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Abstract

Introduction: Noroviruses are the leading cause of foodborne illness worldwide, account for
approximately one-fifth of acute gastroenteritis (AGE) cases globally, and cause a substantial
economic burden. Candidate norovirus vaccines are in development, but there is currently no
licensed vaccine.

Areas covered: Noroviruses cause approximately 684 million cases and 212,000 deaths per
year across all age groups, though burden estimates vary by study and region. Challenges to
vaccine research include substantial and rapidly evolving genetic diversity, short-term and
homotypic immunity to infection, and the absence of a single, well-established correlate of
protection. Nonetheless, several norovirus vaccine candidates are currently in development,
utilizing virus-like particles (VLPs), P particles, and recombinant adenoviruses. Of these, a
bivalent GI.1/GIl.4 VLP-based intramuscular vaccine (Phase Ilb) and GI.1 oral vaccine (Phase I)
are in clinical trials.

Expert Commentary: A norovirus vaccine should target high-risk populations, including the
young and the elderly, and protect them against the most common circulating norovirus strains. A
norovirus vaccine would be a powerful tool in the prevention and control of norovirus while
lessening the burden of AGE worldwide. However, more robust burden and cost estimates are
needed to justify investments in and guide norovirus vaccine development.
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Introduction

Since the first identification of norovirus in stool samples from an acute gastroenteritis
(AGE) outbreak among children and staff at an elementary school in Norwalk, Ohio in 1968
[1], the clinical characteristics of norovirus illness have been well described and include
nausea, abdominal pain, vomiting, and diarrhea. On average, each person in the United
States will experience five episodes of norovirus gastroenteritis in his or her lifetime [2].
Most norovirus illnesses are mild to moderate, but severe illness, including death, can occur
in vulnerable populations such as the elderly, the immunocompromised, and children under
5 years of age [3].

The genus Norovirus includes a genetically and antigenically diverse group of viruses within
the family Caliciviridae (i.e. caliciviruses) and consist of at least seven genogroups, three of
which — GI, GllI, and GIV - infect humans [4]. Genotype GlII.4 causes the majority of
norovirus outbreaks worldwide, and until 2012 new GI1.4 variants emerged every 2—4 years
[5,6]. The norovirus genome has three open reading frames (ORFs) of which ORF2 and
ORF3 encode the major capsid protein (VP1) that determines the antigenicity of the virus, as
well as the minor capsid protein (VP2). ORF1 encodes a large polyprotein that is cleaved by
the viral protease in mature non-structural proteins, including the RNA-dependent RNA
polymerase [7]. To date, all norovirus vaccine candidates contain noninfectious recombinant
VP1 proteins, either as virus-like particles (VLP), as P-particles, or as recombinant
adenoviruses.

The burden of disease for norovirus is substantial, affecting all age groups. In the United
States, sporadic and outbreak-related cases of norovirus cause approximately 20 million
illnesses annually, and worldwide, an estimated 684 million illnesses and 212,000 deaths
occur every year due to norovirus [2,8]. With the dramatic decline of rotavirus gastroenteritis
after the introduction of rotavirus vaccines in the mid-2000s, norovirus has become the
leading cause of severe pediatric AGE in countries that have introduced the rotavirus vaccine
[9-12]. However, global, regional, and national estimates of the prevalence and incidence of
norovirus have varied by year, setting, and population. This has made it challenging to
precisely quantify the economic and social impacts of the disease and thus to justify large
investments in norovirus vaccine development.

In June 2016, the World Health Organization’s (WHO) Product Development for Vaccines
Advisory Committee identified norovirus as a priority disease for vaccine development [13].
While several candidate vaccines have been developed, including those in Phase | and Phase
Il trials and many others in preclinical stages [14, 15], there is currently no licensed
norovirus vaccine. In this review, we summarize the latest estimates of norovirus disease
burden, describe norovirus vaccines in development, both preclinical and clinical, and
identify challenges facing a norovirus vaccine.

Norovirus burden estimates

Norovirus illnesses are ubiquitous and costly. Currently, the only global norovirus illness
estimates are by the WHO Foodborne Disease Burden Epidemiology Reference Group
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(FERG). They estimated that norovirus caused 684 million (95% uncertainty interval [UI]
491-1,100 million) illnesses in 2010 and was the leading cause of foodborne illness
worldwide [8]. Low- and middle-income countries (LMICs) account for 82% of norovirus
illnesses and 97% of norovirus deaths worldwide [16]. In the United States, it is estimated
that norovirus causes an average of 570-800 deaths, 1.7-1.9 million outpatient visits, and
19-21 million illnesses every year [2]. Globally, norovirus accounts for an estimated $4.2
billion in direct health-care costs and an additional $56.2 billion in lost productivity annually
[16]. Norovirus disease, in children under 5 years of age, costs society $39.8 billion, nearly
twice the cost for all other age groups combined [16].

Sections 2.1-2.4 will discuss the various burden estimates that exist for norovirus
worldwide, as well as potential reasons for the variability between them. These burden
estimates generally include both sporadic illnesses and those occurring as part of recognized
outbreaks.

2.1. Deaths due to norovirus globally

Global estimates of deaths due to enteric pathogens including norovirus have been published
by WHO FERG, the WHO Child Health Epidemiology Reference Group (CHERG), and the
Global Burden of Disease (GBD) studies in 2013 & 2015; the 2013 GBD study data were
updated and re-analyzed to produce new estimates in 2015 (Table 1) [8,17-19]. Estimates of
the number of deaths due to norovirus in all age groups from the GBD 2015 and WHO/
FERG 2015 studies ranged from 29,700 (95% Ul 4,800-67,600) to 212,489 (95% Ul
160,595-278,420), respectively [8, 18]. Norovirus deaths in children under 5 years of age
ranged from 8,992 (95% confidence interval [C1] 4,251-19,347) to 71,000 (uncertainty
range [UR] 39,000-113,000) [8, 18, 19]. The variability in these estimates is likely due to
different methodologies used and the data available. In Table 1, the estimated number of
norovirus deaths in those <5 years of age from the WHO Foodborne Disease Burden
Epidemiology Reference Group (FERG) study [8] refers to foodborne norovirus deaths only.
The 2013 and 2015 GBD analyses used similar methods; however, using updated data,
including the results of the reanalysis of the global enteric multicenter study (GEMS), GBD
2015 estimated more than 10 times the number of deaths due to norovirus as compared to
the previous 2013 estimate (Table 1) [17, 18]. This wide variability between estimates
creates uncertainty around the true number of norovirus deaths globally.

