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Abstract

Noroviruses (NoV) cause the great majority of epidemic nonbacterial gastroenteritis in humans.
Expression of the capsid protein in recombinant systems, including insect and plant cells, yields
assembly of virus-like particles (VLPs) that mimic the antigenic structure of authentic virions, and
are relatively acid- and heat-stable. Norwalk virus (NV), the prototype NoV, has been studied
extensively, and Norwalk virus-like particles (NVLPs) produced in insect cells and plants are
immunogenic in mice and humans when delivered orally, stimulating the production of systemic and
mucosal anti-NV antibodies. NVLPs are also highly immunogenic when delivered intranasally,
provoking antibodies at levels similar to orally delivered VLP at much lower doses. Oral and nasal
delivery of NVLPs efficiently produces antibodies at distal mucosal sites, which suggests that NV LPs
could be used to deliver heterologous peptide antigens by production of genetic fusion chimeric
capsid proteins. Examination of norovirus VLP surface structures and receptor binding motifs
facilitates identification of potential sites for insertion of foreign peptides that will minimally affect
the efficiency of VLP assembly and receptor binding. Thus, there is strong potential to use norovirus
VLPs as vaccine-delivery vehicles.
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Noroviruses (NoV) are the most common agent of nonbacterial gastroenteritis in humans, being
responsible for more than 95% of epidemic viral gastroenteritis in adults [1-5]. The virus is
highly infectious, and outbreaks are associated with various social settings, including catered
events, restaurants, schools and cruise ships, as well as nursing homes and daycare centers. In
addition, there are several high-risk groups that include young children, the elderly, military
personnel and immunocompromised individuals.

Norovirus variants are numerous; a recent paper proposed a classification system based on
amino acid sequences of the major capsid protein from 164 different strains, with 29 genetic
clusters distributed among five genogroups [6]. The most prevalent are genogroups | and Il
(Gl and GII), and GI1.4 viruses are currently circulating widely [7-9].

The NoV genomes are single-stranded, positive-sense RNA containing three open-reading
frames and a poly(A) tail, as first characterized in the prototype Norwalk virus (NV) [10]. The
NV capsid is a 38-nm icosahedral arrangement of 90 dimers of the 58-kDa capsid protein VP1
ina T =3 symmetry [11,12]. Expression of recombinant NoV capsid proteins in insect cells
using baculovirus vectors [13,14] and in plants using tobamovirus [15] and geminivirus [16]
vectors showed that VP1 alone can self-assemble virus-like particles (VLPs) that antigenically
and morphologically resemble authentic virus particles (Figure 1). The plant-derived VLPs
appear to be very similar to insect cell-derived particles. A recent paper used VLPs generated
from 26 different GI and G1I NoV strains to evaluate the cross-reactivity of antisera produced
in rabbits [13].

Furthermore, VLPs were used to show that NoV bind in a strain-dependent manner to
carbohydrate histo-blood group antigen (HBGA) displayed on mucosal cell surfaces [17-20].
Recent studies have suggested a correlation between susceptibility, secretor status (secretor
enzyme o [1,2] fucosyltransferase) and HBGA profile, suggesting a role for HBGA as putative
receptors for NoV as with many other pathogens that utilize similar carbohydrates as receptors
[21]. In addition, the strong correlation between genetic polymorphisms in potential receptor
genes on host susceptibility or resistance to microbes is high-lighted by the well-established
link between resistance to HIV and polymorphisms in the C-C chemokine receptor type 5, later
found to be a coreceptor for HIV [21].

There is substantial interest in developing NoV vaccines based on VLPs, especially in view of
the success of VLP vaccines against human papillomaviruses [22,23]. VLPs are highly
immunogenic because they efficiently trigger B- and T-cell responses [24]. The ordered and
repetitive VLP surface promotes activation of B cells and binding of antibodies, thus enhancing
uptake by antigen-presenting cells (APCs). Moreover, APC uptake is enhanced by the
macromolecular structure of VLP. A variety of studies (reviewed later) demonstrate the
immunogenicity of Norwalk VLP (NVLP) delivered by oral or nasal routes, and thus the
potential for vaccine development [25-28]. Although rapid evolution of new NoV strains
presents a ‘moving target’ for vaccine development, the problem is similar to that encountered
with influenza viruses. Analogous to influenza viruses, NoV accumulate genetic point
mutations in the capsid protein that may result in unique antibody-binding sites [29]. This
antigenic drift results in diverse strains that would potentially escape immunity against a
previously vaccinated strain, especially between genogroups where there is little cross-
reactivity [30]. Thus, vaccines may require reformulation each year as updated NoV
epidemiological data allow identification of the most prevalent strains that could be used as a
reference vaccine strain(s) to provide optimal protection [5,7,21,30].
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Immunogenicity of NVLP in mice

