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ABSTRACT

Noroviruses (NoVs) are the leading cause of nonbacterial acute gastroenteritis worldwide in people of all ages. The P particle is a
novel vaccine candidate derived from the protruding (P) domain of the NoV VP1 capsid protein. This study utilized the neonatal
gnotobiotic pig model to evaluate the protective efficacies of primary infection, P particles, and virus-like particles (VLPs)
against NoV infection and disease and the T cell responses to these treatments. Pigs either were vaccinated intranasally with
GII.4/1997 NoV (VA387)-derived P particles or VLPs or were inoculated orally with a GI1.4/2006b NoV variant. At postinocula-
tion day (PID) 28, pigs either were euthanized or were challenged with the GII.4/2006b variant and monitored for diarrhea and
virus shedding for 7 days. The T cell responses in intestinal and systemic lymphoid tissues were examined. Primary NoV infec-
tion provided 83% homologous protection against diarrhea and 49% homologous protection against virus shedding, while the P
particle and VLP vaccines provided cross-variant protection (47% and 60%, respectively) against diarrhea. The protection rates
against diarrhea are significantly inversely correlated with T cell expansion in the duodenum and are positively correlated with T
cell expansion in the ileum and spleen. The P particle vaccine primed for stronger immune responses than VLPs, including sig-
nificantly higher numbers of activated CD4™ T cells in all tissues, gamma interferon-producing (IFN-y*) CD8* T cells in the
duodenum, regulatory T cells (Tregs) in the blood, and transforming growth factor § (TGF-B)-producing CD4* CD25~ FoxP3™"
Tregs in the spleen postchallenge, indicating that P particles are more immunogenic than VLPs at the same dose. In conclusion,
the P particle vaccine is a promising vaccine candidate worthy of further development.

IMPORTANCE

The norovirus (NoV) P particle is a vaccine candidate derived from the protruding (P) domain of the NoV VP1 capsid protein. P
particles can be easily produced in Escherichia coli at high yields and thus may be more economically viable than the virus-like
particle (VLP) vaccine. This study demonstrated, for the first time, the cross-variant protection (46.7%) of the intranasal P parti-
cle vaccine against human NoV diarrhea and revealed in detail the intestinal and systemic T cell responses by using the gnotobi-
otic pig model. The cross-variant protective efficacy of the P particle vaccine was comparable to that of the VLP vaccine in pigs
(60%) and to the homologous protective efficacy of the VLP vaccine in humans (47%). NoV is now the leading cause of pediatric
dehydrating diarrhea, responsible for approximately 1 million hospital visits for U.S. children and 218,000 deaths in developing
countries. The P particle vaccine holds promise for reducing the disease burden and mortality.

N orovirus (NoV), a genus of the family Caliciviridae, is the lead-
ing cause of acute nonbacterial gastroenteritis across all age
groups, causing approximately half of all gastroenteritis outbreaks
worldwide (1, 2). NoV is now the leading cause of acute pediatric
gastroenteritis, accounting for approximately 1 million hospital visits
for U.S. children (3), an estimated total of 23 million cases in the
United States (4), and 1,091,000 inpatient hospitalizations and
218,000 deaths in developing nations (5) annually, although this in-
cidence is expected to be an underestimate, since NoV gastroenteritis
often presents as a mild, self-limiting disease. In the United States
alone, NoV gastroenteritis is responsible for hospital charges of $284
million annually (6). However, no vaccines or antivirals against NoV
are currently available. The predominant circulating NoV strains be-
long to genogroup I1.4 (GII.4), which causes more than 80% of NoV
gastroenteritis worldwide (7).

Due to the lack of a cell culture system for the isolation and
propagation of human NoV, vaccine development has relied on
recombinant NoV capsid proteins, such as virus-like particles
(VLPs) and P particles. The capsid of NoV is composed of a single
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major structural protein of 55 to 60 kDa (VP1) that is divided into
shell (S) and protruding (P) domains linked by a short hinge (8).
VLPs are formed through the expression of VP1 in a eukaryotic
expression system and retain the antigenic structure and histo-
blood group antigen (HBGA) receptor binding function (9, 10). P
particles form when the P domain is expressed in Escherichia coli
(11). Each P particle contains 24 copies of the P domain with a
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total molecular mass of ~840 kDa and a diameter of ~20 nm, an
ideal size for an immunogen (11). P particles display HBGA bind-
ing patterns similar to those of VLPs and elicit innate, humoral,
and cellular immune responses similar to those of VLPs in mice
(12). A previous study by Tamminen et al. (13) comparing the
immunogenicities of VLPs and P particles in mice suggested that
VLPs induce an immune response superior to that induced by P
particles. In addition, Tan and Jiang (14) raised concerns that the
study of Tamminen et al. utilized P dimers instead of P particles. A
later study indicated that P dimers induce weaker immune re-
sponses than P particles (12), which may have impacted the results
of Tamminen et al. In terms of vaccine production, VLPs require
a eukaryotic system, whereas P particles can easily be produced by
E. coli at a higher yield than VLPs (15, 16). However, mice are
resistant to human NoV infection, so protective efficacy cannot be
evaluated. P particles have also been shown to be a useful vaccine
platform for dual vaccine development (17, 18). Thus, P particles
may be a more economically viable vaccine candidate than VLPs.

The gnotobiotic (Gn) pig model has been used for the study of
NoV pathogenesis and vaccines (19-22). Gn pigs have intestinal
physiology and immune systems similar to those of humans and
are well suited for studies of vaccine-induced immune responses
due to the lack of interference from maternal antibodies and ex-
traneous pathogens (19, 20). We recently reported studies of NoV
infectivity in the presence or absence of a cholesterol-lowering
drug, simvastatin, in a Gn pig challenge model using a large inoc-
ulum pool of a human GII.4/2006b NoV variant (22). The median
infectious dose (ID5,) of the NoV inoculum in Gn pigs at the age
of 33 to 34 days was determined. The present study utilizes this
well-established Gn pig challenge model to evaluate the immuno-
genicity and protective efficacy of a GII.4/1997 NoV P particle
vaccine candidate and to compare the P particle vaccine with the
corresponding VLPs and primary NoV infection.

