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ABSTRACT

Genotype I1.3 (GIL.3) noroviruses are a major cause of sporadic gastroenteritis, particularly in children. The greater incidence of
GIL.3 noroviruses in the pediatric population compared to the adult demographic suggests development of herd immunity to
this genotype, possibly as a consequence of limited evolution of immune epitopes. This study aimed to identify and characterize
immune epitopes on the GII.3 capsid protein and to determine the level of immune cross-reactivity within the genotype. A panel
of seven GII.3 virus-like particles (VLPs), representing norovirus strains isolated during 1975 to 2008, was tested by enzyme-
linked immunosorbent assay (ELISA) for reactivity with human sera and a rabbit anti-GII.3 strain-specific polyclonal serum
generated against the 2008 GII.3 VLP. Immunoprecipitation of protease-digested GII.3 VLPs and sequencing of bound peptides
via mass spectrometry were used to locate epitopes on the capsid. Two epitopes were investigated further using Mimotopes tech-
nology. Serum binding studies demonstrated complete intragenotype GII.3 cross-reactivity using both human and rabbit serum.
Six immunoreactive regions containing epitopes were located on the GII.3 capsid protein, two within each capsid domain.
Epitopes in the S and P1 domains were highly conserved within GII.3 noroviruses. P2 domain epitopes were variable and con-
tained evolutionarily important residues and histo-blood group antigen (HBGA) binding residues. In conclusion, anti-GII.3 an-
tibody-binding epitopes are highly cross-reactive and mostly conserved within GII.3 strains. This may account for the limited
GIL.3 prevalence in adults and suggests that a GII.3 strain may be a valuable inclusion in a multivalent pediatric targeted VLP
vaccine. Exploration of norovirus immune epitopes is vital for effective vaccine design.

IMPORTANCE

This study represents an important contribution to the understanding of norovirus immunology in a pediatric genotype. The
high cross-reactivity and conservation of GII.3 epitopes suggest development of herd immunity against GII.3 and indicate that a
GIL.3 strain would be a valuable inclusion in a pediatric targeted multivalent vaccine. Immunological understanding of pediatric
norovirus strains is important since norovirus vaccines will likely target high-risk groups such as the pediatric population.

Norovirus is the most common cause of gastroenteritis (1),
resulting in >90% of viral gastroenteritis cases and 50% of all
gastroenteritis outbreaks worldwide (2). Annually in the United
States, norovirus is estimated to cause approximately 21 million
cases of gastroenteritis (1), and it is the most common cause of
gastroenteritis-related emergency department visits (2). In devel-
oping countries, norovirus is estimated to cause 1 million hospi-
talizations and 200,000 deaths in children less than 5 years of age
annually (2).

Human noroviruses belong to the family Caliciviridae, genus
Norovirus, and contain a positive-sense, single-stranded RNA ge-
nome (3, 4). The genome is approximately 7.5 to 7.7 kb in length
and consists of three open reading frames (ORF) (5). ORF 1 en-
codes nonstructural proteins, including the RNA-dependent RNA
polymerase (RdRp); ORF 2 encodes viral protein 1 (VP1), the
major capsid protein; and ORF 3 encodes VP2, a minor structural
protein (6, 7). Based on sequence analysis of regions within the
VP1 or RARp gene, noroviruses are classified into five genogroups,
with a sixth group tentatively proposed (8). Genogroup I, II, and
IV (GI, GII, and GIV) noroviruses are known to infect humans,
and GII noroviruses are predominant. Human noroviruses can be
further classified into at least 35 different genotypes (9). Genotype
11.4 (GII.4) is the most common genotype circulating worldwide,
with at least eight variants having given rise to large global epi-
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demics every 2 to 6 years since 1995 (9). Genotype I1.3 (GIL.3) is a
common cause of sporadic pediatric infections (10-13), and 70%
of children show evidence of GII.3 infection by 2 years of age (14).
In sporadic infections in infants and young children, GII.3 strains
often predominate, and they were particularly prevalent through-
out the late 1970s, late 1980s (10), and early 1990s (15, 16) and in
the early and late 2000s (13, 17-20).

The major capsid protein, VP1, is characterized by three struc-
tural domains, the shell (S) domain and two protruding (P) do-
mains, P1 and P2 (21). The P domain is the most exposed region
of the capsid protein and is likely to contain determinants for
antigenicity and host cell attachment (21-23). The human histo-
blood group antigens (HBGA) act as norovirus host cell attach-
ment factors, and the HBGA binding interface of the norovirus P
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domain has been elucidated through crystallography and mu-
tagenesis studies (24-26).

