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1. Executive summary

The burden of norovirus - is there a need for a norovirus vaccine?

Much progress had been made in the fight against diarrheal diseases. Global deaths have declined
dramatically, from 2.6 million annually in 1990 to 1.3 million in 2013. Gains for children under the age of 5
years have been at least as impressive, with rates of decline in deaths at around 5% per year in absolute
numbers. Largely, these gains have come about through improvements in water, sanitation and hygiene
and use of oral rehydration solution, facilitated by economic development. Recently, rotavirus vaccination
has offered a biomedical tool for further reducing child diarrheal deaths. Despite this progress, diarrheal
disease remains the fourth most common cause of mortality and second most common cause of morbid-
ity worldwide in children under the age of 5 years.

Norovirus is ubiquitous, associated with 18% (95% Cl: 17-20%) of diarrheal disease globally, with similar
proportions of disease in high- middle- and low- income settings. Norovirus is estimated to cause approxi-
mately 200,000 deaths annually worldwide, with 70,000 or more among children in developing countries.
The entire age range is affected, with children experiencing the highest incidence. Severe outcomes,
including hospitalization and deaths, are common among children and the elderly. In both high- and
middle-income countries with mature rotavirus vaccination programs, norovirus is being unmasked as the
most common cause of pediatric gastroenteritis requiring medical care.

Disease occurs across the age range in all settings, but incidence is highest in young children, with higher
rates and an earlier age-distribution in lower income settings. Depending on setting, a person will experi-
ence an average of three to eight norovirus illness episodes in their lifetime, of which at least one will occur
by 5 vears of age. Noroviruses are transmitted by multiple routes but person-to-person spread predomi-
nates. Noroviruses remain a leading cause of sporadic disease and outbreaks of AGE even in industrialized
settings, highlighting that improved hygiene and sanitation alone may not be fully effective in controlling
norovirus.

Considering the substantial disease burden and the difficulty in controlling norovirus, vaccines may be an
attractive, and, perhaps, the only way to effectively control norovirus in the wider community. There are
two overarching questions, answers to which will ultimately determine the fate of a norovirus vaccine:
Does the burden of norovirus represent a compelling need for a vaccination program? Can technical challenges
be overcome to develop an effective norovirus vaccine for the populations that stand to benefit most?

Challenges for quantifying disease burden

The current evidence is that disease burden of norovirus is high, second only to rotavirus as a cause of
severe acute gastroenteritis and diarrhea-associated mortality worldwide. However there remains consid-
erable uncertainty and some scientific controversy in defining the disease burden.

A number of factors complicate attributing a fraction of acute gastroenteritis to norovirus. First, data are
lacking, especially from developing countries. Second, little routine testing is performed in ongoing sur-
veillance platforms, because robust laboratory diagnostics have only recently been more widely available.
Real-time quantitative RT-PCR (RT-gPCR) is the most sensitive and specific diagnostic assay for noroviruses,
however, use of these assays is mainly restricted to public health and research laboratories in middle and
high income settings.

With the use of sensitive RT-gPCR assays, norovirus can also be detected in stool of healthy individuals,
complicating the interpretation of diagnostic results. Attributing a fraction of the overall diarrheal disease
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burden to norovirus has been particularly challenging because reinfection is common and the virus can be
shed for several weeks, detected at low concentration, and current diagnostics cannot readily discriminate
between disease-causing and asymptomatic infection.

In a number of studies, particularly in low income countries, norovirus has been nearly as prevalent, and
sometimes more so, in controls than in cases. This includes the recent Global Enterics Multi-Center Study
(GEMS), the largest systematic assessment for understanding the etiology of childhood diarrhea in devel-
oping countries. GEMS and other case-control studies use the odds ratio of a microbe being present in
cases versus healthy controls, to calculate an attributable or etiologic fraction. However, when a pathogen
causes asymptomatic infection, the association between pathogen detection and disease weakens. But
that does not mean that the pathogen is not causing disease when detected among cases. Many noro-
virus infections result in subclinical disease, virus shedding can last for weeks, and poor nutritional status
could result in low level immunosuppression leading to chronic infection. So, we think it is inaccurate to
conclude that norovirus is not an important pathogen because it is detected frequently in AGE cases and
healthy controls. An alternative explanation is that high levels of asymptomatic infection are a result of
frequent exposure, some of which will result in asymptomatic infection because of acquired immunity.
Therefore, high prevalence of norovirus detection in healthy controls may be characteristic of 'hyper-ende-
micity’ where burden is higher, not lower.

Challenges for norovirus vaccine development

Noroviruses are a genetically and antigenically diverse group of ssRNA viruses, which present serious
challenges both for creating broadly sensitive diagnostics and a broadly immunogenic vaccine. The
norovirus strains that infect humans are found among 32 genotypes in Gl (n=9), Gll (n=19), and GIV
(n=1) of which Gl and Gll viruses cause the vast majority of infections including the rapidly-evolving

Gll4 viruses. Viruses from this genotype evolve in a boom-and-bust cycle with new Gll.4 variant viruses
emerging every 2-4 years replacing previous dominant viruses, a process driven by evasion of immunity
in the human population. Apart from their evolutionary dynamic, there are other reasons that a success-
ful norovirus vaccine must provide protection against Gll.4 infections namely: i) they are the predominant
cause of pediatric illness worldwide; ii) they predominate overwhelmingly as a cause of disease amongst
the elderly in healthcare-associated outbreaks; iii)they result in more severe illness compared to other
norovirus genotypes.

Understanding of natural immunity to norovirus is far from complete, but the current picture is that im-
munity is strain- or genotype-specific, with little or no protection conferred across genogroups. Immunity
is not life-long, with estimates of duration ranging from 6 months to 9 years. Innate susceptibility to norovi-

ruses is influenced by the host's genetics of glycan expression; individuals with a functional FUT2 gene
(known as secretors) have greater susceptibility, at least to Gll.4 and Gl.1 viruses.

Genotype-specific immune responses and antigenic variation suggest that a polyvalent vaccine will be
needed, which may require updating when new pandemic strains emerge. Vaccine trials and challenge
studies have primarily been conducted among adults who have prior exposure, with little knowledge
regarding how “unprimed” children (who have not experienced as many exposures) develop immunity and
therefore respond to vaccination.

The lack of a robust cell culture system for human norovirus has hampered developing assays to measure
protective neutralizing antibodies conferred by either natural or vaccine-induced immunity. However,
important progress has been made very recently in the development of in vitro cell culture for norovirus as
well as advances in the identification of candidate immune correlates of protection.

In addition to clinical efficacy, a number of key questions will determine the public health utility of a
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vaccine, including:
« Can avaccine elicit broad protection against multiple genotypes?
« What will be the duration of protection from vaccination?

« Will a norovirus vaccine have to be regularly updated in order to keep up with natural evolution
of the virus?

+ How will prior norovirus infection history affect vaccine immunogenicity and effectiveness?
« Will the same vaccine formulation be effective in all groups, including in low-income settings?
« How will the variation in human genetic susceptibility affect vaccine outcomes?

Progress with vaccine development

A number of norovirus vaccines are currently being developed. All of these products are based on the pro-
duction of virus like particles (VLPs) or P particle subunit in various expression systems. Preclinical and early

human studies have demonstrated safety and immunogenicity using various concentrations of monova-
lent or bivalent norovirus antigens, with and without adjuvants, and by various routes of administration.
The only candidate vaccines with human efficacy data to date are being developed by Takeda Pharmaceu-
ticals. An intranasal monovalent formulation (GI.1) was shown to be effective against infection and disease
following Gl.1 challenge. An intramuscular bivalent formulation (Gl.1/Gll.4) conferred a degree of protec-
tion against severe gastroenteritis outcomes following Gll.4 challenge, sufficient to warrant further clinical
development.

Target and risk groups: ensuring that vaccines benefits global public health

One of the challenges (and opportunities) in developing a norovirus vaccine is that many distinct popu-
lation groups based on demographics (e.g. children, elderly) or risk (e.g. foodhandlers, military, travelers,
healthcare workers) are affected. This can complicate the formulation a research agenda and clinical devel-
opment plan. Such a plan for a target population of young children will look quite different than for older
adults, or a specific risk group, such as healthcare workers or soldiers.

From a public health perspective, it is clear that young children experience the highest incidence of
disease and severe outcomes are most common among young children and the elderly. Young children
may also be the most important group in terms of driving transmission, and if so, vaccinating them could
accrue direct protection and also prevent transmission, garnering the greatest benefits at the population
level. However, severe disease burden is also clustered in elderly populations, so the individual benefits of
vaccination in those groups should be considered as well.

Stimulating vaccine development

In the absence of an outside stimulus, such as a major donor, developed world markets are likely to
provide the initial economic impetus for private industry to develop norovirus vaccines. To date, early-
phase trials have been conducted among adults in high income settings, leaving a need for a pediatric
development plan. Such a plan should include studies to generate data on the compatibility of norovirus

vaccines with routine childhood immunizations, and, in particular, the Expanded Program on Immuniza-
tion. Adding a vaccine to the EPI schedule involves great effort to demonstrate the added value of the
vaccine, on both economic and health grounds and ensuring non-interference with other vaccines. The
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economics of a norovirus vaccine which requires multiple doses and/or reformulation will be scrutinized
carefully by policy makers.

At the earliest stage, clinical development plans should define a target product profile that will maximize
public health gains by focusing on young children, with the aim of developing a vaccine that can be
incorporated into the logistical arrangements of current immunization programs. Addressing these key is-
sues will be vital to accelerate and achieve the development and implementation of interventions such as
vaccines to control and prevent the tremendous global morbidity and mortality from norovirus.

10.

11.

Critical studies to be performed and questions to
be answered to further vaccine development

Studies optimally designed for norovirus to more definitively quantify the incidence
and burden, especially in lower income settings, including severe disease leading to
hospitalization and death (Section 2; 3)

Development/optimization of diagnostics for use in etiological studies and clinical trials.
(Section 2; 3; 5)

Birth cohort studies in low, middle and high income settings to further understand the
acquisition of immunity. (Section 2; 4)

Development of a Global Norovirus Surveillance Network to monitor and characterize
worldwide distribution and evolutionary dynamics. (Section 3)

Evaluations and reproducibility of in vitro cell culture system candidates. (Section 4)

Confirmation of currently proposed immune correlates of protection, and their validation
in different populations. (Section 4)

Human clinical studies to characterize the safety, immunogenicity and efficacy of products
not yet trialed in humans. (Section 5)

Pivotal, phase Il field efficacy studies to demonstrate protection against disease among
individuals in the community and herd protection in families. (Section 5)

Mathematical modeling studies to examine the direct and population level-effect of
vaccinating different groups, defined by age or risk profile, including economic evaluation
for developing country settings. (Section 6)

Development of a target product profile for a vaccine to be used in the EPI schedule, with
updating as data become available. (Section 6)

A probe study, once a vaccine is available, to simultaneously define vaccine performance
and disease burden. (Section 5)
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2. Burden of disease and epidemiology

a. Burden
i. Global burden and trends of diarrheal disease in children and adults

A number of large international collaborations have estimated the global burden of disease, including
diarrheal diseases, in both young children and adults. Despite important differences in methodology and
results between projects, a clear pattern emerges. Child deaths and diarrheal deaths have declined in re-
cent decades, but diarrheal disease remains the fourth most common cause of mortality and second most
common cause of morbidity' worldwide in children under the age of 5 years.[1]

The Institute for Health Metrics and Evaluation’s Global Burden of Disease (GBD) project estimated that diarrhe-
al deaths fell from 2.579 (95% Cl: 2.412 to 2.749) to 1.264 (1.151 to 1.383) million deaths, across all age groups
from 1990 to 2013, a 60% decrease in age-standardized deaths rates'.[2] Over the same period, diarrheal deaths
in children aged 0-4 years declined from an estimated 1.606 to 0.520 million, a decline of 68% over a 23-year
period. The WHO's Child Health Epidemiology Reference Group (CHERG) estimated a similar rate of decline,

over a somewhat narrower time window: 1.160 million (9 per 1,000 live births) to 0.558 million (6 per 1,000 live
births) child diarrheal deaths from 2000 to 2013 represents an average annual rate of decline of nearly 5%.[3]

Globally, diarrhea morbidity has not changed at the same pace, with global diarrheal incidence at 46 and 37
episodes per 100 population in 1990 and 2013, respectively, for a total of 2.7 to 4 billion cases annually (2013).
[4-6] Diarrheal diseases are the 25th top cause of years lived with disability (YLDs) at 6,854,000 in 2013.[4]

The global diarrhea burden and mortality among older children and adults has been less well-studied,
and this demographic may be an important group specifically for norovirus, which affects all ages. The
GBD estimated that 780,000 (54%) of the 1.45M diarrheal deaths in 2010 were among the older children
and adults (Figure 1). Because years of life-lost are so influential for DALY estimation, only 32% of the DALY
burden occurs outside the 0-4 year age group.