For nonreplicating vaccines, effective adjuvants and delivery
systems are important to the immunogenicity of the vaccine anti-
gens. We used monophosphoryl lipid A (MPL) and chitosan in the
P particle vaccine formulation. MPL is a natural substance derived
from Salmonella enterica serovar Minnesota and is a potent Toll-
like receptor 4 (TLR4) agonist recently approved by the FDA and
other regulatory agencies globally. Intranasal (i.n.) administration
of hepatitis B virus antigen, tetanus toxoid, or influenza virus an-
tigens with MPL has resulted in increased mucosal and cellular
immunity (23). Chitosan is a polysaccharide derived from the
partial deacetylation of chitin. The mucoadhesive properties of
chitosan increase antigen uptake by mucosal surfaces and reduce
clearance by cilia (24). Additionally, chitosan has been shown to
shift a biased Th1 response to a balanced Th1/Th2 response (24)
and to have adjuvanticity with intranasal HIV (25) and anthrax
(26) vaccines. Chitosan and MPL have been used in previous NoV
VLP studies (7, 27, 28).

In this study, we evaluated the protective efficacy conferred by
P particles, VLPs, or primary NoV infection in Gn pigs challenged
with homotypic NoV GII.4. We also examined the total T helper
(Th) cell, cytotoxic T lymphocyte (CTL), virus-specific effector/
memory T cell, and regulatory T cell (Treg) responses in the in-
testinal and systemic lymphoid tissues of Gn pigs at challenge
and/or postchallenge. Protective immunity, especially among T
cells, against NoV infection and diarrhea has not been fully un-
derstood. Previous infection studies have indicated that NoV in-
fection provides short-term, homologous protection (29, 30) in
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humans. Immunity to NoV has been linked to HBGA-blocking
antibodies in serum and to CD4™" T cells (28, 31, 32). Effector T
cells play an important role in the clearance of NoV infection in
humans (33, 34) and mice (35, 36). To our knowledge, this is the
first study to compare the protective efficacies induced by P par-
ticles, VLPs, and primary NoV infection and to comprehensively
examine the T cell responses induced in Gn pigs.

MATERIALS AND METHODS

Virus. A pool of human stool specimens containing GII.4/2006b variant
092895 (GenBank accession no. KC990829) was collected by Xi Jiang’s
laboratory at Cincinnati Children’s Hospital Medical Center from a child
with NoV gastroenteritis in 2008. The specimen pool was processed as we
previously described and was used for the virus primary infection and
challenge studies (22). The IDy, of the inoculum in Gn pigs is 2.74 X 10°
viral RNA copies at the age of 4 to 5 days and 6.43 X 10* viral RNA copies
at the age of 33 to 34 days (22). Ten times the ID, was used for primary
infection and challenge. This inoculum dose is consistent with the chal-
lenge dose in a previous study in humans (28).

Amino acid sequencing of NoV 092895 VP1. RNA from the stool was
extracted with the QIAamp viral isolation kit (Qiagen), and DNA con-
tamination was eliminated by Turbo DNase (Life Technologies). DNase
was subsequently cleaned by using an RNeasy kit (Qiagen). Reverse tran-
scription-PCR (RT-PCR) was performed using oligo(dT) primers and the
Maxima H Minus First Strand cDNA synthesis kit (Thermo Scientific).
The 1.6-kb VP1 capsid gene was amplified by PCR using MyTaq HS DNA
polymerase (Bioline) followed by PCR using PrimeSTAR HS DNA poly-
merase (TaKaRa) with the following primers: cog2F (5'-CARGARBCNA
TGTTYAGRTGGATGAG-3") (37) and JV24 reverse (5'-TTATAATGCA
CGTCTACGCCC-3") (38). The amplified fragment was sequenced,
ligated into pBlueScript II SK(+), and cloned into NEB10-beta chemi-
cally competent E. coli cells (New England BioLabs). The VP1 sequence
(GenBank accession no. KC990829) was obtained by sequencing of the
resultant recombinants, performed by the Virginia Bioinformatics Insti-
tute (Virginia Tech, Blacksburg, VA).

Vaccine preparation. The P particles and VLPs were both derived
from GII.4 strain VA387 (1997 Farmington Hills variant) as described
previously (11, 39) and were sterilized with short-wave UV light for 30
min. Synthetic MPL (Avanti Polar Lipids, Inc.) was dissolved in 0.5%
triethanolamine (TeOH) and was heated at 65°C for 5 min. MPL-TeOH
was sonicated in a bath sonicator, and the pH was adjusted to 7.0. Chi-
tosan (NovaMatrix) was dissolved in water for inoculation (Life Technol-
ogies) and was filter sterilized (pore size, 0.2 m). Vaccines contained 100
g of P particles or VLPs, 5 mg chitosan, 50 g MPL, and TNC buffer (40)
to a final volume of 1 ml. The sterility of all solutions was monitored by
culture on blood agar plates and fluid thioglycolate medium. The endo-
toxin levels of the P particles were determined by the ToxinSensor Chro-
mogenic LAL endotoxin assay (GenScript) to be 0.8 endotoxin unit (EU)/
ml, which is below the maximum recommended level for a recombinant
subunit vaccine (41).

Treatment and inoculation of Gn pigs. Near-term Large White cross
pigs were derived via hysterectomy and were maintained in germfree iso-
lator units as described previously (42). Pigs were confirmed to be A™ or
H" prior to inoculation, and sterility was monitored as described previ-
ously (22). Pigs (both male and female) were randomly divided into four
groups. Each group was composed of at least 6 pigs that came from at least
3 different litters (3 experimental replicates). Pigs in the P particle or VLP
group were inoculated intranasally with 3 doses of the vaccine using mu-
cosal atomization devices (MADs) (LMA North America), at postpartum
day (PPD) 5 (postinoculation day [PID] 0), PID 10, and PID 21. Pigs in
the NoV primary oral infection (NoVPO) group were orally inoculated
with 10 ID5ys of NoV (2.74 X 10* viral RNA copies) at PPD 5. Control pigs
received a diluent or adjuvants only. Pigs were given 4 ml of 200 mM
sodium bicarbonate 10 min prior to oral inoculation to reduce gastric
acidity. A subset of pigs in each group was orally challenged with 10 ID.s
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TABLE 1 Amino acid differences in the S, P1-1, P2, and P1-2 domains
between NoVs VA387 and 092895

No. of amino acid differences:

Between  That potentially ~ No. of
Within one  different  influence insertions/
Domain  Total group groups protein folding  deletions
N 3 2 1
P1-1 2 1 1
P2 21 9 10 1 1
P1-2 7 4 2 1

of NoV (6.43 X 10° viral RNA copies) at PID 28 (postchallenge day [PCD]
0) and was monitored daily for clinical signs and virus shedding until PCD
7. All pigs were euthanized at PID 28 or PID 35 (PCD 7) for the isolation
of mononuclear cells (MNCs) from the duodenum (20 cm), ileum (20
cm), spleen (whole organ), and blood (70 ml) as described previously
(43). All animal experimental procedures were conducted in accordance
with protocols approved by the Institutional Animal Care and Use Com-
mittee at Virginia Tech.