2.2. Systematic reviews on the global and regional burden of norovirus

Globally, norovirus is responsible for approximately one-fifth of AGE cases. A systematic
review in 2014 found that 18% (95% CI 17-20%) of AGE cases worldwide were attributable
to norovirus, with lower percentages attributable in high-mortality developing countries
(14%, 95% CI 11-16%) than in low-mortality developing countries (19%, 95% CI 16-22%)
or developed countries (20%, 95% CI 17-22%) [21]. A separate systematic review in 2016
estimated a similar norovirus prevalence among AGE cases in upper-middle—, lower-
middle—, and low-income countries (17%, 95% CI 15-18%) [22]. Neither of these meta-
analyses found significant differences in norovirus prevalence by the age group.
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Region-specific systematic reviews have also provided estimates of norovirus burden.
Studies in African countries have focused on children less than 18 years of age and reported
a median norovirus prevalence of 11 —14% among AGE cases (range 0.8-25% by country)
and 10% among asymptomatic controls [23,24]. Children under 2 years old had higher
norovirus prevalence (18%) than children up to 5 years old (12%) [23]. A review of 38
studies from 15 countries in the Middle East and Northern Africa (MENA) region from 2000
to 2015 reported a median norovirus prevalence of 15% among AGE patients (range 0.8—
37% by country) [25]. A systematic review in Latin America found an overall pooled
prevalence of 15% (95% CIl 13%-18%) among AGE cases [26]. Of the 29 studies reviewed,
28 focused on children less than 15 years old, with most focusing on children under 5 years
of age [26]. These region-specific systematic reviews clearly show how norovirus represents
a substantial portion of the AGE burden in Africa, the Middle East, and Latin America.

Other systematic reviews also show a substantial norovirus burden. A 2015 literature review
in the European Union (EU) found that norovirus causes 5.7 million illnesses and 102 deaths
in children under 5 years old annually [27]. A systematic review in China estimated that
norovirus caused approximately 20% of AGE with higher percentages attributable to
norovirus in children 6-23 months old (22.6%, 95% CI 19.1 —26.0%) and adults > 40 years
old (32.4%, 95% CI 27.5-37.3%) [28]. A review of 39 studies in high- and upper-middle-
income countries located in Europe, North America, Asia, the Middle East, and Australia
found adults > 65 years old were at higher risk for hospitalizations and severe illness, and
10-15% of AGE deaths in this population were due to norovirus [29].

2.3. Estimates from multisite epidemiological studies

Large multisite studies have reported differences in the relative burden of norovirus as an
AGE pathogen. The GEMS, a 3-year case-control study from 2007-2011 of 9,439 children
in seven healthcare sites across Africa and Asia, originally found that norovirus GIl was
significantly associated with moderate to severe diarrhea at only one site. In The Gambia,
norovirus Gl had a significant attributable fraction (AF) in children 0-11 months (8.9%,
95% CI 4.3-13.4), 12-23 months (8.7%, 95% CI 5.2-12.1), and 24-59 months (9.4%, 95%
Cl 2.6-16.2) [30]. However, a reanalysis of stool samples from GEMS several years later
using quantitative real-time PCR (qPCR) found that norovirus Gl was associated with
moderate-to-severe diarrhea at all seven sites, with attributable fractions ranging from 0.4 to
4.4% [31]. The Malnutrition and Enteric Disease Study (MAL-ED), a prospective cohort of
1,457 children across eight countries in Asia, Africa, and South America, found that 89% of
children experienced at least one norovirus infection prior to 24 months of age; this study
also identified norovirus in 22.7% of diarrheal stools and calculated an overall attributable
fraction of 5.1% (95% CI 1.2-8.3) [32]. Across all MAL-ED sites, norovirus incidence
ranged from 3 to 18 cases per 100 child-months. Similar to the MAL-ED study, a 2013—
2014 study leveraging the global rotavirus surveillance network in 16 countries identified
norovirus Gll as the second most common cause of acute watery diarrhea in children under
5 years of age with an attributable fraction of 6.2% (95% CI 2.8-9.2%) [9].
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2.4. Variability in burden estimates

The variability in results between burden studies may be explained by differences in setting,
case definitions, and methodology. GEMS was a hospital-based case-control study focusing
on children with moderate to severe diarrhea, including cases with bloody diarrhea. While
the rotavirus surveillance network study was also hospital-based, it excluded children with
bloody diarrhea. MAL-ED was a household-based prospective cohort study and therefore
was designed to capture milder cases of AGE, including those who did not seek health care.
Prospective, community-based, longitudinal birth cohorts can provide a comprehensive look
at the burden of AGE, particularly for a viral pathogen such as norovirus, but are costly and
time intensive [33-35].

The inclusion or exclusion of vomiting-only illness in the case definition of AGE can impact
burden estimates. In a norovirus challenge study, half of the infected subjects who
experienced vomiting did not also have concurrent diarrhea [36]. However, many studies do
not include vomiting-only illness in their case definition of AGE. In the Ahmed et al.’s
(2014) systematic review, only 32 of the 175 papers reviewed included vomiting-only illness
in their definition of AGE [21]; this could lead to an underestimation of the true norovirus
burden.

The prevalence of asymptomatic infections and post-symptomatic viral shedding also need
to be considered when estimating norovirus burden. Nearly one-third of norovirus infections
are asymptomatic and otherwise healthy individuals can shed norovirus for weeks after
symptoms have resolved [37]. If asymptomatic and post-symptomatic shedding is not
quantified within burden estimates, studies may overestimate the true amount of infectious
norovirus. Conversely, if control groups do not appropriately exclude individuals
experiencing post-symptomatic shedding, this may underestimate the true burden.
Furthermore, detection of norovirus in a high proportion of asymptomatic controls does not
necessarily diminish the etiologic role of norovirus when detected among AGE cases in the
same setting, particularly in situations with a force of infection [38]. These factors are all
important to address in surveillance and burden studies to most accurately estimate the
burden of norovirus.

