitors.	
  Bioorg	
  Med	
  Chem	
  Lett	
  2013;	
  23:6317-‐20.	
  
	
  
68.	
  Atmar	
  RL,	
  Estes	
  MK.	
  The	
  epidemiologic	
  and	
  clinical	
  importance	
  of	
  norovirus	
  
infection.	
  Gastroenterol	
  Clin	
  North	
  Am	
  2006;	
  35:275-‐90,	
  viii.	
  
	
  
69.	
  Mead	
  PS,	
  Slutsker	
  L,	
  Dietz	
  V,	
  et	
  al.	
  Food-‐related	
  illness	
  and	
  death	
  in	
  the	
  United	
  
States.	
  Emerg	
  Infect	
  Dis	
  1999;	
  5:607-‐25.	
  
	
  
70.	
  Murata	
  T,	
  Katsushima	
  N,	
  Mizuta	
  K,	
  Muraki	
  Y,	
  Hongo	
  S,	
  Matsuzaki	
  Y.	
  Prolonged	
  
norovirus	
  shedding	
  in	
  infants	
  <or=6	
  months	
  of	
  age	
  with	
  gastroenteritis.	
  Pediatr	
  Infect	
  
Dis	
  J	
  2007;	
  26:46-‐9.	
  
	
  
71.	
  Okada	
  M,	
  Tanaka	
  T,	
  Oseto	
  M,	
  Takeda	
  N,	
  Shinozaki	
  K.	
  Genetic	
  analysis	
  of	
  noroviruses	
  
associated	
  with	
  fatalities	
  in	
  healthcare	
  facilities.	
  Arch	
  Virol	
  2006;	
  151:1635-‐41.	
  
	
  
72.	
  Johnston	
  CP,	
  Qiu	
  H,	
  Ticehurst	
  JR,	
  et	
  al.	
  Outbreak	
  management	
  and	
  implications	
  of	
  a	
  
nosocomial	
  norovirus	
  outbreak.	
  Clin	
  Infect	
  Dis	
  2007;	
  45:534-‐40.	
  
	
  
73.	
  Lee	
  BY,	
  McGlone	
  SM,	
  Bailey	
  RR,	
  Wettstein	
  ZS,	
  Umscheid	
  CA,	
  Muder	
  RR.	
  Economic	
  
impact	
  of	
  outbreaks	
  of	
  norovirus	
  infection	
  in	
  hospitals.	
  Infect	
  Control	
  Hosp	
  Epidemiol	
  
2011;	
  32:191-‐3.	
  
	
  
74.	
  Patel	
  MM,	
  Widdowson	
  MA,	
  Glass	
  RI,	
  Akazawa	
  K,	
  Vinje	
  J,	
  Parashar	
  UD.	
  Systematic	
  
literature	
  review	
  of	
  role	
  of	
  noroviruses	
  in	
  sporadic	
  gastroenteritis.	
  Emerg	
  Infect	
  Dis	
  
2008;	
  14:1224-‐31.	
  
	
  
75.	
  Prasad	
  BV,	
  Hardy	
  ME,	
  Dokland	
  T,	
  Bella	
  J,	
  Rossmann	
  MG,	
  Estes	
  MK.	
  X-‐ray	
  
crystallographic	
  structure	
  of	
  the	
  Norwalk	
  virus	
  capsid.	
  Science	
  1999;	
  286:287-‐90.	
  
	
  
76.	
  Jiang	
  X,	
  Wang	
  M,	
  Graham	
  DY,	
  Estes	
  MK.	
  Expression,	
  self-‐assembly,	
  and	
  antigenicity	
  
of	
  the	
  Norwalk	
  virus	
  capsid	
  protein.	
  J	
  Virol	
  1992;	
  66:6527-‐32.	
  
	
  
77.	
  Baric	
  RS,	
  Yount	
  B,	
  Lindesmith	
  L,	
  et	
  al.	
  Expression	
  and	
  self-‐assembly	
  of	
  norwalk	
  virus	
  
capsid	
  protein	
  from	
  venezuelan	
  equine	
  encephalitis	
  virus	
  replicons.	
  J	
  Virol	
  2002;	
  
76:3023-‐30.	
  
	
  
78.	
  Lochridge	
  VP,	
  Jutila	
  KL,	
  Graff	
  JW,	
  Hardy	
  ME.	
  Epitopes	
  in	
  the	
  P2	
  domain	
  of	
  norovirus	
  
VP1	
  recognized	
  by	
  monoclonal	
  antibodies	
  that	
  block	
  cell	
  interactions.	
  J	
  Gen	
  Virol	
  2005;	
  
86:2799-‐806.	
  
