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ABSTRACT

Norovirus (NoV) is responsible for at least 50% of all gastroenteritis outbreaks worldwide. NoVs are
classified into 6 different genogroups (GGI- GGVI) based on the viral capsid protein with NoV genogroup |l
genotype 4 (Gll.4) being the predominant strain causing human diseases. Supportive therapy involving
reversal of dehydration and electrolyte deficiency is the main treatment of NoV gastroenteritis. However,
the worldwide increased recognition of NoV as an important agent of diarrheal gastroenteritis prompted
researchers to focus on establishing preventive strategies conferring long-lasting immunity. This review
describes the current status of animal and human vaccine models/studies targeting NoV and addresses
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the factors hampering the development of a broadly effective vaccine.

Introduction

Gastroenteritis caused by NoV has been recently reported to be
responsible for at least 50% of all gastroenteritis outbreaks
worldwide and a major cause of foodborne illness." Data from
the Centers for Disease Control and Prevention suggest that
NoV is the leading cause of acute gastroenteritis across all age
groups seeking medical care in emergency departments, outpa-
tient clinics and the community.' Recent reviews of the litera-
ture on community, outpatient and hospital-based studies in
developing and developed countries report that NoV gastroen-
teritis account for 10-15 % of severe cases in children less than
5y of age and 9-15% of mild to moderate diarrhea among indi-
viduals of all ages.™ NoV is the most common cause of acute
gastroenteritis in the United States. Each year, it causes 19-
21 million illnesses and results in 56,000-71,000 hospitaliza-
tions and 570-800 deaths. NoV is also the most common cause
of foodborne-disease outbreaks in the United States (http://
www.cdc.gov/NoV/about/overview.html.). Due to the wide-
spread use of rotavirus (RV) vaccine, NoV is currently the
most common cause of acute gastroenteritis requiring medical
attention among children followed by rotavirus. NoVs are sin-
gle-stranded RNA viruses of the family Caliciviridae® and thus
undergo genetic drift due to an error-prone RNA polymerase
as well as the ability to undergo recombination.

NoV: Transmission, pathogenesis and treatment

Fecal-oral spread is the primary mode of NoV transmission.
The average incubation period is 24-48 hours. The symptoms
include vomiting (>50% of cases), diarrhea, nausea, abdominal
cramps, malaise and low-grade fever. Illness usually resolves in
12-72 hours but can last longer in young children, elderly peo-
ple, hospitalized and immunocompromised individuals.

Asymptomatic infections with viral shedding have been docu-
mented. A number of factors contribute to the high communi-
cability of NoV most importantly the low infectious dose of the
virus (18-100 particles),” the high levels of virus shedding 7
(> 10° particles/ml of stool during the first days after infection)
known to precede illness and to be prolonged in immunosup-
pressed persons, the stability of the virus at temperatures rang-
ing between 0°C and 60°C, and finally the high rate of
mutation and recombination leading to antigenic diversity.>’
Knowledge about the pathogenesis of NoV's emerged as a result
of challenge studies showing a broadening and blunting of the
intestinal villi, infiltration of the polymorphonuclear and mono-
nuclear cells into the lamina propria, in addition to cytoplasmic
vacuolization.>'* The molecular basis of the rapid illness burst
remains not fully understood though. This has been hampered
by the lack of in vitro or in vivo culture systems for NoV.

The susceptibility to NoV infection has been associated with
the presence of a @1, 2-linked fucose on histo-blood group anti-
gens (HBGAs). The gene Fucosyl transferase 2 (FUT2) is
involved in the expression of HBGA (specifically the generation
of the H antigen motif). The latter serve as binding receptors
for human NoVs and thus predict susceptibility to the infec-
tion.'”"'* Secretor-positive individuals encoding FUT-2 express
protein antigens on mucosal surfaces that were originally
related to binding of GI.1-NoV virus like particles (VLPs).
More recent data confirmed the association between expression
of HBGA and susceptibility to GI.1-NoV in human challenge
studies.' Despite the similarities in reported secretor in many
regions of the world, reports suggest that the non-secretors, i.e.
expressing inactive FUT2, are different and mainly affected by
selective pressure in different populations.'>'* Importantly,
resistance to infection by few NoVs genogroups, specifically the
most common circulating strain (GIL.4) has been explained by
the lack of or weak expression of the HBGA motifs. This
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association was compared to the well-established association
between chemokine CCR5 receptor and resistance to human
immunodeficiency type —1(HIV-1) infection. While the non-
secretor phenotype was suggested to confer resistance to NoV
infection, reports show that non-secretors are infected by a
diverse group of NoVs including GII.4, GIL.2 Snow Mountain
and GL.3.">"” These viruses have unknown receptors. This data
add to the incomplete understanding of the pathogenesis of
NoV. Importantly, the inhibition of binding to HBGAs was
suggested as an antiviral treatment option of NoV infection'®
despite the reported evidence describing the lack of association
between symptomatic NoV infection and the expression of
HBGAS.'® Further studies are clearly needed to help elucidating
the role of these receptors.

Supportive therapy involving reversal of dehydration and
electrolyte deficiency is the main treatment of NoV gastroenter-
itis. The administration of nitazoxanide to children with viral
gastroenteritis led to reduction in the duration of the illness."’
Moreover, a higher frequency of resolution of diarrhea among
immunosuppressed patients receiving orally administered
human immunoglobulin is reported as compared to controls,
yet without statistical significance.'® Recently, NoV-specific
monoclonal antibodies were developed in chimpanzees immu-
nized with NoV-GL.1.*° These neutralizing antibodies are a
proof-of-concept for the potential generation of antibodies tar-
geting the predominant NoV strains. This is especially promis-
ing with similar approaches in HIV,**** HCV® and
influenza.”* The prophylactic administration of bovine lactofer-
rin or probiotic fermented milk failed at preventing NoV infec-
tion in children and elderly residents of a health care facility,
respectively.”>*® The development of an effective treatment for
NoV infections among children and immunosuppressed
patients is needed to reduce the burden of gastroenteritis.

Viral diversity

The NoV genome is a linear single-stranded, positive-sense
RNA of approximately 7.6 kb in length. The genome is com-
posed of 3 large open reading frames (ORFs) designated as
ORF-1, ORF-2 and ORF-3. ORF-1 encodes 6 non-structural
proteins including the protease and the RNA-dependent RNA-
polymerase (RdRp). ORF-2 and ORF-3 encode the structural
viral components viral protein 1 (VP1) (major capsid protein)
and VP2 (minor capsid protein), respectively.”” VP1, showing
the highest degree of sequence variability in the viral genome,
consists of a shell (S) responsible for VP1 assembly and a sur-
face exposed P domain. The P domain is further subdivided
into 2 protruding subdomains: P1 and P2. P1 is reported to
enhance the stability of the virus. P2 is located at the outer sur-
face of the capsid and contains a hypervariable region. The lat-
ter contains a binding cleft for HBGA attachment factors. P2 is
also implicated in binding to neutralizing antibodies. The P
domain is the most exposed region of the capsid protein.
Attachment to host cells and antigenic determinants are likely
present in this domain.*®*** Expression of the VP1 capsid as a
recombinant protein independently of other viral parts leads to
self-assembly into a virus-like particle (VLP). The latter has
structural and antigenic characteristics that cannot be distin-
guished from the virus.'> VP2, the minor capsid protein, is

thought to play a role in the production and the stability of
VP1.*°

Based on the amino-acid sequence of VP1, NoVs are divided
into 6 genogroups (GI-GVI). GI, GII and GIV are known to
infect humans.” Genogroups are further subdivided into geno-
types based on the RdRp sequence or capsid sequence. At the
genomic level, strains of the same genogroups are 51-56% simi-
lar whereas genotypes have 69-87% similarity.'"’" At least 8
and 21 genotypes belong to GI and GII, respectively.' The gen-
ogroup II, genotype 4 NoVs, designated GIIL.4, are responsible
for the majority of NoV outbreaks worldwide. GII.4 NoVs are
continuously changing and viral variants emerge every couple
of years.”>”> The use of VLPs revealed the ability of the sur-
face-exposed P2 subdomain (279-405) to interact with neutral-
izing antibodies and NoV-specific carbohydrate-binding
ligands. The surface exposed, highly variable sites of the P2 sub-
domain (epitopes A to E) undergo changes that were associated
with the emergence of new strains causing NoV out-
breaks.****” These sites are situated around the HBGA pocket.
The binding of NoV to specific HBGA as well as antibody bind-
ing is affected by these putative epitopes as well as flanking
binding sites.