Despite the small number of and variability between studies estimating norovirus burden,
especially more severe outcomes such as deaths, it is well established that norovirus is a
leading cause of AGE worldwide. Sections 3-5 discuss the genetic diversity and immunity
of noroviruses, which are important considerations for vaccine development.

3. Genotype diversity

Although GlI, GllI, and GIV norovirus can infect humans, Gll is the predominant norovirus
genogroup circulating worldwide. To track the genetic diversity of norovirus worldwide, the
NoroNet network collects genetic sequences from human norovirus specimens from
primarily outbreaks in 19 European countries as well as some countries in Asia, Oceania,
and Africa. In an analysis of NoroNet data from 2005 to 2016, 91.7% of sequences were
GllI, 8.2% were Gl, and <0.1% were GIV [39]. In the United States, from 2009 to 2013, 89%
of norovirus outbreaks were caused by GlI and 11% were caused by Gl norovirus [40]. GII.
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4 is the most common genotype in many parts of the world, and over the past two decades, a
new Gl1.4 strain has emerged every 2—4 years, sometimes associated with an increased
norovirus activity [5,6]. In the United States from 2009 to 2013, Gl11.4 was the most
prominent genotype, causing 72% of norovirus outbreaks; other common genotypes
included GI11.12, GllI.1, and GI.6, which together caused 13% of outbreaks [40].

Since an increasing number of emerging strains appear to be recombinant strains, in recent
years, norovirus genotyping has expanded to also include polymerase typing, allowing for
more specificity and granularity when tracking genetic shifts [41]. From 1 September 2017
to 31 March 2018, 50% of norovirus outbreaks reported to CaliciNet, a national surveillance
network of federal, state, and local public health laboratories in the United States, were
typed as G11.P16-Gll.4 Sydney. Other common genotypes included GI1.P16-Gll.2, GlI.P4
New Orleans-Gll1.4 Sydney, Gll.Pe-Gll.4 Sydney, G11.P12-Gl1.3, and Gl. P6-Gl.6 [42].
From 2005 to 2016, NoroNet identified 22 different recombinant genomes, including
GI11.P16-Gll.4 Sydney, which has been identified in Europe and Asia, and GI1.P17-Gl1.17,
which was first reported in Asia in 2014 before circulating in Europe during the 2015-2016
season [39]. Systematic, ongoing surveillance to monitor the diversity of strains in different
settings and populations is essential for norovirus vaccine development and implementation,
as the formulation may need to be updated with the emergence of new strains. Likewise,
evaluation of the potential impacts of norovirus vaccines will need to consider strain
specificity.

4. Immunity

Norovirus immunity is complex. Natural susceptibility to norovirus can vary between
individuals and genotypes; the duration and degree of cross-protection of acquired immunity
is not well understood; and there is no single, well-established correlate of protection for
norovirus infection or illness that can be used in vaccine development.

Susceptibility to norovirus infection can vary based on an individual’s fucosyltransferase-2
(FUT2) gene. This gene regulates the expression of histo-blood group antigens (HBGAS),
which serve as infection binding ligand on cells needed for infection [43]. Individuals with a
functional FUTZ2gene (‘secretors’) secrete HBGAS in their body fluid and express them on
the epithelial cells in their gut and are more susceptible to norovirus Gll.4 infection than
those who are homozygous recessive for FUTZ (‘nonsecretors’) [44-47]. However,
nonsecretors can still become infected with non-Gl1.4 norovirus strains, and being a
nonsecretor only lowers, but does not eliminate, the risk of GI1.4 norovirus infection [34,47].
Because of this genetic difference in susceptibility to norovirus infection and illness, it is
important for vaccine trials and challenge studies to take into consideration individuals’
secretor status in their design; ultimately this will aid in better understanding of the impact
of secretor status on vaccine efficacy.

Natural immunity to norovirus post-infection is not well understood. Challenge studies have
demonstrated short-term, strain-specific immunity, ranging between 6 months and 2 years
[48-50]. More recent modeling studies have estimated that norovirus immunity lasts
anywhere from 4 to 8 years post-infection [51]. A birth cohort in Peru found that children
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often have repeat infections by the same genogroup, but repeat infections by the same
genotype are rare, suggesting that acquired immunity is genotype specific [33].

There is no single, well-established correlate of protection for norovirus. Many candidates
have been explored, including serum HBGA-blocking antibodies, serum hemagglutination
inhibition antibodies, salivary, serum, and fecal immunoglobulin (Ig) A, and virus-specific
1gG memory B-cells [52,53]. Many studies have focused on serum HBGA-blocking
antibodies, which prevent norovirus from binding to HBGAs and subsequently prevent
infection. In a challenge study, titers of HBGA-blocking antibodies were higher in
individuals who did not develop AGE than those who developed symptoms [52]. In a
separate norovirus challenge study, pre-challenge serum anti-Gl1.4 HBGA-blocking and IgA
antibody levels were associated with lower rates of Gl1.4 infection and illness [54]. A study
examining children hospitalized for norovirus found that high genotype-specific serum IgG
titers and blocking antibodies correlated with protection from norovirus infection; however,
this protection was genotype specific [55].

5. Vaccine development

Several norovirus vaccines using a variety of different technologies are in development,
including two in clinical trials (Figure 1). These technologies include nonreplicating virus
like particles (VLPs), P particles, and recombinant adenoviruses. VVLPs are multi-protein
structures that resemble the organization and morphology of the native virus, but contain no
genetic material and are therefore noninfectious. VVLPs are not only typically produced by
recombinant baculovirus, but also can be produced by E. coli, Pichia pastoris (yeast), and
plants, which, when optimized, may lower the cost of VLP production [56-59]. P particles
are developed to resemble the P domain of norovirus, which is the part of the virus that
binds to HBGASs [60,61]. They also can be mass-produced in laboratory settings using £.
colito potentially lower vaccine cost [61]. Vaccines using recombinant adenovirus
expressing the norovirus major capsid protein VP1 are also being developed. Other common
vaccine technologies, including killed or live-attenuated viruses, have not been pursued for
norovirus due to lack of a culture system. Recently, a human intestinal enteroid culture
system was described which supports human norovirus replication /n vitro [62]. This new
development opens up new avenues of norovirus research including measuring cross-
reactive neutralizing antibody responses, which are required for a successful norovirus
vaccine.