Insect cell-derived NVLPs

Many studies have demonstrated serum and mucosal antibody responses in animals against
NVLPs that were delivered orally or intranasally [25-27]. The convenience of oral delivery is
an attractive strategy because NVLPs, which are the result of evolutionary selection for enteric
infection, are stable at low pH and thus can survive the harsh gastric environment [14,31].
Studies on insect cell-derived NVLPs showed they are stable over a pH range of 3-7 and at
temperatures up to 55°C [31]. Ball and colleagues examined oral doses of insect cell-derived
NVLPs between 5 and 500 ug, either with or without the mucosal adjuvant cholera toxin (CT;
10 pg) delivered by gastric intubation in CD1 outbred mice [25]. Even without CT, 5 pg doses
on days 1, 2, 11 and 28 provoked serum anti-NV IgG in eight out of 11 mice, indicating the
strong mucosal immunogenicity of NVLP. Maximal serum anti-NV geometric mean titers
(GMT; 1168) were observed at 200 ug NVLP doses without CT, while inclusion of CT adjuvant
increased GMT to 6400 [18]. Moreover, substantial amounts of NV-specific intestinal IgA (up
to 0.1% of total IgA) were measured in the fecal extracts of mice immunized orally with 200
g doses. These data indicate that NVLPs are potent oral immunogens in mice, and provoke
local antibody responses that can potentially neutralize NV and inhibit infectivity.

Another study compared intranasal and oral delivery of insect cell NVLPs in mice [26].
Intranasal delivery of two 10-ug doses of NVLP (on days 0 and 21) without adjuvant elicited
100% IgG seroconversion, and anti-NV titers at this dose were greatly enhanced by codelivery
of the adjuvant LTR192G (mutant enterotoxin similar to CT). Similar serum IgG responses
were observed with 200 ug NVLP delivered orally, indicating that intranasal delivery induces
more potent responses at a low dose. Furthermore, these immunization regimens produced
strong mucosal anti-NV IgA responses in feces and in vaginal washes, which were still
detectable after 1 year in the adjuvanted groups [26]. This finding supports the use of NVLP
as carriers of heterologous epitopes, for example from sexually transmitted pathogens, which
can be delivered intranasally in order to generate neutralizing antibodies in the reproductive
mucosa.

Stable transgenic plant-derived NVLP

The use of plants for expression of NVLP allows the possibility of oral delivery of edible tissues
without the expense of purification. NVLP expressed in transgenic potato tubers and fed
directly to mice (~40-80 ug doses in 4 g raw tuber at days 1, 2, 11 and 28) provoked serum
anti-NV at titers up to 200 [32]. In the same study, purified NVLP expressed in transgenic
tobacco leaves delivered orally at 50 ug doses yielded serum anti-NV titers up to 800, or up
to 3200 when CT adjuvant was used. Since only approximately 50% of the Norwalk virus
capsid protein (NVCP) in the potato tubers was assembled into VLP [32], the benefit of
purification of VLP is obvious. It is also possible that NVLP contained in the potato tissue was
not as effectively delivered to the gut-associated lymphoid tissue as purified VLP delivered by
gavage.