700 r 70
600 - r 60
= 500 - r 50
£ 400 40 2
2 £
= £
2 300 A 30 =
<
3 3
8 2001 L 20
Figure 1. 100 - o
Global Deaths and
DALYs from diarrheal 0 0
disease, 2010 0-4 5-14 15-49 50-69 70+
Age group (years)

"In terms of ‘Years Lived with Disability’

i All-cause mortality is estimated to have declined by 24% over the same time period, representing a shift away from diarrheal
deaths and most other infectious diseases, with the exception of HIV.
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ii. The role of norovirus

Based on a large systematic literature review of 175 studies, which, together, tested over 185,000 cases of
acute gastroenteritis, norovirus is estimated to be associated with 18% (95% Cl: 17-20%) of all diarrheal
disease worldwide.[7] This percentage is higher among community cases (24%) than those presenting for
outpatient (20%) or inpatient (17%) care, in line with the notion that norovirus is a more common cause of
mild AGE, but still an important cause of more severe disease." As a fraction of all diarrheal disease, noro-
virus is more frequently detected in developed countries (20%) and low-mortality developing countries
(19%) than those with high-mortality (14%). This lower prevalence in low-income settings likely indicates a
more prominent role for other pathogens that are largely controlled through water and sanitation im-
provements, not that norovirus incidence is lower in developing country settings.

The data from this systematic review, as well as two previous ones, have been used to generate estimates
of norovirus-associated mortality (Figure 2). For children under the age of 5 years, these estimates range
from 71,000 (for 2011[13]) to 212,000 (for 2004[17]). These seemingly large differences are more of a result
of changes in the ‘envelope’ of diarrhea deaths than of the percentage of those deaths attributed to norovi-
rus, which is fairly consistent between studies, ranging from 9.9% to 12%. In this age group, noroviruses are
the third most common etiological cause of diarrheal mortality, after rotavirus and, possibly, enteropatho-
genic Escherichia coli.[13]

ROTAVIRUS DEATH ESTIMATES

877,000 Deaths 440,000 527,000 453,000 197,000 173,000
25% % of diarrheal deaths 22% 29% 37% 28% 26%
1980 Year 1994 2004 2008 2010 2011
5 "
O . NOROVIRUS DEATH ESTIMATES
“\ Deaths 212,000 90,000 71,000

= 4 % of diarrheal deaths 12% 13% 9.9%
g KR Year 2004 2010 2011
E T O
2 3 G
[5+ '~‘
g ox @)
[5+ e
@
£ 2 O .. .
E O Figure 2.
5 Global child
g T diarrhea deaths
R O and estimates

&) for rotavirus and

norovirus: 1980-
2015.

1980 1985 1990 1995 2000 2005 2010 2015

Mid-point of Study Period

Sources include: [3, 8-16]

i Note that detection of norovirus in stool (or any organism, for that matter) does not necessarily imply that it is the cause of
disease. Case-control studies provide more interpretable data than case-only studies. This issue is discussed in more detail in 3.c.
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It has been more challenging to estimate the global burden of norovirus for older children and adults since
there are so little data on these ages from developing countries.” The aforementioned systematic review

[7] that was focused specifically on norovirus included 20 studies that reported on population groups aged
5 years and older. By meta-analysis, norovirus was associated with 18% (95% Cl: 13-24%) of cases of AGE
among those ages 5 years and older, the same percentage as in children 0-4 years of age. As the incidence
of diarrhea is clearly higher in young children, the incidence of norovirus gastroenteritis is higher in this age
group as well. Both the IHME and WHO estimate that, overall, there are more diarrhea deaths in those aged
5 years and older (780,000 - 868,000) than among under 5 years (666,000 — 692,000, respectively).[3, 6]

For norovirus, which causes mild disease in the majority of cases, much of the burden will be in the form of
morbidity (as measured by YDLs and DALYs), not mortality. However, current global estimates are lacking.
Updated age-specific mortality and morbidity estimates for norovirus and 8 other pathogens commonly
transmitted by food are also forthcoming from the WHO Foodborne Epidemiology Reference Group. That
study is using CHERG or national diarrhea incidence estimates together with a literature review to assign a
fraction of disease to each pathogen and will also estimate the proportion due to food borne transmission.

b. Epidemiology

Norovirus affects individuals across the age range, but the highest rates of norovirus gastroenteritis are
among young children. Population-based national estimates of norovirus disease incidence across the age
range are only available for select developed countries; these estimates range from 3.8% to 10.4% per year
[20-25], with regional studies providing generally consistent results.[26, 27] This means that with a life ex-
pectancy of 80 years, a person will experience an average of approximately three to eight norovirus illness
episodes in their lifetime, of which at least one will occur by 5 years of age.[23]

i. Early childhood infections

Norovirus disease incidence is approximately five times higher in children under the age of five years (21%
per year) than among the whole population (4.5% per year), at least in high income countries (Figure
3).[23] Few studies have measured norovirus disease incidence across the age range in low or middle
income countries, so comparing the age-specific incidence is difficult, but the few cohort studies in such
settings point to a higher disease incidence in children in these settings compared to developed country
settings. For example, in birth cohort from a Peruvian shantytown, norovirus disease incidence was over
50 cases per 100 person-years in the first 2 years of life.[28] Incidence was highest in the 6 — 23 month

age group, suggesting a neonatal period of protection from maternal antibody and/or limited exposure.
Preliminary incidence estimates from Guatemala and Kenya are 2.5 and 11 cases per 100 person-years for
all ages with rates in < 5 year olds approximately 10 times higher than rates in >5 years. (Shioda, Bierhoff in
preparation)

¥ In one systematic review of the etiology of diarrhea in older children and adults, only a single paper presenting norovirus data
from Hong Kong[18] met the inclusion criteria.[19]
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Globally, approximately 70% of pediatric norovirus cases in the 0-4 year age group occur between 6-23
months of age.[29] A younger age distribution occurs in lower income countries as well as among cases in
inpatient settings, consistent with the notion that the force of infection is greater in low income settings
and that more severe disease results from primary infection at a young age. Almost all children will have at
least one infection by the age of 5 years.[30-35] Multiple infections occur as a result of limited duration of
immunity and limited cross-protection to the diverse range of noroviruses. Two birth cohort studies have
concluded that Gll infection confers a degree of protection against subsequent infection with the same
genotype.[28, 36] One study with less frequent sampling did not find such patterns.[37] These observa-
tions are discussed in more detail in Section 4.a.

ii. Risk factors, modes and settings of transmission

Norovirus is extremely contagiousand humans are the only known reservoir for human norovirus. Trans-
mission occurs via fecal-oral and vomit-oral pathways by four general routes: direct person-to-person,
foodborne, waterborne or through environmental fomites; since humans are only known the source of all
human infections, all transmission is ultimately person-to-person.

Consistently, the strongest risk factors for community disease are proxies for contact with an infectious
person. For both young children and older children/adults, contact with a symptomatic household
member, especially a child, is a strong predictor of disease.[27, 44-46] Young children appear to frequently
bring infection into the household, and older children and adults acquire many of their infections within
the household. [46, 47] Foreign travel is also a risk factor;[46, 48] with increased risk likely attributable to
changes in behavior while traveling or exposure to a different spectrum of norovirus strains. Risk factor
data on endemic disease in developing countries is extremely limited.

Investigations frequently attribute norovirus outbreaks to contamination of food during preparation by a
range of mechanisms and in a range of settings, but food-related risk factors have not shown consistent
associations with disease in community-based studies of endemic disease.[44, 46]"' Foodborne trans-
mission is estimated to account for 14% of norovirus outbreaks, globally, but, overwhelmingly, the data

IThe precise infectious dose may vary by strain, and there is some debate about how best to calculate the ID50 for norovi-
rus[39-43] with estimates ranging from 18.2 (95% Cl of 1.03-4350)[43] to 1320-2800[42] genomic equivalents. However, the
extreme infectiousness and transmissibility is not in question.

Vi The only foods consistently associated with disease are oyster and other shellfish harvested from areas where the seabeds are
contaminated with sewage. However, in most populations, consumption of these products is not common and this exposure
likely accounts for only a small fraction of disease.
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sources for these estimates come from developed country settings. There is very little observational data
on which to base assessments of the relative role of foodborne, waterborne or environmental transmission
in low income settings, so some assessments are based on expert opinion.

If one of the effects of development is improved sanitation and hygiene, economic development should
coincide with a lower incidence of disease from food, water and environmentally-transmitted disease, pos-
sibly with an increasing proportion of disease transmitted directly from person-to-person in higher income
settings. Put another way, individuals living in settings of poorer sanitation and hygiene likely have more
exposure to norovirus from multiple routes. This notion of transmission is consistent with a higher overall
disease incidence, younger age distribution,[29] and more common asymptomatic reinfection in lower
income settings“.[49]

One of the few documented international differences in transmission patterns relates the frequency of
acute-care hospital outbreaks. In highly developed countries, healthcare facilities, including nursing homes
and hospitals, are the most common settings of norovirus outbreaks. These outbreaks are highly disruptive
and costly to health services, can attract major media attention and affect already-vulnerable population.
[50] In the United States, outbreaks in acute care hospitals are rarely reported, whereas in Europe, Austra-
lia, Canada and Japan outbreaks in long term care (e.g. nursing homes) and acute care (i.e. hospitals) are
roughly equal in number* Health care-associated outbreaks are essentially not reported from low income
settings, likely for a combination of reasons including lack of surveillance, absence of diagnostics and a
younger population with few living in institutions for the elderly. Absence of hospital outbreaks in low in-
come settings could also result from more frequent exposure, leading to high levels of immunity in adults;
without robust surveillance, it's hard to know if this is a real phenomenon.

iii. Chronic health consequences associated with norovirus infection?

While more research is needed, there are recent data linking noroviruses with persistent long-term gastro-
intestinal health consequences and may represent preventable disease burden for which a vaccine may
have benefit.[51-53] The most frequently identified long-term consequence studied has been irritable
bowel syndrome (IBS) and prospective studies have shown that 3 to 36% of all enteric infections lead to an
incident IBS diagnosis (e.g. post-infectious IBS or PI-IBS)[54]. Other chronic functional gastrointestinal disor-
ders such as GERD, dyspepsia and constipation have shown variable association with antecedent IGE [55,
56]. While the majority of the studies to date have identified pathogenic bacteria as an etiologic agent in
PI-IBS, recent data point to an association with other pathogens, including viruses and parasites [54]. Spe-
cific to norovirus there have been three studies looking at the link between norovirus infection and chronic
functional gastrointestinal disorders (FGD) including IBS. A first report came from a small prospective study
of IBS following an outbreak of purported (but not confirmed) norovirus-attributed severe gastroenteritis
reported that 3 months after the outbreak, IBS was significantly higher in subjects with acute gastroen-
teritis than in control subjects after 3 months, but by 6 months the incidence was no different suggest-

ing that PI-IBS following viral gastroenteritis was transient [57]. Following this initial report was a larger
study which followed a massive outbreak of viral GE associated with contamination of municipal drinking
water with norovirus that occurred in Italy during 2009.[53] In this study, the authors identified 40 patients
(noroviruses exposed) with a new diagnosis of IBS (using Rome Il criteria), in comparison with 3 subjects

in the control cohort (P < 0.0001; OR 11.40; 95 % Cl 3.44 — 37.82). The US military reported the largest

study which was a cohort design in which 1,718 cases subjects from three confirmed norovirus outbreaks

viiHowever, at some point, incidence in low income settings may reach a critical threshold at which exposure becomes frequent
enough to provide frequent immune boosting and, in turn, lower disease incidence.
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were matched to non-exposed controls and followed through the DoD medical encounter database and
showed increased risk for development of a number of functional gastrointestinal disorders[51]. While
more research is needed to confirm the consistency of risk in other settings and advance understanding

of disease mechanisms[58, 59], evidence to date suggests that the link between noroviruses and develop-
ment of chronic FGD should not be dismissed, and investigative efforts to further delineate pathological
changes explaining the various symptoms of post-infectious IBS, functional dyspepsia and GERD which
include genetic, immunologic and microbiologic assays in varied patient populations with well charac-
terized gastrointestinal infectious exposures and disease outcomes are needed. A more comprehensive
understanding of the total attributable disease burden would be an important factor in valuing the benefit
of vaccination.