	
  
79.	
  Cao	
  S,	
  Lou	
  Z,	
  Tan	
  M,	
  et	
  al.	
  Structural	
  basis	
  for	
  the	
  recognition	
  of	
  blood	
  group	
  
trisaccharides	
  by	
  norovirus.	
  J	
  Virol	
  2007;	
  81:5949-‐57.	
  
	
  

199	
  

	
  
80.	
  LoBue	
  AD,	
  Lindesmith	
  LC,	
  Baric	
  RS.	
  Identification	
  of	
  cross-‐reactive	
  norovirus	
  CD4+	
  
T	
  cell	
  epitopes.	
  J	
  Virol	
  2010;	
  84:8530-‐8.	
  
	
  
81.	
  Vinje	
  J,	
  Green	
  J,	
  Lewis	
  DC,	
  Gallimore	
  CI,	
  Brown	
  DW,	
  Koopmans	
  MP.	
  Genetic	
  
polymorphism	
  across	
  regions	
  of	
  the	
  three	
  open	
  reading	
  frames	
  of	
  "Norwalk-‐like	
  
viruses".	
  Arch	
  Virol	
  2000;	
  145:223-‐41.	
  
	
  
82.	
  Glass	
  RI,	
  Parashar	
  UD,	
  Estes	
  MK.	
  Norovirus	
  gastroenteritis.	
  N	
  Engl	
  J	
  Med	
  2009;	
  
361:1776-‐85.	
  
	
  
83.	
  Bok	
  K,	
  Abente	
  EJ,	
  Realpe-‐Quintero	
  M,	
  et	
  al.	
  Evolutionary	
  dynamics	
  of	
  GII.4	
  
noroviruses	
  over	
  a	
  34-‐year	
  period.	
  J	
  Virol	
  2009;	
  83:11890-‐901.	
  
	
  
84.	
  Chen	
  R,	
  Neill	
  JD,	
  Estes	
  MK,	
  Prasad	
  BV.	
  X-‐ray	
  structure	
  of	
  a	
  native	
  calicivirus:	
  
structural	
  insights	
  into	
  antigenic	
  diversity	
  and	
  host	
  specificity.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  
2006;	
  103:8048-‐53.	
  
	
  
85.	
  Shanker	
  S,	
  Choi	
  JM,	
  Sankaran	
  B,	
  Atmar	
  RL,	
  Estes	
  MK,	
  Prasad	
  BV.	
  Structural	
  analysis	
  
of	
  histo-‐blood	
  group	
  antigen	
  binding	
  specificity	
  in	
  a	
  norovirus	
  GII.4	
  epidemic	
  variant:	
  
implications	
  for	
  epochal	
  evolution.	
  J	
  Virol	
  2011;	
  85:8635-‐45.	
  
	
  
86.	
  Donaldson	
  EF,	
  Lindesmith	
  LC,	
  Lobue	
  AD,	
  Baric	
  RS.	
  Norovirus	
  pathogenesis:	
  
mechanisms	
  of	
  persistence	
  and	
  immune	
  evasion	
  in	
  human	
  populations.	
  Immunol	
  Rev	
  
2008;	
  225:190-‐211.	
  
	
  
87.	
  Allen	
  DJ,	
  Gray	
  JJ,	
  Gallimore	
  CI,	
  Xerry	
  J,	
  Iturriza-‐Gomara	
  M.	
  Analysis	
  of	
  amino	
  acid	
  
variation	
  in	
  the	
  P2	
  domain	
  of	
  the	
  GII-‐4	
  norovirus	
  VP1	
  protein	
  reveals	
  putative	
  variant-‐
specific	
  epitopes.	
  PLoS	
  One	
  2008;	
  3:e1485.	
  
	
  
88.	
  Tan	
  M,	
  Xia	
  M,	
  Cao	
  S,	
  et	
  al.	
  Elucidation	
  of	
  strain-‐specific	
  interaction	
  of	
  a	
  GII-‐4	
  
norovirus	
  with	
  HBGA	
  receptors	
  by	
  site-‐directed	
  mutagenesis	
  study.	
  Virology	
  2008;	
  
379:324-‐34.	
  
	
  
89.	
  Chenna	
  R,	
  Sugawara	
  H,	
  Koike	
  T,	
  et	
  al.	
  Multiple	
  sequence	
  alignment	
  with	
  the	
  Clustal	
  
series	
  of	
  programs.	
  Nucleic	
  Acids	
  Res	
  2003;	
  31:3497-‐500.	
  