Mapping of antibody-binding epitopes on norovirus capsids
has proven challenging, as the use of classical antibody escape
mapping approaches has been prevented by the absence of a hu-
man norovirus cell culture system. However, several studies have
mapped antibody-binding epitopes on GI and GII norovirus cap-
sids using techniques such as bioinformatic prediction, screening
of monoclonal antibody (MAD) binding to expressed capsid pro-
teins or short peptides, phage display, targeted mutagenesis, and
crystallography (22, 23, 27-35). The location and sequence con-
servation of previously mapped epitopes are highly variable. Un-
expectedly, many epitopes have been mapped to highly conserved
regions of the S domain and occluded regions of the P1 domain
(31, 35, 36), indicating a high level of conformational flexibility in
the capsid protein. As expected, many blockade epitopes (epitopes
targeted by antibodies that “block” viral binding to HBGAs) have
been mapped to the P2 domain (34, 37). Several recent mutagen-
esis epitope mapping studies have defined specific blockade
epitopes on the GII.4 capsid P2 domain (epitopes A [294, 296 to
298, 368, and 372], D [393 to 395], and E [407, 412, and 413]).
These GII.4 epitopes have been shown to change over time, sug-
gesting that evolution of GII.4 viruses is driven by herd immunity
(34, 37). These and other studies suggest that some MAbs bind
epitopes with broad reactivity across genotypes, while other MAbs
are strain specific (37, 38).

Locating and characterizing norovirus antibody-binding
epitopes is essential to successful norovirus vaccine design. Noro-
virus virus-like particles (VLPs) are currently being examined in
trials as vaccine candidates (39, 40). VLPs are nonreplicating
empty particles, morphologically and antigenically identical to
native virus, and the nature of their production allows a high level
of control over capsid sequence design (41-43). With the aim of
eliciting cross-protective immunity, the inclusion of specific
epitope sequences that are conserved within and/or between ge-
notypes or genogroups is essential in vaccine design. It is impor-
tant to locate evolving epitopes so that inclusion of particular
residues may be considered in vaccine development.

The high incidence of norovirus GII.3 strains in the pediatric
population compared to the adult demographic may be due to the
development of herd immunity and limited evolution of immu-
nological epitopes (10). Antibodies produced in response to GIL.3
infection have been shown to cross-react with other genotypes;
however, there is limited information regarding the level of GII.3
intragenotype cross-reactivity and the location and sequence vari-
ability of GIL3 epitopes (31, 44, 45). We hypothesized that the
GIL.3 capsid contains relatively conserved antibody-binding
epitopes and that antibodies produced in response to a GIL3 in-
fection would react with other strains of this genotype. This study
aimed to identify and characterize immunological epitopes on the
GIL3 capsid protein and to determine the level of immune cross-
reactivity within the genotype.

MATERIALS AND METHODS

VLP production. Seven virus-like particles (VLPs) representing norovi-
rus GII.3 strains isolated from stool samples collected between 1975 and
2008 in Victoria, Australia, and Washington, DC, were produced to create
a time-ordered panel of GIL.3 VLPs. GII.3 VLPs were expressed using the
baculovirus expression system as previously described by Boon and col-
leagues (10). Briefly, the VP1 genes of norovirus strains DC2005
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(GenBank accession number HM072045.1 CHDC2005/1975/US), DC32
(HMO072046.1; CHDC32/1976/US), DC4031 (HM072044.1; CHDC4031/
1988/US), DC5261 (HM072041.1; CHDC5261/1990/US), AU01 (KC464324;
01-13/477/VP1/2001/AU), AU07 (KC464327; 84/46/VP1/2007/AU), and
AUO08 (KC464328; 693/425/VP1/2008/AU) were amplified and cloned
into the pENTR Gateway entry vector (Invitrogen, Life Technologies, CA)
for recombination into baculovirus DNA using the BaculoDirect C-term
expression kit (Invitrogen). The recombinant baculovirus strain was
transfected into S9 cells (Invitrogen) and passaged in suspension culture
to express VLPs. Expressed VLPs were purified from culture medium
using sucrose cushion and cesium chloride gradient centrifugation and
were dialyzed against 1X phosphate-buffered saline (PBS). The expres-
sion of VP1 and the presence of assembled VLPs were confirmed using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electron
microscopy. The VLP concentration was determined using the Pierce
660-nm protein quantification kit (Thermo Scientific, IL); concentrations
ranged from 308 pg ml™' to 1.43 mgml ™",

VLPs representing genotypes GIL5 (rWR; GenBank accession number
AF414423.1; NLV/White River/290/1994/US) and GIL.6 (rFV; GenBank
accession number AF414407.1; NLV/Florida/269/1993/US) were donated
by G. Belliot and J. Noel, CDC, Atlanta, GA.