¢. Challenges in attributing disease to norovirus

There are a number of challenges that complicate attributing a burden of acute gastroenteritis disease to
norovirus. These challenges include the following.

- Routine testing is rarely performed in ongoing surveillance platforms. Surveillance for disease provides
essential local, national or regional data on disease burden and strain circulation, on which to base deci-
sions. A number of high income countries conduct ongoing surveillance for outbreaks or special studies
to estimate norovirus disease burden™ but, ongoing routine surveillance is rare in developing country
settings.* Short-term surveillance studies have been conducted in many settings, mainly among inpatients
under 5 years of age. Ongoing surveillance for endemic disease consistently employing the most appro-
priate diagnostics is particularly important for norovirus, considering its annual variability, irregular strain
emergence and seasonal fluctuations. An international network should initially focus on children, since the
burden is greatest among that age group, and could expand to adults and elderly, as appropriate.

The WHO Global Rotavirus Surveillance Network, in some ways, could be a model for a global norovirus
surveillance network. The Global Rotavirus Surveillance Network had been coordinated by WHO since 2008
and by 2011/12 operated 79 sites from 37 countries.[62] The network includes sentinel hospitals and na-
tional laboratories working from common surveillance and laboratory protocols. Surveillance is exclusively
for children 0-4 years of age and diagnostics are based on a relatively simple, but sensitive and specific,
enzyme immunoassay (EIA). An informal norovirus global surveillance network (NoroNet) of scientists at
public health institutes and universities sharing virologic, epidemiologic and sequence data on norovirus
already exists which could be used as basis for a more formal collaboration such as the WHO Global Rota-
virus Surveillance Network. Because norovirus affects the whole age range and simple diagnostics do not
exist (both issues discussed in more detail in Sections 2.a.ii and 3.b), global surveillance for norovirus may
require more intense resources and not be as widespread as for rotavirus, but the success of that network
highlights the value of such data for making informed decisions about vaccine use, and, specifically, the
importance of collecting these data before vaccine introduction.

- Sensitive assays have only recently been widely available. The genetic diversity of noroviruses is one of
the main challenges in developing a broadly reactive EIA. Real-time quantitative RT-PCR (RT-gPCR) is the
most sensitive and specific diagnostic for noroviruses, however, use of these assays is mainly restricted to
laboratories in middle and high income settings and are rarely used in low-income countries because of
cost of the assays and equipment required. Indeed, even the highly influential and comprehensive Global
Enterics Multi-Center Study (GEMS) did not use RT-gPCR diagnostics for norovirus.[63]

*These include the Infectious Intestinal Disease Studies [24, 60, 61] in England and Sensor in The Netherlands.

* A notable exception is the surveillance conducted by International Centre for Diarrhoeal Disease Research, Bangladesh
(icddr,b) at the rural Matlab Hospital and Urban Dhaka Hospital, where a selection of specimens from diarrhea admissions has
been tested for norovirus since 2010. Overall, approximately 25% test positive for norovirus by real time RT-PCR. Uniquely, this
surveillance platform covers the full age range.
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- Challenges in interpretation of diagnostic results \While norovirus is one the most frequently detected patho-
gens in stool of AGE cases, it is also commonly found in stool of healthy individuals. This may be for a number of
reasons including: true asymptomatic infection, long duration post-symptomatic shedding of virus and, possibly,
ingested non-replicating virus transiting the gut. Some studies have attributed a fraction of diarrheal disease based
on the odds of detecting a given pathogen in cases compared to healthy controls, leading to the conclusion,
incorrect in our view, that norovirus is not a major cause of AGE.[49] In any case, the high frequency of detection of
viruses in healthy controls complicates the interpretation of norovirus diagnostics.
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- Some norovirus AGE cases present with vomiting, but without diarrhea. Most existing surveillance and
etiological studies use a case definition for diarrheal disease. However, a classic symptom of norovirus infec-
tion is vomiting; norovirus infection may result vomiting without diarrhea in approximately 15% of cases.
[64] These cases are typically excluded from the ‘envelope’ of the gastroenteritis disease burden and from the
etiological studies used to attribute a fraction of this envelope to norovirus,[7] resulting in an underestimate
of the norovirus disease burden.

- Community-based studies are expensive and challenging. As a high incidence, common infection, much
of the disease burden of norovirus is in the community. However, community-based studies are logistically
challenging and relatively expensive to conduct. Few such studies have been performed across the age range
in high-income European settings [44, 60, 65] and for birth cohorts in middle-income Latin American popula-
tions. [28, 36, 37] Because these studies are so valuable for understanding disease burden, transmissions pat-
terns and the acquisition of immunity, more studies in diverse settings will be highly informative.
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Table 1. Current knowledge, challenges and most critical studies
for estimating norovirus disease burden

Current knowledge

Globally, norovirus is associated
with 18% 18% (95% Cl: 17-20%)
of diarrheal disease

Norovirus is estimated to cause
approximately 200,000 deaths
annually worldwide, about
70,000-100,000 of which are
among children in developing
countries.

Disease occurs across the
age range in all settings, but
incidence is highest in young
children.

Noroviruses are transmitted by
multiple routes

« Person-to-person spread
predominates

- Foodborne transmission
is estimated to account
for approximately 15% of
disease

Policy makers are likely to be
influenced to act based on:

- pediatric disease burden in
low/middle income settings

- economic and severe disease

burden in very young/old in
high income settings

Challenges

Etiological studies on the role of
norovirus vary widely in terms of

- case definition
- inclusion criteria for controls

- diagnostics assays

Variable levels of detection in
controls in different settings
complicate interpretation of
diagnostics and definition of
burden

There is a dearth of incidence
estimates

Current approaches of
attributing mortality is based
on extrapolation of inpatient
norovirus prevalence but may
face skepticism

There is little routine testing
performed in endemic diarrheal
disease ongoing surveillance
platforms

Studies needed

Rigorously designed studies to
more clearly identify the burden
of norovirus disease, including:

« Population-based studies
of norovirus incidence at
inpatient, outpatient, and
community levels

» Cohort studies with serology,
to more clearly define true
infections*

« Longitudinal studies with
frequent sampling to compare
norovirus-associated diarrhea
episodes with a stool sample
taken in a pre-symptomatic
period (self-controlled case)*

+ low/middle income settings

- and elderly (otherwise
vulnerable) in high income

Global Norovirus Surveillance
Network, modeled on the WHO
Global Rotavirus Surveillance
Network, based in sentinel
hospitals

»  Surveillance for severe
disease - defined by hospital
admission

- Relatively costly, but provides
important data to policy
makers
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3. Norovirus biology, diagnostics and
their interpretation for field studies
and clinical trials

a. Norovirus virology
i. Genetic diversity, evolution and related challenges for diagnosis

Noroviruses are a group of non-enveloped, single-stranded RNA viruses with an icosahedral symmetry
classified into the genus Norovirus of the family Caliciviridae. Other genera within this virus family include
Sapovirus, which also causes AGE in humans, Lagovirus, Vesivirus, and Nebovirus, which are not patho-
genic for humans.[66] The RNA genome of noroviruses consists of three open reading frames (ORF): ORF1
encodes six nonstructural proteins including the RNA dependent RNA polymerase (RdRp); ORF2 encodes
the major capsid protein (VP1) that determines the antigenicity of the virus and consists of a shell domain
(S) located at the base of the capsid and a protruding (P) domain, that is further subdivided into the P1 and
P2 regions (Figure 5); and ORF3 which encodes the minor capsid (VP2) for which a functions has not been
fully identified.

Until very recently, human norovirus could not be grown in cell culture, so a classification based on
neutralization with anti-sera (serotypes) has not been possible. As such, noroviruses are classified based
on phylogenetic clustering of the complete VP1 amino acid sequence. into genogroups (G)(currently 7,
designated GI-GVII) [67], each of which is further divided into genotypes. The norovirus strains that infect
humans are found in 32 genotypes in Gl (n=9), Gll (hn=19), and GIV (n=1), whereas viruses in other geno-
groups infect other mammials including cows, mice, sheep, pigs and dogs. (Figure 6).[68]
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ii. Evolutionary and public health importance of Gll.4 viruses

Since the mid-1990s Gll.4 viruses have caused the majority of norovirus outbreaks and sporadic cases
worldwide. This genotype evolves in a boom-and-bust cycle with new Gll.4 strains emerging every 2-3
years and replacing previous dominant strains, a process driven by evasion of immunity in the human pop-
ulation. [69-71]. Gll.4 norovirus evolution and the emergence of new epidemic strains is principally driven
by mutations in the P2 domain of ORF2, the hyper variable region of the capsid, which is the domain most
exposed to the host cells [72-77]. Mutations in the P2 domain may lead to significant changes at key epi-
topes resulting in the virus being able to escape from antibodies generated by prior exposure to geneti-
cally related norovirus strains [77]. This process is known as epochal evolution, and was first described for
influenza viruses to explain the emergence of epidemic strains.

In some cases, but not always, the emergence of novel Gll.4 variant results in a global pandemic of
norovirus. For example, both the 95/96_US [78] and Farmington Hills 2002 viruses were associated with
an increased number of outbreaks worldwide [79, 80]. The emergences of New Orleans 2009 and Sydney
2012 viruses were not associated with an increased number of outbreaks in the US.[81, 82]

In addition to Gll.4 viruses causing the majority of norovirus infections, they predominate overwhelmingly
as a cause of disease amongst the elderly in healthcare-associated outbreaks. Even after accounting for the
more vulnerable populations that they affect, Gll.4 viruses result in more severe iliness.[83] Once thought
to be mainly a scourge of the elderly in hospital and nursing home outbreaks, the Gll.4 viruses are also now
recognized to be the primary cause of illness in children worldwide (Figure 7).[84, 85] Several other geno-
types including GlI.3, GII,6, and GlI.12 viruses, have in different years been reported as the second most
common genotype causing norovirus AGE in young children, but these viruses do not appear to share the
evolutionary patterns of immune escape associated with Gll.4 noroviruses.[86-88]
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b. Norovirus diagnostics and genotyping tools

The current appreciation of the major burden of norovirus AGE has been brought about by the use of
molecular methods for the detection and characterization of noroviruses. In the 1970s and 1980s, elec-
tron microscopy (EM), immune-EM (IEM), and radioimmunoassays were used to detect norovirus; these
methods were cumbersome, required highly skilled technicians and had limited sensitivity. In the 1990s,
the prototype Norwalk virus and its close relative, Southampton virus, were cloned and sequenced,[89-91]
paving the way for the development of new molecular diagnostic tests based upon reverse transcription-
polymerse chain reaction (RT-PCR) for the detection and sequencing of the virus genome directly from
fecal specimens.[92-94]

Employing similar virus cloning technology, expression of viral proteins and non-replicating virus-like
particles (VLPs) led to the development of serologic assays with antigens that could be replenished in the
laboratory and used for the generation of polyclonal sera and monoclonal antibodies.[89] This led to the
development of antigen capture EIA assays and immunochromatograhic “near patient”tests which are also
commercially available. However, given the large genetic and antigenic variation among noroviruses and
variable viral loads in stool samples, these tests have limited sensitivity and may not capture the full range
of circulating viruses. [95, 96] Consequently, EIAs or other antigen detection tests have limitations when
used to establish a diagnosis of norovirus in individual patients but may be useful in outbreak settings
where a large number of stool samples from patients may be available and some diminished diagnostic
sensitivity may be acceptable [96-100]. Blockade assays offer a more robust measure of antigenic related-
ness, employing epitope specific VLPs and also allow tracking of epitope specific responses/time (e.g [101]).