	
  
90.	
  Ronquist	
  F,	
  Huelsenbeck	
  JP.	
  MrBayes	
  3:	
  Bayesian	
  phylogenetic	
  inference	
  under	
  
mixed	
  models.	
  Bioinformatics	
  2003;	
  19:1572-‐4.	
  
	
  
91.	
  Siebenga	
  JJ,	
  Vennema	
  H,	
  Renckens	
  B,	
  et	
  al.	
  Epochal	
  evolution	
  of	
  GGII.4	
  norovirus	
  
capsid	
  proteins	
  from	
  1995	
  to	
  2006.	
  J	
  Virol	
  2007;	
  81:9932-‐41.	
  
	
  
92.	
  Ferguson	
  NM,	
  Galvani	
  AP,	
  Bush	
  RM.	
  Ecological	
  and	
  immunological	
  determinants	
  of	
  
influenza	
  evolution.	
  Nature	
  2003;	
  422:428-‐33.	
  
	
  
	
  

200	
  

93.	
  Koelle	
  K,	
  Cobey	
  S,	
  Grenfell	
  B,	
  Pascual	
  M.	
  Epochal	
  evolution	
  shapes	
  the	
  
phylodynamics	
  of	
  interpandemic	
  influenza	
  A	
  (H3N2)	
  in	
  humans.	
  Science	
  2006;	
  
314:1898-‐903.	
  
	
  
94.	
  Koelle	
  K,	
  Ratmann	
  O,	
  Rasmussen	
  DA,	
  Pasour	
  V,	
  Mattingly	
  J.	
  A	
  dimensionless	
  number	
  
for	
  understanding	
  the	
  evolutionary	
  dynamics	
  of	
  antigenically	
  variable	
  RNA	
  viruses.	
  
Proc	
  Biol	
  Sci	
  2011;	
  278:3723-‐30.	
  
	
  
95.	
  Bush	
  RM,	
  Fitch	
  WM,	
  Bender	
  CA,	
  Cox	
  NJ.	
  Positive	
  selection	
  on	
  the	
  H3	
  hemagglutinin	
  
gene	
  of	
  human	
  influenza	
  virus	
  A.	
  Mol	
  Biol	
  Evol	
  1999;	
  16:1457-‐65.	
  
	
  
96.	
  Yang	
  Y,	
  Xia	
  M,	
  Tan	
  M,	
  et	
  al.	
  Genetic	
  and	
  phenotypic	
  characterization	
  of	
  GII-‐4	
  
noroviruses	
  that	
  circulated	
  during	
  1987	
  to	
  2008.	
  J	
  Virol	
  2010;	
  84:9595-‐607.	
  
	
  
97.	
  Caton	
  AJ,	
  Brownlee	
  GG,	
  Yewdell	
  JW,	
  Gerhard	
  W.	
  The	
  antigenic	
  structure	
  of	
  the	
  
influenza	
  virus	
  A/PR/8/34	
  hemagglutinin	
  (H1	
  subtype).	
  Cell	
  1982;	
  31:417-‐27.	
  
	
  
98.	
  Zolla-‐Pazner	
  S.	
  Identifying	
  epitopes	
  of	
  HIV-‐1	
  that	
  induce	
  protective	
  antibodies.	
  Nat	
  
Rev	
  Immunol	
  2004;	
  4:199-‐210.	
  
	
  
99.	
  Hager-‐Braun	
  C,	
  Hochleitner	
  EO,	
  Gorny	
  MK,	
  Zolla-‐Pazner	
  S,	
  Bienstock	
  RJ,	
  Tomer	
  KB.	
  
Characterization	
  of	
  a	
  discontinuous	
  epitope	
  of	
  the	
  HIV	
  envelope	
  protein	
  gp120	
  
recognized	
  by	
  a	
  human	
  monoclonal	
  antibody	
  using	
  chemical	
  modification	
  and	
  mass	
  
spectrometric	
  analysis.	
  J	
  Am	
  Soc	
  Mass	
  Spectrom	
  2010;	
  21:1687-‐98.	
  
	
  
100.	
  Ogata	
  T,	
  Yamazaki	
  Y,	
  Okabe	
  N,	
  et	
  al.	
  Human	
  H5N2	
  avian	
  influenza	
  infection	
  in	
  
Japan	
  and	
  the	
  factors	
  associated	
  with	
  high	
  H5N2-‐neutralizing	
  antibody	
  titer.	
  J	
  
Epidemiol	
  2008;	
  18:160-‐6.	
  