Stool sample collection and use in this study were considered exempt
from the relevant institutional ethics review board approval (National
Institutes of Health Institutional Review Board [46] and Royal Children’s
Hospital Human Research Ethics Committee [47]).

Production of rabbit anti-rAU08 norovirus GII.3 polyclonal serum.
Norovirus GIL.3 VLPs representing strain AU08 (rAU08) were used to
immunize rabbits that were prescreened for existing norovirus antibodies.
Rabbits were immunized subcutaneously with three doses of 200 pg of
VLP in Freund’s adjuvant at 4-week intervals. The VLPs were emulsified
in Freund’s complete adjuvant for administration of the first dose and
Freund’s incomplete adjuvant for administration of the second and third
doses. Serum was tested for reactivity against homologous norovirus
VLPs following the second and third doses, using a VLP IgG enzyme-
linked immunosorbent assay (ELISA). Polyclonal antiserum production
was conducted at the Walter and Elisa Hall Research Institute animal
facility, Bundoora, Victoria, Australia, as a commercial agreement.

Human serum samples. Serum samples were collected from three
pediatric patients following norovirus gastroenteritis, between February
1978 and July 1980 (C. D. Kirkwood, unpublished data). Norovirus infec-
tion was confirmed by electron microscopy of matched stool samples
obtained at the time of illness. Serum samples were collected 6 months
after illness, and the serum samples analyzed in this study were selected on
the basis that they reacted strongly with GII.3 VLP (Kirkwood, unpub-
lished). Serum samples were collected during September 1978 (patient 1),
February 1978 (patient 2), and July 1980 (patient 3). Serum sample col-
lection and analyses were approved by the Royal Children’s Hospital Hu-
man Research Ethics Committee.

Norovirus VLP ELISA. The immunoreactivity of the time-ordered
panel of norovirus GII.3 VLPs and two non-GIIL.3 VLPs to anti-rAU08-
specific polyclonal serum and human serum was examined using ELISA.
With the exception of the primary and secondary antibodies, the ELISA
protocol was the same for both human and rabbit sera. Briefly, wells of a
MaxiSorp 96-well plate (Thermo Scientific) were coated with 150 ng of
norovirus VLPs diluted in 60 mM sodium carbonate-bicarbonate buffer,
pH 9.6. The plates were incubated for 18 h at 4°C. Wells were washed six
times with PBS—0.05% Tween 20 (PBS-T) using the Thermo Scientific
Well Wash 4 Mk2 plate washer before blocking with 5% casein—-PBS-T for
1 h at 37°C. The primary antibody was either diluted 1:1,000 for human
serum samples or serially diluted 3-fold, from 1:27,000 to 1:2,187,000, for
the rabbit anti-rAU08 polyclonal serum. Following blocking, plates were
washed as before and primary antibody diluted in 1% casein—PBS-T was
added and incubated for 3 h at 37°C. Horseradish peroxidase (HRP)-
conjugated secondary antibodies (goat anti-rabbit I[gG-HRP [1:3,000 di-
lution] and rabbit anti-human IgG-HRP [1:500]; Dako, Hovedstaden,
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Denmark) diluted in 1% casein—PBS-T were applied to wells and incu-
bated at 37°C for 1 h. Wells were washed and antibody-binding com-
plexes were detected with the addition of peroxidase substrate 3,3",5,5'-
tetramethylbenzidine (TMB) solution (100 wg ml™" in 100 mM sodium
acetate, 1 mM citric acid, 0.003% [vol/vol] H,O,, and 1% [vol/vol] di-
methyl sulfoxide [DMSO]). The colorimetric reaction was developed for
10 min and stopped using 2 M H,SO,. Plates were read at 450 nm on a
Titertek Multiscan MCC/340 MKII microtiter plate reader (Labsystems,
Uusimaa, Finland). All ELISA data are representative of at least two inde-
pendent experiments. Rabbit preimmune serum or serum from a noro-
virus-negative healthy patient was used as a negative control.

For the human sera IgG ELISA, positive-control serum was collected
from a patient with norovirus gastroenteritis, as determined by electron
microscopy of a matched stool sample. The serum was previously deter-
mined to be highly reactive with GII.3 VLPs (Kirkwood, unpublished). A
3-fold serial dilution of the positive-control human serum (seven dilu-
tions starting from 1:166.67) was used to prepare a standard curve in each
experiment. An arbitrary concentration of 1,000,000 units of IgG was
assigned to neat positive-control serum. Standard curves were con-
structed in Prism 6 (GraphPad Software, CA), using semilog nonlinear
regression, weighted by 1/Y*. Theoretical “bound” IgG concentrations
were interpolated from the standard curve based on absorbance values.