Among viruses of each genogroup, the ORF1-ORF2 junction is the most conserved region of the norovi-
rus genome, making it the key target region for broadly-reactive oligonucleotide primers and probes for
nucleic acid amplification and detection. Although several other formats have been developed with similar
sensitivity, real-time RT-PCR assays using hydrolysis probes (TagMan-assays) are the most widely used
method for the detection of norovirus. Because of their high analytic sensitivity, real-time quantitative (RT-
gPCR) assays can detect very small amounts of virus that might be present in samples from persons who
are asymptomatically infected or have recovered within the past few weeks from norovirus AGE (discussed
in more detail Section 3.c.i). While imperfect diagnostic accuracy is an issue for all assays, it is more prob-
lematic for RT-gPCR. Indeed, RT-gPCR is able to detect norovirus at a load as low as 103 copies per gram
of stool, so its exquisite analytical sensitivity compromises diagnostic specificity. As such, low viral loads,
perhaps even non-replicating virus particles, can be detected by RT-gPCR.
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More recently, several platforms have been developed to simultaneously detect a range of enteric
pathogens including viruses, bacteria and parasites. The U.S. Food and Drug Administration has cleared a
number of these commercial multiplex molecular diagnostic kits for the simultaneous detection of enteric
pathogens including the xTAG GPP (Luminex Corporation, Toronto, Canada), the FilmArray Gl Panel (BioFire
Diagnostics Inc,, Salt Lake City, UT, USA), and the Verigene Enteric Pathogens Test (EP) (Nanosphere, North-
brook, IL, USA). All of these platforms are able to detect noroviruses and the Biofire and Luminex platforms
distinguish between Gl and Gl noroviruses. While the comprehensiveness of these diagnostics is attractive,
interpreting the cause of an individual’s iliness can be a challenge, especially when multiple pathogens are
detected in a single stool (discussed in more detail below)*.

Table 2. Overview laboratory assays for detection of norovirus

Laboratory . FDA (510k)-
test(s) G e TR (sample toresult) cleared test CETLTE
Electron Ability to detect Expensive 15 min Reference
microscopy multiple viral equipment and laboratories
pathogens training; low
throughput;
insensitive

Immunological

Enzyme High specificity, 57-76% 60-90 min R-Biopharm Public health,
immunoassay high throughput sensitivity clinical

laboratories
Immuno- High specificity, no  35-52% 15 min Point of care
chromatographic  special equipment  sensitivity

Conventional PCR amplicons can  Results must to 5-6h Reference
RT-PCR be sequenced and be confirmed by laboratories
used for typing sequencing or
hybridization
Real-time High specificity, PCR equipment 3h Tests in Public health,
RT-PCR sensitivity and required; reduced pipeline clinical
throughput; clinical specificity laboratories
possibility to

multiplex mulitple
targets

Molecular multiple enteric pathogen

XTAG GPP High sensitivity, Expensive 5h Luminex Public health,
high throughput;  equipment and Corporation clinical labo-
detects different kit format ratories
enteric patho-
gens

FilmArray Includes nucleic Expensive 2h Before Diag- Clinical labo-

Gl Panel, ) acid extrac- equipment and nostics Inc,; ratories

Verigene Enteric ;5. Jetects kit format Nanosphere

LSRG (FilmArray) and Inc.; tests
(Verigene) dif- from other
ferent enteric companies
pathogens; single pending 510k
sample can be clearance

tested

X A more complete discussion of norovirus diagnostics may be found in [68].
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c. Detection of norovirus in healthy controls: implications for:

i. Disease attribution

A variety of factors may explain why individuals without diarrhea shed enteric pathogens in their stool.
[102] Those most germane to norovirus are:

- Some individuals have true asymptomatic infection; in adult volunteer studies 15 to 35% of infec-
tions confirmed serologically or through detection of virus in stool were not associated with gas-
troenteritis.[64, 103-105] These asymptomatic infections may result from acquired immunity that is
protective against disease but does not block infection.

- Shedding of virus in stool continues long after the resolution of symptoms, with around 25% of cases
shedding virus at detectable levels 3 weeks after onset of illness, which usually lasts for only 1-3 days.
[106]

- Itis possible that ingested virus may transit the gut without replicating while still being detectable
with highly sensitive diagnostics.

Interpreting Global Enterics Multi-Center Study (GEMS)

For this combination of reasons, norovirus can frequently be detected in stools collected from healthy
individuals. In fact, in a number of studies, particularly in low income countries, norovirus has been nearly
as prevalent, and sometimes more so, in controls than in cases. This includes the recent Global Enterics
Multi-Center Study (GEMS), the largest systematic assessment for understanding the etiology of childhood
diarrhea in developing countries.[63] GEMS and other case-control studies use the odds ratio of a microbe
being present in cases versus healthy controls, [107-109] which quantifies the magnitude of the associa-
tion between microbe and disease, to calculate an attributable or etiologic fraction [108, 110]. We think it
is inaccurate to conclude that norovirus is not an important pathogen because it is detected frequently in
AGE cases and healthy controls. An alternative explanation is that high levels of asymptomatic infection
are a result of frequent exposure, some of which will result in asymptomatic infection because of acquired
immunity. Therefore, high prevalence of norovirus detection in healthy controls may be characteristic of
'hyper-endemicity’ where burden is higher, not lower.

There are two study design improvements that may result in more accurate estimates of the attributable
fraction of AGE for norovirus.

- Better inclusion criteria for healthy controls: Careful selection of healthy controls may help to mini-
mize the influence of post-symptomatic shedding. Since norovirus shedding after an illness can persist
(25% shedding virus at detectable levels after 3 weeks or longer for children in developing countries [28])
including only controls who have had a long period without any symptoms will help to exclude long-term
shedders from a previous illness. A case in point is the inclusion criteria used in the CDC New Vaccine Sur-
veillance Network where healthy controls had “no symptoms of acute gastroenteritis within 14 days before
enrollment, and no symptoms of acute respiratory infection (cough, congestion, sore throat, runny nose, or
wheezing) within 3 days before enrollment!’In that study, norovirus was detected in stool of 21% of cases
and 4% of controls.[111] . Another approach could be longitudinal cohort studies with frequent sampling.
Data from such studies could be used to compare norovirus-associated diarrhea episodes with a stool
sample taken in a pre-symptomatic period, such that a child acts as her‘own control’
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- Use of quantitative viral load data from RT-qPCR: It has been proposed that cycle threshold values, as
an indicator of viral load, can be used to discriminate between disease-causing infections and asymptom-
atic infections. The quantity of virus in stool specimens decreases after 3-4 days post-infection, making viral
load (based on cycle threshold value from quantitative reverse transcription- polymerase chain reaction
(RT-gPCR) a potential indicator of disease-causing infection.[112] One large study in England used this
approach to calculate the probability that viral detection at a certain Ct value was disease-causing and use
these probabilities to readjust’incidence. However, this approach has not been extensively employed for

a number of reasons including: (a) there is not a clear cut-off of viral load associated with symptoms, (b)
asymptomatically-infected individuals appear to initially shed at levels similar to norovirus gastroenteritis
cases and (c) other factors including age, setting of infection and genotype are related to Ct value, compli-
cating the relationship between Ct value as a proxy for viral load and disease.[64]

However, we caution that - even with the optimal design - the natural history of norovirus may make it im-
possible to accurately estimate its disease burden using observational studies. Norovirus does not confer
lifelong sterilizing immunity and therefore reinfection is common. Modeling studies illustrate that frequent
reinfection weakens the relationship between norovirus detection and disease and predict that prevalence
of asymptomatic shedding will increase as the force of infection increases (i.e. in low income countries

and especially in children). " However, disease incidence may not rise to the same degree. Accordingly, the
relationship between virus detection and disease is diluted, even though the pathogen may be causing
the same disease incidence. In the absence of an assay that can discriminate between true disease and
background shedding, comparing prevalence in cases with prevalence in controls will be of limited value.

ii. Clinical trial design

Clinical trials for norovirus vaccines will be faced with the same diagnostic challenges as etiological studies.
To make the most accurate assessment of protection afforded by a vaccine, it will be critical to accurately

iThese patterns are not unique to norovirus. A recent sero-epidemiological study, for example, found that the incidence of
asymptomatic infection of Campylobacter is orders of magnitude greater than reported disease rates. [113] Indeed, using
Campylobacter as an model, Swart et al have illustrated that due to the interplay between waning and boosting of immunity,
reducing the force of infection does not necessarily lead to reduction in disease incidence.[114]

Figure 8.
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identify cases of norovirus gastroenteritis. For trials among adults in developed countries (the likely setting
and population for initial Phase Il trials), where background levels of asymptomatic infection are compara-
tively low, this will be less of a problem. However, for trials among children in low income settings, inter-
pretation of diagnostic norovirus data may have to be considered more carefully.

In addition to defining vaccine performance, clinical trials may also provide the best opportunity to
characterize the burden of norovirus disease. Probe studies are those designed to characterize the disease,
whereas traditional vaccine studies focus on characterizing the vaccine.[115, 116] In addition to the usual
vaccine efficacy (VE) end points, vaccine probe studies can also be used to characterize etiological fraction
or vaccine-preventable disease incidence (VPDI). Given the complications in defining norovirus burden,
such a study may be the best way to both determine the true etiological fraction of norovirus and the ef-
fect of a vaccine. Clearly, for such an approach to be useful, an effective vaccine must exist, and its perfor-
mance must already be known, to an extent.*" Candidate vaccines are discussed in more detail in Section 4.

d. Progress in cell culture systems for human norovirus

The lack of a robust cell culture system for human norovirus is fundamental technological barrier hamper-
ing many areas of research. These areas include development of assays to measure protective neutralizing
antibodies conferred by either natural or vaccine-induced immunity as well as the development of infec-
tivity assay to measure the effectiveness of disinfectants and sanitizers. Over the last few decades a num-
ber of laboratories have made many unsuccessful efforts to culture norovirus using a different range of cell
lines an inoculation and culture methods and conditions, [117] Previous reports of promising 3-D in vitro
cell culture systems that turned out to not be reproducible in other labs have created an air of skepticism.

Accordingly, there is considerable, albeit cautious, enthusiasm about recent progress from two groups in
developing in vitro cell culture systems. First, Jones et al (Dr. Stephanie Karst laboratory) acheived replica-
tion of a Gll.4 Sydney virus in a particular human B cell line. Interestingly, replication of norovirus when
filtered through a 0.22 um filter, could be restored by adding heat-killed HBGA-expressing enteric bacteria,
demonstrating the importance of HBGA receptors, in this system.[118] Even more recently, the laboratory
of Dr. Mary Estes and colleagues have developed an infectivity model of human intestinal epithelial cells,
reportedly reproducible within the laboratory. Details of this system are yet to be published and efforts are
underway to reproduce both of these results in different laboratories. A robust cell culture system will per-
mit a number of advancements, possibly leading to improved diagnostic and infectivity assays which will
facilitate confirmation of the current correlates of protection, each with a bearing on vaccine development.

Xii More detail on vaccine probe studies can be found in Feikin et al[116] and Mullholland.[115]



22 | GLOBAL BURDEN OF NOROVIRUS AND PROSPECTS FOR VACCINE DEVELOPMENT

Table 3. Current knowledge, challenges and most critical studies
for norovirus diagnostics and characterization

Current knowledge

Noroviruses are a highly diverse
group of ssRNA viruses.

Gll.4 norovirus:

+ is the most common
genotype causing cases and
outbreaks across the age
range

+ evolves in a boom-and-bust
cycling of epochal evolution
and escape population
immunity with new variants
emerge every 2-4 years

« cause more severe disease
and affect both young
and elderly vulnerable
populations.