Different populations may be susceptible to one NoV strain
due to the ability of NoV to bind more than one type of the
polymorphic HBGA. Moreover, one population could be sus-
ceptible to more than one NoV strain. Importantly, the anti-
genic variation of NoVs will generate escape mutants from the
existing memory immune responses. The latter does not elimi-
nate cross-reactive immune responses resulting from previous
exposure to NoV infection. Data show that new NoV variants
(specifically GII.4) appear every 2-7 y as a result of genetic
drift, an observation compatible with the immune escape
mechanism observed with influenza A virus.>*® The binding
profile of GI1.4 to HBGAs facilitates the infection of 80-95% of
the population. This suggests that this interaction is subject to
immune pressure and may partially explain the predominance
of GIL4 NoV.*>** Bull et al.*' reviewed the role of receptor
switching, sequence space, duration of herd immunity and rep-
lication fidelity on the evolution of NoV. As previously
described the sequence similarity of the NoV capsid protein
residues is not a straightforward predictor of HBGA binding.
This ‘host receptor switching’ is a clear outcome of the evolu-
tion of the capsid protein.** Despite the fact that HBGAs are
referred to as ‘restriction factors’ of the NoV-HBGA interac-
tion, viral strains binding to non-secretors clearly implicate
other factors in susceptibility to and pathogenesis of NoV.*!
Sequence space is defined as the number of sites in the virus
genome. RNA viruses are viruses with small genomes; non-syn-
onymous substitutions are targeted by negative selection lead-
ing to genetic change; whereas structural genes undergo
minimal positive selection (the pressure driving the mainte-
nance of beneficial mutations). Negative selection is primarily
the evolution pressure preventing lethal mutations from per-
sisting in the virus. The mutations introduced in the GII.4 vari-
ant are thought to enhance its ability to bind diverse HBGAs
leading to increased susceptibility to the virus and potential
pandemic spread.”® It is yet to determine whether genetic stasis
leading to viral fitness as the case with Influenza viruses is also
happening with NoVs.*'



Low fidelity of the NoV RdRp has an inverse relationship
with strain prevalence. Genotypes with low fidelity are sug-
gested to provide these strains with a fitness enhancing the abil-
ity of the most prevalent viruses to avoid the immune system,
i.e., GIL4, over less prevalent ones. This fitness allows these
strains to escape immune recognition through alteration of
genetic properties.*” Recombination events are detected in the
polymerase as well as the junction of the polymerase and the
capsid. The combination of low fidelity and recombination
events need further investigation especially due to similar pro-
cesses affecting the influenza shift and drift. Immune recogni-
tion is altered by changes of the virus antigenic properties. The
diversity displayed in the hypervariable region of P2 domain
correlates with the epidemiologic fitness of the strain, i.e. the
most prevalent strain. This is well described in analyses of the
VP1 of GIL2, GII4, GIL7 and recombinant GILb/GIL3
strains.*®**

The genome of NoVs has a high mutation rate leading to
continuous evolution of the virus into new variants. While a
link between increased viral evolution and increased viral inci-
dence has been reported in Influenza, this link has not been
established for the emergence of new NoV variants to viral inci-
dence and epidemiological fitness. Recent reports suggest that
the major capsid proteins of GIL.4 are rapidly evolving leading
to new viral strains with altered antigenicity.’>***>*> Antigenic
variation of RNA viruses, including NoVs, is successfully asso-
ciated with evasion of the host immunity. It is suggested that
GI NoVs have a conserved network of amino-acids required
for capsid integrity. Consequently, this genogroup can tolerate
limited variation. On the other hand, the capsid of GII NoVs
has a flexible structural variation. Novel antigenic epitopes are
generated as a result of insertions and deletions in the P2 region
leading to propagation of escape variants that are consequently
missed by the immune system.'' Residues of the P2 subdomain
of GII.4 are described to be under selective pressure and conse-
quently leading to antigenic drift resulting in escape of the
immune responses.**>**%

In summary, antigenic drift, strain recombination,” anti-
genic shift and the polymerase fidelity of NoVs ** clearly con-
tribute to the continuous propagation of GIL.4. The evolution
of GIL.4, described as being epochal (long periods of status quo
followed by outbursts of variation) over time generates escape
mutants that are periodically selected for by herd immunity.'!

Viral shedding, natural infection with NoV
and seroprotection

Limited data are available on the impact of natural infection
with NoV and the sustainability of protection following infec-
tion. The scarce number of seroprevalence studies reveal that
antibodies to NoV are detected during the first 2 y of age.’ It
was suggested that children in the developing countries can
exhibit higher prevalence of antibodies directed against NoV as
compared to developed countries due to early exposure, even
though inconsistently. Previous studies indicated that infection
with enteric viruses including NoV is significantly associated
with early age®™*® and consequently early exposure leads to
development of immunity against the virus. In a recent longitu-
dinal study held in the Cameroon,*’ reports show that adults
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and children show similar rates of infections with the virus.
The prevalence rates among children ranged between 1 and
15%.°>>" The same study reported the possible cross-protection
between genotypes of the same genogroup; however, the dura-
tion of the study extended for only one year consequently the
duration of protection could not be exact. Importantly, expo-
sure to the natural infection increases with time as reflected by
the accumulation of antibodies.”” Similar results are reported in
other developing countries whereby constant exposure to NoV
infections in India has been described across all age groups.™
The authors suggested that NoV infections occur in children
and infants with reinfections being more common as compared
to other developed settings (specifically the United Kingdom).
Lower levels of NoV-specific antibodies were detected among
adults above 50 y of age in the UK, suggesting increased suscep-
tibility to infection.

In recent years, more studies evaluated the prevalence of
NoV-specific antibodies in sera of patients from different age
groups in different countries. Antibodies to GII.4 NoV were
detected in 70% of sera samples collected from Portuguese
adults ** whereas the seroprevalence of IgG against GL.4, GIL3,
and GII.4 NoV genotypes was 84.1%, 76.3%, and 94.5%, respec-
tively in a cohort of Koreans.”® This study reported low levels of
antibodies among <23-month age group. An increase in sero-
prevalence occurred in early childhood, reaching 60.5% for
Gl.4, 65.1% for GIL3, and 90.7% for GIL.4 at age 2-5 years, and
over 80% for all 3 genotypes in subjects aged 20 y or older. Sim-
ilar results were described in a cohort of young Chinese chil-
dren with acute diarrhea.”® High and stable seroprevalence
rates were reported for GIL.4 and GIL3 for children under 1y
of age (70.9% for GII.3 and 88.7% for GII.4). The anti-GII.4-
positive rates were statistically higher than GIL.3 among chil-
dren less than 5 y participating in this study.® More studies
from Europe shows similar high seroprevalence of GIL.4 anti-
bodies among children and young adults.”” In a study following
a newborn for up to 2 y of age, 4 different NoV infections were
reported and antibodies were specific and non-protective.*®
The same group reported the generation of anti-GII.4 antibod-
ies following infection among children less than 2 y old target-
ing closely related genotypes.””*® More than 90% of individuals
are seropositive to NoV by the time they reach adulthood; how-
ever, the role of pre-existing immunity is still not fully under-
stood when related to protection or reducing the risk of
acquiring new NoV infections."”” The fact that asymptomatic
infection occurs at an early age as reported by outbreak and
human challenge studies*®®'*®> provides critical insight to the
potential reservoir of transmission at an early age and its clear
implication on the need for an effective vaccine.

Similarly, limited data are available on the excretion of the
virus during the natural course of infection in healthy individu-
als.**®* Long-term shedding was described among children less
than 6 months,*® in elderly,** hospitalized and immunosup-
pressed patients.®* Predictive modeling of viral shedding classi-
fies shedding into regular shedding with a mean of 14-16 d and
long shedding with a mean ranging between 105 and 136 d*°
Recent studies suggest the lack of a significant difference of
virus shedding between asymptomatic and symptomatic NoV
infections despite the individual variation in virus peak levels
detected in stool.®”®® This study reported different viral
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shedding activities as compared to previous reports”*” whereby

infected adults shed virus during a range of 15-56 d. The
authors argued that the variable results in NoV shedding might
be due to the use of different PCR techniques to detect the
virus. Atmar et al.” used NoV GI.1 which might have different
shedding characteristics than the GII.4. This variation in peak
levels along with slightly longer duration of shedding among
symptomatic patients could be associated with enhanced effi-
ciency of spreading NoV infection. The nosocomial transmis-
sion of NoV has prompted shedding studies among health care
workers to assess the potential transmission of virus (NoV
GIL4) in the hospital setting following recovery.”” The results
of the study concluded the ability of symptomatic health care
workers to shed and transmit the virus. Further cohort studies
are clearly needed to determine the impact of viral shedding
and prevalence of antibodies on transmission and susceptibility
to NoV, respectively.