Detection of NoV shedding and assessment of diarrhea. Rectal swabs
were collected daily following NoV primary infection and challenge for
assessment of diarrhea and virus shedding. Diarrhea was scored based on
our previously used scaling system (22). Virus shedding was monitored by
conventional RT-PCR and TagMan real-time RT-PCR as described pre-
viously (22).

Flow cytometry analysis of total CD3* CD4™" (Th) cells, total CD3*
CD8™ cells (CTLs), and IFN-y-producing CD4* and CD8™ T cells. Flow
cytometry was used to determine the numbers of total CD4™ and CD8™ T
cells and of NoV-specific gamma interferon (IFN-vy)-producing CD4™"
and CD8" T cells in the intestinal (duodenum, ileum) and systemic
(spleen) tissues and blood of Gn pigs. Cells were stimulated in vitro for 17
h and were stained as described previously (44, 45). The P particles from
VA387 (6 pg/ml for the duodenum, ileum, and peripheral blood lympho-
cytes [PBL] and 12 pg/ml for the spleen; the concentrations were opti-
mized in pilot studies) were added to the MNC cultures as a stimulating
antigen. The total number of T cells in each subset was calculated by
multiplication of the frequency of the specific subset among lymphocytes,
the frequency of lymphocytes among MNCs, and the total number of
MNCs isolated per tissue. The data are presented as mean numbers per
tissue. Total numbers of IFN-y*-producing T cells are presented as ad-
justed mean numbers. Adjusted numbers were derived by subtracting the
total number of mock-stimulated MNCs from the total number of P-par-
ticle-stimulated MNCs. Isotype-matched irrelevant antibodies were used
to establish positive and negative gates of Th cells, CTLs, and IFN-y-
producing T cells. At least 100,000 cells were collected on a BD FACSAria
flow cytometer (BD Biosciences) and were analyzed using Flow]Jo soft-
ware, version 7.6.4 (TreeStar, Inc.).

Flow cytometry analysis of activated nonregulatory (FoxP3™) and
IL-10- and TGF-B-producing Treg (FoxP3™) cells. MNCs were stained
on the day of isolation for activated nonregulatory T cell and Treg analysis
as described previously (44). The activated nonregulatory T cells were
identified as CD25" FoxP3™ T cells. Tregs were identified as CD4*

CD25~ FoxP3* and CD4" CD25" FoxP3" T cells. The numbers of in-
terleukin 10 (IL-10)- and transforming growth factor 3 (TGF-f3)-produc-
ing Tregs (presented as means) were calculated by multiplying the fre-
quencies of IL-10" and TGF-B " Tregs among lymphocytes, the frequency
oflymphocytes among MNCs, and the total number of MNCs isolated per
tissue. All numbers are presented after subtraction of background num-
bers. Isotype-matched irrelevant antibodies were used to establish posi-
tive and negative gates for Tregs and cytokine-producing Tregs.

Statistical analysis. One-way analysis of variance (ANOVA) with the
general linear model (GLM), followed by Duncan’s multiple-range test,
was used to compare the mean durations of diarrhea and shedding. Fish-
er’s exact test was performed to compare the percentages of pigs with
diarrhea and virus shedding. The Kruskal-Wallis rank sum test was used
to compare the areas under the curves (AUCs) for diarrhea and the AUCs
for viral shedding, as well as the numbers of T cell subsets. For all these
tests, statistical significance was assessed at a P value of <0.05. Spearman’s
rank correlation coefficient was used to evaluate correlations between T
cell subsets and protection rates. All correlations were evaluated at a P
value of <0.0001. All statistical analyses were performed using SAS Pro-
gram 9.3 (SAS Institute, Cary, NC, USA).

Nucleotide sequence accession number. The complete VP1 sequence
of NoV GII.4/092895 was deposited in the GenBank database under the
accession number KC990829 in August 2013.

RESULTS

The VP1 sequences of VA387 and 092895 have 93.5% homology.
The VP1 sequence was determined for 092895. Sequence align-
ment indicates that 092895 is a GII.4/2006b variant (data not
shown). The amino acid sequences for VA387 VP1 (GenBank ac-
cession no. AY038600 and AAK84679) and 092895 VP1 (Gen-
Bank accession no. KC990829) have 93.5% homology. Amino
acid alignment showed that 33 differences were present, including
21 substitutions in the P2 domain (Table 1). There were 4 differ-
ences in epitope A, 1 in epitope B, 1 in epitope C, 3 in epitope D
(including 1 deletion), and 3 in epitope E (Table 2).

The P particle and VLP vaccines provided similar protection
rates, which were lower than that of primary NoV infection,
against a homotypic NoV challenge. The protective efficacy for
each group was evaluated following GII.4/2006b NoV challenge.
Clinical signs and NoV shedding were monitored daily postchal-
lenge (Table 3). Primary NoV infection (NoVPO) significantly
reduced the occurrence of diarrhea (protection rate, 82.9%). The
P particle and VLP vaccines reduced the occurrence of diarrhea at
similar rates (protection rates, 46.7% and 60.0%, respectively).
NoVPO and VLPs shortened the mean duration of diarrhea
slightly (by 1.5 and 1.1 days, respectively) from that for control
pigs, while P particles reduced the mean area under the curve
(AUC) of diarrhea slightly, but these differences were not statisti-
cally significant. Although only one NoVPO pig developed diar-
rhea, several NoVPO pigs had a diarrhea score of 1.5 for 4 to 6 days
following challenge.