Real time RT-PCR is

- the gold standard for
norovirus diagnostics

exquisitely sensitive and
frequently detects virus
in the stool of healthy
individuals

There has been important
recent progress in in vitro cell
culture for nororvirus.

Challenges

A norovirus vaccine will need to
protect against fast evolving GlI.4
viruses.

Detection of virus in controls
may obscure the apparent
relationship between virus and
disease.

The attributable fraction, as
calculated from observational
studies such as GEMS, MAL-ED
and others may not provide an
accurate of the role of norovirus.

Viral loads may be influenced by
virus type and age of infection.

A cell culture system should be
robust and reproducible

Studies needed

Rigorous assessments of how
viral quantitation (Ct value from
RT-gPCR) can be used to assess
disease severity and burden.

Development/optimization of
diagnostics for use in etiological
studies and clinical trials,
including:

- refined serological assays

Ultimately, a probe study, once
avaccine is available. Such a
study will define the vaccine
performance and disease burden.

Global Norovirus Strain
Surveillance Network

Evaluations and reproducibility
of in vitro cell culture system
candidates.
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4. Acquired immunity and innate
susceptibility to norovirus

a. Patterns of acquired immunity and potential correlates of protection

Understanding of immunity to norovirus remains limited, in part because the lack of a permissive cell
culture system has hampered scientific progress. Despite this, a number of key features have been charac-
terized through analysis of human challenge and observational studies.

First, immunity seems to be of limited duration, so infection and disease occurs throughout life. By adult-
hood, antibody seroprevalence to norovirus exceeds 80%, but some adults continue to experience a high
degree of susceptibility to infection and disease. [23, 119] This has been observed for both naturally-oc-
curring and experimentally-administered noroviruses, demonstrating that immunity is incomplete and not
lifelong. A pattern of short-term, acquired immunity was clear from the earliest volunteer human challenge
studies, which were conducted in the 1970s" Evidence from these studies suggested that protection
against re-challenge with the same norovirus strain lasted for at least 6 months to two years. [121-124]
Estimates from a recently published transmission modeling study indicate that the duration of homotypic
immunity may last on the order of 4 to 9 years.[49]

Second, immunity is generally to homotypic strains, with some degree of protection to other viruses
within the genogroups, but does not extend to other genogroups. Re-challenged volunteers have been
observed to be susceptible to heterologous strains, indicating a lack of cross-protection between geno-
group | (Gl) and genogroup Il (Gll) noroviruses.[124]

Third, there is a genetic component to susceptibility to norovirus. Because pre-existing antibodies among
challenged volunteers did not confer immunity in all individuals, and because some persons remain un-
infected despite the absence of antibody and significant exposure, both innate host factors and acquired
immunity have been hypothesized to contribute to the susceptibility to infection since the earliest studies.
[123] It is now known that this predisposition for norovirus susceptibility is governed, at least in part, by the
expression of histo-blood group antigens (HBGAs), which are hypothesized to serve as attachment factors
through which noroviruses initiate infection.

b. Genetic susceptibility

Noroviruses recognize and bind to HBGAs, which are oligosaccharides found on the surface of epithelial
cells of the gastrointestinal and respiratory tracts, as well in saliva and other secretions [125, 126]. The
expression of HBGAs on the gut surface epithelium is controlled, in part, by the FUT2 gene, which encodes
an alpha (1, 2) fucosyltransferase to generate H-antigens. In turn, H-antigens are catalyzed by enzymes to
produce A or B blood group antigens. Numerous polymorphisms exist on the FUT2 gene; for example,

the 428 (G>A) nonsense mutation is most commonly found in European populations, while the missense
mutation found at nucleotide 385 (A>T) predominantly occurs in Asian populations [127]. Individuals with
such polymorphisms are known as “non-secretors” based upon the absence of ABH glycans ‘secreted’into
their bodily fluids. Non-secretors make up about 20% of the European population; the remaining 80% have

*v One of the concerns with all the classic challenge studies is that the dose of virus given to volunteers was several-thousand
fold greater than the small dose of virus capable of causing human iliness, estimated to be as few as 18 to 1000 virus particles.
[42, 43] Thus, immunity to a lower challenge dose, similar to what might be encountered in the community, might be more
robust and more broadly protective than the protection to artificial doses encountered in these volunteer studies. Contempo-
rary volunteer studies have clearly demonstrated a dose-response relationship whereby individuals challenged with a higher
noroviruses dose have greater risk of illness.[42, 120]
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a functional FUT2 gene, and are known as “secretors”. Similarly, the FUT3 gene encodes and alpha (1, 3) or
(1,4) fucosyltransferase to generate Lewis antigens [128]. About 6-8% of the European population is Lewis
negative, compared to about one-third of the African population [129, 130].

Results from studies of human volunteers who were challenged with Norwalk virus (GI.1) demonstrated
that non-secretors were not infected by the virus and none of the volunteers showed an increase in anti-
Norwalk virus antibodies or had detectable RNA in feces while secretors (FUT2+/+ or FUT2+/—) excreted
the virus and developed a strong antibody response.[103] A large number of observational and challenge
studies have now clearly shown that the expression of HBGAs are associated with strain-specific suscep-
tibility to norovirus infection (Figure 9).[103, 131-134] Strain specificities for binding different HBGAs also
have been demonstrated using in vitro studies of VLP binding to HBGAs [135, 136] and may even vary
within a genotype [137]. The association with Gll.4 and Gl.1 viruses with infection of secretor positive
individuals in challenge studies is strong and consistent, while the association of Gl.non-1 and Gll.non-4 is
weaker and/or inconsistent among studies, likely reflecting different HBGA binding specificities among the
non-Gll.4 genotypes. For Gll.4 viruses, single amino acid replacements drastically alter the binding capacity

of the VLP[101]
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¢. Interaction of host immune response and viral evolution

The public health and diagnostic implications of Gll.4 norovirus evolution have been discussed previously
(3.a.ii. Here, we highlight the implications of immune-driven evolution on immunity and vaccine design.
The Gll.4 capsid (ORF2) shifts antigenicity over time through a process of epochal evolution.[138] Amino
acid changes in the P2 domain confer antigenic changes and affect HBGA binding affinity. Gll.4 viruses ex-
hibit a greater breadth of binding patterns than non-Gll.4 viruses, and there are clear differences between
Gll.4 strains governed by microvariation in the P2 domain.[139] Three Gll.4-specific, evolving blockade Ab
epitopes have been identified. As such, in addition to the need for a noroviruses vaccine to protect against
a large number of antigenic variants, it would ideally also elicit a response to currently circulating norovi-
ruses. The viruses circulating at any given time are likely to be antigenically distinct from the VLPs on which
the vaccine is based.

Encouragingly, it has been observed that noroviruses VILP-based vaccines can induce broadly reactive IgG
and blockade Ab (which blocks virus-HBGA interactions, see 4.d below) responses to antigenically diverse
noroviruses VLPs administered to adults with a history of exposure to norovirus and a multivalent vac-
cine appears to expand the antibody response, depending on exposure history.[141, 142] There is even
evidence to suggest that VLP vaccines can elicit a response against Gll.4 viruses that had not yet circulated
Gl1.4 2012 (also known as Gll.4 Sydney) which would not emerge until at least one year after subjects were
vaccinated with a VLP vaccine based on strains that circulated >5 years prior.[143] While these observa-
tions provide some optimism that rational vaccine design may induce a broad response, our understand-
ing of human immunity to norovirus, its interaction with viral evolution and, particularly, the development
of immunity in naive children remains far from complete.
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d. Candidate correlates of protection

In addition to evaluating candidate vaccines, clinical trials have proven useful for characterizing immune
responses to exposure and potential correlates of protection. Pre-challenge HBGA-blocking antibody titers
are associated with protection against infection and disease,[105, 144] and a threshold of =200 was associ-
ated with a significant lower risk of illness in one study.[105] More recently, both pre-challenge NV-specific
salivary IgA and pre-challenge NV-specific memory IgG cells have also been correlated with protection
against NV challenge; both of these immune markers also correlate with HBGA blocking antibody titers.
[145] Early mucosal IgA responses correlated with protection against NoV Gl.1 infection[103] and fecal IgA
at 7 days post-infection correlates with shorter duration of virus shedding, suggesting a role for mucosal
immunity in protection and recovery.[138] These potential correlates are promising and, if validated, can
further understanding of natural immunity and serve to accelerate vaccine development. However, all

of the aforementioned data come from observations in adults and there is much less understanding on
norovirus immunity in children.

e. Evidence for early acquisition of immunity

Birth cohort studies can be vital for understanding the acquisition of protective immunity against a patho-
gen. Such studies have led to fundamental improvements in understanding rotavirus, for example, and, in
turn, have supported the development of vaccination strategies. There have been three birth cohort stud-
ies that have analyzed the acquisition of immunity to norovirus in young children. All of these were con-
ducted in South America, with one study each in Chile,[36] Peru,[28] and Ecuador.[37] The study by Saito
etalin Peru had the most robust design for understanding acquisition of immunity, as it involved twice-
weekly home visits for surveillance of diarrheal episodes and weekly stool sampling (Table 4). A primary
norovirus infection was associated with a 26% reduction in subsequent infection risk, with stronger protec-
tion against Gll infection (45% and 77% reduction in disease risk following one or multiple Gl infections).
No protection against Gl was observed, but this genogroup was far less common. The Chile study was
consistent with the Peru study, in that there were data to support acquisition of immunity against Gll.4. In
the Ecuador study, on the other hand, there was no decrease in incidence following previous infections.
However, sampling was less frequent, so infections were likely to have been missed in that study. All three
studies observed a high incidence of infection and disease, with considerable genetic diversity among
infecting genotypes. Birth cohort studies with intense sampling schemes, including serology, are needed,
preferably from other parts of the world, to better understand the early acquisition of immunity.
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Table 4. Summary of norovirus birth cohort studies

Setting

Number of children
followed up/recruited
(%)

Duration of follow-up
(actual mean)

Frequency of visits

Frequency of stool
sampling and testing

Time to infection

Protection against
subsequent infection
following infection

Protection against same
genogroups following
primary infection

Protection against other
genogroups following
primary infection

Other key findings

Chile[36]

Middle-low
socioeconomic
Metropolitan Region

198/246 (80%)

18 months (15.7)

Self-reporting for
diarrhea and monthly
well-child visits

Monthly + episodes of
diarrhea

Not reported

Not reported

100% (no GlI.4
infections following
a previous G.lI)

Not reported

Peru[28]

Lima Shantytown

220/291 to one year

189/291 to two years

2 years

Twice weekly visits, weekly
stool collection and during
diarrhea episodes

All diarrhea specimens, one
non-diarrheal specimen per
month in the first year of life,
two in the second year of life

80% with at least
1 norovirus infection
at 1 year;

71% with at least 1 norovirus-
associated diarrhea at 1 year

One infection;
0.74 (.57-.95)

Two or more:
0.58 (.38-.90)

One Gll infection;
0.55 (.41-.74)

Two or more Gll:
0.23 (.11-.48)

Previous Gl infection:
0.93 (.40-2.18)

Repeat infections by the same
genogroup were common,
but repeat infections by

the same genotype were

rare; longer duration of Gl
shedding; association of
norovirus infection w/ growth

Ecuador[37]

Peri-urban tropical

193/194 to one year (99%)
183/194 to two years (94%)
135/194 to two years (70%)

3 years

Twice weekly phone calls
and self-reporting for
diarrhea

All diarrhea specimens,
3,7,13,18,24,30 and 36
months for asymptomatic
samples.