	
  
101.	
  Lee	
  VJ,	
  Tay	
  JK,	
  Chen	
  MI,	
  et	
  al.	
  Inactivated	
  trivalent	
  seasonal	
  influenza	
  vaccine	
  
induces	
  limited	
  cross-‐reactive	
  neutralizing	
  antibody	
  responses	
  against	
  2009	
  pandemic	
  
and	
  1934	
  PR8	
  H1N1	
  strains.	
  Vaccine	
  2010;	
  28:6852-‐7.	
  
	
  
102.	
  Scallan	
  E,	
  Hoekstra	
  RM,	
  Angulo	
  FJ,	
  et	
  al.	
  Foodborne	
  illness	
  acquired	
  in	
  the	
  United	
  
States-‐-‐major	
  pathogens.	
  Emerg	
  Infect	
  Dis	
  2011;	
  17:7-‐15.	
  
	
  
103.	
  Updated	
  norovirus	
  outbreak	
  management	
  and	
  disease	
  prevention	
  guidelines.	
  
MMWR	
  Recomm	
  Rep	
  2011;	
  60:1-‐18.	
  
	
  
104.	
  Fankhauser	
  RL,	
  Monroe	
  SS,	
  Noel	
  JS,	
  et	
  al.	
  Epidemiologic	
  and	
  molecular	
  trends	
  of	
  
"Norwalk-‐like	
  viruses"	
  associated	
  with	
  outbreaks	
  of	
  gastroenteritis	
  in	
  the	
  United	
  States.	
  
J	
  Infect	
  Dis	
  2002;	
  186:1-‐7.	
  
	
  
105.	
  Vinje	
  J,	
  Altena	
  SA,	
  Koopmans	
  MP.	
  The	
  incidence	
  and	
  genetic	
  variability	
  of	
  small	
  
round-‐structured	
  viruses	
  in	
  outbreaks	
  of	
  gastroenteritis	
  in	
  The	
  Netherlands.	
  J	
  Infect	
  Dis	
  
1997;	
  176:1374-‐8.	
  
	
  

201	
  

	
  
106.	
  Noel	
  JS,	
  Fankhauser	
  RL,	
  Ando	
  T,	
  Monroe	
  SS,	
  Glass	
  RI.	
  Identification	
  of	
  a	
  distinct	
  
common	
  strain	
  of	
  "Norwalk-‐like	
  viruses"	
  having	
  a	
  global	
  distribution.	
  J	
  Infect	
  Dis	
  1999;	
  
179:1334-‐44.	
  
	
  
107.	
  Widdowson	
  MA,	
  Cramer	
  EH,	
  Hadley	
  L,	
  et	
  al.	
  Outbreaks	
  of	
  acute	
  gastroenteritis	
  on	
  
cruise	
  ships	
  and	
  on	
  land:	
  identification	
  of	
  a	
  predominant	
  circulating	
  strain	
  of	
  norovirus-‐
-‐United	
  States,	
  2002.	
  J	
  Infect	
  Dis	
  2004;	
  190:27-‐36.	
  
	
  
108.	
  Bull	
  RA,	
  Tu	
  ET,	
  McIver	
  CJ,	
  Rawlinson	
  WD,	
  White	
  PA.	
  Emergence	
  of	
  a	
  new	
  norovirus	
  
genotype	
  II.4	
  variant	
  associated	
  with	
  global	
  outbreaks	
  of	
  gastroenteritis.	
  J	
  Clin	
  
Microbiol	
  2006;	
  44:327-‐33.	
  
	
  
109.	
  Kroneman	
  A,	
  Vennema	
  H,	
  Harris	
  J,	
  et	
  al.	
  Increase	
  in	
  norovirus	
  activity	
  reported	
  in	
  
Europe.	
  Euro	
  Surveill	
  2006;	
  11:E061214	
  1.	
  
	
  
110.	
  Phan	
  TG,	
  Kuroiwa	
  T,	
  Kaneshi	
  K,	
  et	
  al.	
  Changing	
  distribution	
  of	
  norovirus	
  genotypes	
  
and	
  genetic	
  analysis	
  of	
  recombinant	
  GIIb	
  among	
  infants	
  and	
  children	
  with	
  diarrhea	
  in	
  
Japan.	
  J	
  Med	
  Virol	
  2006;	
  78:971-‐8.	
  
	
  
111.	
  Siebenga	
  J,	
  Kroneman	
  A,	
  Vennema	
  H,	
  Duizer	
  E,	
  Koopmans	
  M.	
  Food-‐borne	
  viruses	
  in	
  
Europe	
  network	
  report:	
  the	
  norovirus	
  GII.4	
  2006b	
  (for	
  US	
  named	
  Minerva-‐like,	
  for	
  
Japan	
  Kobe034-‐like,	
  for	
  UK	
  V6)	
  variant	
  now	
  dominant	
  in	
  early	
  seasonal	
  surveillance.	
  