An important consideration for a norovirus vaccine is determining which genotypes to
include in the formulation. Gl1.4 viruses have been the predominant strains over the past 15
years; chimeric consensus Gl1.4 VLPs have been designed and shown to produce a blocking
immune response against homotypic and heterotypic Gll.4 strains in mice [63] and are being
used in the bivalent GI.1/Gl1.4 vaccine currently in Phase I1b clinical trials. Other vaccines
in the pipeline have initially focused on GI.1 norovirus, primarily because the availability of
an approved GI.1 challenge strain. However, every norovirus vaccine formulation will need
to include both a GI and a GIl component to provide cross protection against the more
prevalent GlI strains.
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Section 6-7 will detail the various vaccines in development, focusing first on those that are
moving forward in human clinical trials (Section 6) and then summarizing vaccines in the
pre-clinical stages of research (Section 7). Trials of these various vaccine candidates have
used different correlates of protection, including serum HBGA-blocking antibodies,
norovirus-specific IgA antibodies, and norovirus-specific IgG memory B-cells [64—-68].
Other salient differences between the candidate vaccines and their respective trial results are
summarized below.

6. Vaccines in human clinical trials

6.1. Bivalent GI.1/Gll.4 vaccine

The vaccine furthest along in clinical trials is a bivalent, intramuscular G1.1/Gl1.4 VLP
vaccine developed by Takeda Pharmaceutical Company Limited, currently in Phase I1b trials
[69]. This vaccine was initially developed as a monovalent GI.1 VLP intranasal vaccine
before being reformulated as a bivalent GI.1/GI1.4 VLP intramuscular vaccine. In Phase |
trials of the GI.1 formulation, two vaccine doses 21 days apart induced 4.8- and 9.1-fold
increases in norovirus-specific IgG and IgA antibodies, respectively, and significantly
increased norovirus-specific 1gG and IgA memory B-cells in 92—100% of participants with
no serious adverse reactions [64,65]. Among participants challenged with a homologous GlI.
1 strain, the G1.1 VLP vaccine resulted in a 47% reduction in norovirus illness and a 26%
reduction in norovirus infection [70]. The reformulated bivalent vaccine containing a
chimeric GI1.4 VLP and a GI.1 VLP induced broadly reactive antibodies to heterologous Gl.
1, Gll.1, GII.3, and GIV.1 noroviruses in rabbits [71]. Further, Phase | and Phase Il trials
have focused on this intramuscular, bivalent G1.1/GI1.4 VLP vaccine.

Phase Il studies of the GI.1/GII.4 vaccine have demonstrated a rapid immune response 28
days post-vaccination, including higher pan-lg, IgA, and HBGA-blocking antibodies against
Gll.4 and GI.1 VLPs when compared to baseline [66]. Longer studies have shown antigen-
specific IgG memory B-cells persist until at least 180 days post-vaccination, similar to the
memory B-cell response following experimental Gl.1 infection [67]. Among adults aged 18-
64 years, post-vaccination increases in pan-lg, IgA, and HBGA blocking antibodies
persisted above baseline through day 393 [72]. A study that challenged participants with
GI1.4 norovirus following two intramuscular injections of the bivalent vaccine yielded a
similar point estimate for illness reduction, but failed to reach statistical significance due
primarily to a low overall attack rate. Nonetheless, this challenge study demonstrated a
significant reduction in illness severity; among vaccinated individuals, the average modified
Vesikari score was 4.5 (compared to 7.3 among placebo recipients) and there were no
reports of severe disease. Furthermore, a significant reduction in mean viral shedding 4 days
after experimental infection was observed in vaccinated individuals; by day ten, only 22.4%
of vaccinated individuals were still shedding virus as compared to 36.2% of unvaccinated
individuals [73]. The formulation identified as a candidate for further studies includes 15 pg
G1.1 VLP/50 p g Gll.4c VLP with aluminum hydroxide adjuvant, due to the immune
response as measured by pan-lg and HBGA-blocking antibodies [72]. None of the
aforementioned studies reported any severe adverse effects related to vaccination.
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Current trials of the bivalent vaccine include Phase 11 trials in infants and children (6 weeks
through 8 years of age) and in elderly (those older than 60 years) populations to evaluate
safety and immune responses (NCT02153112, NCT02661490). Additionally, a Phase 11b
field efficacy study in military recruits is currently active (NCT02669121) and a 5-year
Phase Il trial in adults and the elderly to measure the length of antibody response is ongoing
(NCT03039790).

6.2. Monovalent Gl.1 oral vaccine

The second norovirus vaccine currently in human clinical trials employs a recombinant
adenovirus expressing the norovirus Gl.1 major capsid protein (VP1) in an oral tablet
formulation developed by Vaxart, Inc [74]. Vaxart has demonstrated the safety and
effectiveness of this oral pill technology in Phase | and Phase Il trials of an oral influenza
vaccine being developed [75,76]. The most significant advantage of an oral pill vaccine is
that it is thermostable at ambient temperatures for up to 1 year and therefore would not
require the maintenance of a cold chain for vaccine distribution [77].

Two Phase | trials on the GI.1 oral norovirus vaccine have been completed. A Phase | trial
testing the safety and immunogenicity of both a low- and high-dose vaccine
(NCT02868073) found the vaccine was well tolerated and reported no serious adverse
events. After one administration of the high-dose vaccine (1 x 1011 1U), 78% of participants
showed a two-fold increase in HBGA-blocking assays (BT50s), a significant increase over
the placebo group. Vaccinated participants also showed other immune responses including
increased I1gA and IgG memory B-cells, and increased fecal IgA [78]. A Phase Ib dose-
optimization trial (NCT03125473) was also completed in 2017, but results have not yet been
published. Vaxart has reported that the vaccine was well tolerated and increased norovirus
antibody titers, antigen-specific IgG and IgA responses, and memory IgA cells for up to 30
days after immunization [68,79]. No serious adverse events were reported [79]. Going
forward, Vaxart reportedly plans to conduct Gl1.4 vaccine trials, Phase 11 challenge studies,
and bivalent GI.1/Gl1.4 vaccine trials [80].