Primary NoV infection provided substantial protection not

TABLE 2 Amino acid differences in epitopes A to E of NoVs VA387 and 092895

Amino acid residue” at the following epitope and position:

A B C D E
Strain 294 296 297 298 368 372 333 382 340 376 393 394 395 407 412 413
092895 A S R N A E v G Q S T T S N v
VA387 A S H D T N M E Q N N N T G

“ Residues in VA387 that are different from the corresponding residue in 092895 are shown in boldface.
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Evaluation of P Particle Vaccine in Gnotobiotic Pigs

only against diarrhea but also against homologous-virus reinfec-
tion, as evidenced by a reduced percentage of shedding (protec-
tion rate, 48.6%). NoV primary infection and P particles also de-
creased the mean AUC of virus shedding (by 5.6- and 3-fold,
respectively), although these differences were not statistically sig-
nificant. VLPs did not have an effect on virus shedding.

NoV challenge increased the numbers of Th cellsand CTLs in
the duodena of naive (control) pigs. To comprehensively evalu-
ate T cell responses induced by oral NoV inoculation (mimicking
primary natural infection) versus intranasal vaccination, we ex-
amined total Th cells, CTLs, activated nonregulatory CD25"
FoxP3™ T cells, virus-specific IFN-y-producing effector/memory
T cells, CD4% CD25~ FoxP3™" or CD4" CD25% FoxP3™ Tregs,
and IL-10- or TGF-B-producing Tregs in intestinal and systemic
lymphoid tissues. The total Th cells and CTLs were identified us-
ing flow cytometry by gating lymphocytes and coexpression of
CD3 with CD4 (Th cells) or CD8 (CTLs) (Fig. 1A), and the total
numbers of cells isolated from each tissue are presented (Fig. 1B).
Since the P particles and VLPs produced similar protection rates
in Gn pigs and similar dendritic cell and T cell responses and
cytokine production patterns in mice (12), and since the P particle
vaccine is targeted for further development in our future studies,
we focused on comparing T cell responses induced by the P par-
ticle vaccine to those induced by NoV infection and those for
controls in Gn pigs.

The numbers of total Th cells and CTLs were compared among
NoVPO, P-particle-vaccinated, and control pigs pre- and post-
challenge. P-particle-vaccinated pigs had significantly higher
numbers of Th cells in PBL than NoVPO and control pigs (Fig. 1B)
prechallenge. Following challenge, control pigs displayed signifi-
cant increases in the numbers of Th cells and CTLs in their duo-
dena.

P particles increased the number of activated nonregulatory
CD4* T cells in the circulation prechallenge. Activated nonregu-
latory CD4" and CD8™ T cells were identified by gating CD4™ or
CD8" lymphocytes expressing CD25 but not FoxP3 (Fig. 2A). The
data are presented as the mean number of cells per tissue (Fig. 2B).
Prechallenge, P-particle-vaccinated pigs had significantly higher
numbers of activated CD4" T cells in PBL than either NoVPO or
control pigs (Fig. 2B). This coincides with significantly higher
numbers of total Th cells in the PBL of P-particle-vaccinated pigs
(Fig. 1B). Additionally, P-particle-vaccinated pigs had signifi-
cantly higher numbers of activated CD8" T cells in PBL than
NoVPO pigs at PID 28. These data suggest that intranasal admin-
istration of P particles with MPL and chitosan adjuvants effec-
tively induced expansion of circulating activated T cells.

The duodenum and spleen are the major effector and mem-
ory sites, respectively, for activated T cells postchallenge. Fol-
lowing challenge, P-particle-vaccinated pigs had significant in-
creases in the number of activated CD4™" T cells in the duodenum,
which coincided with a significant decrease in the number of ac-
tivated CD4™ T cells in the spleen (Fig. 2B). NoV challenge also
significantly increased the numbers of activated CD4" T cells in
the duodena of control pigs, reflecting the primary T cell response
at the site of viral replication. This increase was confirmed by
significant increases in the numbers of total Th cells in the duo-
dena of control pigs (Fig. 1B). NoVPO pigs displayed significant
increases in the numbers of activated CD8™ T cells in the spleen,
indicating activation of memory CD8™ T cells following challenge
at PCD 7. NoVPO pigs had significantly higher numbers of acti-
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FIG 1 Thcellsand CTLs induced by NoV infection or vaccination pre- and postchallenge. (A) Representative dot plots of frequencies of CD3" CD4 " and CD3™
CD8™ T cells among lymphocytes from PBL of mock-vaccinated pigs postchallenge. FITC, fluorescein isothiocyanate; SPRD, Spectral Red; APC, allophycocya-
nin. (B) Mean total numbers plus standard errors of the means (1, 6 to 10) of CD3* CD4" and CD3™ CD8™ T cells in intestinal (duodenum, ileum) and systemic
(spleen, PBL) tissues pre- and postchallenge. An asterisk above the error bars indicates a significant difference among groups for the same cell type and tissue at
the same time point (P, <0.05 by Kruskal-Wallis one-way ANOVA). A section sign indicates that the numbers increased significantly following challenge in the
same group. A number sign indicates that the numbers decreased significantly following challenge in the same group. IN, intranasal.

vated CD4" and CD8™ T cells in the spleen than P-particle-vac-
cinated pigs. P-particle-vaccinated pigs also had significantly
lower numbers of activated CD4" T cells in the spleen following
challenge (Fig. 2B).

NoV-specific IFN-y-producing T cell responses were low
and transient in all groups. Virus-specific IFN-y-producing T
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cells act as effector cells to eliminate virus-infected cells, and their
magnitudes in the small intestine are significantly correlated with
protective immunity against rotavirus, another enteric virus (45).
NoV-specific effector/memory CD4" and CD8™ T cells from the
NoVPO, P-particle-vaccinated, and control groups at PID 28 and
at PCD 7 were detected in intestinal and systemic lymphoid tissues
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FIG 2 Activated nonregulatory CD4 " and CD8™ T cells pre- and postchallenge. (A) Representative dot plots of frequencies of CD4* CD25" FoxP3 ™~ and CD8"
CD25" FoxP3 ™ activated T cells in PBL from P-particle-vaccinated pigs prechallenge. PE, phycoerythrin. (B) Mean total numbers plus standard errors of the
means (1, 6 to 10) of CD4" CD25" FoxP3~ and CD8" CD25" FoxP3 ™ activated T cells prechallenge and postchallenge in intestinal (duodenum, ileum) and
systemic (spleen, PBL) tissues. See the legend to Fig. 1 for an explanation of the symbols indicating statistical significance.

by flow cytometry (Fig. 3A). MNCs were stimulated with P parti-
cles or with phytohemagglutinin (PHA) or medium only as a pos-
itive or background control, respectively. The low numbers of
IFN-vy-expressing mock-stimulated MNCs were subtracted from
the numbers of P-particle-stimulated MNC:s to yield the adjusted
virus-specific numbers. The mean numbers of virus-specific
IFN-y™ T cells pre- and postchallenge are shown in Fig. 3B. Nei-
ther primary infection nor P particle vaccination significantly al-
tered IFN-y production by T cells at PID 28 from that for control
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pigs. These data indicate that primary IFN-vy-producing T cell
responses after NoV infection or P particle vaccination are short-
term.