Euro	
  Surveill	
  2008;	
  13.	
  
	
  
112.	
  Norovirus	
  activity-‐-‐United	
  States,	
  2006-‐2007.	
  MMWR	
  Morb	
  Mortal	
  Wkly	
  Rep	
  
2007;	
  56:842-‐6.	
  
	
  
113.	
  Vega	
  E,	
  Barclay	
  L,	
  Gregoricus	
  N,	
  Williams	
  K,	
  Lee	
  D,	
  Vinje	
  J.	
  Novel	
  surveillance	
  
network	
  for	
  norovirus	
  gastroenteritis	
  outbreaks,	
  United	
  States.	
  Emerg	
  Infect	
  Dis	
  2011;	
  
17:1389-‐95.	
  
	
  
114.	
  Emergence	
  of	
  new	
  norovirus	
  strain	
  GII.4	
  Sydney-‐-‐United	
  States,	
  2012.	
  MMWR	
  
Morb	
  Mortal	
  Wkly	
  Rep	
  2013;	
  62:55.	
  
	
  
115.	
  van	
  Beek	
  J,	
  Ambert-‐Balay	
  K,	
  Botteldoorn	
  N,	
  et	
  al.	
  Indications	
  for	
  worldwide	
  
increased	
  norovirus	
  activity	
  associated	
  with	
  emergence	
  of	
  a	
  new	
  variant	
  of	
  genotype	
  
II.4,	
  late	
  2012.	
  Euro	
  Surveill	
  2013;	
  18.	
  
	
  
116.	
  Choi	
  JM,	
  Hutson	
  AM,	
  Estes	
  MK,	
  Prasad	
  BV.	
  Atomic	
  resolution	
  structural	
  
characterization	
  of	
  recognition	
  of	
  histo-‐blood	
  group	
  antigens	
  by	
  Norwalk	
  virus.	
  Proc	
  
Natl	
  Acad	
  Sci	
  U	
  S	
  A	
  2008;	
  105:9175-‐80.	
  
	
  
117.	
  Marionneau	
  S,	
  Ruvoen	
  N,	
  Le	
  Moullac-‐Vaidye	
  B,	
  et	
  al.	
  Norwalk	
  virus	
  binds	
  to	
  histo-‐
blood	
  group	
  antigens	
  present	
  on	
  gastroduodenal	
  epithelial	
  cells	
  of	
  secretor	
  individuals.	
  
Gastroenterology	
  2002;	
  122:1967-‐77.	
  
	
  

202	
  

	
  
118.	
  Bull	
  RA,	
  Eden	
  JS,	
  Rawlinson	
  WD,	
  White	
  PA.	
  Rapid	
  evolution	
  of	
  pandemic	
  
noroviruses	
  of	
  the	
  GII.4	
  lineage.	
  PLoS	
  Pathog	
  2010;	
  6:e1000831.	
  
	
  
119.	
  Zakikhany	
  K,	
  Allen	
  DJ,	
  Brown	
  D,	
  Iturriza-‐Gomara	
  M.	
  Molecular	
  evolution	
  of	
  GII-‐4	
  
Norovirus	
  strains.	
  PLoS	
  One	
  2012;	
  7:e41625.	
  
	
  
120.	
  Tian	
  P,	
  Yang	
  D,	
  Jiang	
  X,	
  et	
  al.	
  Specificity	
  and	
  kinetics	
  of	
  norovirus	
  binding	
  to	
  
magnetic	
  bead-‐conjugated	
  histo-‐blood	
  group	
  antigens.	
  J	
  Appl	
  Microbiol	
  2010;	
  
109:1753-‐62.	
  
	
  
121.	
  Nurminen	
  K,	
  Blazevic	
  V,	
  Huhti	
  L,	
  et	
  al.	
  Prevalence	
  of	
  norovirus	
  GII-‐4	
  antibodies	
  in	
  
Finnish	
  children.	
  J	
  Med	
  Virol	
  2011;	
  83:525-‐31.	
  
	
  
122.	
  Bull	
  RA,	
  White	
  PA.	
  Mechanisms	
  of	
  GII.4	
  norovirus	
  evolution.	
  Trends	
  Microbiol	
  
2011;	
  19:233-‐40.	
  
	
  
123.	
  Corti	
  D,	
  Suguitan	
  AL,	
  Jr.,	
  Pinna	
  D,	
  et	
  al.	
  Heterosubtypic	
  neutralizing	
  antibodies	
  are	
  
produced	
  by	
  individuals	
  immunized	
  with	
  a	
  seasonal	
  influenza	
  vaccine.	
  J	
  Clin	
  Invest	
  
2010;	
  120:1663-‐73.	
  