Immune correlates of protection

The worldwide increased recognition of NoV as an important
agent of diarrheal gastroenteritis prompted researchers to estab-
lish preventive strategies conferring long-lasting immunity. Pre-
vious attempts at generating vaccines have been impaired by the
fact that NoV cannot be grown in cell culture systems. NoV
VLPs, morphologically and antigenically similar to NoVs, are
studied extensively and tested as promising vaccine candidates.
VLPs are non-replicating particles devoid of the NoV genome."”
They consist of recombinantly-expressed VP1 capsid protein.
With the previous lack of a culture-system to produce live-atten-
uated or inactivated NoV, the use of VLPs has been an alterna-
tive approach. Recent developments have however established
evidence demonstrating the ability of MuNoVs to persistently
infect mouse B cell lines in vitro.”' VLPs are immunogenic and
able to enhance uptake by antigen-presenting cells (APCs) and
to stimulate effector cells.”” VLPs are similar to the wild virus
with strain- and group-specific antigenic determinants."' The
expression of VP1 as a recombinant protein results in self-
assembly into particles that are structurally and antigenically
similar to the virus.”> There are 2 well described recombinant
expression systems: the baculovirus replicon system’> and the
Venezuelan equine encephalitis replicon system.”* These sys-
tems are used to amplify the capsid protein in vitro which then
self-assembles to generate enough VLP quantities to be used in
vaccine studies. Due to the high interest in developing a NoV
vaccine, VLPs have been used as surrogates for studying the
immunological and antigenic correlates of protection in animal
and human immunization and/or challenge studies.

VLPs have also been instrumental in understanding the
function of HGBASs as receptors or attachment factors mediat-
ing NoV infection whereby the first studied correlates of pro-
tection following experimental infection are the serum
antibodies blocking the binding of NoV VLPs to HGBAs.”
Human volunteers experimentally challenged with recombi-
nant NoV VLP mounted blocking titers that peaked 28 d post
challenge and were sustained at 180 d. These titers correlated
with protection from disease and led to lower virus shedding.
On the other hand, other studies did not associate these titers
with clinical disease.”®”®

The serum hemagglutinin inhibition assay (HAI) assay
was also assessed as an alternative method to measure
immune responses following challenge’”” and vaccination.®
HAI titer was reported to increase with a concurrent
increase in serum anti-NoV responses (measured by ELISA)
following HuNoV challenge of healthy adults. Moreover,
HAI titers were reported to significantly correlate with
HBGA blocking antibody (ab) titers. Importantly, this study
showed that infected human volunteers who did not mani-
fest NoV gastroenteritis following challenge had a higher
HALI titer as compared to those developing viral infection.”
Following vaccination of healthy adults with GI.I VLP, El
Kamary et al.*® used both HAI and HBGA blocking assay;
this group demonstrated that IgG responses and HAI were
in agreement in 72% to 75% of the cases and at the highest
doses of the tested vaccine. Serum HAI, described as an
easy assay measuring immune responses, is suggested as an
alternative correlate of protection. However, its use is still
outshined by the HBGA blocking assay.

While the functionality of the ab neutralization assay
remains incomplete,®’ recent data demonstrated that high lev-
els of HGBA blocking abs are detected in NoV -vaccinated
individuals and were capable of reducing the likelihood of
developing moderate to severe diarrhea in these individuals as
compared to placebo recipients.*""** The same group suggested
GII.4 virus-specific serum IgA as a possible correlate of protec-
tion due to their association with lower frequency of infection
and illness. However, previous studies reported the inability of
serum-specific IgA levels to protect against GI.1 challenge while
prechallenge levels of salivary IgA and NoV-specific memory
IgG correlated with protection against NoV.** These studies
are performed on adults and it is yet to determine whether sim-
ilar pattern of immune responses would be detected among
children. While recent reports demonstrated cytokine
responses following GLI infection as compared to uninfected
individuals;** the functional role of these cytokines as a corre-
late of protection is yet to be investigated.**%

The lack of a well-established correlate of protection led to
the use of the most commonly tested surrogate, i.e., HGBA
blocking antibodies. A confounding factor related to protection
from NoV infection is the debate around the duration of
immunity, either following natural infection or vaccination.
Simmons et al.*® estimated a duration of 4.1 y to 8.7 y. This
estimate was based on mathematical modeling taking into
account the age-specific incidence of HuNoV, population
immunity and the seasonality of the infection. Different NoV
genotypes and viruses in a genotype bind different HBGA.
Moreover, many NoVs bind more than one type of HBGA.
This differential HBGA binding is a complicating factor allow-
ing a virus neutralized in one population to infect another
one.'" While the understanding of immunologic correlates of
protection against noroviruses has grown, it is yet to identify
consistently reliable correlate(s) of immunity and protection
from disease. This is especially critical for the progress of vac-
cine studies targeting an evolving RNA virus.

Below is a summary of the most recent developments in ani-
mal and human vaccine/challenge studies and their impact on
the immune responses and the future progress of a NoV
vaccine.



Animal studies

Original studies testing VLPs in the mice model showed the
stimulation of NoV-specific IgG and mucosal IgA responses.
These responses were more efficiently mounted through the
intranasal administration as compared to the oral route.”>*
Similarly, the intranasal delivery of VLPs in BALB/c mice
induced humoral and cellular specific responses.*® These stud-
ies provided the proof of concept that mucosal administration
of VLP-based vaccines can generate protective responses in ani-
mal models. Moreover, these studies experimented with the
inclusion of different adjuvants to assess their effect on the gen-
erated immune responses. The use of adjuvants was reported to
induce higher IgA-secreting cells in Peyers patches and Th2
cytokines.”” Originally, NoV infection, NoV challenge studies,
and studies assessing immunity to infection and re-infection
were performed on human volunteers. Recent reports have
established the chimpanzee model as an animal model to study
NoV infection and immunity.*” Chimpanzees vaccinated with
GI VLPs were protected against homologous challenge with
NoV infection and mounted a long-lasting serum antibody
response (up to 24 months). These responses correlated with
resistance to viral re-infection. The shedding of the virus in this
model was also similar to the one observed in humans. While
results showed promise in the evaluation of vaccine efficacy
using the chimpanzee model, these studies have been banned
due to ethical restrictions on the use of non-human primates.”
Similarly, cellular immunity (central memory CD4" T cell phe-
notypes as well as an antigen-specific CD4" T cell response)
and high titers of NoV-specific IgG were detected following
intranasal immunization to NoV P particle and full length
VLPs in the mice model.”* These results confirmed the ability
of different platforms to induce humoral and cellular immunity
and an important advancement toward the development of a
NoV vaccine in face of its increasing association with diarrheal
outbreaks among children.

Table 1 includes a summary of the animal studies and their
ability to stimulate immune responses. Gnotobiotic pigs’> and
calves” were found to be successfully permissive for infection
with human NoV GII.4. Low-to-moderate levels of serum-spe-
cific IgG and IgA were induced,”” moreover, gnotobiotic pigs
and calves inoculated orally/intranasally with a VLP expressing
human NoV GIL.4 mounted Thl (IFN-y, IL-12) and/or Th2
responses (IL-4).”>* Following homologous challenge, this
model was able to mount systemic immune responses (Table 1).
The same model was used further to compare the efficacy of P
particles and VLPs derived from GIL.4 against NoV infection.”
Briefly, pigs were divided into 3 groups: group 1 received P par-
ticle via the intranasal route, group II received VLP via the
intranasal route and group 3 received the NoV GIL.4 variant
orally (i.e. simulation of a primary infection). The animals were
then challenged with a homologous strain of NoV and T cell
responses studied. The results of this study show that previous
infection with NoV led to substantial protection, which was
higher than that provided by the P or the VLP particles. NoV
primary infection induced an increase in CD4" T cell IFN-y T
cells in the duodenum. The latter is in agreement with observa-
tions detected in humans.”® Moreover, this study showed an
inverse correlation between the expansion of T cells regardless
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of the subset and protection post challenge with NoV infection.
P particles and VLPs induced similar protection rates as vac-
cine candidates with higher numbers of activated CD4™ T cells
in different tissues, CD8" T cells in the duodenum, T regs in
peripheral blood and CD4" CD25~ FoxP3™ T regs producing
TGEF-B in the spleen following vaccination with the former.
While this study is important since it compares the protective
efficacy of VLP- or P particle-based vaccine candidates against
NoV infection, it also demonstrates/evaluates the role of differ-
ent T cell subsets following primary infection, vaccination with
VLP or P particles before and post-challenge. Conflicting
results have been reported while comparing P particles to VLPs
as vaccine candidates in the mice model whereby either similar
responses were described or a P particle Th2-skewed response
compared to a balanced Th1/Th2 response detected following
use of VLPs.”"