Later, a plant-optimized NVCP gene was used to produce NVLP in transgenic tomato fruit in
higher yields of 100 ug per gram of freeze-dried fruit [28]. Four doses (days 1, 4, 17 and 20)
of 0.8 g freeze-dried tomato fruit reconstituted in water and fed to mice resulted in 100%
seroconversion, with anti-NV 1gG GMT of 350, and also stimulated anti-NV intestinal IgA in
all mice. Interestingly, delivery of 0.8 g of air-dried NV tomato fruit by ingestion provoked
substantially higher serum anti-NV IgG with a GMT of 4400, and higher fecal IgA titers than
the freeze-dried fruit-fed mice [28]. It is unclear what physical attribute of the air-dried fruit
caused the enhanced immunogenicity, but it is possible that freeze-drying altered the stability
of NVLP in tomato fruit. Alternatively, air-drying fruit instead of freeze-drying may preserve
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the tissue structure in a way that provides greater protection from proteolytic enzymes in the
gut until the NVLP can be taken up into the gutassociated lymphoid tissue [28]. Regardless of
how the tomato fruit is dried, this plant provides a good system for expression of orally
immunogenic NVLP.

Transient expression with plant viral vectors

It should be noted that the use of food plants for the production of pharmaceutical proteins like
vaccines has generated substantial concern among regulatory agencies [33]. It is generally
agreed that the necessary regulatory and good manufacturing practice requirements are already
in place for plant-derived vaccines. However, fears persist that noncompliance events could
compromise food security. Thus, many plant vaccine workers have shifted more effort to the
use of non-food plants (tobacco and relatives) for production of vaccine antigens. The change
is facilitated by the development of robust transient expression using plant virus replicons
[16,34,35], which provide expression levels that support purification of antigens. The tobacco
relative Nicotiana benthamiana is a favorite host for the viral vectors. NVCP was obtained at
levels of 800 mg per kg of leaf tissue using a tobacco mosaic virus RNA replicon system, and
the purified NVLP were orally immunogenic in outbred CD1 mice at 100 pg per dose without
adjuvant [15]. A DNA replicon from the geminivirus bean yellow dwarf virus generated NVCP
at approximately 400 mg per kg of leaves in N. benthamiana [16]. These studies and
purification of NVLP from plant leaves are discussed further below.

Mammalian cell-derived NVLP using Venezuelan encephalitis virus replicons

Venezuelan encephalitis virus replicon particles (VRPs) have been utilized as vectors for
expression of NVLP in mammalian cells and as potential vaccines [36—38]. The system is
analogous in many respects to the viral replicon vectors for insect and plant cells that we
described earlier, and generates a high level of expression of inserted genes. The VRP system
can be used both as a means to generate NVLP that can be purified and delivered as
immunogens, or as a vaccine itself that replicates and produces recombinant NVLP in target
cells, which can then process and present antigenic peptides to T and B cells [37]. Subcutaneous
(footpad) inoculation of NVCP VRP in mice (two doses, 107 infectious units each) provoked
strong serum anti-NV 1gG and intestinal 1gA responses that were substantially higher than
those induced by oral delivery of 75 pug VRP-generated NVLP [37]. Thus, the VRP system is
a functional alternative to insect- or plant-based production of NVLP, although direct
comparisons of efficiency and costs of production have not been made.

Clinical trials with NVLP

Clinical studies using NVLP show that the material is safe and immunogenic in humans (Table
1). An initial clinical study by Ball et al. was the first report that demonstrated that NVLPs
were safe and immunogenic when delivered by the oral route [39]. In a subsequent study,
transgenic potatoes described previously [32] were fed to human volunteers in doses of 150 g
of sliced raw tubers on days 0 and 7, or on days 0, 7 and 21 [40]. The NVCP content of tubers
was variable (215-750 g per dose) and VLP content was up to 325 g per dose. Nonetheless,
19 out of 20 subjects who ingested transgenic potato developed measurable, albeit relatively
weak, increases in anti-NV antibody-secreting cells and the majority of those subjects mounted
a response following the first dose. Overall, 20% of subjects produced serum anti-NV IgG (12-
fold mean increase), and 30% produced fecal anti-NV IgA (17-fold mean increase) (Table 1).
A later trial using purified insect cell-derived NVLP examined antibody responses to oral doses
of 250, 500 or 2000 pg [41]. Interestingly, there was no apparent dose-related effect, as all
doses induced similar anti-NV antibody levels (serum IgG and mucosal IgA). The responses
at 250 g per dose were stronger than those obtained from fed potato [40], which suggests
presentation of NVLP in the potato tissue was detrimental. Another interesting finding of the
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later study was that cell-mediated responses, as measured by IFN-y production by peripheral
blood mononuclear cells stimulated with NVLP, increased inversely with the dose, with the
2000 pg dose showing no increase in response. The reason for this finding is unclear, but the
authors emphasized that it is consistent with the lack of a dose—response effect on antibody
production (Table 1). It is possible that the high dose induced regulatory T cells that mediate
tolerance [42], but this is pure speculation in the absence of any data from NVLP-immunized
individuals.