	
  
124.	
  Santos	
  RP,	
  Chao	
  J,	
  Nepo	
  AG,	
  et	
  al.	
  The	
  use	
  of	
  intravenous	
  palivizumab	
  for	
  treatment	
  
of	
  persistent	
  RSV	
  infection	
  in	
  children	
  with	
  leukemia.	
  Pediatrics	
  2012;	
  130:e1695-‐9.	
  
	
  
125.	
  Obara	
  M,	
  Hasegawa	
  S,	
  Iwai	
  M,	
  et	
  al.	
  Single	
  base	
  substitutions	
  in	
  the	
  capsid	
  region	
  of	
  
the	
  norovirus	
  genome	
  during	
  viral	
  shedding	
  in	
  cases	
  of	
  infection	
  in	
  areas	
  where	
  
norovirus	
  infection	
  is	
  endemic.	
  J	
  Clin	
  Microbiol	
  2008;	
  46:3397-‐403.	
  
	
  
126.	
  Nilsson	
  M,	
  Hedlund	
  KO,	
  Thorhagen	
  M,	
  et	
  al.	
  Evolution	
  of	
  human	
  calicivirus	
  RNA	
  in	
  
vivo:	
  accumulation	
  of	
  mutations	
  in	
  the	
  protruding	
  P2	
  domain	
  of	
  the	
  capsid	
  leads	
  to	
  
structural	
  changes	
  and	
  possibly	
  a	
  new	
  phenotype.	
  J	
  Virol	
  2003;	
  77:13117-‐24.	
  
	
  
127.	
  Schorn	
  R,	
  Hohne	
  M,	
  Meerbach	
  A,	
  et	
  al.	
  Chronic	
  norovirus	
  infection	
  after	
  kidney	
  
transplantation:	
  molecular	
  evidence	
  for	
  immune-‐driven	
  viral	
  evolution.	
  Clin	
  Infect	
  Dis	
  
2010;	
  51:307-‐14.	
  
	
  
128.	
  Hoffmann	
  D,	
  Hutzenthaler	
  M,	
  Seebach	
  J,	
  et	
  al.	
  Norovirus	
  GII.4	
  and	
  GII.7	
  capsid	
  
sequences	
  undergo	
  positive	
  selection	
  in	
  chronically	
  infected	
  patients.	
  Infect	
  Genet	
  Evol	
  
2012;	
  12:461-‐6.	
  
	
  
129.	
  Ludwig	
  A,	
  Adams	
  O,	
  Laws	
  HJ,	
  Schroten	
  H,	
  Tenenbaum	
  T.	
  Quantitative	
  detection	
  of	
  
norovirus	
  excretion	
  in	
  pediatric	
  patients	
  with	
  cancer	
  and	
  prolonged	
  gastroenteritis	
  and	
  
shedding	
  of	
  norovirus.	
  J	
  Med	
  Virol	
  2008;	
  80:1461-‐7.	
  
	
  
130.	
  Bull	
  RA,	
  Eden	
  JS,	
  Luciani	
  F,	
  McElroy	
  K,	
  Rawlinson	
  WD,	
  White	
  PA.	
  Contribution	
  of	
  
intra-‐	
  and	
  interhost	
  dynamics	
  to	
  norovirus	
  evolution.	
  J	
  Virol	
  2012;	
  86:3219-‐29.	
  
	
  

203	
  

	
  
131.	
  Capizzi	
  T,	
  Makari-‐Judson	
  G,	
  Steingart	
  R,	
  Mertens	
  WC.	
  Chronic	
  diarrhea	
  associated	
  
with	
  persistent	
  norovirus	
  excretion	
  in	
  patients	
  with	
  chronic	
  lymphocytic	
  leukemia:	
  
report	
  of	
  two	
  cases.	
  BMC	
  Infect	
  Dis	
  2011;	
  11:131.	
  
	
  
132.	
  Boillat	
  Blanco	
  N,	
  Kuonen	
  R,	
  Bellini	
  C,	
  et	
  al.	
  Chronic	
  norovirus	
  gastroenteritis	
  in	
  a	
  
double	
  hematopoietic	
  stem	
  cell	
  and	
  lung	
  transplant	
  recipient.	
  Transpl	
  Infect	
  Dis	
  2011;	
  
13:213-‐5.	
  
	
  
133.	
  Florescu	
  DF,	
  Hill	
  LA,	
  McCartan	
  MA,	
  Grant	
  W.	
  Two	
  cases	
  of	
  Norwalk	
  virus	
  enteritis	
  
following	
  small	
  bowel	
  transplantation	
  treated	
  with	
  oral	
  human	
  serum	
  immunoglobulin.	
  