Protease selection. The theoretical cleavage profile of the norovirus
capsid protein was performed using the MS-digest application on the
online server Protein Prospector (http://prospector.ucsf.edu; The Uni-
versity of California).

The protease Glu-C predicted the highest sequence coverage of pep-
tides within the detectable range, between 800 Da and 4,000 Da.

Protease digestion. Protease digestion of rAU08 VLPs was performed
using Glu-C endoproteinase (Pierce, Thermo Scientific), by following the
manufacturer’s instructions. Briefly, VLP protein (15 pg or 45 pg) was
reduced in 10 mM dithiothreitol (DTT) in 100 mM ammonium bicar-
bonate [(NH,)HCO;], pH 8, for 1 h at 60°C. The reduced protein was
incubated in 20 mM iodoacetamide at room temperature for 30 min,
protected from light, before the alkylation reaction was quenched in 10
mM DTT. Glu-C was added to a final concentration of 0.05 pg w1~ ', and
the reaction mixture was incubated overnight at 37°C. The digest was
stored at 4°C or used immediately for immunoprecipitation.

Immunoprecipitation of bound peptides. Immunoprecipitation of
digested rAU08 VLP was carried out using DYNAL Dynabeads, protein G
(Invitrogen), according to the manufacturer’s instructions. Briefly, 5 to 10
g of anti-rAU08 rabbit polyclonal serum was immobilized onto Dyna-
beads, prior to incubation with 15 to 20 ug of digested VLP at room
temperature and pH 7.4 for 90 min. The bead/antibody/peptide complex
was washed three times with 1X PBS before the complex was dissociated
in 50 mM glycine, pH 2.8, during a 2-min rotating incubation at room
temperature. The beads were removed and the eluent was collected and
stored at 4°C prior to mass spectrometry (MS) analyses. Identical exper-
iments using preimmune rabbit polyclonal serum were conducted in par-
allel as controls, and peptides detected by preimmune serum were con-
sidered nonspecific.

Sequencing of bound VLP peptides using MS. Electrospray ioniza-
tion-mass spectrometry (ESI-MS) was performed using a micrOTOF-
Q-MS instrument (Bruker-Daltonics, Bremen, Germany) linked to a
high-performance liquid chromatography (HPLC) instrument (Ultimate
3000, Thermo Fisher Scientific). VLP peptides were injected onto a
Dionex Acclaim Pepmap100 nanotrap trapping column (Thermo Scien-
tific) with 2% acetonitrile—0.1% formic acid (aqueous) as A-buffer. Fol-
lowing a 6-min isocratic wash with A-buffer, the sample was eluted and
separated on a resolving column (Dionex Acclaim Pepmap RSLC;
Thermo Scientific) using a gradient of 98% acetonitrile—0.1% formic acid
(aqueous) as B-Buffer over 70 min at a flow rate of 300 nl min~". The
eluent from the column was directly electrosprayed into the mass spec-
trometer. Mass data were continuously acquired and for each MS spec-
trum, MS/MS spectra were recorded for the three most intense peaks. The
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TABLE 1 Minimization of P2 domain immunoreactive regions using
rabbit anti-rAU08 polyclonal serum and Mimotope-supplied peptides

Relative
Peptide name” Sequence Site no.” binding
MP1 (IR-4) AKVDTTSGRF¢ 362-371 +++
MP2 (IR-4) VDTTSGRETP 364-373 +++
MP3 (IR-4) TTSGRFTPKL 366-375 ++
MP4 (IR-4) SGRFTPKLGS 368-377 +++
MP5 (IR-4) RFTPKLGSLE 370-379 ++++
MP6 (IR-5) ISTESDDFDQ? 380-389 +
MP7 (IR-5) TESDDFDQNK 382-391 +++
MPS8 (IR-5) SDDFDQNKPT 384-393 ++++
MP9 (IR-5) DFDQNKPTRF 386-395 +++
MP10 (IR-5) DQNKPTRFTP 388-397 +
MP11 (IR-5) NKPTRFTPVG 390-399 +
MP12 (IR-5) PTRFTPVGIG 392-401 +
MP13 (IR-5) RFTPVGIGVD 394-403 -
MP14 (IR-5) TPVGIGVDHE 396405 -
CP* GLAQ - -

“ Name and number designated to each Mimotope peptide (MP). The P2 domain
immunoreactive region for which the Mimotope was designed is indicated in
parentheses, where “(IR-4)” indicates aa 362 to 379 and “(IR-5)” indicates aa 380 to
405.

b Site no. refers to amino acid residue number of the capsid protein according to GIL.3
strain AUO8 numbering.