33% with at least
1 norovirus infection
at 1 year;

20% with at least
1 norovirus-associated
diarrhea at 1 year

None found

None found

None found

Gll.4 infections were
exclusively detected in
secretor-positive children
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f. Innate immunity

Recent studies have reported that innate immunity plays an important role in the control of murine noro-
virus infection, but little is known about cell-mediated immune responses against noroviruses.[146, 147] A
study using oral immunization of human volunteers with Norwalk virus-like particles showed an increase
in interferon-y (IFN-y) in the absence of IL-4 production, suggesting a dominant Th-1 pattern of cytokine
production.[148] This dominant Th1 response was confirmed in a study of 15 volunteers infected with
Snow Mountain virus, who experienced significant increases in serum IFN-y and IL-2, but not IL-6 or IL-10,
on day 2 after challenge.[133] Interestingly, in an in vitro study using a Norwalk virus replicon-bearing cells,
IFN-a efficiently cleared the NV replicon in a dose-dependent manner at comparable levels to hepatitis C
virus, indicating a potential therapeutic application of IFNs to norovirus infection.[149]

Table 5. Current knowledge, challenges and most critical studies
for understanding immunity and susceptibility to norovirus

Studies needed

Current knowledge

« Immunity to norovirus is
strain-specific (to Gll.4 viruses)
and genotype-specific. There
appears to be little protection
across genogroups.

« Immunity to norovirus is
not life-long, with estimates
of duration ranging from 6
months to 9 years.

+ Susceptibility to noroviruses
is affected by a host'’s glycan
expression; individuals with
a functional FUT2 gene
(secretors) have greater
susceptibility to Gll.4 and GI.1
strains.

- Some surrogates for protection

have been proposed (HBGA

blockage, IgA, memory B cells).

Challenges

Genotype-specificimmune
responses and antigenic variation
suggest that a polyvalent vaccine
will be needed, which may
require updating when new
strains emerge

Vaccine trials and challenge
studies have primarily been
conducted among adults,
there is much to learn about
how “unprimed” children (who
have not experienced as many
exposures) develop immunity.

Birth cohort studies in low,
middle and high income setting
to further understanding on the
acquisition of immunity.

Globally representative strain
surveillance data to address
whether host population
genetics affects local viral
diversity.

Clear guidance on types of
samples to collect in challenge
and observational studies.

Confirmation of currently
identified correlates of immunity
in different populations
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5. Norovirus vaccines

Ever since recombinant norovirus capsid proteins were expressed as virus like particles (VLPs), they have

been considered as potential antigens for norovirus vaccines. VLPs are morphologically and antigenically
indistinguishable to native viruses, but lack genetic material, so are non-replicating. Early studies showed
that VLPs can elicit a humoral and mucosal response in mice and humans by oral, intranasal or parenteral
administration [150-154]. A number of norovirus vaccines are now under development, and all are based
on expressed VLPs or similar technology.

In general, a norovirus vaccine will be subject to the same regulatory process as other vaccine candidates.
In the United States, this will include consideration for licensure by the Food and Drug Administration,
followed by consideration for a recommendation by the Advisory Committee for Immunization Practices.
Issues that may be specific to norovirus include (a) the potential need for reformulation in the event of the
emergence of novel antigenic variants, as with current influenza vaccines, and (b) addition of other viral
antigens (e.g., sapovirus VLP). Because of the biology of and human immunity to noroviruses, there are a
number of characteristics that will determine the success and public health value of a norovirus vaccine.
We summarize these issues below.

a. Developmental challenges and questions
i. Can avaccine be developed that will elicit broad protection against multiple genotypes?

Noroviruses are genetically and antigenically diverse. Acquired immunity is of limited duration against
homotypic strains, and there is some degree of protection against viruses in the same genogroup, but there
is little or no heterotypic protection across genogroups. Accordingly, a norovirus vaccine would likely need
to be at least bivalent to protect against Gl and Gll viruses. So far, all vaccine trials have involved challenge
with a genotype included in the vaccine. Recently, Lindesmith and colleagues analyzed sera from human
volunteers who had been immunized with a bivalent norovirus vaccine containing Gl.1 and Gll.4 virus-like
particles (VLPs)[141] of which the Gll.4 component is a consensus (GI1.4C) based on major capsid protein
sequences from three Gll.4 variants (Gll.4 Houston/2002, Gll.4 Yerseke/2006a and Gll.4 DenHaag/2006b).

At day 7-post vaccination substantial rises of IgG and blockade Abs were only observed against Gl.1 and
Gll.4 and also against G1.3, Gll.3,and GII.14 VLPs , suggesting broad and rapid antibody response. That Gl.1
and Gll.4 VLPs would elicit a response to other genotypes in humans was hardly a foregone conclusion
given the extreme antigenic diversity of noroviruses. This observation is consistent with observations of
humans infected during experimental GI.1 Norwalk virus studies who exhibited surrogate neutralizing an-
tibody responses to homotypic Gl.1 VLPs but also heterotypic response to Gl.2, GI.3, G4, GI.7 and GlI.4 VLPs
including the novel Sydney variant of Gll.4 that had not yet circulated at the time of the infections.[143, 155]

ii. Will a norovirus vaccine have to be regularly updated in order to match viral evolution?

As discussed in Section 3.a.ii, Gll.4 noroviruses undergo epochal evolution with new Gll.4 variants emerging
every 2-3 years and replacing previous dominant strains, a process driven by evasion of immunity in the
human population. As such, vaccines against norovirus are likely to face similar obstacles as those faced by
seasonal influenza vaccines.[156] Ideally, a norovirus vaccine will protect against viruses not included in the
formulation, including both heterotopic genotypes and antigenically-novel Gll.4 variants. With Gll.4 viruses
evolving to avoid human population immunity, a VLP based on any specific Gll.4 variant is likely to lose its
antigenic‘match’with contemporary strains at some point. A strategy taken by one vaccine developer was
to engineer the Gll.4 antigen from a consensus (GlI1.4C) based on major capsid protein sequences from
three G4 variants (GIl.4 Houston/2002, Gll.4 Yerseke/2006a and Gll.4 DenHaag/2006b).[105] Immuniza-
tion with this vaccine resulted in responses (both IgG and blockade Ab titers) not only across a panel of
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different Gll.4 viruses that circulated prior to the time the human volunteers were vaccinated (September
2010 until April 2011), but also elicited a response against two Gll.4 viruses that had not yet circulated,

most importantly against Gll.4 2012 (also known as Gll.4 Sydney) which would not emerge until at least
one year later. These results are also consistent with experimental infection studies where a single Gl.1
strain elicited antibodies against Gll.4 Sydney virus.[143] This raises the question: could a norovirus vaccine
protect against future (Gll.4) strains? These are promising results but, in the end, these questions will only
be settled with a phase Ill randomized controlled trial conducted in the community where participants are
exposed to naturally-circulating viruses. Those viruses will inevitably be antigenically distinct from the VLPs
on which the vaccine is based. To prepare for vaccines, a surveillance network with good global represen-
tation will be needed to characterize global strain distribution and identify the emergence of new strains.

iii. How will prior norovirus infection history affect vaccine immunogenicity and effectiveness?

By the age of five years, nearly every child will have had at least one norovirus infection and many will have
had multiple infections and disease episodes.[28] Therefore, nearly all older children and adults have pre-
existing antibodies from natural infection.[33, 157, 158] Immunizing these age groups will involve boosting
pre-existing immunity. Therefore, a single dose or limited number of doses, may be sufficient to elicit a
protective immune response in those with pre-existing antibodies. Infants and young children will gener-
ally not have antibody from a previous infection. Therefore a vaccine would need to generate immunity de
novo in immunologically naive children and, accordingly, multiple doses are likely to be required.

Clearly, there is a need to assess infection history separately in children and adults. Specifically, birth cohort
studies can be used to assess severity of and immune response to primary and subsequent infections.
While there is some limited data on the development of immunity following natural infection in children,
there are no data on vaccine induced immunity in this age group. So while data among adults demon-
strate promising outcomes, we still need data among children, as well as more research on the degree of
cross protection. In addition, the role of maternal antibodies, and their effect on infant vaccine response
require further study. For this combination of reasons, different developmental plans are needed for pedi-
atric and adult vaccines.

iv. Will the same vaccine formulation and schedule be effective in all groups?

A related question is: will the same vaccine formulation be effective in all groups (adults versus children)
and populations (high-income versus low income)? For the reasons noted above, it is quite possible that
the vaccine formulation will have to be altered for children in terms of number of doses, the amount and
genotype of antigen in the vaccine and presence of other (non-norovirus) antigens. Since infants will be
immunologically naive, a prime-boost vaccination strategy may be needed to generate protective im-
munity. Combination vaccines that include antigens to target other common causes of childhood diarrhea
may increase the attractiveness and cost-effectiveness compared to a stand-alone norovirus vaccine.
Indeed, a rotavirus-norovirus vaccine is being developed (see section 5.b.ii), which would target the top

2 causes of pediatric diarrhea. Given its genetic similarity to norovirus, a combination with sapovirus may
also be an attractive formulation, but such as vaccine has not been currently developed. Influenza and
Hepatitis E antigens have been combined with norovirus P particles, in preclinical studies, as noted in Sec-
tion 5.bii.

v. How will the genetic susceptibility affect vaccine outcomes?

Noroviruses recognize and bind to histo-blood group antigens (HBGA) (as described in more detail in the
previous chapter).[125, 126] Non-secretors (who make up ~20% of the European population) lack a func-
tional FUT2 gene, do not express certain HBGAs on their gut epithelia and are genetically resistant to (at

least some) noroviruses. Genetic susceptibility clearly affects norovirus disease risk and there may also be
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implications for vaccine development and vaccine study design. Non-secretors do appear to respond to
parental immunization with the bivalent VLPs vaccine without diminished affect immunogenicity, com-
pared to secretors.[159] Some norovirus vaccine trials and challenge studies only included secretor positive
individuals as a criteria for eligibility to ensure susceptibility to the challenge virus [105, 160], however field
trials will not be able to exclude non-secretors. As such, results of vaccine efficacy studies should be inter-
preted while bearing in mind the proportion of individuals in the study population with FUT2 polymor-
phisms. Population-level differences in secretor distribution (associated with race or ethnicity) could result
in different strain distributions affecting certain populations. As such, it's conceivable that the optimal
vaccine formulation (in terms of VLP genotype antigens) varies from population to population.

b. Candidate vaccines

There are at least four different norovirus vaccines that are under development based on the manufacture
of virus proteins in various expression systems Each of these vaccines is reviewed in brief below.

i. Transgenic plant-based norovirus vaccine

No vaccines developed from plant-based expression systems have yet reached the market in the United
States but, in principle, these systems provide an alternative to traditional cell-culture systems that could
produce safe vaccines at comparatively low cost. Norwalk virus VLPs have been expressed in transgenic
tobacco as well as potato expression systems. [162] In preclinical studies, these plant-expressed rNV have
been immunogenic in mice.[162, 163] As a proof of principle, eating raw potato genetically modified to
express NV capsid protein have been shown to be immunogenic for humans.[164] A more efficient system
has since been engineered whereby VLPs are expressed in a tobacco mosaic virus (TMV)-derived transient
expression system,[165] with further improvements gained in a bean yellow dwarf virus (BeYDV)-derived
vector and Rep/RepA-supplying vector.[166] These candidate vaccines have not yet been evaluated in
either challenge or field-based clinical efficacy studies.

ii. Norovirus P particle and combination vaccines

The norovirus P particle is a nanoparticle formed by copies of the protruding (P) domain of the norovirus
capsid protein. These particles are readily produced in £. coli, and have authentic host receptor binding
properties. Since the P particle is formed by the surface antigen of norovirus and contains all the required
elements to interact with the viral receptors. P particles have been shown to be highly immunogenic, able
to tolerate a wide range of pH and temperatures, and are stable and therefore, and therefore have been
proposed as a vaccine candidate. The norovirus P particle activates both the innate immune system and
elicits humoral and cellular immunity. Intranasal delivery of the P particle provides a degree of protection
against human Gll.4 norovirus diarrhea in gnotobiotic piglets.[167] Hoever, not all human monoclonal
antibodies recognize P-particle A epitope, suggesting some conformational variance between VLP and P
particles.[139]

P-particle vaccines may also serve as a platform for incorporation of additional antigens: dual vaccines
against norovirus with influenza, Hepatitis E and rotavirus have all been engineered.[168, 169] The chime-
ric (norovirus) P- (rotavirus) VP8 particle could be particularly attractive dual vaccine for children against
the two leading causes of pediatric gastroenteritis. One preclinical study in mice suggests VLPs, but not P
particles, prime T cells for interferon-y production and induce cross-reactive B and T cells.[170] Norovirus P
particle vaccines are yet to be evaluated in either challenge or field-based clinical efficacy studies.