7. Vaccines in pre-clinical development

There are several norovirus vaccines in pre-clinical trials (Figure 1). Many of these vaccines
are being developed as combination vaccines to protect against not only norovirus, but also
other viral infections, such as rotavirus, enterovirus 71, hepatitis E, or astrovirus.

7.1. Trivalent VP6 vaccine

A trivalent norovirus GI1.3, Gll.4, and rotavirus vaccine currently in pre-clinical trials is
being developed by the University of Tampere, Finland, the Daiichi Sankyo Company
Limited, & UMN Pharma Inc., Japan [81]. The vaccine was originally formulated as a
bivalent norovirus GIl.4 and rotavirus VVP6 protein vaccine [82]. Later, a trial in mice found
a lack of a cross-protective immune response between norovirus Gl and Gl in monovalent
vaccines and concluded that a formulation with norovirus GI.3 and GI1.4 VLPs was
necessary to protect against the most common pediatric norovirus strains [83]. Future
research has focused on the trivalent norovirus GI1.3 & Gl1.4, and rotavirus VP6 formulation
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delivered intramuscularly. When vaccinated with the trivalent vaccine, mice showed an
increase in antigen-specific 1gG and type-specific blocking antibodies that persisted for 24
weeks post-vaccination [84]. Also, the addition of rotavirus VVP6 protein showed an adjuvant
effect, increasing cross-reactive 1gG antibodies and norovirus-specific blocking antibodies,
even at low levels of norovirus VLPs [85].

7.2. Bivalent Gll.4 and enterovirus 71 vaccine

A VLP-based bivalent vaccine against norovirus Gll.4 and enterovirus 71 (one of the viruses
that causes hand, foot, and mouth disease) has been tested in mice by the Chinese Academy
of Sciences in Shanghai. This combination vaccine produced significant increases in
enterovirus 71 and norovirus Gll.4-specific antibody responses up to 14 weeks after
vaccination. These increases were comparable to those in mice vaccinated with a
monovalent VVLP against one of the two diseases [86], demonstrating noninterference among
the VLPs.

7.3. Plant-based GlI.4 VLP norovirus vaccine

Arizona State University has focused on developing a plant-based Gll1.4 norovirus VLP
vaccine [59]. In a randomized control trial in 2000, an oral GI1.4 VLP norovirus vaccine
produced using transgenic potatoes generated an increase in IgA antibody-secreting cells in
95% of participants, with 20% of volunteers developing antigen-specific serum IgG and
30% of participants developing antigen-specific stool IgA [87]. Later development has
focused on producing norovirus VLPs in tobacco (Nicotiana benthamianad) plants for use in
intranasal or intramuscular vaccines. These VLPs have elicited systemic and mucosal
immune responses in mice [88]. In 2014, intranasal vaccination of mice with A.
benthamiana produced Gl11.4 VLPs increased VVLP-specific serum IgG for 56 days [89].
These studies suggest that plant-based technology has the potential to be an inexpensive way
to manufacture VLPs for a norovirus vaccine.

7.4. Trivalent hepatitis E, Gll.4 norovirus, and astrovirus P particle vaccine

The Cincinnati Children’s Hospital Medical Center, University of Cincinnati, and Virginia
Polytechnic Institute and State University are developing a norovirus vaccine using
norovirus P particles, designed to resemble the protruding P domain of the virus [60,61].
Development began on a monovalent Gl1.4 norovirus vaccine, but as it progressed, hepatitis
E and astrovirus antigens were added. A trial of an intranasal GI1.4 norovirus P particle
vaccine in gnotobiotic pigs showed a higher intestinal T-cell immune response when
compared to pigs vaccinated with a Gll.4 norovirus VLP vaccine [90]. In mice, an intranasal
bivalent vaccine using a fused P protein from the P domains of norovirus and hepatitis E
showed increased antibody titers when compared to vaccination with a mixture of P dimers
from norovirus and hepatitis E [91]. Most recently, a trivalent intranasal Gl1.4 norovirus,
hepatitis E, and astrovirus vaccine, using a fusion of the three P domains, produced a 1.9-
fold higher norovirus IgG titer than immunization with norovirus P particle alone in mice
[92]. These trials show the potential for a P particle vaccine to vaccinate against multiple
diseases.
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7.5. Recombinant adenovirus expressing norovirus Gll.4

The Chinese Center for Disease Control and Prevention is developing a recombinant
adenovirus vaccine expressing the norovirus GI1.4 major capsid protein VP1. A study in
2008 in mice found an intranasal GI1.4 vaccine increased norovirus IgG and IgA immune
responses [93]. They also tested a prime-boost strategy in mice using norovirus VLPs and
recombinant adenovirus expressing norovirus Gl1.4 capsid protein; priming with the
recombinant adenovirus vaccine before VLP vaccination produced higher norovirus-specific
antibody levels than priming with the VLP or multiple VVLP vaccinations [94]. These studies
indicate that the recombinant adenovirus expressing norovirus proteins is a technology that
can produce comparable immune responses to norovirus VLP formulations.

8. Recent developments in norovirus science

While norovirus vaccines are in pre-clinical and early clinical trials, there are several recent
developments that are helping push the vaccine development process forward. Notably, these
include an increase in the use of multi-pathogen diagnostic panels and the advent of a new
human norovirus /n-vitro culture system.