Two Phase | clinical trials have been conducted utilizing intranasal delivery of a dry powder
formulation of baculovirus-derived NVLP containing chitosan (ChiSys®; Archimedes
Development Limited, Nottingham, UK), a muco-adhesive, and a TLR4 agonist adjuvant,
monophosphoryl lipid A (MPL™ [GSK, Middlesex, UK]). The data have not been published,
but have been presented at international conferences (the 3rd International Calicivirus in
Cancun, Mexico in 2007, and “Vaccines for Enteric Diseases’ in Malaga, Spain, 2009) and
intranasal delivery of NVLP has been reported to be safe and immunogenic at higher than
expected doses (see Table 1). A Phase Il trial has been initiated to determine the safety and
immunogenicity of intranasally delivered NVLP, followed by a live virus challenge to
determine if this is a viable vaccine approach to preventing or limiting NV infection in humans
[Robert Atmar, Pers. Comm.] [101].

Plant-based production & purification of NVLP

In the last decade, significant progress has been made in the enhancement of plant-based
recombinant protein expression, especially with the development of virus-based transient
expression systems [33,35,43,44], and specifically for the production of NVLP [15,16,34]. As
expression levels increase, purification costs become an increasingly significant proportion
(>80%) of the total cost of production of NVCP and other vaccines [45-47]. Thus, much
attention has shifted to the development of technologies for efficient NVLP purification and
delivery. While processed (e.g., dried) plant-derived antigens still represent a viable
opportunity to deliver vaccines by ingestion, regulatory concerns motivate the development of
processing technologies to produce NVLP with a more rigorously defined unit dosage [45]. A
well-developed downstream process will increase manufacturing productivity, reduce cost of
operations, enhance scalability for processing large volumes of NVLP preparations with high
yield, preserve the stability of the VLP, and ensure the compliance of the manufacturing
procedures with the US FDA’s current Good Manufacturing Practices (cGMP) regulations.
Similar to other pharmaceutical proteins, the goal of downstream processing is to recover the
maximum amount of highly purified NVLP with a minimal number of steps, including tissue
harvesting, protein extraction, purification and product formulation.

Despite the employment of the different production systems and the availability of diverse
methods for VLP extraction and purification, NVLPs have been produced based only on a few
variations of centrifugation and precipitation methods [12,14,15,41]. The centrifugation-based
purification methods were originally used to isolate viruses, but later expanded to VLP
purification. VLPs, like their native viruses, are purified on the basis of their size and density
using ultracentrifugation techniques, with sucrose and cesium chloride (CsCl) being the most
commonly used reagents for gradient generation [48]. Ultracentrifugation and density gradient
methods are useful analytical tools for characterizing VLP size, assembly status, and effective
isolation of bench-scale quantities of NVLP for research [15,31,41]. However, they are not
practical for large-scale commercial vaccine manufacture because they are time-consuming,
difficult to scale up and produce poor yields [49]. Furthermore, density gradient-based methods
have the added complication of requiring specific technical expertise for their preparation.
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To circumvent the limitations of traditional VVLP purification methods, we and others have
been working to develop alternative downstream processing strategies, aiming to optimize the
scalability and robustness of VVLP purification. We have explored chromatography for its
ability to achieve high purity and recovery rates, and its facile adaptability for scaling up and
cGMP manufacturing [45,50,51]. Ongoing research by our group has established a scalable
purification process for NVLP based on low pH precipitation and conventional
chromatographic steps [45]. This purification procedure can produce fully assembled VVLP with
high product purity (>98%), yet eliminates the laborious and time-consuming steps of sucrose
and CsCl gradients, and can be carried out in 12 h or less rather than several days [Chen Q,
Unpublished Data]. NVLP purified by this process has been shown to maintain VVLP structure
and immunogenicity in mice following mucosal administration [Herbst-Kralovetz et al.,
Manuscript in Preparation]. Standard operating procedures based on this purification scheme
have been established and used in cGMP production of NVLP for anticipated clinical trials.