An important challenge hampering the formulation of NoV
vaccines is the diversity of the virus. Consequently, it is yet to
demonstrate the ability of any vaccine to induce durable cross-
strain protection. Vaccination of chimpanzees with GII VLP
protected animals against homologous viral challenge but not
following heterologous challenge with GL1.* The lack of
broadly cross-reactive responses between NoV genogroups is a
limiting factor hampering the generation of an effective vac-
cine. This has pushed the field toward extensive investigation
of vaccine candidates stimulating immune responses against
homologous and heterologous viral variants. Murine NoV
(MNV-1) and human NoVs share many biochemical and
genetic characteristics which led to the use of the former to
understand the relationship between basic mechanisms of NoV
replication in tissue culture, pathogenesis in a natural host and
the role of innate and adaptive immune responses in the con-
trol of NoV.”® The use of 2 subcutaneous doses of live MNV or
Venezuelan Equine Encephalitis replicon particles (VRPs)
expressing the MNV VP1 capsid protein induced long-term
protection against oral infection with MNV.* The use of this
live vaccine allowed for a sustained protection of 6 months and
was found to be more protective than VRP -induced protec-
tion. In addition, the depletion of CD4* and/or CD8" T cells
was associated with significant increase of viral titer in the
intestines. The functionality of T cells was also tested and
authors demonstrated that perforin but not IFN-y is important
for the clearance of MNV infection. This study highlighted the
importance of the adaptive immunity to animal NoVs, even
though in a homologous system of vaccination and challenge.
The results of this study suggest that the generated long lasting
immunity following oral exposure to MNV infection is a shared
responsibility between the humoral and the cellular immune
responses especially since mice lacking anti-MNV antibodies
were protected.

Recently, the use of MNV-3 elicited stronger systemic
and mucosal antibody responses when compared to those
induced by MNV-1 following initial infection with either
virus followed by challenge with a homologous strain.'”
The resulting humoral and cellular responses were cross-
reactive toward MNV-1 challenge following primary infec-
tion with MNV-1. MHC class 1"/~ genetically deficient
mice were not able to mount tissue-specific immune
responses following infection with MNV-3 followed by
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Table 1. Norovirus vaccine studies: Animal studies.

Vaccine Formulation

Model and Mode of

immunization Challenge

Immune Responses Post
Vaccination

Protection Post

Challenge Reference

Gl or GII VLPs

Gll.4 VLPs and P particles

Gll.4 VLP

Gll.4 VLP

Gll.4 VLP

Gll.4 VLP/P particles

Gll.4 VLP/P particles

Live MNV and VRPs
expressing VP1
capsid protein

MNV-3

Gl.1-1968 or GlI.4-2002
VLPs

Monovalent VLP GI/GlI
or multivalent

rVSV-VP1 (NoV)

Recombinant adenovirus
vector expressing
capsid of NoV Gll.4

P particle-VP8 chimeric
vaccine (bivalent)

P particle and M2e
influenza epitope
(bivalent)

rVP6 of RV and NoV
Gll.4 VLPs (bivalent)

rVP6 of RV, NoV Gll.4 VLPs
and GI-3 VLPs (trivalent
combination)

Chimpanzee; Intramuscular Homologous and
heterologous

challenge (Gl, GlI)

Mice; Intranasal Challenge study

Pigs; Oral/ Intranasal Homologous challenge

Calves/ Oral/ Intranasal Homologous challenge

Pigs; Oral/ Intranasal Homologous challenge

Pigs; Intranasal

Homologous challenge

Mice; Intramuscular/
Intradermal

No challenge

Mice; Subcutaneous Homologous challenge

Mice; Intraperitoneal Homologous challenge

Mice; Oral No challenge
Mice; Footpad inoculation  Heterologous challenge
(oral)
Mice; Intranasal and Oral No challenge
(combination)
Mice; Intranasal (prime-boost No challenge

regimen)

Mice; Intranasal NA for NoV (RV challenge)

Mice; Intranasal or NA for NoV
subcutaneous (with
adjuvant)
Mice; Intradermal or No challenge
Intramuscular
Mice; Intramuscular No challenge

Serum antibody response

Serum lgG responses and
CD4™ T cell responses to
VLPs and P particles
Low-to-moderate titers of
NoV specific serum IgG
Low titers of serum
antibodies; systemic and
intestinal ASC; Th1and
Th2 activation
Systemic and intestinal ab
immune responses; IgM,
IgA and IgG ASC; Th1 and
Th2 cytokines

T cell expansion in tissues
(stronger responses by P
particles)
High avidity antibodies
induced by VLPs and IFN-
y production by T cells
B and T cell responses

Systemic and mucosal virus-
specific antibody and
CD4™ T cell responses

Cross-reactive IFN- y
production
Cross-reactive antibody
immune responses by
multivalent vaccines

High serum-specific 1gG;
mucosal responses (fecal
and vaginal IgA)
NoV-specific serum IgA, I9gG
and IgM ; mucosal
responses (fecal IgG and
IgA); NoV-specific IFN- y T
cell responses; Th1 and
Th2 responses
Antibodies blocking the
binding of NoV VLPs to
HBGA
Antibodies blocking the
binding of NoV VLPs to
HBGA
NoV-specific IgG; cross-
reactive Nov specific
antibody responses;
antibodies blocking the
binding of NoV VLPs to
HBGA
Trivalent: Cross-reactive
serum IgG antibodies
against heterologous
NoV-VLPs; antibodies
blocking the binding of
NoV VLPs to HBGA

Protected against
infection post
challenge with Gl or
18 months post

Bok et al., 2011

vaccination.

NA Fang et al., 2013
Not tested Cheetham et al., 2006
Not tested Souza et al., 2008

Increased protection
rate against diarrhea
and viral shedding
following
immunization and
challenge
Substantial cross-
protection against
diarrhea
Not tested

Souza et al., 2007

Kocher et al., 2014

Tamminen et al., 2012

Long term protection
against oral infection
with MNV (up to
6 months)
Cross-protection upon
challenge /secondary
infection
Not tested

Chachu et al., 2008

Zhu et al., 2013

LoBue et al., 2010

Decreased viral load
following MNV
challenge correlated
with reduction in
clinical diseases but
not protection
against infection
Not tested

LoBue et al., 2009

Ma et al.,, 2014
Not tested Guo et al., 2008 and 2009
Not tested for NoV Tan et al., 2011
Not tested for NoV Xia et al., 2011
Not tested

Blazevic et al., 2011

Not tested Tamminen et al., 2013

(Continued)
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Model and Mode of

Immune Responses Post Protection Post

Vaccine Formulation immunization Challenge Vaccination Challenge Reference
(similar for single and
trivalent)
Gl and Gll.4 consensus Rabbits; No challenge High serum antibody titers as Not tested Parra et al., 2012

VLPs (bivalent) Intramuscular

compared to monovalent
vaccines

NA, Not applicable; ASC, antibody-secreting cell.