¢ For immunoreactive region IR-4 (aa 362 to 379), bold residues represent residues that
are required to form the high-affinity epitope, based on ELISA results. Underlined
residues represent those that likely form a second epitope with reduced binding affinity,
based on ELISA results and homology modeling. Structurally internal residues that are
likely important for epitope structural formation are italicized.

@ For immunoreactive region IR-5 (aa 380 to 405), residues forming the minimal
binding region of the epitope are underlined and the residues that are essential to
binding are in bold.

¢ CP is the negative-control peptide (CP) supplied by Mimotopes.

data were annotated and deconvoluted using DataAnalysis software
(Bruker-Daltonics). To identify the detected peptides, mass data were
aligned to the capsid protein sequence using BioTools (Bruker-Daltonics)
together with manual inspection and peak assignment.

Alignment of capsid protein sequences. Seventy-four GII.3 VP1 gene
sequences available in the GenBank database (http://www.ncbinlm.nih
.gov/GenBank/index.html) from strains collected between 1975 and 2010
were translated and aligned in order to determine the extent of GIL3
epitope conservation and to define a consensus sequence for each GIL.3
lineage (47). A representative VP1 gene sequence of each GII genotype
and five GII.4 variants, as defined by the Norovirus genotyping tool (48),
were obtained from GenBank, translated, and aligned with the GII.3 lin-
eage consensus sequences. Alignments were constructed using ClustalW
as part of the Molecular Evolutionary Genetics Analysis (MEGA) pro-
gram, version 5.1 (49).

Mimotope peptides. A custom peptide library of 14 overlapping pep-
tides (MP1 to MP14), 10 amino acids (aa) in length, with a 2-amino-acid
offset was designed to further minimize potential GIL.3 capsid immuno-
reactive regions detected by MS analysis (Mimotopes Pty Ltd., Mel-
bourne, VIC, Australia) (Table 1). Mimotope peptides were biotin linked
at the N terminus with a four-residue linker sequence (SGSG), and an
amide group was incorporated at the C terminus. Peptides were prepared
to a final stock concentration of 1.4 wmol ml~" in 50% acetonitrile. Due
to a highly negative overall charge, peptides MP7 and MP8 were dissolved
in 50% acetonitrile and 28 mM (NH,)HCOj solution and peptide MP6
was dissolved in 40% acetonitrile and 285 mM (NH,)HCO; solution.
Stock peptide solutions were aliquoted and stored at —30°C.

Mimotope ELISA. The IgG reactivity of rabbit anti-rAU08 polyclonal
serum with the Mimotope library was analyzed by ELISA according to the
supplied protocol (Mimotopes). Briefly, preblocked, streptavidin-coated
plates (Pierce, Thermo Scientific) were washed four times with PBS—0.1%
Tween 20 (PBS-T) using the Thermo Scientific Well Wash 4 Mk2 plate
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FIG 1 Binding of time-ordered GII.3 VLPs to human sera. The reactivity of
serum IgG in human serum samples with the panel of time-ordered GIL3
VLPs was measured by ELISA and the results presented as an arbitrary con-
centration of bound IgG (y axis). The patient from whom each sample was
collected is indicated (x axis). The bars represent the mean level of IgG bound
to each VLP from two independent experiments. Error bars represent standard
deviations.

washer. Unless otherwise specified, all subsequent washing steps were
identical and all incubations were at room temperature. Wells were satu-
rated with 10 pmol of Mimotope peptides diluted in PBS-T and incubated
for 1 h. After washing, rabbit serum (anti-rAU08 polyclonal antiserum or
rabbit preimmune serum) diluted at 1:2,000 and 1:8,000 in PBS-T was
applied, and plates were incubated for 1 h. Plates were washed, and bound
IgG was detected with HRP-conjugated goat anti-rabbit IgG (Abcam,
Cambridge, United Kingdom), diluted 1:120,000 in PBS-T—1% sheep se-
rum-1% casein. Plates were incubated with agitation for 1 h and washed
four times with PBS-T, followed by two additional washes with PBS only.
The presence of bound conjugate was detected by addition of TMB solu-
tion for 10 min. The reaction was stopped with 2 M H,SO,, and plates
were read at 450 nm on a Titertek Multiscan MCC/340 MKII microtiter
plate reader (Labsystems).