*\ectored vaccines such as VSV and alphavirus VRP-based vaccines are also possible and both have been used in human trials
for other systems. Both technologies owned by companies that could potentially take them into the marketplace.[142, 161]
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iii. Trivalent norovirus /rotavirus combination vaccine

A trivalent norovirus/rotavirus combination vaccine, which includes norovirus Gll.4 VLPs, GI.3 VLPs, and
rotavirus VP6, is being developed by the Vaccine Research Center in Tampere, Finland. The rationale for this
product is that a combination noroviruses + rotavirus vaccine has the potential to eliminate most of severe
acute GE in children. In animal models, this combination vaccine has been observed to elicit antibodies
that block binding to HBGAs (a) of homologous (Gll.4 and GI.3 VLP) strains included in the vaccine as well
as (b) heterologous (Gll.4 New Orleans/2009 VLP or GI.1/2001 strains not included in the vaccine.[171]
Both intramuscular and intranasal immunization induce robust serum IgG responses in the mouse model.
The combination of RV and noroviruses antigens in the vaccines does not appear to result in any inhibi-
tion of noroviruses-or RV-specific immune responses in the trivalent combination compared to the single
vaccines.[171] A high level of noroviruses and RV type-specific and cross-reactive serum antibodies are
elicited. Regarding the rotavirus components, the RV VP6-specific immune response (IgA) protects from
heterologous RV challenge in mice [172] and there is some evidence that the RV VP6 component has an
adjuvant effect on the noroviruses response, potentially resulting in noroviruses VLP dose-sparing.[172]
When delivered with RV VP6, the cross-reactive antibody responses and blocking activity to noroviruses is
increased. In 2012, a Licensing and Development Agreement was entered into with UMN Pharma (Japan).
To date all studies have been performed in mice; the next step for this vaccine will be Phase | human trials.
Itis intended as a vaccine for infants or toddlers.

iv. Takeda Pharmaceutical/Ligocyte VLP vaccine

The candidate furthest along in the development pipeline is a bivalent, intramuscular VLP vaccine. This
vaccine has been shown to confer a degree of protection against disease when human volunteers were
vaccinated and subsequently challenged. In preclinical studies, early versions of this product were well-tol-
erated and immunogenic when delivered orally [151], intranasally [173] or intramuscularly.[89] The vaccine
has been administered to humans as both a monovalent (Gl.1 VLP) and bivalent (GI.1 + GIl.4 VLP) formula-
tion. The GI.1 VLP is derived from the prototype Norwalk virus (1968) while the Gll.4 is a consensus se-
guence containing epitopes from Houston/TCH186/2002/US, Yerseke 38/2006/NL and Den Haag 89/2006/
NL, along with adjuvants alum and MPL (3-O-desacyl-4’monophosphoryl lipid A).[174] The GI.T compo-
nent vaccine was efficacious against homotypic Gl.1 challenge when given intranasally.[105] Vaccine
reduced the risk of Norwalk virus gastroenteritis by 47% (95% Cl, 15%-67%) and Norwalk virus infection by
26% (95% Cl, 1%-45%). In that study, as well as in a previous Phase [ immunogenicity study, approximately
75% of adult subjects mounted a Norwalk virus—specific serum IgA antibody response ' More recently,
volunteers were administered 2 doses of the GI.1/Gll.4c intramuscular vaccine, followed by experimental
challenge with a heterologous Gll.4 virus.[175] Vaccines failed to significantly prevent acute gastroenteritis
with 13 (26.0%) cases among vaccinees and 16 (33.3%) in placebo recipients. However, reduced severe
disease, diarrhea and vomiting was experienced by vaccine recipients. This bivalent vaccine was well-
tolerated and immunogenic, generated rapid serum response (peaking at 7 days), elicited HBGA binding
blocking activity[159] and a robust mucosal-homing antibody-secreting B cell response.[176]

Adolescents and adults are likely to be administered one dose; it is unclear what dosing will be required
in infants, and a prime-boost strategy may be trialed. Phase /Il studies are planned in different age
groups in order to confirm dosage, composition, number of doses, schedule as well as to assess safety
and immunogenicity.[177] Efficacy clinical trials are planned to start in military recruits, followed by trials
in the elderly and infants.

“iThis trial was also the first demonstration that an IN-delivered vaccine could prevent human illness due to
an enteric pathogen.
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Table 6. Summary of candidate norovirus vaccines: technology,
composition and stage of development

Principal inventor

Norovirus
antigen(s) (all
based on VP1)

Other antigen(s)

Adjuvant(s)

Expression
system

Route of
administration

Summary of
safety studies

1. Transgenic
plant-based

norovirus vaccine

Charles Arntzen,
PhD

Arizona State
University

Norwalk virus (GI.1)
VLP

None

gardiquimod [178]
or none when
delivered with
GelVac

tobacco mosaic
virus (TMV)-derived
transient expression
system using

leaves of Nicotiana
benthamiana[165]

Intranasal by GelVac
dry powder[163]
and oral by
ingestion of raw
potato[179]

None

xil For a complete review, see Ramani et al[180]

2. Norovirus P

particle and
combination vaccines

Xi Jason Jiang, PhD
Cincinnati Children’s
Hospital

Two to three noroviruses
P domains representing
different Gl and Gll strains

Chimeric norovirus P-
rotavirus VP8* particle,
other experimental
formulations include
influenza, Hepatitis E

5 mg chitosan, 50 pg MPL,
and TNC buffer 24920797

Baculovirus vector in E. coli
or yeast system

Intranasal

None

3. Trivalent norovirus/
rotavirus combination
vaccine

Timo Vesikari, MD PhD
University of Tampere,
Finland

Gll-4 and GI-3 VLP

Rotavirus VP6

None, but some evidence
that the RV VP6 component
has offers an adjuvant
effect on the noroviruses
response homologous and
heterologous blocking
(“neutralizing”) activity of
noroviruses-specific sera

Baculovirus expressed
noroviruses VLPs

Intramuscular and intranasal

None

4, Bivalent norovirus
VLP vaccine

Mary K. Estes, PhD
Baylor College of Medicine

Gl.1 and Gll.4 consensus VLP

None

alum and MPL (3-O-desacyl-4’
monophosphoryl lipid A)

Baculovirus expressed
noroviruses VLPs

Intramuscular, previously
intranasal and oral

Range of studies with various
concentrations monovalent
(GI.1) or bivalent (+ Gll.4c) VLP,
with and without adjuvants,
and various routes of
immunization. Generally safe
and well-tolerated with some
local reactogenicity, esp. when
delivered with MPL adjuvant.
[105,151,152,159, 175, 181]
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Table 6. Summary of candidate norovirus vaccines: technology, composi-
tion and stage of development (continued)

1. Transgenic

plant-based

norovirus vaccine

2. Norovirus P
particle and

combination vaccines

3. Trivalent norovirus/
rotavirus combination
vaccine

4. Bivalent norovirus
VLP vaccine

Summary of In mice: humoral
immunogenicity ~ and mucosal
studies immune responses
when delivered
via the enteric or
intranasal route
[162, 165,178, 182]
Summary of None
efficacy studies
Next likely Human
development immunogenicity
stage and safety studies
Commercial
partner

il For a complete review, see Ramani et al.[180]

x Geometric mean fold rise

Stable, with authentic
host receptor binding
properties, highly
immunogenic. In mice:
humoral and cellular
immune responses [183]

None in humans

In gnotobiotic pigs:
protection against
diarrhea (47%) but

not against virus
shedding in Gll.4/2006b-
challenged[167]

Human immunogenicity
and safety studies

In mice: Combination of two

noroviruses VLPs induces

cross-reactive antibodies to

genotypes not included in
the trivalent vaccine. Both
IM and IN immunization
induce robust serum IgG
response. noroviruses and
RV type-specific and cross-
reactive serum antibodies
are elicited.

None in humans

In mice: Both IM and IN
routes induced protective
VP6-specific immunity
against live RV challenge

No norovirus efficacy data

Phase | in adults

Phase I/Il in older children

Phase II/1ll Proof-of-concept

study in young children

UMN Pharma (Japan).

Range of studies with various
concentrations monovalent
(GL.1) or bivalent (+ Gll.4c) VLP,
with and without adjuvants,
and various routes of
immunization®i Studies

have generally shown rises

in serum IgA and IgG, on the
order of 4 to 25 8 GMFR.* Also
hemagglutination inhibition
and histoblood group antigens
blocking activity. Mucosal-
homing antibody-secreting B
cell responses consistent with B
cell memory response. [105, 151,
152,159,175,176,181]

In human challenge study VE of:

47% (95% Cl, 15%-67%) against
AGE

Norwalk virus infection by 26%
(95% Cl, 1%-45%) following
Gl.1 challenge;

Non-significant reduction in AGE
(26.0% among vaccinees; 33.3%
among placebo recipients)

Reductions of more severe
disease and diarrhea and
vomiting in vaccine recipients
following GllI.4 challenge.
[105, 184]

Phase I/Il in different age groups
to confirm dosage, composition,
number of doses, schedule

Phase lll field efficacy trials in
adults (US military recruits),
followed by children in LMIC

Takeda Pharmaceuticals



GLOBAL BURDEN OF NOROVIRUS AND PROSPECTS FOR VACCINE DEVELOPMENT | 35

Table 7. Current knowledge, challenges and most critical studies
for norovirus vaccine development

Current knowledge

A number of noroviruses
vaccines being developed.

These products are based on
the expression of VP1 leading
to the production of VLPs or
P particle subunit in various
expression systems.

Preclinical and early

human studies of various
concentrations of monovalent
or bivalent norovirus
antigens, with and without
adjuvants, and various routes
of immunization have shown
safety and immunogenicity.

The products with human
efficacy data are being
developed by Takeda
Pharamaceuticals.

« Anintranasal monovalent
formulation was shown to

be effective against infection

and disease following GI.1
challenge.

» An IM bivalent formulation
showed a degree of
protection against disease
following GlI.4 challenge
sufficient to warrant further
clinical development.

Critical questions

Can a vaccine be developed
that will elicit broad protection
against multiple serotypes?

Will a norovirus vaccine have to
regularly updated in order to
match viral evolution?

How will prior norovirus
infection history affect
vaccine immunogenicity and
effectiveness?

Will the same vaccine formulation
be effective in all groups?

How will the genetic
susceptibility affect vaccine
outcomes?

Studies needed

Human clinical studies to
characterize the safety and
immunogenicity of products not
yet studied in humans.

Pivotal, phase Ill field efficacy
studies to demonstrate
protection against natural
infection.

Separate clinical development is
required for adults and children
to define immunogenicity related
to:

+ number of doses

« timing of doses

+ antigen concentration
- need for adjuvants
Probe studies, using an

efficacious vaccine, to help to
define the burden of norovirus.
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The road to a norovirus vaccine

a. Specific age and risk groups

One of the challenges (and opportunities) in developing norovirus vaccines is that so many distinct popu-
lation subgroups are affected which complicates the formulation a research agenda and clinical develop-

ment plan. Such a plan would look quite different for a target population of young children than it would

for older adults, or a specific risk group, such as healthcare workers.