homologous challenge. Importantly, this study demonstrated
the ability of MNV-3-specific CD4* T cells to confer partial
tissue protection (ileum but not colon) to RAG1™/~ mice.
Different cytokines profiles were induced by MNV-1 and
MNV-3; further knowledge is needed to determine the
impact of these cytokines on protective immunity. The P
domain (P Polypeptide) was detected in the stool of NoV-
infected patients; however, the role of this truncated protein
without a C-terminal arginine cluster is unknown. Conse-
quently, a number of studies compared the ability of these
domains to VLPs in stimulating a cell-mediated immune
response in the BALB/c mice model. The ability of the P
domain complexes to induce a polyfunctional CD4" T cell
memory was studied”’ following the intranasal immuniza-
tion of mice with 3 doses of the P particle, P dimer or NoV
VLP. Sera were collected and splenocytes of immunized
mice were used in vitro in intracellular cytokine staining
assays. The P domain and VLP complexes induced strong
antibody responses in immunized mice. Moreover, P
domain complexes and VLPs induced CD4" central mem-
ory responses. The lower immunogenicity of the P dimer as
compared to the P domain and VLP is suggested to be due
to its small size and the lower valence of antigenic struc-
tures. Moreover, P domain complexes and VLP complexes
were able to induce the maturation of bone marrow-derived
dendritic cells (DCs), a finding supporting the existence of
T cell epitopes presented efficiently by DCs. It remains
unknown whether these particles are able to stimulate a
cytotoxic T cell response. Similar studies elucidated further
the role of DCs in controlling MNV infection by facilitating
the generation anti-MNYV antibodies whereby DC- depleted
mice suffered from increased viral titers in the intestinal
tract and a significant decrease in the generation of anti-
body responses 2 weeks following infection.'®’ This finding
confirmed the role of DCs in the generation of an adaptive
immune response against NoVs in this model. While histo-
logical data from patients infected with NoV showed the
expansion of perforin-positive cytotoxic T cells,'** the cellu-
lar immune responses mounted against NoVs were further
studied in the animal model. Mice were immunized with
Venezuelan equine encephalitis (VEE) virus replicon par-
ticles expressing NoV VLPs derived from GI.1-1968 or
GI1.4-2002."> Splenocytes from mice immunized with live
MNV were stimulated in vitro with a panel of VLPs con-
taining overlapping 15-mers peptides spanning the NoV
GL.1 and GIL4 capsids. CD4" T cells were able to secrete
IEN- y following homotypic but not heterologous in vitro
stimulation with human NoV VLPs. The use of cell

suspensions depleted of CD4" and /or CD8" T cells showed
that significantly lower levels of IFN-y were produced by
splenocytes stimulated in vitro as compared to CD8-
depleted splenocytes. The role of CD4" Thl T cell
responses against NoVs has been previously addressed.”®'%*
The same group previously demonstrated that multivalent
vaccination could be used as a tool to generate cross-reac-
tive antibody immune responses to heterologous strains of
NoV.'” Decreased viral load following MNV challenge cor-
related with reduction in clinical disease but not protection.

Other vectors have been tested as well in animal models for
possible stimulation of immune responses against NoVs. A
recent recombinant vesicular stomatitis virus (rVSV) express-
ing human NoV capsid protein (rVSV-VP1) was administered
intranasally and orally to BalB/c mice; this model induced in
BalB/c mice NoV-specific mucosal and T cell immune
responses.'” High NoV-specific serum IgG response was
detected; this response was described to be stronger than the
one induced by VLP-based candidate vaccines. Specifically,
fecal and vaginal IgA was detected following inoculation of
mice with this vaccine candidate. T cell proliferative responses
to norovirus antigens were also stimulated by this vaccine can-
didate. This study introduced VSV as a possible live vector for
the delivery of a NoV vaccine.

Guo et al. demonstrated the ability of an adenovirus vector
expressing the capsid of human NoV to induce humoral, muco-
sal and T cell responses in the mouse model.'*”'*® NoV-specific
IgG, IgA and IgM were detected in sera along with fecal IgG
and IgA. IFN-y, TNF-q, IL-4 and IL-2 increased as well. How-
ever this vaccine strategy is hampered by the preexisting immu-
nity to adenovirus in the human population and to our
knowledge was not taken further during the last few years.

As previously noted, the use of NoV P particle in preclinical
animal trials revealed the ability of this system to induce robust
immune responses and protection in the murine model. NoV P
particle was used in a dual vaccine combination with the VP8
of rotavirus, the major neutralizing antigen'® and the peptide
M2e of influenza.''® The P particle-VP8 chimeric vaccine stim-
ulated high titers of specific anti-NoV antibodies as well as
higher VP8-specific antibodies when compared to the titers
induced following vaccination with the RV VP8 particle alone.
Mice were immunized via the intranasal route. This bivalent
vaccine blocked the binding of NoV VLP to HBGA attachment
factors.'”” Similarly, a bivalent vaccine containing NoV P parti-
cle and the M2e influenza epitope induced a strong and protec-
tive Th2 response against lethal challenge of mice with mouse-
adapted influenza virus HIN1. Similarly, this vaccine candidate
stimulated strong anti-NoV antibodies inhibiting the binding
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of NoV VLPs to the corresponding receptors (vaccine and chal-
lenge were administered via the intranasal route and the subcu-
taneous route with adjuvant).'' While the use of the NoV P
particle as a candidate platform for vaccine development
against RV and Influenza virus is tested, it also showed
a substantial stimulation of NoV-specific responses. The role of
these dual vaccines is to be evaluated in humans.

More work on a potential vaccine candidate containing NoV
and RV combination was recently tested.''""''* Blazevic et al.'""
used rVP6 of RV and NoV GII.4 VLPs to immunize BALB/c
mice parenterally. This combination vaccine induced cross-
reactive NoV- (GIL4, GII-12, and GI-3 VLPs as heterologous
antigens) and RV-specific antibody responses. Importantly,
sera from immunized mice (with the single or bivalent form)
were found to block the binding of GII.4 VLPs to HBGA H-
type 3 of mice. This blocking activity was retained for up to 27
weeks. Similarly, the VLP GII.4 single vaccine form stimulated
a cross-reactive antibody response within the same GII gen-
ogroup and with GI. Tammineen et al.''> extended the ingre-
dients of the vaccine above to include GL3 VLPs, the most
common GI genotype among pediatric patients. This was in an
attempt to induce neutralizing antibodies against both GI and
GII NoVs. In this study, a trivalent combination vaccine con-
taining GI.3 and GIL.4 VP1 derived VLPs as well as recombi-
nant VP6 of RV (the most conserved and abundant RV
protein) were administered via the intramuscular (IM) route.''*
IM administration of the trivalent vaccine was performed and
compared to single administration of each of GI.3 and GIL4
VP1 derived VLPs as well as recombinant VP6 of rotavirus,
separately. The results showed the generation of cross-reactive
IgG antibodies against heterologous NoV VLPs, specifically
GIL4, GII.12 and GI.1. These responses lasted for 6 months.
The administration of single monovalent vaccines induced
stronger homologous responses. Importantly, the combination
vaccine stimulated T-cell responses with robust IFN-y specific
responses. These responses were raised against both NoV and
RV 15-mer peptides representing the capsid P domain of
homologous and heterologous NoV (GII). This response was
also durable and lasted for 24 weeks.

Interestingly, IM immunization of rabbits with GII.4 consen-
sus VLP generated high serum antibody titers against VLP
derived from different wild-type GII.4 viruses. Low levels of
cross reactivity were detected against GI NoV strains using these
sequences.''” In an attempt to investigate the ability of this vac-
cine model to induce better responses against heterologous viral
strains, a bivalent vaccine containing GI.1 and GIL.4 consensus
VLPs was tested. These forms were also administered intramus-
cularly. The bivalent form of the vaccine induced the highest
homologous and heterologous antibody titers. This suggests that
the use of consensus protein can stimulate a broadly cross-reac-
tive antibody response against NoV genotypes. An earlier study
using the murine model reported that a trivalent vaccine (GI.1,
GIL1, and GII.2) was able to induce high level of antibodies
against homologous and heterologous VLPs, including GIL4.
The same group reported however that a tetravalent form of the
vaccine containing GIL.1, GII.1, GIL.2 and GII.4 was less efficient
at stimulating a broad antibody response.'*®

While many experimental vaccine designs have used the
murine model, a number of concerns remain in place in the

results presented above: 1) the different disease biology between
mice and humans whereby only immunocompromised mice clin-
ically manifest diarrhea as demonstrated by severe illness follow-
ing MNV infection among innate-immunity-deficient mice
(IFN-a/B and IEN-y receptor-deficient)''%; 2) the difficulty in
extrapolating the clearance of MNV from the intestines to the
possible physiological results in humans; 3) MNV does not use
HBGA for attachment and is characterized by little genetic and
antigenic variation.''> Nevertheless, the mouse model is still a
convenient and a cost effective platform for potential NoV vac-
cine studies.” Recently, the use of the Tulane virus (TV), a recovi-
rus strain (ReCV), isolated from the stool of rhesus macaques ''®
has been advanced as a possible surrogate model for human NoV
gastroenteritis. Anti-NoV and anti-TV neutralizing antibodies
have been reported in macaques;''” moreover, TV-neutralizing
antibodies were detected in sera of primate caretakers''® as well
as the general population yet at lower levels.'* The role of HBGA
was also tested in TV infection whereby type A and type B were
found to be involved in the latter. Due to all the above, this model
is thought to reflect the diversity of human NoVs, the reproduc-
ibility of the disease symptoms, the feasibility of testing the sus-
ceptibility to infection and attachment to receptors as a result of
the availability of susceptible and non-susceptible cell lines."">'*
The non-human primate model is genetically and immunologi-
cally close to humans and consequently could be the next-genera-
tion model to characterize and investigate NoV infection and
potential vaccines.