8.1. PCR-based multi-pathogen diagnostic panels

The availability of highly sensitive PCR-based diagnostic panels for the detection of multi-
enteric pathogens, including norovirus, has revolutionized testing in clinical laboratories.
New multi-pathogen tests, which include the xTAG GPP (Luminex Corporation, Toronto,
Canada), FilmArray Gl Panel (BioFire Diagnostics Inc., Salt Lake City, UT, U.S.A.), and
\erigene Enteric Pathogens Test (EP) (Nanosphere, Northbrook, IL, U.S. A.), increase
testing capacity by allowing for the identification of multiple bacteria, viruses, and parasites
in one test and produce results in a few hours [4,95]. A study comparing these multi-
pathogen tests found they have >99% specificity and sensitivity ranging from 78.0-87.8%
for norovirus detection when compared to the reference method of real time RT-PCR, which
is the gold standard for norovirus detection [96]. The increased use of these tests will help to
identify norovirus alongside other AGE pathogens and may help assessing the burden of
norovirus disease in settings where currently few samples from AGE patients are routinely
tested for norovirus.

8.2. Human norovirus intestinal enteroid culture system

A groundbreaking recent development in norovirus research is the development of an /in-
vitro culture system [97], which had remained elusive for nearly 50 years. This new culture
system uses non-transformed human intestinal enteroids (HIE), also called mini-guts, and is
expected to expand a number of areas of norovirus research, including testing of chlorine
and alcohols [98] and antivirals. Perhaps most relevant to vaccine research, the culture
system potentially opens the door to development of neutralization assays, which could yield
a more definitive correlate of protection. Ultimately, this human norovirus cell culture
system could lead to the development of other vaccine technologies. Additionally, while
current trials are able to determine if a vaccine decreases post-symptomatic viral shedding
between vaccinated and unvaccinated individuals, they have been unable to specify if the
virus is infectious or not. The mini-gut cell culture system may provide more important
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information for norovirus prevention through vaccination and traditional infection control
practices.

9. Considerations for norovirus vaccine development

While norovirus science is advancing and norovirus vaccines are being developed, there are
many other considerations vaccine developers must take into account before a norovirus
vaccine can be licensed. This section will summarize these key considerations to inform
current and future norovirus vaccine research and development strategies, including cost
effectiveness, target population, and public acceptance of a future vaccine (Table 2).

9.1. Cost effectiveness

9.2. Target

While norovirus carries a tremendous social and economic burden, factors such as the
vaccine’s cost, effectiveness, and duration of protection all impact whether a vaccine is
considered cost effective. A modeling study looking at the potential impact of a norovirus
vaccine in the United States found that a vaccine with 50% efficacy and a 12-month duration
would avert 1.0-2.2 million illnesses per year but would cost $400 million to $1 billion
annually. However, a vaccine with 50% efficacy that conferred protection for 48 months
could save up to $2.1 billion annually [99]. A separate study on the cost of norovirus
vaccination in the United States military concluded that a norovirus vaccine would cost more
than vaccines for enterotoxigenic £. coli, campylobacter, and shigella. However, when
vomiting-only illness was included in the analysis, the norovirus vaccine became more cost
effective than those targeting the other three bacterial agents [100].

It is estimated that a bout of norovirus illness in LMICs costs $45, compared to $247 in
high-income countries, given the relative differences in direct health-care expenses and the
value of lost productivity [16]. Using the cost-effectiveness threshold of one times the GDP
per capita per DALY (Disability Adjusted Life Year) averted, an economic analysis in Peru
found that a two-dose vaccine would have to be 70% effective and cost $17 ($8.50 per dose)
to be considered cost effective. This analysis did not account for indirect costs of norovirus
infection, nor indirect benefits from decreased viral shedding in the community [101].

populations

Modeling studies have suggested that the greatest potential economic and health benefits of
norovirus vaccines are in the young (under 5 years old) and the elderly (over 65 years old)
[99]. A review of pediatric norovirus cases worldwide found that approximately 70% of
norovirus cases occurred between 6 and 23 months of age. They concluded a norovirus
vaccine schedule completed by 6 months of age could prevent up to 85% of pediatric cases,
while a schedule completed by 12 months could prevent up to 50% of pediatric cases [102].
A model of the impact of a norovirus vaccine in both pediatric and elderly populations in the
United States predicted that 90% pediatric coverage could avert 33-60% of norovirus cases
in children under 5 years old, and 65% elderly vaccination coverage could avert 17-38% of
cases in those over 65 years old, depending on vaccine effectiveness. Therefore, the authors
concluded that focusing a norovirus vaccine on the pediatric population would have the
greatest impact [103]. However, with a pediatric vaccine, a careful consideration of how a
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norovirus vaccine would fit into the current routine childhood vaccination schedule will be
fundamental to its success.

Additional populations at risk for transmission of norovirus disease include those working in
health care, childcare, and food service industry, and are therefore also potential as potential
groups to be considered for norovirus vaccination [104]. The full benefit of a norovirus
vaccine in these populations will depend on the level of immunization coverage that can be
achieved.

opinion and acceptance

Another important consideration is the level of public knowledge of norovirus and future
acceptance of a vaccine. Despite its large burden, norovirus is not well understood by the
public. A nationally representative survey of 1,051 United States adults in 2013 found that
nearly half the respondents had never heard of norovirus, but 85% of respondents had heard
of ‘cruise ship virus’, ‘the stomach bug’,or’the stomach flu’; many more people knew about
foodborne bacteria, such as salmonella and £. co/i[105]. Lack of knowledge about the
importance of norovirus has also been documented in surveys conducted among infection
prevention workers [106] and food-safety professionals [107], even though norovirus is a
leading cause of outbreaks in both hospitals and food service settings [8,108]. Coordinated
public health education campaigns, utilizing social media and other communication avenues,
may be helpful prior to the introduction of any vaccine to emphasize the importance of
vaccination against norovirus.

10. Conclusion

There are several norovirus vaccines in clinical trials. Continued research on norovirus
immunogenicity, cross-protection among different genotypes, and correlates of protection
will help answer crucial questions for vaccine developers and help accelerate vaccine
development. The recent advent of a novel norovirus cell culture system represents a huge
leap forward in this area; however, more work to simplify, optimize, and lower the cost of
the culture system is still necessary. Modeling studies on the potential impact of a norovirus
vaccine within different populations — including young children, older adults, and those with
the potential to transmit the disease to many others — can help identify the most impactful
target population(s) for a vaccine.