Postchallenge, P-particle-vaccinated pigs had significantly
lower numbers of IFN-y* CD4" T cells in the duodenum than
control pigs (Fig. 3B). Control pigs displayed significantly higher
numbers of IFN-y* CD8™ T cells in the duodenum than they had
prechallenge, reflecting the development of primary effector T
cells at the site of NoV replication. This CD8™ effector T cell
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FIG 3 NoV-specific IFN-y-producing CD4" and CD8™ T cell responses pre- and postchallenge. (A) Representative dot plots of frequencies of NoV-specific
CD3"* CD4" IFN-y" and CD3" CD8" IFN-y™ effector T cells in PBMCs isolated from the NoVPO group postchallenge and stimulated with P particles (17 h
at 37°C). IFN-vy was detected using intracellular staining and flow cytometry. (B) Numbers of IFN-y-producing CD4* and CD8* T cells following subtraction
of isotype control and mock-stimulated background numbers. Data presented are mean total numbers plus standard errors of the means (1, 6 to 10) prechallenge
and postchallenge in intestinal (duodenum, ileum) and systemic (spleen, PBL) tissues. See the legend to Fig. 1 for an explanation of the symbols indicating

statistical significance.

expansion is consistent with the expansion of total CTLs in the
duodenum (Fig. 1B). The numbers of IFN-y* CD4" and
IFN-y* CD8™ T cells in the ilea of challenged NoVPO and
P-particle-vaccinated pigs were about 5-fold higher (not statis-
tically significant) than those for challenged control pigs at
PCD 7 (Fig. 3B).

Lower numbers of CD4* CD25~ FoxP3* Tregs in the duo-
denum are associated with increased protective efficacy against
NoV challenge. Previous studies suggested that high frequencies
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of functional CD4 " CD25™ Tregs could be an indicator for poor
protective immunity against rotavirus (46). In this study, we as-
sessed the relationship between Treg numbers and protective im-
munity against NoV. Intestinal and systemic Tregs were evaluated
using intracellular staining and flow cytometry at PID 28 and PCD
7, when MNCs were isolated (Fig. 4A). Figure 4B shows the total
numbers of Tregs in each tissue.

Prechallenge, there were no significant differences in the
intestinal lymphoid tissues among the three groups. NoVPO
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FIG 4 Tregresponses induced by NoV infection or vaccination pre- and postchallenge. (A) Representative dot plots of frequencies of CD4 " CD25~ FoxP3™ and
CD4"* CD25" FoxP3™ Tregs from PBL of P-particle-vaccinated pigs prechallenge. (B) Mean total numbers of CD25~ and CD25™" Tregs plus standard errors of
the means (1, 6 to 10) among total MNCs prechallenge and postchallenge in intestinal (duodenum, ileum) and systemic (spleen, PBL) tissues. See the legend to

Fig. 1 for an explanation of the symbols indicating statistical significance.

pigs had significantly lower numbers of CD4* CD25" FoxP3™
Tregs in PBL than P-particle-vaccinated and control pigs.
However, P-particle-vaccinated pigs had overall higher num-
bers of CD4" CD25~ FoxP3™ Tregs in the spleen and signifi-
cantly higher numbers of CD4" CD25" FoxP3™ Tregs in PBL
than control pigs at PID 28. The increases in the numbers of
CD4" CD25" FoxP3™ Tregs in P-particle-vaccinated pigs are
consistent with the increases in the numbers of total Th cells
(Fig. 1B). Additionally, P-particle-vaccinated pigs had signifi-
cantly higher numbers of CD4" CD25~ FoxP3" Tregs in the
spleen and PBL than NoVPO pigs.

After NoV challenge, NoVPO pigs had significantly lower
numbers of CD4" CD25~ FoxP3™ Tregs in the duodenum than
controls, corresponding to the highest protection rate conferred
by primary NoV infection. P-particle-vaccinated and control pigs
had significant increases in both Treg subsets in the duodenum
over prechallenge levels, while NoVPO pigs did not. As with acti-
vated nonregulatory CD4™" T cells (Fig. 2B), the expansion of both
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Treg subsets in the duodena of P-particle-vaccinated pigs coin-
cided with their significant reductions in the spleen and with the
significantly lower numbers of CD4 " CD25" FoxP3™" Tregs in the
spleens of P-particle-vaccinated pigs than in those of NoVPO pigs
postchallenge, at PCD 7 (Fig. 4B).

NoVPO and P-particle-vaccinated pigs had reduced levels of
TGF-B-producing Tregs in the ileum prechallenge. The cyto-
kine-producing Treg responses were evaluated by intracellular
staining of TGF-B- and IL-10-producing CD25~ and CD25"
Tregs (Fig. 5 and 6). Prechallenge, control pigs had significantly
higher numbers of TGF-B-producing CD25~ Tregs in the ileum
than NoVPO and P-particle-vaccinated pigs (Fig. 5B). P-particle-
vaccinated pigs had significantly higher numbers of TGF-B-pro-
ducing CD25™ Tregs in the spleen than NoVPO and control pigs.
This pattern was similar to that of IL-10-producing CD25" Tregs
in the spleen (Fig. 6B) prechallenge.