To further optimize the recovery and binding capacities of VLP, including NVLP, novel
chromatographic matrices and strategies are being developed to accommodate their unusually
large size. For example, membrane chromatography is increasingly being explored as the
leading alternative to conventional chromatographic resins for VLP purification [52,53].
Membrane chromatography is particularly useful for purification of VLPs or other large
molecules with low diffusivities because the interaction of the binding sites on the membrane
and the target molecules occurs in convective flow-through pores, instead of inside diffusional
pores of classical beads [53].

One of the factors for the ultimate clinical success of norovirus VVLP (NoVLP) vaccines will
depend on the availability of efficient large-scale downstream manufacturing processes, in
which significant advances for VLP have been made in recent years. While general purification
methods can be adapted from one decorated NoVLP to another, there will be no single universal
purification scheme that can be exploited for a broad range of decorated NoVLP products that
have diverse physicochemical structures and properties [54]. Specific adjustments must be
made to the purification process to accommodate the final VLP size and charge, while
excluding host-contaminating proteins. Nevertheless, novel chromatography materials and
technologies are being developed, with promising results for robust, cost-effective and cGMP-
compliant VVLP extraction and purification.

Potential for heterologous epitope display on NVLP

The potent immunogenic nature of NVLP delivered at mucosal surfaces (oral and intranasal)
and the induction of anti-VLP secretory IgA at distal mucosal sites suggest that VLPs can be
used as a platform to display heterologous peptide epitopes [25-28]. It is preferred that chimeric
NVCP fusion polypeptides efficiently assemble VVLPs, in order to benefit from the
immunogenicity-enhancing features conferred by the repeating structure and particulate form.
Thus, it is useful to consider what is known about the NVLP assembly process.

Prasad et al. suggested a model for assembly of the 38-nm T = 3 icosahedral NVLP, in which
monomer subunits must conformationally adapt to three quasi-equivalent positions termed A,
B and C [11,12]. In the first step of assembly, dimers of two types (‘bent’ A/B and “flat’ C/C)
form and may reversibly interconvert. Five A/B dimers then form a pentamer that constitutes
acapsomer, which are then joined together by the binding of C/C dimers to form the icosahedral
VLP [11]. Deletion studies showed that the removal of at least 34 N-terminal amino acids of
NVCP abolished VLP formation, and deletion of 20 C-terminal residues affected the size and
stability of VLPs [55]. Complete removal of the surface protruding (P) domain, leaving the
internal shell (S) domain, produced ‘smooth’ 30 nm VLP.
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Obstacles

Expression of ‘P particles’ in E. coli was achieved by using fusion protein technology [56].
The NoV GII.4 strain VA387 capsid protein P domain was fused to glutathione-S-transferase
and proteolytically cleaved to release P domains, which formed 5-nm VLPs termed P particles,
thought to be T = 1 icosahedrons. Interestingly, previous studies that had included the hinge
region between the S and P domains resulted in the formation of dimers, but not particles
[57]. These workers found that including end-linked cysteine residues allowed the formation
of intermolecular disulfide bonds that stabilize the P particle [56]. Although this material has
not been tested for immunogenicity, P particles have been used to evaluate binding to human
HBGA [18,58] and determine the structure of the P particle bound to HBGA carbohydrate
molecules [20,59]. The crystal structure identified amino acids in the P domain that participate
in carbohydrate binding.