11. Expert commentary

Robust, current, and accurate global disease and economic burden estimates are crucial to
incentivize and guide investment in the research and development of norovirus vaccines.
These estimates rely on strong norovirus surveillance around the world. Current burden
estimates vary widely due to the broad diversity of noroviruses, differing methodologies, and
differing AGE case definitions. Particular emphasis should be focused on providing
estimates for high-risk populations and in developing countries, where large data gaps
currently exist. Additionally, most norovirus burden studies have been conducted in children,
leaving a relative gap in knowledge about the burden of norovirus among adults. Efforts to
improve existing burden estimates and obtain a better understanding of how norovirus
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burden varies globally can help justify further investments in norovirus vaccine
development.

Public outreach and education are also needed to increase awareness about norovirus and the
appropriate prevention measures people can take to protect themselves and their families.
Social media has become an increasingly important tool to disseminate accurate information
about norovirus and raise the public’s awareness about the disease. Concerns around vaccine
safety and how a new vaccine might fit into the current vaccination schedule may need to be
addressed in any public information campaigns involving future norovirus vaccines.

12. Five-year view

The next 5 years provide an exciting opportunity for meaningful advances in our
understanding of norovirus immunity and cross-protection, both of which are key for a
successful norovirus vaccine. Disease burden estimates will continue to improve, as more
studies on norovirus prevalence and incidence in different regions of the world are
completed and new surveillance studies employing the latest diagnostic tools are
implemented. Progress on each of these fronts will bring us closer to a licensed norovirus
vaccine with the potential to reduce the morbidity and mortality of norovirus worldwide
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Key issues

Norovirus is an important pathogen that poses a significant disease and
economic burden globally.

Noroviruses are genetically and antigenically very diverse, with more than 25
genotypes across three genogroups infecting humans. Gll1.4 is the most
prominent norovirus genotype worldwide.

Norovirus causes approximately one-fifth of AGE cases globally.

Children under 5 years old and the elderly over 65 years old are most
frequently affected and suffer the most severe outcomes due to norovirus
disease.

Burden estimates vary between studies and regions. Additional and more
robust burden studies are needed to better quantify the impacts of norovirus
globally.

Norovirus immunity is not well understood and there is currently no single
well-established correlate of protection that can be used in vaccine trials.

Two vaccines currently in human clinical trials include a bivalent GI1.1/Gl11.4
intramuscular VLP vaccine in Phase Ilb and a monovalent Gl.1 oral pill
recombinant adenovirus vaccine in Phase | trials.

Cost effectiveness is a key aspect of acceptability of a norovirus vaccine.

Public awareness of norovirus is relatively low, suggesting need for public
outreach and education to maximize uptake of future vaccines.

A licensed norovirus vaccine has the potential to save lives and prevent a
significant proportion of diarrheal illnesses worldwide.
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Figure 1.
Vaccine candidates in development, by type and pre-clinical or clinical phase.

Expert Rev Vaccines. Author manuscript; available in PMC 2019 September 01.



Page 23

Mattison et al.

AJUO SUIESp SNIIA0IOU 3UIOGPO0Y JO SleWIST

sniinodes pue ‘[1 ‘19 snaiAoou BUIpnioul ‘syresp SNIAIDIE |[e JO serewnsd
¥

FHK

x.

abuey Aurensoun
>

x

x*

2%

[ensaiu] Aurepsoun
¥

(009'29-008'% IN %S6) 00L'62

(00£'€€-002'¥ IN %S6) 008'T

(00e'T6E'T
—009'€€Z'T IN %S6) 00T'ZIE'T

(002'€-00L 1N %S6) 008T

(00T'€-00L 1N %S6) 008T

(002'€8€'T-002 TST'T 1N %S6) 00T'¥9Z'T

(000'57S-00T'86€ 1N %S6) 0067y
SyIuoW 65-T

(000'€TT

FHF

—000'6€ YN %S6) 000'TL

(0217'8L2-565'09T 1N %S6) 687'CTC

(L¥E'6T-TSZ'Y IN %S6) 266'8

FHKK

(L6€'978-52€°€09 1N %S6) 96T'STL

sabe |[e :syjeap SNIIN0ION

abke Jo sI1eak G> :Sy1eap SnIIN0ION

sabe |[e :syjesp [eaylrelq

(009'255 (00£'£5-008'9€ 1N %56) 008"t . (ooo'sv0T . ) .
~00S' L 1N %S6) 006'86 LaUOW T> —000'T6Y ., ¥N %S6) 000'2TL (LoL'eeT-2vv'e9 , 1N %S6) 129'T6 abe 40 s1eak G> :syreap [eayLrelq
GT0Z €102 1102 010z pouad swi |
9702 ST0Z €102 ST0Z Tea) uonealgnd
[st] 5102 [21] €TOZ [61] [8] (9431) dnoao sousisyey Apms
aseasig aseasig (943HD) dnous adualsyey ABojoiwapidg

0 uspJng [eqo|O

0 uspJng [eqo|O

ABojorwapid3 yifesH plIyd

uap.ang asessi auloqpoo4 OHM

Author Manuscript

‘([oz] 27102 "1e 12 1pebuesoH woJ) paidepe) SNIIACIOU pue SaseasIp [eaylielp 01 anp syleap JO Salewilsa [eqo|D

‘Tal1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Expert Rev Vaccines. Author manuscript; available in PMC 2019 September 01.



Page 24

Mattison et al.