Pediatr	
  Transplant	
  2008;	
  12:372-‐5.	
  
	
  
134.	
  Chagla	
  Z,	
  Quirt	
  J,	
  Woodward	
  K,	
  Neary	
  J,	
  Rutherford	
  C.	
  Chronic	
  norovirus	
  infection	
  
in	
  a	
  transplant	
  patient	
  successfully	
  treated	
  with	
  enterally	
  administered	
  immune	
  
globulin.	
  J	
  Clin	
  Virol	
  2013.	
  
	
  
135.	
  Sukhrie	
  FH,	
  Siebenga	
  JJ,	
  Beersma	
  MF,	
  Koopmans	
  M.	
  Chronic	
  shedders	
  as	
  reservoir	
  
for	
  nosocomial	
  transmission	
  of	
  norovirus.	
  J	
  Clin	
  Microbiol	
  2010;	
  48:4303-‐5.	
  
	
  
136.	
  Kaufman	
  SS,	
  Chatterjee	
  NK,	
  Fuschino	
  ME,	
  et	
  al.	
  Characteristics	
  of	
  human	
  calicivirus	
  
enteritis	
  in	
  intestinal	
  transplant	
  recipients.	
  J	
  Pediatr	
  Gastroenterol	
  Nutr	
  2005;	
  40:328-‐
33.	
  
	
  
137.	
  Siebenga	
  JJ,	
  Beersma	
  MF,	
  Vennema	
  H,	
  van	
  Biezen	
  P,	
  Hartwig	
  NJ,	
  Koopmans	
  M.	
  High	
  
prevalence	
  of	
  prolonged	
  norovirus	
  shedding	
  and	
  illness	
  among	
  hospitalized	
  patients:	
  a	
  
model	
  for	
  in	
  vivo	
  molecular	
  evolution.	
  J	
  Infect	
  Dis	
  2008;	
  198:994-‐1001.	
  
	
  
138.	
  Eden	
  JS,	
  Tanaka	
  MM,	
  Boni	
  MF,	
  Rawlinson	
  WD,	
  White	
  PA.	
  Recombination	
  within	
  the	
  
pandemic	
  norovirus	
  GII.4	
  lineage.	
  J	
  Virol	
  2013;	
  87:6270-‐82.	
  
	
  
139.	
  Barnett	
  JL,	
  Yang	
  J,	
  Cai	
  Z,	
  Zhang	
  T,	
  Wan	
  XF.	
  AntigenMap	
  3D:	
  an	
  online	
  antigenic	
  
cartography	
  resource.	
  Bioinformatics	
  2012;	
  28:1292-‐3.	
  
	
  
140.	
  Cai	
  Z,	
  Zhang	
  T,	
  Wan	
  XF.	
  A	
  computational	
  framework	
  for	
  influenza	
  antigenic	
  
cartography.	
  PLoS	
  Comput	
  Biol	
  2010;	
  6:e1000949.	
  
	
  
141.	
  Bartsch	
  SM,	
  Lopman	
  BA,	
  Hall	
  AJ,	
  Parashar	
  UD,	
  Lee	
  BY.	
  The	
  potential	
  economic	
  
value	
  of	
  a	
  human	
  norovirus	
  vaccine	
  for	
  the	
  United	
  States.	
  Vaccine	
  2012;	
  30:7097-‐104.	
  
	
  
142.	
  Roddie	
  C,	
  Paul	
  JP,	
  Benjamin	
  R,	
  et	
  al.	
  Allogeneic	
  hematopoietic	
  stem	
  cell	
  
transplantation	
  and	
  norovirus	
  gastroenteritis:	
  a	
  previously	
  unrecognized	
  cause	
  of	
  
morbidity.	
  Clin	
  Infect	
  Dis	
  2009;	
  49:1061-‐8.	
  
	
  
143.	
  Etherington	
  GJ,	
  Ring	
  SM,	
  Charleston	
  MA,	
  Dicks	
  J,	
  Rayward-‐Smith	
  VJ,	
  Roberts	
  IN.	
  
Tracing	
  the	
  origin	
  and	
  co-‐phylogeny	
  of	
  the	
  caliciviruses.	
  J	
  Gen	
  Virol	
  2006;	
  87:1229-‐35.	
  
	
  

204	
  

	
  
144.	
  Jing	
  Y,	
  Qian	
  Y,	
  Huo	
  Y,	
  Wang	
  LP,	
  Jiang	
  X.	
  Seroprevalence	
  against	
  Norwalk-‐like	
  
human	
  caliciviruses	
  in	
  beijing,	
  China.	
  J	
  Med	
  Virol	
  2000;	
  60:97-‐101.	
  