Homology modeling and mapping of immunoreactive regions on
capsid dimer. The tertiary structure of the capsid protein of strain AU08
was modeled based on solved homologous capsid structures using the
I-TASSER online server (50). A dimer of duplicate capsid monomers was
formed based on the Norwalk virus capsid structure (PDB identifier [ID]:
1THM), using PyMol, version 1.3 (51). Homology models were viewed
and immunoreactive regions highlighted using PyMol, version 1.3.

Statistics. The overall effects of different VLPs or peptides on serum
binding capacity were measured using statistical comparison tests avail-
able in Prism 6 (GraphPad Software). For human serum samples, the
mean level of IgG bound to each VLP was compared using ordinary one-
way analysis of variance (ANOVA), with Tukey’s multiple comparison
(MC) posttest correction. The mean level of rabbit anti-rAU08 polyclonal
serum IgG binding to each VLP was compared using two-way ANOVA.
Bonferroni’s MC posttest was used to compare the serum binding affinity
of each VLP to that of VLP rAU08 (the immunizing antigen). The mean
level of binding of Mimotope peptides to rabbit anti-rAU08 polyclonal
serum was compared using two-way ANOVA, with Tukey’s MC posttest
correction. A significant difference in VLP/peptide binding capacity for all
tests was classified by a P value less than or equal to 0.05.

RESULTS

GIL3 VLP binding specificity. The binding characteristics of the
panel of GIL.3 VLPs were first compared using archival human
serum samples collected from three pediatric patients. All of the
GII.3 VLPs bound to each of the serum samples, with no signifi-
cant difference between the reactivity of each VLP, regardless of
serum sample (Fig. 1) (one-way ANOVA, Tukey’s MC test, where
P = 0.05). Preliminary data from previous unpublished observa-
tions showed that serum samples 1 and 2 were reactive with the
rWR and rFV non-GII.3 VLPs; however, limited serum prevented
further investigation of this reactivity (Kirkwood, unpublished).
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rAUO8
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rDC4031
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» m O OPD + ¢ 0 X
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FIG 2 Binding of time-ordered GII.3 VLPs to anti-rAU08-specific polyclonal
serum. The reactivity of rabbit anti-rAU08-specific polyclonal serum IgG with
the panel of time-ordered GII.3 VLPs and two non-GIIL.3 VLPs (rtWR and rFV)
was measured by ELISA. Absorbance is shown on the y axis, and the polyclonal
dilution series is shown on the x axis. Symbols represent the mean absorbance
level of two independent experiments for each VLP at each serum dilution, and
the error bars represent standard deviations.

The IgG binding profile of the anti-rAU08 polyclonal serum
was determined for the GII.3 VLP panel, as well as for two non-
GIL3 VLPs, GIL5 (rWR) and GIL.6 (rFV). As shown in Fig. 2, there
was no significant difference in the binding capacity of the homol-
ogous VLP (rAU08) compared to the other six GII.3 VLPs, regard-
less of time when the strain was circulating (two-way ANOVA,
Bonferroni’s MC test where P < 0.05). The non-GII.3 VLPs, GIIL.5
and GII.6, bound anti-rAU08 polyclonal serum at a significantly
lower level than the GII.3 VLP panel (two-way ANOVA, Bonfer-
roni’s MC test where P =< 0.05).

Identification of immunoreactive regions on the capsid pro-
tein of norovirus AU08. To localize immunoreactive regions
(epitope-containing regions) of the GII.3 capsid protein, the most
contemporary GII.3 VLP, rAU08, was digested using the endo-
proteinase Glu-C. Digestion of the rAU08 GIIL.3 VLP resulted in
short peptides, of 5 to 41 residues in length, and a sequence cov-
erage of ~65 to 78% of the entire protein (Fig. 3A).

The peptides generated by Glu-C digestion of rAU08 VLP were
subjected to immunoprecipitation using the rabbit anti-rAU08
polyclonal serum IgG. The precipitated peptides were sequenced
by MS, and six peptides (IR-1 to IR-6) were identified as contain-
ing immunoreactive sequence based on results of three indepen-
dent experiments (Table 2 and Fig. 3B). Two or three nonspecific
peptides were consistently detected following immunoprecipita-
tion with preimmune serum, and these peptides were discounted
(Fig. 3C). The six immunoreactive peptides ranged in size from 17
to 38 amino acid residues, with an average length of 25 residues,
and all matched a cleavage product as predicted for Glu-C (Table 2).
Alignment of the six immunoreactive peptide sequences with the
primary amino acid sequence of VP1 showed that two peptides
each mapped to the S, P1, and P2 domains. Due to the denatur-
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(B) Eluted peptides from immunoprecipitation with rabbit anti-rAUO8 polyclonal serum
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(C) Eluted peptides from immunoprecipitation with rabbit pre-immune serum
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FIG 3 Digestion and immunoprecipitation products as sequenced by liquid chromatography-MS/MS. An example of a typical mass spectrometry result with
detected peptides aligned with the primary amino acid sequence of the capsid protein of strain AU08 (N terminus to C terminus) is shown. Amino acids making
up the protein sequence are indicated by one-letter identifiers, and amino acid position is indicated above the sequence every 10 residues. The large gray bars
below the amino acid sequence indicate that a peptide was detected that matches the expected mass of a peptide with that sequence composition. The small dark
gray boxes correspond to the identified residue masses as determined through MS/MS sequencing. A greater number of dark gray boxes indicates greater result
certainty. (A) Peptides detected following digestion of the VLP, prior to immunoprecipitation. (B) Peptides detected following immunoprecipitation of digested