After challenge, NoVPO pigs had significantly lower numbers
of TGF-B-producing CD25™ Tregs in the duodenum than vacci-
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FIG 5 TGF-B-producing Treg responses induced by NoV infection or vaccination pre- and postchallenge. (A) Representative dot plots of frequencies of
cytokine-secreting Tregs from unstimulated MNCs from PBL of P-particle-vaccinated pigs prechallenge. TGF- production was detected using intracellular
staining and flow cytometry. (B) Mean numbers plus standard errors of the means (1, 6 to 10) of cytokine-producing Tregs among Tregs prechallenge and
postchallenge. See the legend to Fig. 1 for an explanation of the symbols indicating statistical significance.

nated pigs and control pigs (Fig. 5B). P-particle-vaccinated pigs
had significantly higher numbers of TGF-B-producing CD25™
Tregs in the spleen than NoVPO and control pigs. Control pigs
had significant reductions in the numbers of TGF-B-producing
CD25" Tregsin theileum and in the numbers of both Treg subsets
in PBL. NoVPO pigs had significant reductions in the number of
TGEF-B-producing CD25™ Tregs in the spleen after challenge.
Control pigs, however, had significantly higher numbers of
IL-10-producing CD25" Tregs in the duodenum than NoVPO
and vaccinated pigs (Fig. 6B). NoVPO pigs had significantly lower
numbers of IL-10-producing CD25~ Tregs in the spleen than vac-
cinated and control pigs. P-particle-vaccinated pigs had signifi-
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cantly higher numbers of IL-10-producing CD25™ Tregs in the
spleen than NoVPO and control pigs. Vaccinated pigs also had
significantly higher numbers of IL-10-producing CD25™ Tregs in
PBL than NoVPO pigs. Challenge significantly decreased the
number of IL-10-producing CD25~ Tregs in the duodena of
NoVPO pigs.

Expansions of T cells in the duodenum were inversely corre-
lated with protection rates, while T cell expansion in the ileum
was positively correlated with protection rates. We calculated
the expansion of each type of T cells in each tissue after NoV
challenge by dividing postchallenge numbers by prechallenge
numbers for each group (NoVPO, P-particle-vaccinated, and
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FIG 6 IL-10-producing Treg responses induced by NoV infection or vaccination pre- and postchallenge. (A) Representative dot plots of frequencies of
cytokine-secreting Tregs from unstimulated MNCs from PBL of P particle-vaccinated pigs prechallenge. IL-10 production was detected using intracellular
staining and flow cytometry. (B) Mean numbers plus standard errors of the means (n, 6 to 10) of cytokine-producing Tregs among Tregs prechallenge (A) and
postchallenge. See the legend to Fig. 1 for an explanation of the symbols indicating statistical significance.

control pigs) (Fig. 7). Values of >1 indicate that the numbers of T
cell subsets increased following challenge, while values of <1 in-
dicate a decrease. We found that the expansions of T cells (acti-
vated CD4" CD25" T cells, CD3" CD8" IFN-y" T cells, CD4 "
CD25~ FoxP3™ Tregs,and TGF-B* CD4" CD25~ FoxP3™ Tregs)
in the duodenum, which is the site of NoV replication, were all
significantly inversely correlated with protection rates against di-
arrhea (R, —1; P, <0.0001). It should also be noted that CD3*
CD4" IFN-y* T cells in the duodenum expanded 37-fold in
NoVPO pigs postchallenge. However, the expansions of T cells in
the ileum (including activated CD8" CD25™ T cells, CD3" CD4™"
IFN-y* T cells or CD3" CD8" IEN-y™ T cells, CD4" CD25"

September 2014 Volume 88 Number 17

FoxP3™" Tregs, CD4" CD25~ FoxP3™ Tregs, TGF—B+ CDh4™*
CD25~ FoxP3" Tregs, IL-10" CD4" CD25" FoxP3™ Tregs, and
IL-10" CD4" CD25~ FoxP3™ Tregs) were all significantly posi-
tively correlated with protection rates (R, 1; P, <0.0001). The
ileum is the induction site of gut-associated lymphoid tissues. In
addition, expansions of T cells (activated CD4* CD25" and
CD8" CD25™ T cells, as well as CD3™ CD4" IFN-y™* T cells) in
the spleen were also significantly positively correlated with protec-
tion rates (R, 1; P, <0.0001).

P-particle-vaccinated pigs had stronger effector and regula-
tory T cell responses than VLP-vaccinated pigs postchallenge.
The T cell responses in P-particle- and VLP-vaccinated pigs post-
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FIG 7 Expansion of T cell subsets following NoV challenge. Expansion was determined by dividing the postchallenge numbers of each T cell subset by the
prechallenge numbers. Shown is the expansion of Th cells and CTLs (A), activated nonregulatory CD25" FoxP3™ T cells (B), IFN-y-producing T cells (C),
CD25" and CD25" Tregs (D), and TGF-B (E)- and IL-10 (F)-producing Tregs among NoVPO, P-particle-vaccinated, and control pigs. Correlations between T
cell expansion and the protection rate against diarrhea were determined with Spearman’s rank correlation coefficient (R, +1 or —1; P, <0.0001) in SAS. NC
indicates a significant negative correlation with the protection rate against diarrhea (R, —1; P, <0.0001); PC indicates a significant positive correlation with the
protection rate against diarrhea (R, 1; P, <0.0001). See Fig. 1 to 6 for the analysis of cell types.

challenge were compared. The total numbers of activated non-
regulatory T cells, IFN-y-producing T cells, Tregs, and TGF-[3-
producing Tregs are shown in Fig. 8. P-particle-vaccinated pigs
had significantly higher numbers of activated CD4* CD25% T
cells in all tissues examined (Fig. 8A). These pigs also had signifi-
cantly higher numbers of CD8* IFN-y™ T cells in the duodenum
(Fig. 8B). Additionally, P-particle-vaccinated pigs had signifi-
cantly higher numbers of CD4" CD25~ FoxP3™ and CD4"
CD25" FoxP3™ Tregs in PBL (Fig. 8C) and significantly higher
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numbers of TGF-B-producing CD4" CD25~ FoxP3™" Tregs in the
spleen (Fig. 8D) than VLP-vaccinated pigs.