In summary, the variability of the presented results from the
animal models may be related to a number of factors: the anti-
gen dose, the mode of delivery of the vaccine, the lack of data
on previous correlates of immunity (previous NoV exposure)
and the effect of previous exposure on protection or decrease in
severity of illness following exposure to homologous or heterol-
ogous viral variants. The experimental work performed on can-
didate NoV vaccines in animal models provided the proof-of-
concept for the feasibility of using VLP-based vaccines and
other platforms and their ability to stimulate humoral and cel-
lular immune responses. Most of the evidence in the field of
NoV originates from generated data from animal models;'*!
the promising results from animal models enhanced the inter-
est in human challenge studies and vaccine trials further in an
attempt to prevent and control human NoV (HuNoV) infec-
tion. Moreover, HuNoV was experimentally used to infect
chimps, gnotobiotic pigs or calves.*”***> Recently, a human
NoV mouse model has been advanced.'”” The main advantage
of using this model is the use of human viruses in an easy
manipulated small animal model suggested to provide a useful
resource for evaluating anti-NoV therapies. MNV on the other
hand is the only NoV with an existing efficient culture system
in the small mouse model. Since its identification, this model
has been the most frequently used model as a surrogate for
human NoV.”®

The diversity of NoV has challenged/hampered the design of
an efficient vaccine. Monovalent NoV vaccine studies per-
formed in animals have proved the ability of these platforms to
induce sometimes a protective and other times non-protective
immune responses (Table 1). Vaccines have been engineered to
include components representing different variants/and or
strains in an attempt to generate broadly reactive immune



responses against different NoV strains. Bivalent'"> and multi-

valent vaccines with NoV components’®'**'*> were tested
along with bivalent '%"''" and trivalent forms''* with non-NoV
representation (Table 1). The main results of these studies
show the stimulation of cross-reactive humoral immune
responses in the animal model. Comparing these results is not
an easy task due to the lack of standardized route of adminis-
tration of the vaccines, dosages, and the lack of complete
understanding of a correlate of protection; nevertheless these
trials have paved the way for intensifying NoV vaccine research
in human trials.

Human trials

During the past decade, a number of human trials testing NoV
vaccines have been advanced (Table 2). Many of these trials use
the VLP system that proved safe and immunogenic in animals
and humans.'” The safety and the immunogenicity of NoV
GI.1 VLP were studied by Tacket et al.'®* Healthy adult volun-
teers between 18 and 40 y of age received increasing doses of
NoV VLP on day 1 and day 21. The vaccine was administered
orally. Following vaccination and regardless of the dosages, vol-
unteers developed significant increases in serum IgA secreting
cells with transient rise in IFN-y produced by peripheral blood
mononuclear cells (PBMCs) in response to HuNoV. The latter
observation was recorded at lower VLP dosages. Moreover,
mucosal IgA was detected (fecal, vaginal and salivary) albeit in
only 40% of the vaccinees. This study marked the beginning of
a whole new series of vaccine studies in an attempt to elucidate
the correlates of protection following infection with HuNoV.
The ability of NoV GI.1 VLP expressing a TLR4 receptor
agonist as an adjuvant was also tested in human trials.*’
Healthy volunteers (18-49 years) tolerated increasing doses of
the vaccine. The vaccine was administered via the intranasal
route as an alternative mucosal delivery to the oral one. IgA
and IgG ASCs were detected among all study participants fol-
lowing the administration of 2 different doses (50 and 100 pg)
of the vaccine. IgA ASC highly expressed the gut homing recep-
tors CD19" CD27" integrin /8,7 CD62L~ and thus homing
to peripheral and mucosal tissues whereas IgG ASC were
CD19" CD27* CD62L" supporting homing to peripheral lym-
phoid tissues only. Moreover, the HAI assay was performed on
sera of volunteers; the results of this functional assay show that
vaccinees mounted a high HAT titer at higher doses of the vac-
cine with 72% and 75% agreement between the HAI and the
IgG and IgA recorded data, respectively. The ability of this vac-
cine to induce mucosal and systemic immunity is noteworthy;
however, its cross-reactive capabilities were not tested nor its
ability to prevent infection with HuNoV. The same vaccine
construct was used to further evaluate the ability of GI.1 VLP
to induce B cell memory responses.'** B memory (By) cells,
essential for reactivation upon antigenic re-exposure, were
detected in circulation for up to 6 months following primary
immunization. A dose-dependent functional By, response was
detected following the intranasal administration of the vaccine
to healthy adults. Moreover, the frequencies of these cells in
blood correlated with the level of antibodies in sera. 62% of vac-
cine recipients were protected following oral challenge as com-
pared to 81% in the placebo group. High HBGA blocking ab
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titers was associated with a decrease in the rate of infection.
This study is important due to the demonstration the mainte-
nance of NoV-specific antibody response ensuring a rapid and
strong anamnestic humoral response. It is yet to demonstrate
of the ability of any vaccine targeting HuNoV to induce a simi-
lar impact on T cell immune responses. These reports proved
the ability of this VLP-based vaccine to generate a strong
humoral immune response with possible long-term protection
through the maintenance of antibodies.*>'** The same results
toward other HuNoV strains would be an important step for-
ward in the development of this vaccine candidate.

A randomized, double-blind, placebo-controlled, multicen-
ter trial was conducted to assess the safety, immunogenicity,
and efficacy of GL.1 VLP (baculovirus expression system) vac-
cine in preventing gastroenteritis.'>®> Two doses of vaccine or
placebo were administered intranasally to healthy 18-50 y
adults followed by homologous inoculation with HuNoV. The
participants enrolled in this study were likely to develop NoV
—associated gastroenteritis due to the expression of O or A
blood groups and a functional FUT2 gene. The results of this
study confirm that the vaccine recipients were less likely to
develop illness as compared to placebo-recipients. 70% of the
vaccinees mounted NoV-specific IgA response similar to previ-
ous reports.*® This study, like previously mentioned ones, did
not test the vaccine immunogenicity and protective efficacy
among young children and elderly. Nevertheless, it proved the
ability of a 2-dose vaccine to stimulate homologous protection
against NoV and to prevent infection.

While humoral immune responses are important in protec-
tion against enteric viruses including NoV, little is known about
the ability of VLP particles to stimulate T cell functions. A
group of volunteers were infected with snow mountain virus
(SMV) and immune responses determined. Serum IgG and sal-
ivary IgA were detected post-challenge. These immune
responses were cross-reactive within genogroups. VLPs of 3
NoV strains (GI.1, GII.1, and GII.2) were used to stimulate
PBMCs in vitro pre- and post-challenge of these volunteers
with SMV in an attempt to determine the ability of SMV chal-
lenge to stimulate T cell responses.”® While this study does not
address protective immunity, it highlighted the possible impact
of previous NoV infection whereby PBMCs from many
infected and uninfected participants mounted an in vitro IFN-
y response and produced other cytokines including TNF-« and
IL-2.

The predominance of GII.4 as the circulating strain has been
attributed to the evolution of P2 domain of these strains associ-
ated with receptor switching and antigenic drift.’® As a result,
evasion of protective immunity as well as resistant populations
arises. Nevertheless, GI strains were used in human studies.
VLPs of 5 GI strains were used in vitro to assess the heterotypic
humoral and cellular immune responses following HuNoV
infection.”” Sera from healthy adults infected with GI.1 1968
strains were used. This study demonstrated the generation of
cross-reactive IgG antibodies to a panel of GI VLPs using
ORF2 genes of GI.1 1968, GI1.2-1999, GI.3-2000 and GI.4-
2000 as well as ORF-2 of GI.1-2001. Authors concluded that
the high degree of reactivity observed could be explained by 1)
the ability of GI.1 to induce high affinity antibodies; 2) the pre-
existing memory B cell responses with high affinity to other GI
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strains or 3) the conserved capsid protein acting as a cross-
reacting ab binding site. IFN-y specific T cell responses were
also detected ex-vivo in PBMCs of most volunteers targeting GI
VLP strain other than the infection one. This bias of humoral
and T cell responses to GI VLPs was explained as a potential
mechanism of deceptive imprinting or original antigenic sin
(OAS). OAS explains the ability of the host immune responses
to stimulate memory cells to produce specific cellular responses
to a similar antigen rather than inducing a primary response to
a virus variant slightly different from the founder or infecting
strain.'*®

The majority of challenge studies were performed using GI.1
NoV strains. However, GI1.4 is the predominant HuNoV geno-
type worldwide. Frenck et al.'*” performed the first challenge
study using the GII.4 strain; the latter was administered orally
to healthy adults 18-49 y old. This study recruited secretors
and non-secretors in order to assess the association of HBGA
type and susceptibility to HuNoV infection. Low levels of pre-
existing anti-GIL.4 antibodies were required prior to recruit-
ment of participants to reduce the impact of previous immu-
nity. The authors reported the strong correlation between the
secretor status, i.e., expression of FUT-2 allele, and symptom-
atic disease.