VLP with rabbit anti-rAU08 serum. (C) Peptides detected following immunoprecipitation of digested VLP with rabbit preimmune serum.
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TABLE 2 Immunoreactive regions on the 2008 GIL3 capsid protein

Investigation of Norovirus GlI.3 Capsid Epitopes

Name Amino acid position® (domain®) and sequence* No. of fixed amino acid mutations”

IR-1 aa 26-63 (S), AMALEPVAGAAIAAPLTGQQNIIDPWIMNNFVQAPGGE 1 (E30D, Lin B/D)

IR-2 aa 64-80 (S), FTVSPRNSPGEVLLNLE 0

IR-3 aa 237-255 (P1), MSNSRFPVPIDSLHTSPTE 0

IR-4 aa 362-379 (P2), AKVDTTSGRFTPKLGSLE 3 (V3641 Lin E; S368A, Lin D; A372T, Lin B/C/D/E)

IR-5 aa 380—405 (P2), ISTESDDFDQNKPTRFTPVGIGVDHE 7 (S381T/1, Lin B/C; S385D/G, Lin D/E; S389P/T/Q,
Lin B/C/D/E; Q391K, Lin E; P392S, Lin B/C;
R394K, Lin B/C; N404H, Lin D/E)

IR-6 aa 497-526 (P1), AKLHKLGFITIAKNGDSPITVPPNGYFRFE 0

“ Amino acid position corresponds to sequence numbering of strain AU08.
b Capsid protein structural domain. P2 is the most exposed.
¢ Amino acid sequence of strain AU08.

@ The number of amino acid sites in the immunoreactive region containing a mutation that has become conserved over time with reference to the oldest GIL3 strain (DC2005,
isolated in 1975). The mutation and the GII.3 lineages (Lin) within which a mutation has been conserved are listed in parentheses. Lineage A, strains from 1975 to 1983; lineage B,
strains from the 1980s; lineage C, strains from the 1990s; lineage D, strains from 2001 to 2010; lineage E, strains from 2006 to 2010 (47).

ation steps required in the protease digestion protocol, it is likely
that the majority of epitopes in these regions were linear.

Sequence conservation of GII.3 antibody-binding regions in
the capsid protein. To discern the level of conservation in the
identified immunoreactive regions over time, 74 GI1.3 capsid pro-
tein sequences from 1975 to 2010 were aligned. Immunoreactive
regions in the S and P1 domains of GII.3 capsid sequences were
highly conserved, with occasional amino acid changes seen in sin-
gle strains (Fig. 4). Immunoreactive regions IR-2 (S; aa 64 to 80),
IR-3 (P1;aa 237 to 255),and IR-6 (P1;aa 497 to 525) contained no
conserved substitutions among GIIL.3 strains. IR-1 (S; aa 26 to 63)
contained one amino acid substitution (E30D) that became con-
served in two GIL3 lineages (Fig. 4 and Table 2). The S and P1
domain epitopes combined had a lower proportion of variable
amino acid sites (21%) than the Sand P1 domains in their entirety
(27%). Conversely, the two immunoreactive regions within the P2
domain, IR-4 (P2; aa 362 to 379) and IR-5 (P2; aa 380 to 405),
were highly variable (Table 2 and Fig. 4). IR-4 and IR-5 had a
combined proportion of 48% variable sites, which is more variable
than the P2 domain in its entirety (43%).