DISCUSSION

Studies of NoV infection and vaccines in humans and mice have
focused mainly on evaluating humoral immune responses (13, 27,
28, 34, 47). In this study, we compared the protective efficacies of
NoV primary infection, P particles, and VLPs against homotypic
GII.4 challenge in Gn pigs. We also evaluated the T cell responses
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FIG 8 Comparisons of P-particle- and VLP-induced T cell responses following NoV challenge. Shown are total numbers of activated nonregulatory CD25™
FoxP3™ T cells (A), IFN-y-producing T cells (B), FoxP3™ Tregs (C), and TGF-B-producing Tregs (D) among P-particle-vaccinated or VLP-vaccinated pigs
postchallenge. Error bars indicate the standard errors of the means. See Fig. 2 to 5 for the analysis of cell types. See the legend to Fig. 1 for an explanation of the

symbols indicating statistical significance.

induced by NoV infection and vaccination pre- and/or postchal-
lenge.

Prior NoV GII.4/2006b infection conferred the best protection
by significantly reducing the number of pigs with diarrhea (pro-
tection rate, 82.9%) and the number of pigs that shed virus (pro-
tection rate, 48.6%) following challenge with the same NoV vari-
ant (homologous protection). The difference in protection rates
between diarrhea and infection are likely the result of asymptom-
atic infection in 2 out of 7 challenged pigs postchallenge. Asymp-
tomatic NoV infection is common in humans (48). Three intra-
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nasal doses of the GI1.4/1997 VA387 (Farmington Hills) variant-
derived P particle or VLP vaccine provided protection against
diarrhea but not against virus shedding in GII1.4/2006b-challenged
Gn pigs. Previous studies comparing VLPs and P particles in mice
(12, 13) have offered conflicting results and have been limited by
the inability to infect mice with human NoV. The present study
demonstrates that P particles not only are capable of conferring
partial protection against human NoV-induced diarrhea in a
higher-order animal model but also can provide protection simi-
lar to that conferred by VLPs. Further, the protection rates (46.7%
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and 60.0%, respectively) closely resemble the relative efficacy
(47%) of a 2-dose intranasal VLP vaccine in human volunteers
challenged with 10 ID5,s of homologous Norwalk virus (28), the
same challenge dose as that used in this study.

A previous study of a VLP vaccine in Gn pigs reported that
oral/intranasal administration of the GII.4 HS66 variant-derived
VLPs adjuvanted with ISCOM (immunostimulating complex) or
mLT (mutant heat-labile enterotoxin) provided 75% or 100%
protection against diarrhea, respectively, and 100% protection
against infection following homologous challenge (21). However,
only 57% of the challenged control pigs shed virus in the study,
indicating that almost half of the reported protection was due to
an insufficient viral challenge dose. Thus, the relative protective
efficacy of the HS66 VLP-mLT vaccine was similar to the protec-
tion rates of the P particles and VLPs that we reported in this
study. The Norwalk virus VLP vaccine conferred a protection rate
of 26% against virus infection in humans (28), whereas the VA387
VLPs and P particles in our study did not reduce the incidence of
virus shedding in Gn pigs, suggesting that higher vaccine doses
may be needed. However, these vaccines reduced the diarrhea
AUC 1.2- and 3.1-fold, respectively (not statistically significant).
The duration of protection conferred by the P particle or VLP
vaccine remains to be determined. Previous studies with humans
showed that a NoV infection may confer protection for a range of
2 months to 2 years (30) or for as long as 9 years (29) against
homologous challenge.

NoV primary infection conferred only partial protection
(48.6%) against reinfection upon challenge with 10 IDss of the
same virus inoculum. In contrast, primary infection with human
rotavirus conferred 100% protection against reinfection on Gn
pigs upon challenge with 10° ID5s of the virulent human rotavi-
rus Wa strain (45). Comprehensive T cell immune responses to
NoV infection or P particle or VLP vaccination have not been
reported previously for humans or Gn pigs. Limited evidence has
suggested that NoV infection in humans induces a primarily Th1
type immune response. NoV-specific IFN-y was predominantly
produced by CD4™" cells in the antigen-stimulated peripheral
blood mononuclear cells (PBMCs) of humans infected with Snow
Mountain virus (33). Norwalk virus VLPs induced IFN-+y produc-
tion in the absence of IL-4 in the PBMCs of volunteers (34). Both
CD4" and CD8™ T cells were shown to be crucial for the clearance
of NoV infection in mice (35, 36).

In agreement with the disparity in protection rates conferred
by primary infections with rotavirus and norovirus, virus-specific
IFN-v-producing T cell responses at challenge and postchallenge
in NoVPO pigs were weaker overall than those of rotavirus-in-
fected pigs (20, 45). Thus, virus-specific IEN-y-producing T cells
are not a correlate of protection against NoV challenge, confirm-
ing the findings in mice (32). However, NoVPO pigs had a 37-fold
increase in IFN-y-producing CD4™ T cells in the duodenum fol-
lowing challenge, while control pigs experienced a significant in-
crease in IFN-y-producing CD8™" T cells following challenge (Fig.
3B and 7C). P-particle-vaccinated pigs had a more balanced ex-
pansion in CD4* and CD8* IFN-y-producing T cells. These data
suggest that CD4™ IFN-y™ T cells in the duodenum may be im-
portant for protection from reinfection. Additionally, these re-
sults may indicate the importance of effector CD8 " T cells in the
duodenum for the clearance of viral infection. Future studies us-
ing CD8 knockout pigs will further elucidate the roles of these cell
types in NoV immunity and infection.
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We reported previously that rotavirus infection reduced the
frequencies and numbers of tissue-residing Tregs and decreased
the frequencies of IL-10- and TGF-B-producing CD4" CD25~
FoxP3 ™ Tregs in the ileum, spleen, and blood at PID 28 (46). The
frequencies of IL-10- and TGF-B-producing CD4" CD25~
FoxP3™ Tregs in all sites at PID 28 were significantly inversely
correlated with the protection rate against rotavirus diarrhea
upon challenge with a virulent rotavirus. In the present study, we
determined that the numbers of Tregs in the duodenum at PID 28
are inversely associated with protection rates.

Zhu et al. (32) reported that CD4" T cells are correlates of
immunity in mice following norovirus infection, while IFN-y™
and CD8™ T cells are not, though these effects may be strain spe-
cific (32). It is worth noting that the study examined only immune
responses from spleen-derived cells. Our study supports the con-
clusion of Zhu et al. that IFN-y and CD8 T cells are not correlates
of protection. We were able only to establish an inverse association
between duodenal Tregs at PID 28 and the protection rate against
diarrhea, not to establish CD8 or CD4 T cells as correlates of
protection.