Table 8. Epidemiological and economics characteristics of
various age groups for considering norovirus vaccines
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Naive: Interaction
Children . . . . . . . may need with other
(<5 years) High High High Med. High High High multiple routine
doses immunizations
Ol il Med. Low Low Low Low Low Med. Al e
(5-14 years) exposure
Adults Med. Low Low Low Low Low Med. History of Generally low
(15-64 years) exposure coverage
Qe Srerils Low Med. High High Low High Low sl of
(=65 years) exposure;

! Outpatient, emergency and ambulatory services
2 Little data from lower income settings.

i. Age-based vaccination

Thinking about norovirus disease, the population can be broken up by demographic or risk groups
(Table 8). A product developed with a pediatric market should have a target product profile (in terms of
number doses, antigen concentration and adjuvants) most useful for young children in developing coun-
tries to prevent hospitalizations and deaths. Regarding demographics, young children have the highest
disease incidence [23] and have the highest rates of overall healthcare utilization. They also appear to be
the primary drivers of transmission, as discussed below in Section 6.b. However, for severe disease there

is a shifting burden to the older age groups; young children and elderly have similar hospitalization rates,
and >95% of deaths are estimated to occur among those 65 years and older.[21]

ii. Risk group-based vaccination

Other groups may be targets for vaccination based on their risk profile. Travelers and military personnel are
potential targets mainly in an effort to protect them from travelers'diarrhea (TD), a leading cause of illness
during and after international travel. 20-40% of travelers to low-income regions experience TD and norovirus
is associated with 3-179% of TD.[185] In the military, norovirus is common among deployed troops, especially in
the early phase of an operation [186], aboard Navy ships which are uniquely confined and transmission-favor-
able environments [187], and is also a frequent cause of large outbreaks in recruit training populations.[188]
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The immunocompromised may be subject to higher rates of infection, have prolonged and severe illness and
may even be a source of novel virus strains.[189] For these reasons, these disparate groups may be important
to vaccinate, but each group also comes with a specific set of challenges (Table 9).

Based on the risks of transmission associated with their profession, healthcare workers could be vaccinated
to prevent healthcare outbreaks and food handlers could be targeted with the aim of preventing food
borne disease. Predicting the impact of these strategies requires knowledge of the group’s role in trans-
mission. For healthcare workers, this knowledge is limited, but current evidence suggests that their role in
transmitting norovirus in hospital outbreaks is minor compared to the role of patients.[190]

Norovirus accounts for 58% of all domestically-acquired foodborne illness from known agents in the U.S.
and food workers are identified as source in 70% of outbreaks where contributing factors are reported.

[191] Therefore, vaccinating food handlers may be one way to control food borne disease. The potential
for reducing disease burden through vaccination has not been explored yet in modeling studies. There are
considerable challenges to vaccinating healthcare workers, food handlers, or any specific risk groups.

Table 9. Epidemiological, economic and programmatic considerations
for specific sub-population risk groups.

Incidence

Severe disease

Economic losses
and disruption

Role in
transmission
and potential
indirect benefits
of vaccination

Challenges in
vaccinating:
immunological
Challenges in

vaccinating:
programmatic

Healthcare
workers

Affected in
outbreaks

Low risk

Productivity
losses;
compromised
patient care from
missed work

May transmit

to patients, but
current evidence
suggests low
rates

May have
extensive history
of exposure

Has taken many
years to achieve
reasonable flu
vaccine coverage
in the U.S. Many
healthcare
workers do not
get vaccinated.

Travelers

High

Can have
limited access
to care while
traveling

Loss of personal
travel funds,
sometimes loss
to operators
(e.g. cruise
industry)

Generally low,
but potential for
transmitting on
aircraft, buses,
hotels, etc.

Unfamiliar
strains during
foreign travel

Need to be
vaccinated in

a travel clinic,
with sufficient
time to mount
immune
response before
departure.

Military
personnel

High

Outbreaks
may occur
under extreme
temperature

& exertional
conditions

Impact on
training, mission
readiness and
operations

Potentially high
for those resident
in barracks, on
ships, or on
missions

Unfamiliar strains
during foreign
deployment

None, but if given
in recruit setting,
interference with
other concomitant
immunizations
should be
assessed

Immuno
compromised

Unknown

High risk,
including chronic
infection and
death

Costly extended
length of
hospitalization

Unknown, put
potential risk due
to prolonged
shedding

Poor immune
response

May be difficult
to identify in
advance of
exposure

Food service
workers

Likely same
as general
population

Low risk

Productivity
losses from
missed work;
impact on
business of
product recall,
store closure or
brand impact

High: food
handlers
implicated in
the majority
of foodborne
norovirus
outbreaks

None

Hard to reach
population with
high turnover;
unwillingness of
employer to pay
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b. The potential population-level effects of a norovirus vaccine

In addition to the direct effects of immunologically protecting individuals from infection and/or disease,
vaccines may also offer indirect benefits to the population at large.[192] The current generation of can-
didate norovirus vaccines are inactivated (so vaccine virus is not transmissible itself), and that is likely to
be the case at least until robust norovirus cell culture systems are available to produce live-attenuated
vaccines. Accordingly, any indirect protection from a norovirus vaccine program will be from reduced
transmission and exposure. This may come about via two mechanisms. The first is by preventing infections,
thereby removing those individuals as a source for onward transmission to other susceptible individuals
in the community. The potential for this mechanism was demonstrated in the monovalent, intranasal
vaccine-challenge trial, were Atmar et al observed it is possible to prevent norovirus infection by vaccina-
tion.[105] A second mechanism is by reduction of infectiousness (or the risk of transmission) given infec-
tion. For norovirus, this could be by reduced severity/duration of symptoms or reduced magnitude and
duration of viral load. Again, there is a suggestion from vaccine trials with human challenge that severe
disease symptoms are reduced as well as some evidence of a reduction in the proportion shedding at 10
days post-infection.[175] It is notable that there is evidence of reduced vomiting with vaccination, impor-
tant since vomiting is a key route by which norovirus is transmitted.[46]

Assuming that norovirus vaccination can reduce the force of infection, a critical question is how to maximize
the population level impact of a vaccination strategy, considering practical constraints of how a vaccine
program may be implemented. To address this issue, it is critical to understand which groups have the high-
est burden of disease and which groups play important roles in transmission. For the latter, direct observa-
tion is not usually possible, so mathematical models are useful tools to estimate the roles of various groups
in transmission and to explore the potential impacts of a control strategy, including vaccination. We have fit
such models to age-specific incidence for the U.S. and UK. using realistic contact patterns, and have found
that children likely play a much larger role in transmission than do older children or adults.[193] Therefore
vaccinating children is likely to garner greater direct and indirect effects compared to vaccinating the
elderly. Based on preliminary analysis, we predicted that a pediatric vaccine program (90% coverage, 50%
efficacy) prevents as many hospitalizations in the elderly (aged 65 years and older) than directly vaccinating
the elderly age group (65% coverage, 50% efficacy) (Figure 11). However, there is considerable uncertainty in
these projections, especially where transmission is concerned. These models are yet to be applied to devel-
oping country settings where transmission patterns may differ considerably from to high income settings.

¢. Economic impact of norovirus and potential cost-effectiveness of vaccination

Estimates of the economic burden of norovirus are limited and most are for the U.S, where hospitaliza-
tions are estimated to cost US$500 million annually and foodborne disease results in a total cost (including
healthcare and productivity losses) of USS$2 billion with overall disease (including all modes of transmis-
sion) in the range of USS$8 billion.[194, 195] The economic value will be determined by many factors, and
without a product on the market, it is preliminary to make decisions based on economics. However, based
on scenario analysis, we projected that a low cost vaccine (<$50) given to young children could be cost-
saving. A more expensive vaccine led to costs per case averted at levels comparable to other vaccines in
the US.[196] Overall, norovirus vaccination could provide substantial health benefits to developed coun-
tries, but would likely incur additional net costs to society in most scenarios.

Economic evaluations are needed for middle and low income countries and to evaluate the potential economic

consequences of norovirus vaccination in specific high-risk populations such as travelers, nursing home residents,
and military personnel and groups important for transmission such as healthcare workers and food handlers.

d. Economics and financing of a norovirus vaccine

It will be important to develop economic models as early as possible in vaccine development when vaccine
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characteristics and implementation plans can be more readily adjusted to match market, policy, and popu-
lation needs. Such work can substantially help various key stakeholders (e.g., scientists and developers,
manufacturers, funders, policy makers and public health officials, third party payers, healthcare workers,
vaccine suppliers and distributors) better construct and adjust vaccine target product profiles (TPPs), tailor
vaccine development accordingly, determine price points, allocate funding and other resources, forecast
returns-on-investments, establish timelines, select target populations, determine pricing and reimburse-
ment policies, plan logistics, and assist in other important decisions.

Economic models and evaluations for low and middle income countries will have additional key consider-
ations, given their limited resources, the time lag between expenditure and benefits, the frequent need for
partners and intermediaries to broker financing and other operational needs, concomitant disease control
programs (e.g., other disease control programs may compete for resources but also may benefit from a
new vaccine), and potential obstacles to delivering and administering the vaccine (e.g., bottlenecks in the
supply chains and a dearth of health care workers). Moreover, the challenges of health systems for vac-
cine delivery should not to be overlooked, the economics of vaccines change over time (changing disease
incidence), and there are interactions between disease, economic status, and political and social climate.
Economic studies can also help guide target product profiles (TPPs), which are important for vaccine suc-
cess. TPPs can help by tailoring vaccine design and implementation plan to market and understand how
vaccine characteristics impact vaccine adoption, distribution, and administration. TPPs can also incorporate
how vaccine technological characteristics may interact with a wider array for strategic, marketing, opera-
tional, epidemiological, and public health market issues.

e. Bridging the developed and developing world markets

It is useful to take a step back to consider the current vaccine development paradigm and interrelated
domains and processes which inform the development and, ultimately, the success of a vaccine. Broadly
speaking there five areas to consider including (1) the defining of the public health need, (2) the making

of an investment case, (3) the understanding and optimization of probability of success, (4) identifying and
aligning sponsors, and (5) conducting an analysis of alternatives. Each of these development considerations
are independently important, but also are interdependent and are briefly discussed. For example, the extent
to which the public (@and private) health need can be defined, will directly inform the demand side of an
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Figure 12.

Framework to
consider vaccine
development

Vaccine
Development Success

investment case. As described earlier, additional epidemiological studies which identifies the important
(direct and indirect) health impacts in both developed and developed world settings are keys to success,
particularly in a competitive landscape of multiple global infectious disease targets for which vaccines are
being developed. The investment cases that are to be made from these data on public health need are
important drivers of sponsor commitment and alignment of resources. But such investment cases also serve
as important information that will drive vaccination policy and introduction into the schedules of the variety
of target populations. The appropriate (and different) payer perspectives need to be considered in these in-
vestment cases so that when a vaccine is developed, decision makers who will drive vaccine utilization will
have a good fundamental base of knowledge. The probability of success of a vaccine being developed will
depend upon many factors known (and unknown) including the use of proven technology, scalability, cost
of goods, and whether the vaccine construct and delivery will meet the required target product profiles for
each target population. With respect to a norovirus vaccine, as identified, the probability of success may not
be equal given unique challenges both in the response to and investment case for the various target popu-
lations. However, as with other vaccines for global health like malaria, dengue and HIV, norovirus has the
advantage of attracting a diversity of sponsors from industry, governmental organizations, and not-for-profit
institutions to form a product development partnership (e.g. International AIDS Vaccine Initiative, European
Vaccine Initiativ, Dengue Vaccine Initiative). Additionally, sponsor factors will have an important influence on
probability of success through commitment to development and enabling technologies which are brought
to bear on the development, delivery and policy challenges a norovirus vaccine will face. In summary, it is
useful to consider the development of a norovirus vaccine through a framework of the individual and con-
nected factors of the current vaccine development paradigm. Through consideration of each we may better
understand potential gaps and opportunities to ensure ultimate success in a vaccine for all (Figure 12).

Table 10. Current knowledge, challenges and most critical
studies for developing a norovirus vaccine program

Current knowledge

Young children experience the highest
incidence of disease

Severe disease outcomes are most common
among young children and the elderly

Young children are likely the most important
group

A multivalent vaccine that targets several
pathogens in a single dose is likely to be
a more attractive proposition that the

introduction of additional single target vaccine.

Developed world markets are likely to provide
the initial economic impetus for private
industry to develop vaccines.

Challenges

Adding a vaccine to the

EPI schedule involves great
efforts to prove the added
value of inclusion, for both
economic and health reasons

The economics of a
norovirus vaccine that
requires multiple doses
and/or reformulation will
be scrutinized carefully by
policy makers.

A vaccine developed
specifically for high income
populations (especially
adults) is unlikely to be the
optimal product for children
in low income settings.

Studies needed

The role of these
different groups in
transmission and the
transmission-blocking
potential of a vaccine
should be better
understood.

Economic evaluation
of norovirus vaccines,
including combination
products for developing
country settings

Development of

a target product
profile for a vaccine
to be used in the EPI
schedule.
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