With the available structural information, one can design possible insertion sites for
heterologous peptides that avoid disruption of dimer contacts, which could affect the efficiency
of VLP assembly, and receptor-binding residues, which might affect the efficiency of VLP
uptake at mucosal sites. We have used these data to predict potentially effective sites for peptide
insertions that would allow display of heterologous antigens on the VLP surface. The NVLP
crystal structure [11] shows several potential surface-exposed loops that could tolerate
insertions or substitutions for epitope display (Table 2). Most of these lie in the P2 subdomain,
and constitute loops that link sequential B-strands of the secondary structure [11,12]. Some
loops contain residues that are intimately involved in the associations between individual
subunits that constitute dimer contacts (Table 2) [11]. Seven residues in the NoV VA387 capsid
protein are involved in HBGA carbohydrate binding, and these amino acids could be mapped
to the NVCP sequence via structure-based sequence alignment [59]. We indicate such residues
of the NVCP sequence that occur in surface loops in Table 2.

From these considerations, the surface loops that do not contain either dimer or receptor
contacts are P2/p1-p 2, P2/p4—p5 and P2/B6—P1b. In addition, loop P2/p5—p6 contains no dimer
contacts, and only a single residue (Gzg3) that is predicted to participate in receptor binding,
although this is based on sequence alignment and has not been confirmed by structural data.
We have constructed NVCP fusions that insert peptides of nine or 15 amino acids at Gzgz (P2/
B5—-P6), P37g (P2/B6—-P1b) and G4o7 (P1/p4—P5), expressed them in N. benthamiana leaf, and
showed that they all assemble VLPs that display the peptides [Mason et al., Manuscript in
Preparation]. Although immunogenicity testing will more definitively demonstrate the utility
of chimeric NVLP as carriers of heterologous antigens, current data indicate substantial
potential for this strategy.

There may also be potential for NVLP to carry substantially larger protein antigens fused to
the N terminus, which would be sequestered within the hollow center of the VLP. Although
these antigens would not be expected to act as potent B-cell epitopes, since the antigens would
not be displayed on the surface of the VLP, they could potentially be effective T-cell epitopes
by virtue of efficient uptake of VLP by APCs. Thus, NVLP might be used to generate cytotoxic
T-cell responses to fused antigens.

in NoV vaccine development are multifactorial

Norovirus utilizes a human reservoir, requires a very low infectious dose, is stable in the

environment (the virus can withstand conditions ranging from freezing to 60°C), lacks long-
term immunity, rapidly evolves new variant strains and has multiple routes of transmission —
all factors that contribute to the persistence of this virus in the population [21]. Furthermore,
an incomplete understanding of the immune correlates of protection due to the lack of a small,
convenient animal model and the lack of in vitro assays to cultivate the virus give rise to

difficulties in evaluating the level of protection afforded by a candidate vaccine. Limited cross-
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protection to NoV genotypes within the same genogroup is observed, however there is very
little cross-protection between genogroups; as such, multivalent vaccines will probably be
necessary to protect susceptible individuals. There is some debate as to what molecular and
antigenic changes confer a novel variant strain. Each of these factors contributes to the
challenges in the development of robust, safe and efficacious NoV vaccines.

Conclusions & expert commentary

Norovirus VLPs have been shown to elicit potent systemic and mucosal antibody responses
when delivered orally or intranasally in mice and humans. Human testing by oral delivery of
NVLP indicates robust production of anti-NV serum and intestinal antibodies, as well as IFN-
v in peripheral blood mononuclear cells. In addition, intranasal delivery of NVLP in humans
appears to be safe and immunogenic [60,61]. Owing to the highly variable capsid proteins
among different NoV strains, NoV vaccine production must employ vigilant epidemiological
surveillance in order to select the most prevalent strains to include in the formulation, akin to
the practice already used for influenza virus vaccines. The CDC has recently launched the
CaliciNet, a database of NoV genetic sequences identified from outbreaks of NoV that could
potentially aid in establishing links between outbreaks and perhaps ultimately predict
circulating strains season to season, similar to influenza. Currently, NoV genogroup 11.4 strains
are the most prevalent [4,7], and thus vaccine work should focus on the production of VLPs
for this group.

There appears to be some potential for the use of NoVLP as platforms to display and present
heterologous peptide antigens via genetic fusions. Exposed surface loops have been identified,
and structural data are available to facilitate the selection of sites that will minimize adverse
effects on VLP assembly and HBGA binding. Preliminary data on such fusions in the Mason
laboratory indicate that at least three of the NVCP loops can tolerate insertions of up to 15
amino acid residues and still efficiently assemble VVLPs that display the epitope upon
expression in plant leaves. Presumably, such chimeric NVLPs can also be expressed in insect
cells, and capsid proteins from other strains of NoV could be similarly utilized. Studies to
determine the immunogenicity of these chimeric NVLP constructs are ongoing.