The ability of a diverse panel of GI VLPs to induce high
IgG levels with cross-reactive affinities was demonstrated
and discussed above.”” The authors suggested that this
could be due to the ability of GI.I NoV to stimulate high-
affinity antibodies to heterologous strain, and that a com-
mon capsid protein may provide a common epitope recog-
nized by cross-reactive antibodies. This argues for the need
to establish a panel of monoclonal antibodies for epitope
mapping. Moreover, this study confirmed previous reports
supporting the ability of GI NoV strains to induce in vitro
an IFN-y response to homologous and heterologous GI
strains. This study was taken further and study participants,
18-49 y old, were immunized intramuscularly with 2 doses
of GLI and GIL4C VLPs.*> Sera samples from vaccinated
participants and those receiving placebo were tested for
VLP-specific antibodies responses to a variety of HuNoV
strains (GI, GII.4 and non-GIL.4). Moreover, the potential
of cross-protection provided by this vaccine was tested via
an antibody blockade assay to test for prevention of
HuNoV infection. This vaccine induced IgG responses to
NoV strains that were not included in the vaccine. The
results of the blockade assay positively correlated with the
vaccine-induced immune responses in vaccinated adults. An
interesting finding is the range of cross-protection exerted
by the vaccine candidate whereby the production of cross-
blocking antibodies and protection were detected against a
newly emergent GIL4 strain (not a constituent of the vac-
cine) to which pre-existing immunity was reported to be
unlikely. The authors suggested that the activation of pre-
existing cross-reactive memory B cells contributed to anti-
body responses directed against GII.4C, a vaccine compo-
nent. This study supports the use of a multivalent NoV
vaccine; however, the evolution of the described antibody
responses following virus challenge was not assessed. Simi-
larly, a bivalent VLP formulation with GI.1 and GIL.4 was
designed and administered intramuscularly to healthy adults

(18-49 years old)."*®A seroresponse was detected to both
VLPs. This study differs from others in that IM administra-
tion of this bivalent vaccine resulted in higher serum ab
responses as compared to the oral or intranasal route.®*'**
HBGA blocking titer was also high and suggested by
authors to protect from HuNoV gastroenteritis.

Recently, a randomized, double-blind, placebo-controlled
trial was performed at 5 sites in the United States. This trial
was performed to evaluate the safety and tolerability of 2 doses
of NoV VLPs produced in a baculovirus expression system
containing GL.1 and GIL4."*” The vaccine and placebo were
administered intramuscularly. Eligible participants were of 18-
50 y of age with functional FUT2 gene. Sera were collected
prior to vaccine administration and 4 weeks post administra-
tion of the second dose. The data from this study reveals the
ability of this construct to induce robust antibody responses
following a single dose of the vaccine to both strains with a
clear skew toward GIL.1. Undetectable-to-little increase in these
responses were recorded following the second dose. The vac-
cines and the placebo received a heterologous GIL.4 orally as
the challenge strain. This is the first efficacy evaluation of biva-
lent vaccines; vaccination appeared to decrease the incidence of
acute illness, i.e. diarrhea and/or vomiting following challenge
with GII4. This study confirmed HuNoV infection however at
a lower rate than those previously reported in other human
challenge studies.'*>'*’

The most recent published data are the results of the phase I
clinical trial using VLPs containing GI.1 and GII.4 adminis-
tered intramuscularly to 18-49 y healthy adults."*® The results
show the ability of this bivalent vaccine to induce serum anti-
body responses to GI.1 and GII.4 antigens albeit higher in the
former. The specificity and the magnitude of the ASC response
were also assessed. IgA-specific ASC was predominantly
detected to GI.1 VLPs. One week following the first immuniza-
tion, the vaccine recipients mounted high ASC; higher VLP
doses did not correlate with higher frequencies of ASC. Follow-
ing the second immunization, vaccine recipients showed lower
ASC frequencies to both genogroups within the bivalent vac-
cine as compared to week one following the first vaccination.
This is suggestive of little boosting effect following second vac-
cination while a rapid and robust B cell response resulted fol-
lowing the first vaccination. The authors suggested the
activation of preexisting vaccine-specific memory B cells, i.e., a
recall response rather than activation of naive B cells. This is
indicative of a previous exposure to HuNoV infection. A muco-
sal homing phenotype was detected on the surface of activated
B cells following IM vaccination, suggesting the ability of a
non-mucosal route of vaccine delivery to stimulate ASCs with
mucosal homing characteristics. This study would need to be
reproduced among participants that have not been previously
exposed to HuNoV.

In summary, human clinical trials have proved to date that
NoV VLP vaccines are safe and immunogenic. Both oral and
intranasal modes of immunization elicited ab responses post
vaccination (Table 2).83%104123-125 Moreover, the intramuscular
administration of candidate vaccines containing GI and GII
strains stimulated strong immune responses against the vaccine
genotype.'*”"*° Human challenge studies’””® as well as vaccine
studies (Table 2) tested the ability of different vaccine formulas



Table 2. Norovirus vaccine studies: Human Studies.
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Immune Responses Post

Vaccine Formulation Mode of Immunization Challenge Vaccination Protection Post Challenge Reference
r GL.1 VLP Oral None 1gG and IgA antibody responses NA Ball et al., 1999
Gl.1 VLP Oral None serum IgA and IgG responses; Not tested Tacket et al., 2003
increased IgA ASCs;low-to-
moderate mucosal IgA;
transient rise in IFN-y by
PBMCS
Gl.1 VLP expressing Intranasal None Serum NoV-specific IgA and IgG Not tested El-Kamary et al., 2010
TLR4 receptor antibodies; IgA and IgG ASCs;
HAI titers detected
Gl.1 VLP expressing Intranasal Gl.1 virus (oral) Anamnestic humoral response 62% of recipients Ramirez et al., 2012
TLR4 receptor (B memory cells), NoV- protected against
specific IgA and IgG; and infection
mucosal ASCs; High HGBA
blocking titers
Gl.1 VLP (baculovirus Intranasal Homologous challenge  Serum NoV-specific IgA Protection and Atmar et al., 2011
expression system) (GL.1) response; presence of HBGA prevention of infection
blocking antibodies (70%). Delay of
infection onset
without a decrease in
duration of illness
VLPs of 3 NoV strains NA Challenge study Serum IgG and salivary IgA, Th1 NA Lindesmith et al., 2005
(GL.1, GII.2, GI.7) cytokines (IFN-y, TNF-g, IL-2)
GL.1 1968 NA Challenge study Cross-reactive IgG antibodies NA Lindesmith et al., 2010
against a panel of GI VLPs;
IFN-y specific T cells
GLI/GII.4C VLPs Intramuscular No challenge Cross-reactive serum IgG and NA Lindesmith et al., 2015
cross blocking antibodies
against non-vaccine strains
Gl.1 and Gll.4 VLPs Intramuscular NA (phase 1 trial) Serum antibodies response to Not tested Treanor et al., 2014

(bivalent)
Gl.1 and GIl.4 VLPs

(bivalent)

VLPs containing GL.1/
Gll4

Intramuscular

Intramuscular

Heterologous Gll.4
virus (oral)

No challenge

Gl.1 and Gll.4, high HBGA
blocking titers

Robust antibody responses

following first dose against
GL.1 and GlI.4; high HBGA
blocking titers

Serum antibody response to Gl.1

and Gll.4 antigens following
immunization (high
frequencies of IgA-specific
ASC against GI.1 VLPs)

Decrease in the incidence
of acute illness

NA

Atmar et al., 2015;
Bernstein et al., 2015

Sundararajan et el.,
2015

NA, not applicable; ASC, antibody-secreting cells; HAI, hemagglutination inhibition assay; HBGA, histo-blood group antigens.