	
  
145.	
  Thompson	
  JM,	
  Whitmore	
  AC,	
  Staats	
  HF,	
  Johnston	
  RE.	
  Alphavirus	
  replicon	
  particles	
  
acting	
  as	
  adjuvants	
  promote	
  CD8+	
  T	
  cell	
  responses	
  to	
  co-‐delivered	
  antigen.	
  Vaccine	
  
2008;	
  26:4267-‐75.	
  
	
  
146.	
  LoBue	
  AD,	
  Thompson	
  JM,	
  Lindesmith	
  L,	
  Johnston	
  RE,	
  Baric	
  RS.	
  Alphavirus-‐
adjuvanted	
  norovirus-‐like	
  particle	
  vaccines:	
  heterologous,	
  humoral,	
  and	
  mucosal	
  
immune	
  responses	
  protect	
  against	
  murine	
  norovirus	
  challenge.	
  J	
  Virol	
  2009;	
  83:3212-‐
27.	
  
	
  
147.	
  Messer	
  WB,	
  de	
  Alwis	
  R,	
  Yount	
  BL,	
  et	
  al.	
  Dengue	
  virus	
  envelope	
  protein	
  domain	
  I/II	
  
hinge	
  determines	
  long-‐lived	
  serotype-‐specific	
  dengue	
  immunity.	
  Proc	
  Natl	
  Acad	
  Sci	
  U	
  S	
  
A	
  2014.	
  
	
  
148.	
  Zhang	
  T,	
  Xu	
  Y,	
  Qiao	
  L,	
  et	
  al.	
  Trivalent	
  Human	
  Papillomavirus	
  (HPV)	
  VLP	
  vaccine	
  
covering	
  HPV	
  type	
  58	
  can	
  elicit	
  high	
  level	
  of	
  humoral	
  immunity	
  but	
  also	
  induce	
  immune	
  
interference	
  among	
  component	
  types.	
  Vaccine	
  2010;	
  28:3479-‐87.	
  
	
  
149.	
  Berger	
  R,	
  Just	
  M,	
  Gluck	
  R.	
  Interference	
  between	
  strains	
  in	
  live	
  virus	
  vaccines,	
  I:	
  
Combined	
  vaccination	
  with	
  measles,	
  mumps	
  and	
  rubella	
  vaccine.	
  J	
  Biol	
  Stand	
  1988;	
  
16:269-‐73.	
  
	
  
150.	
  Guy	
  B,	
  Barban	
  V,	
  Mantel	
  N,	
  et	
  al.	
  Evaluation	
  of	
  interferences	
  between	
  dengue	
  
vaccine	
  serotypes	
  in	
  a	
  monkey	
  model.	
  Am	
  J	
  Trop	
  Med	
  Hyg	
  2009;	
  80:302-‐11.	
  
	
  
151.	
  Frey	
  S,	
  Dagan	
  R,	
  Ashur	
  Y,	
  et	
  al.	
  Interference	
  of	
  antibody	
  production	
  to	
  hepatitis	
  B	
  
surface	
  antigen	
  in	
  a	
  combination	
  hepatitis	
  A/hepatitis	
  B	
  vaccine.	
  J	
  Infect	
  Dis	
  1999;	
  
180:2018-‐22.	
  
	
  
152.	
  Kitler	
  ME,	
  Gavinio	
  P,	
  Lavanchy	
  D.	
  Influenza	
  and	
  the	
  work	
  of	
  the	
  World	
  Health	
  
Organization.	
  Vaccine	
  2002;	
  20	
  Suppl	
  2:S5-‐14.	
  
	
  
153.	
  Vega	
  E,	
  Barclay	
  L,	
  Gregoricus	
  N,	
  Shirley	
  SH,	
  Lee	
  D,	
  Vinje	
  J.	
  Genotypic	
  and	
  
epidemiologic	
  trends	
  of	
  norovirus	
  outbreaks	
  in	
  the	
  United	
  States,	
  2009	
  to	
  2013.	
  J	
  Clin	
  
Microbiol	
  2014;	
  52:147-‐55.	
  
	
  
154.	
  Tamminen	
  K,	
  Huhti	
  L,	
  Koho	
  T,	
  et	
  al.	
  A	
  comparison	
  of	
  immunogenicity	
  of	
  norovirus	
  
GII-‐4	
  virus-‐like	
  particles	
  and	
  P-‐particles.	
  Immunology	
  2012;	
  135:89-‐99.	
  
	
  

	
  

205	
  