Five-year view

Norwalk virus-like particle-based vaccines have been studied in Phase | trials and have been
shown to be safe and immunogenic; however, the question remains as to whether these vaccines
can protect individuals against a live virus challenge. In the next 5 years, there should be data
from planned and ongoing Phase I/1l challenge trials that will address whether the use of
recombinant NVLP can prevent or limit NV infection. These studies will be pivotal in providing
insights into the immune correlates of protection, a question that has evaded researchers since
the discovery of the virus. Several caveats to the efficacy of a challenge trial versus natural
infection include the selection of viral challenge dose, genetic host susceptibility, route of
immunization and baseline seropositivity. If this strategy is efficacious, then the next step will
be to identify the optimal formulation and most cost-effective production system for addressing
the antigenic drift associated with NoV that will most likely necessitate annual evaluation/
adaptation to new vaccine strains as they emerge in the population. In this regard, the plant
transient expression systems will provide a valuable resource for rapid and robust VLP
production.

Key issues

e Key challenges to norovirus (NoV) vaccine development include the lack of a
small animal model of NoV pathogenesis or in vitro NoV cell culture system, an
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incomplete understanding of the immune correlates of protection, the lack of long-
term immunity, the lack of complete cross-protection, and antigenic drift of the
capsid protein resulting in evolution of new strains that can infect susceptible hosts.

e The immune correlates of protection need to be established for NoV to accelerate
vaccine development.

»  The route of administration (oral, intranasal or parenteral) could impact the level
of protection afforded by NoV-like particle-based vaccines, depending on the
correlates of immunity and/or the amount of virus to which the individual is
exposed.

»  Vaccine efficacy has not been determined for Norwalk virus-like particle-based
vaccines.

»  Future human challenge studies must pay careful attention to several key factors:
host genetic susceptibility with regard to expression of the major histo-blood group
antigens (ABO, Lewis and secretor families) to the strain being tested, the viral
dose with which volunteers are challenged (as there may be a threshold at which
infection will occur), and the consideration of baseline seropositivity.

» Epidemiological studies have indicated that NoV transmission is similar to that of
the influenza virus in that it can occur both rapidly in a local area and globally
owing to the emergence of new variant strains.

e There is a need for accurate and timely epidemiological information that includes
disease burden, genetic diversity and geographical distribution.

» A multivalent NoV vaccine approach will most likely be required to provide
optimal protection against circulating strains.

»  Epidemic surveillance will be key in predicting predominant strains and
identifying a potential reference vaccine strain each year, similar to influenza.

»  Cost-effective and efficient production systems to manufacture Norwalk virus-like
particle-based vaccines will be crucial to addressing the requirement to quickly
adapt to novel, emerging strains.
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Figure 1. Virus-like particles assembled from Norwalk virus capsid protein expressed in plants
Norwalk virus capsid protein was transiently expressed in leaves of Nicotiana benthamiana
using a geminiviral vector [16]. The leaf extract was sedimented on a sucrose gradient, and the
peak virus-like particle fraction collected and examined by transmission electron microscopy
following negative staining with uranyl acetate. The particles observed are very similar to those
expressed in insect cells [21].
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Table 2

Surface loops in Norwalk virus capsid protein.

Loop Sequence Dimer/sugar contact?
P2IB1-B2  GogsTV-lsgg No

P2/B3-p4 Q334FGHSSQr341  Yeslyes

P2/B4—B5  Ta47TPDTas; No

P2/B5-B6  AgzsiNGIGS346 Nolyes

P2/B6-P1b  S377PPSHP3g, No

P1/B4—B5  PyrsGPGA4g Yeslyes

Page 16

Amino acid and secondary structure b-strand numbering are based on [11]. Residues involved in dimer contacts [11] are underlined. Residues thought

to be involved in sugar binding by structural homology with norovirus strain VA387 [60] are presented in bold and italics.
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