to generate cross-reactive immune responses to account for the
diversity of the circulating HuNoV strains. While the majority
of these studies recruited healthy adults, HuNoV mainly affects
children with acute gastroenteritis requiring hospitalizations.
Consequently, many fundamental questions remain unan-
swered: how well these vaccines will extrapolate to children, the
duration of protection among different age groups, the effect of
previous infection on the frequency and the magnitude of the
immune responses and protection, the impact of genetic varia-
tion and escape mutants on the efficacy of these vaccines. The
breadth of the immune response, the impact of pre-existing
immunity, the relationship between these responses and pre-
vention of NoV infection are all understudied and require fur-
ther attention. The results presented above indicate the feasible
potential of a vaccine. The ability to formulate different VLPs
and their ability to stimulate humoral and mucosal responses
and cellular responses as well as stimulating HBGA blocking ab
titers used as surrogates for protection are all suggestive of the
potential success of a protective vaccine. While the route of
immunization is a main factor affecting the efficacy of the vac-
cine, the nasal inoculation of VLPs expressing GI.1 followed by
homologous challenge resulted in 47% decrease in

gastroenteritis among vaccinated healthy volunteers with con-
current generation of robust NoV-specific IgA abs.'"” The
intramuscular administration of bivalent vaccine has also been
associated with a reduction in acute gastroenteritis.'*’

Recent developments have established evidence demonstrat-
ing the ability of MuNoVs to persistently infect mouse B cell
lines in vitro.”' The authors also tested the ability of GIL.4 iso-
late to infect human B cell line; the former replicated efficiently
in B cells and produced new infectious virus particles. The tro-
pism of human and murine NoV to B cells is a breakthrough
for the development of human NoV infection and vaccine
model. The potential of this model is to be further investigated
and might enhance our knowledge in the field of NoV research
as well as correlates of protection in humans.

Challenges and limitations

A number of factors hamper the generation of an efficient and
protective vaccine against NoV. The incomplete understanding
of the virus shedding dynamics and its heterogeneity, the com-
plications of diversity, evolution and selective pressure of the
virus, and the debatable estimated immunity contribute to
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delaying the development of a successful vaccine.'" The gener-
ated viral variants and their ability to bind different HBGAs
add to the complexity of generated immune responses targeting
NoV. Moreover, a clear assessment of the impact of pre-exist-
ing immunity and protection against NoV infection is yet to be
achieved.'"”> While a number of animal and human studies are
being studied for a potential NoV vaccine, the problem of
cross-reactivity being skewed by previous exposure to NoV and
its variability among individuals remains a major obstacle. In
addition, the current state of studies on NoV vaccine in animal
and human models is still faced with many imperfections: 1)
the immunocompetent mouse model does not produce similar
diarrheal disease as human NoV;''* 2) the murine model does
not allow for strain heterogeneity as the case among human
NoVs; 3) the failed attempts to culture NoV in macrophages,
DC and other cells lines of human and animal tissues""'>*
result in the inability to generate live attenuated or killed virus
and consequently disrupting the possibility of analyzing a
strong and long-term protection; 4) while the ReCV model has
demonstrated its feasibility as a surrogate model for human dis-
ease and vaccine especially due to the similarities between the
clinical disease manipulation in humans and the non-human
primate macaques and more importantly the diversity observed
in both,'"” this model is yet to be explored further; 5) many of
the human studies listed above are performed in young healthy
adults, leaving a burning question unanswered as to the exten-
sion of the findings to other age groups. This remains an
impediment to vaccinologists trying to assess the impact of
pre-existing immunity on successful immunization strategies;
6) finally, the duration of the vaccine-induced immunity and
its toll on the NoV diversity and antigenic variability. All of
these are critical to guide the further development of a broadly
effective NoV vaccine. Defining and identifying specific T cell
epitopes of NoV capsids are important to understand the anti-
genic and immunogenic relationships of different viral strains.
This has been demonstrated to be critical in the mice model'*’
whereby cross-reactive NoV CD4™ T cell epitopes were identi-
fied. Vaccine studies might need to characterize major NoV ab-
binding epitopes, a critical factor to prevent the emergence of
antigenic variants. As a result of the lack of understanding the
immune correlates of protection along with the continuous
drifting of the virus, it was suggested that an annual process of
strain selection, as the case with influenza virus, might be a pos-
sible solution targeting the predominant circulating strains.'’

Lessons from acute infections: Influenza and rotavirus

Influenza vaccines are designed on annual basis due to the
rapid evolution of the virus leading to the generation of escape
variants going unrecognized by the existing antibody response.
The currently available seasonal vaccines protect against
matching influenza A virus (IAV) through the stimulation of
humoral immune responses. The dilemma of Influenza control
is currently addressing the immune pressures selecting for new
variants that are no longer recognized by the influenza-specific
antibodies.'>> While T cells are known to recognize conserved
IAV epitopes and being potentially cross-protective,'** recent
studies suggest that mutations at the level of both CD8" and
CD4™" T cell epitopes can occur.'** Consequently, the exclusion

of antigens subject to immune selection might be worth capital-
izing on.

Consequently, a new form of the vaccine is needed. An ideal
vaccine should be able to induce both arms of the immune
response: the humoral and cell-mediated. While strong and
long-lived T cell responses are urgently needed, care should be
given to the ability of this vaccine to induce cross-reactive
immune responses targeting circulating strains and their var-
iants. The role of preexisting CD8" T cell immunity to the
2009 HIN1 pandemic provided evidence that these cells are
crucial and correlated with milder forms of the disease in the
absence of specific antibodies.'>> A significant inverse correla-
tion was also demonstrated between the severity of the disease
and the levels of preexisting CD4™ T cells."*® It is clear that fur-
ther understanding of the impact of the role of CD8" and
CD4" T cells in the control of Influenza A viruses is critical.
Drawing lessons from Influenza A and its corresponding vac-
cines is important to consider during the design of NoV vaccine
models.

An efficacious immune response would have to induce long-
term protection against NoV homologous and heterologous
viral strains. In addition to cross-protection between distantly
related NoVs, a vaccine should stimulate both humoral and T
cell mediated immune responses. Defining the correlates of
protection against NoV gastroenteritis through vaccine studies
is crucial to predict and estimate the immunogenicity and effec-
tiveness of these potential vaccines. Large-scale studies are
needed and specifically in limited-resource countries. This is to
preemptively prevent the hardships observed with RV vaccines.
RV vaccines have been successful and effective in high income
countries while partially protective in low income countries.*”
A number of determinants for variable levels of protection
have been suggested to be associated with poor responses to
RV vaccines. These include environmental enteropathy, genetic
and epigenetic determinants, nutritional deficiencies, gastroin-
testinal normal flora and microbial infections other than RV,
and RV type. Vaccine effectiveness studies in resource-limited
settings are important to define immunological determinants
of protection.

Conclusion

NoV remains an understudied causative agent of acute gastro-
enteritis in the developing countries. According to the 2013
Global Burden of Disease study (GBD), 11-8 million deaths
were caused by communicable, maternal, neonatal, and nutri-
tional disorders. Even though deaths caused by diarrhea fell by
51% between 1990 and 2013, 1-3 million are still reported (1-2-
1-4) diseases during the year 2013.”°*"*° RV was described as
the leading cause of diarrhea among children less than 5 y old.
NoV is not mentioned in the GBD among the infectious agents
causing gastroenteritis and diarrhea. This is a significant indica-
tion to the lack of clinical diagnosis and reporting of NoV as an
important cause of disease. Vigilant molecular surveillance is
key to preventing future NoV epidemics and developing vac-
cines. Efforts should be made to introduce the clinical diagnosis
of the virus due to its impact on the community as well as
health care institutions. This will help direct infection control
and treatment. A vaccine form with NoV and RV



representations could be ideal to control the 2 leading causes of
viral acute gastroenteritis, especially due to the ability of the
recently formulated candidates to induce protective immune
responses.'*>''"!'? Consequently, when designing a NoV vac-
cine, understanding the potential factors that might affect its
efficacy in resource-limited countries will be important. Data
from mathematical modeling suggest a 4-8.7 y protection from
natural protection.*® The duration of the protection following
vaccination is to be determined and large field efficacy studies
on children, adults, elderly and immunocompromised patients
are needed. The innate responses and susceptibility to NoV, the
role of herd immunity, a clear assessment of the impact of pre-
existing immunity and duration of protection, genetic determi-
nants of susceptibility, the role of cellular immunity and cyto-
kine responses, comparison of these factors in different age
groups from different socio-economic settings should be the
focus of intervention studies.
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