"SNIIACIOU JO 3oUBjenald pue AJ1IBAsS By}
noge subredwied [eUOIRINPS pUB SSBUBIeME d1|dNd

*80Ur}dad9e BUIDIRA SNnUIAoIOU [eluaod
pue sniinolou Jo abpamous d1jgnd uo sAening

"SAUIDIRA 1310 SE AW} AWes 8y} Je palaisiujwpe
UayMm adualapiaiul fenusiod pue Aoealya
aJen[eAs 0} SaUII9BA pare|nwloy-oLlelpad Jo sjer L

's198449 10a41pul Buipnjoul ‘Bummas pue dnoib sbe
Aq uo11euld9eA Jo 19edwi 8y} Jo saipnis BuljapolN

"S91RPIPUERD 8UIDORA SNIIAOIOU JO UOID8104d JO
yBua) pue Aoeaye ‘A19Jes ay) JO SOTRWISA 81RINJDY

saLunod Buidojansp pue padojansp Ul SNIIACIOU
10 S1S00 10841pUI PUR 10311P 8} JO SejewsT

“Aiunwiwii Jo se1e[a1109 AJnuapl
J18yuny 03 sa1pnis 9160[0UNWILT SNIIACIOU BIOIA|

"UOIJRUIDIBA PUB UOIII3JUI SNIIAOIOU
Jeanyeu Aq papJoye uoi199104d-sso.d Jo aaibap
pue Ajiunwiwi Jo UoIeINp 8y} JO S3IBWISS 31eINddY

"Buippays onewoldwAse wouy uondspul o160j018
40 UonenuaIaRIp panoldw| 'OV Yim asou
Buowre sadAjousb sniinoiou Joy Buiisa) pasealou|

'sBuines Buidojanap ui Alrenalued ‘sajewinss
uapaNng SNIIA0IOU J14198ds-A1UN0D pue [2I0] BI0IA

¢SNIIAOIOU JO doudfenald pue A111aAss 8yl Inoge
abpajmouy| a11gnd asiel 03 SAeM 8A1198448 1SOW 3y} aJe ey M\

£SBUIO0RA JBU10 SE 8LI) BLes ay)
12 PaJBISIUILIPE §1 37 SUIDTRA B |[IM 9]qe1dadde pue aAldae MOH

(5016318115 UOITRUIDIBA JUBISYIP
10 s1oeduwi 19811pUI PUB 198.1P BAIRIA] U] aJe TeYAN ¢A1I8p]8 8y}
pue UBJPJIYD Ul USpINg 3seasIp sy} 19edwi UOITRUIDIBA [|IM MOH

¢£1sow 11 paau Jeys suone|ndod
a1 104 B|qePJO. 8Q SUIIIBA SNIIAOIOU B ||IAA ¢BUIDJBA
SNJIAOJIOU B Joj uonaajodd Jo yibus| pue A2earya ayi ag [J1Im Jeym

¢£S311IUN0D UdaMIag AeA 1oedwi 21LOU0DS
81 $80( ¢SNJIA0IOU JO 10edWI O1LIOUODS [€10] 8} SI 1_YAN

¢PaNUBPI 8Q AIUNWILI JO 81881100 B UBD

¢suredis Buie|nodio uo paseq Alea
u0n99104d [1IM pue ‘uo19810Id J3JU0D BUIDIRA B UED Buo] MOH

¢snainodou Jo sadArouab Buirejnad Jofew ayp ate Jeypn
¢£S3IPNIS UapJNg aseasIp Ul UoNdajul SniIAoJou d1rewoldwAse
10} JUn022e 0] poyraw aeridoidde Jsow ayp s1 FRYA

£S9113unod
Buidojanap snsian padojanap ui AreA uaping Saop MOH ¢S|aAd]
[euoIIeU-gNS pUE |eUOITRU T8 AJBA UBPING 9SeasIp ay} Sa0p MOH

'ssau||1 PlIW & se OV SaA1salad pue si SniIAoIou
Jeym mou Jou saop a1jgnd ayp jo Aliofew ay

"S9UID0BA JUBlaIp Auew
urejuod Apealfe sa|Npayds UoIFeUIdIIBA pooyp|iyDd

‘[ennuelsgns aq Aew sdnoif 1abseuou Ul auddeA
SNIIA0JOU JO S19849 108.1puU| "A|Jap|a 8y} pue uaip[iyd
Buowre 1sayBiy sI UspINg J1WIOUOIB PUE BSESSIP YL

‘uonosjold Jo yibus| pue Aoediyye
aUuI99eA uo Juapuadap AJybiy si SSaUBAIIIBYS 150D

'$1S00 2181008
pue a.ea yijeay JuedlIubIS sasned aseasip SNIIACION

‘Aunwiwi
10 31B|2.4100 payst|qeisa-|[am ‘a]Buls ou si a1ay

'sa138uab 1soy Ag paouanjsul pue ‘oidAiowoy
Ajesauab ‘wisy 1oys SI AJunwiwii SNIIACION

‘uolyejndod

pue ‘Anunod ‘Buimss ‘ubisap Apns Aq Aten
$81eWI1Sa INg ‘asIanIp aJe sadAlouah Buirejnalio pue
yb1y s1 aseasIp SNIIA0IOU JO Uaping ayl ‘Ajleqo|o

“BPIMPIIOM JOV JO asned Buipes| e s SNIIA0ION

82UB10829Y
 abpamou! AHqnd

uoneindod 19612

SS3UANIIaYT ISOD

Anunwiy
» UsapIng SNIIN0ION

Papaau X10M pue saipnis a4nin-

suonsanb Bulureway

abpajmouy Bunsix3

SuoIRIBPISU0D

Author Manuscript

"JuUsWdo|aAp aUIIIBA SNIIAQIOU 10} SUOITRISPISUOI Yieay a1jgnd A

‘¢ 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 September 01.

Expert Rev Vaccines. Author manuscript



	Abstract
	Introduction
	Norovirus burden estimates
	Deaths due to norovirus globally
	Systematic reviews on the global and regional burden of norovirus
	Estimates from multisite epidemiological studies
	Variability in burden estimates

	Genotype diversity
	Immunity
	Vaccine development
	Vaccines in human clinical trials
	Bivalent GI.1/GII.4 vaccine
	Monovalent GI.1 oral vaccine

	Vaccines in pre-clinical development
	Trivalent VP6 vaccine
	Bivalent GII.4 and enterovirus 71 vaccine
	Plant-based GII.4 VLP norovirus vaccine
	Trivalent hepatitis E, GII.4 norovirus, and astrovirus P particle vaccine
	Recombinant adenovirus expressing norovirus GII.4

	Recent developments in norovirus science
	PCR-based multi-pathogen diagnostic panels
	Human norovirus intestinal enteroid culture system

	Considerations for norovirus vaccine development
	Cost effectiveness
	Target populations
	Public opinion and acceptance

	Conclusion
	Expert commentary
	Five-year view
	References
	Figure 1.
	Table 1.
	Table 2.