The present study identified correlations between postchal-
lenge expansions of T cell subsets and protection. Interestingly,
the correlations are tissue dependent, regardless of the T cell sub-
set. Responses in the effector site, the duodenum, which is also the
site of NoV replication, were significantly inversely correlated
with protection. However, NoVPO pigs had a 37-fold increase in
CD4" IFN-y™ T cells in the duodenum, which is consistent with
the Thl responses seen in human volunteers (33). Conversely,
significant responses in the memory sites (the ileum and spleen)
were positively correlated with protection. These data have mul-
tiple implications. First, they illustrate the importance of the se-
lection of tissues for the study of immune responses to NoV infec-
tion and vaccines. Second, they suggest that primary NoV
infection drives T cell proliferation in the primary infection site,
while vaccination or previous infection drives T cell expansion in
the spleen or homing to the ileum, and that these T cells are re-
cruited to the effector site upon challenge.

Previous studies comparing the immunogenicities of VLPs and
P particles in mice have produced conflicting results (12, 13).
Tamminen et al. (13) showed that VLPs induced a balanced Th1/
Th2 response and P particles induced a Th2-biased response. Tan
and Jiang (14) raised concerns that P dimers were used in that
study instead of P particles. Fang et al. (12) found that P particles
induced immune responses similar to those induced by VLPs. The
present study shows that the P particle vaccine primed for stronger
T cell responses overall than VLPs postchallenge in Gn pigs. P
particles induced significantly higher numbers of activated CD4 ™"
T cells in all tissues, of IFN-y* CD8™ T cells in the duodenum, of
Tregs in PBL, and of TGF-B-producing CD4* CD25~ FoxP3™
Tregs in the spleen than VLPs. These results suggest that at the
same dose, the P particle vaccine is more immunogenic than the
VLP vaccine in a higher-order animal model. Given their similar
protection rates and the T cell profiles, P particles are a viable
alternative to VLPs as a NoV vaccine candidate.

Another major finding of this study is that the P particle vac-
cine can provide partial cross protection between two distinct
GIIL.4 variants separated by >9 years. Amino acid sequence anal-
ysis suggests antigenic drift in the capsid proteins and immuno-
genic epitopes of the VA387-derived P particles/VLPs and the
challenge strain, 092895 (Tables 1 and 2). The NoV 092895 inoc-
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ulum in this study is a 2006b variant, while the P particles and
VLPs were derived from VA387, a 1997 Farmington Hills variant.
These two strains have 93.5% VP1 sequence identity. However,
despite this suggested antigenic drift, the major binding pockets
remain highly conserved in these two GII.4 variants (49).

NoVs undergo epochal evolution; every 3 to 7 years, a new
circulating pandemic strain emerges, replacing previous pan-
demic strains (50), through mutations in VP1 or replication struc-
tures (51) and evasion of herd immunity (52). Previous studies
have indicated a lack of protection among different pandemic
strains and genogroups (33), including weak heterologous re-
sponses (53-55). Vaccine-induced heterologous responses to dis-
tinct antigenic NoVs are inconsistent and usually require cocktail
vaccines (47, 56, 57). An effective NoV vaccine must induce cross-
reactivity with different variants in the same genogroups and any
emerging strains without impacting the costs of vaccine produc-
tion.

In this study, the NoV challenge inoculum was derived from a
2008 isolate of the GII.4/2006b strain, while the P particles and
VLPs were derived from a GII.4 Farmington Hills variant isolated
in 1997. Accordingly, there have been three antigenic shifts be-
tween these two strains (58). Blockade epitope A in the P2 domain
is considered to be the immunodominant GII.4 epitope that mu-
tates over time to escape herd immunity and contributes to the
epochal evolution of NoV (59). The strains used in this study have
four differences among the six epitope A amino acids (Table 2),
suggesting that these strains are antigenically distinct in this
epitope. This study provides the first indication that a P particle
vaccine candidate can confer protection from disease caused by an
antigenically different challenge strain. Further, P particle stimu-
lation of MNCs isolated from pigs pre- and postchallenge, includ-
ing NoVPO pigs and control pigs that had been inoculated only
with the challenge NoV GII.4/2006b inoculum, induced IFN-y
production (Fig. 3B). These results indicate that VA387-derived P
particles can stimulate the effector/memory T cell response
against antigenically distinct strains. There is promise that a GII.4
vaccine candidate produced by current vaccine technologies may
provide protection not only against parent strains but also against
potentially emerging or reemerging strains.

To summarize, this study has several implications for NoV
immunity and vaccine development. First, we have shown that
previous infection provides substantial protection from NoV-in-
duced gastroenteritis and partial protection from NoV reinfec-
tion. Second, we have shown that P particles are capable of pro-
viding partial protection against NoV diarrhea at a rate similar to
that for VLPs. Third, we have shown that VA387-derived P parti-
clesand VLPs provided cross protection against a different variant
of GII.4 NoV, indicating that current NoV vaccine technologies
are capable of providing protection against antigenically distinct
NoVs. Fourth, we have shown an inverse association between pre-
challenge duodenal Tregs and protection rates against diarrhea.
Fifth, and finally, we have shown that P particles induced stronger
T cell responses than VLPs in an animal model that closely resem-
bles the NoV disease in humans. These results indicate that P
particles are a viable alternative to VLPs for NoV vaccine develop-
ment.

In conclusion, primary NoV infection and both vaccine candi-
dates reduced the occurrence of diarrhea, while only primary NoV
infection provided partial protection from reinfection. To our
knowledge, this is the first study to compare the protective effica-
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cies of VLPs and P particles against NoV infection in a higher-
order animal model and also to indicate that cross protection is
induced by antigenically distinct NoV vaccines. Additionally, this
is the first study to comprehensively evaluate the T cell profiles
elicited by NoV primary infection, VLPs, and P particles prior to
and/or following homotypic challenge. A study using a computer
simulation model has suggested that a NoV vaccine conferring
50% protective efficacy lasting for 12 months could prevent 1.0
million to 2.2 million cases of NoV gastroenteritis and save as
much as $2.1 billion in the associated economic burden in the
United States (60), including $284 million in hospital costs (6).
Based on our findings and these economic considerations, we be-
lieve that the P particle vaccine merits further investigation.
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