To explore the conservation of GII.3 immunoreactive regions
within other GII genotypes, the VP1 consensus sequence of each
GIL.3 lineage was aligned with 25 VP1 protein sequences, repre-

25+
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154
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(450nm)
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senting the remaining GII genotypes (Fig. 4). All GIL.3 immuno-
reactive regions were variable across the GII genogroup. The two
immunoreactive regions in the S domain exhibited a high level of
similarity (mean similarity: IR-1, 81%, and IR-2, 85%) between
GIL3 and other genotypes. IR-2 (S; aa 64 to 80) was the most
conserved, exhibiting 100% amino acid identity between GIL3,
GIL.10, GII.12, and GII.18 representative sequences while exhib-
iting a minimum identity of 65% between GIL3 and GIL.4 se-
quences. The two immunoreactive regions within the P1 domain
(IR-3 and IR-6) had average levels of conservation of 61% and
62%, while those in the P2 domain (IR-4 and IR-5) displayed 50%
and 43% conservation between different genotypes. IR-5 (P2; aa
380 to 405) exhibited the greatest variability, where GII.3 shared a
maximum amino acid identity of 58% (with GII.19) and a mini-
mum identity of just 27% (with GIL.21) (Fig. 4).

Confirmation and minimization of immunoreactive regions
in the P2 domain using Mimotopes. The two immunoreactive
regions within the P2 domain (IR-4 and IR-5) were selected for
further minimization using Mimotope technology. Fourteen 10-
mer biotin-linked overlapping Mimotope peptides (MP1 to
MP14) spanning the immunoreactive regions were screened for
binding affinity to anti-rAU08 polyclonal serum. As seen in Fig. 5,
at the lowest serum dilution, peptides MP1 to MP12 bound to the

Pre-immune serum (1:2000)
[ Anti-rAUO8 serum (1:2000)
Pre-immune serum (1:8000)
[ Anti-rAU08 serum (1:8000)

0 -t 1 1 1
lMP1 MP2 MP3 MP4 MP5“MP6 MP7 MP8 MP9 MP10 MP11 MP12 MP13 MF’14I cpP

T
IR-4 (362 - 379)

T
IR-5 (380 - 405)

Peptide and immunoreactive region

FIG 5 Binding of Mimotope peptides to anti-rAU08-specific polyclonal serum. The reactivity of rabbit anti-rAU08-specific polyclonal serum IgG (at two
dilutions) with Mimotope peptides (MP1 to MP14) was measured by ELISA. Absorbance is shown on the y axis, while the peptide name (Table 1) and the
immunoreactive region that the peptides span are indicated on the x axis. The bars represent the mean absorbance level of two independent experiments, and the

error bars represent standard deviations.
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anti-rAU08 serum at a significantly higher level than the preim-
mune serum, while at the higher serum dilution, MP6 and MP10
to MP12lost reactivity to the anti-rAUO08 polyclonal antisera. Pep-
tides MP13 and MP14 did not bind to anti-rAU08 serum at either
dilution.

The Mimotope peptides (MP6 to MP14) spanning immuno-
reactive region IR-5 (P2; aa 380 to 405) revealed a binding trend
that enabled identification of a minimal binding region. Peptides
MP6 and MP10 to MP14 demonstrated low or no significant af-
finity with the polyclonal antibody, while peptides MP7, MP8, and
MP9 demonstrated high antibody affinity. MP7 and MP9 showed
comparable binding affinities, yet both had significantly lower af-
finities than MP8 (Fig. 5). Thus, the minimal binding region of
immunoreactive region IR-5 was located to ***SDDFDQNKPT**?
(Table 1). Residues at either end of the minimal binding region
(***SD’* and ***PT>*?) significantly enhanced binding; however,
they were not crucial for binding (Table 1). The IR-5 minimized
epitope is highly variable, with 80% variable sites.

The Mimotope peptides (MP1 to MP5) spanning immunore-
active region IR-4 (P2; aa 362 to 379) all bound to anti-rAU08 IgG
(Fig. 5). Peptide MP5 bound to anti-rAU08 serum at significantly
higher levels than MP1 to MP4, while MP3 had a significantly
lower affinity to anti-rAU08 (Table 1). The minimal binding res-
idues of this immunoreactive region could not be defined through
this assay alone and are further discussed in the homology mod-
eling section below.

Mapping of immunoreactive regions onto a GIL.3 structural
homology model. To locate the immunoreactive regions on the
capsid tertiary structure, a homology model of the GIL.3 strain
AUO08 capsid protein dimer was constructed, and immunoreactive
regions were highlighted (Fig. 6). Several residues from both P2
domain immunoreactive regions are closely associated with the
HBGA binding sites, and site 386(D) of IR-5 (P2; aa 380 to 405) is
itself an HBGA binding site (25). IR-4 (P2; aa 362 to 379) is ex-

1R-5: 497-526 (P1)
g

IRS: 380-405 (P2)
DEEE] R

\Rea: 362379 (P2)

IR-3: 237255 (P1)

E Tl posed on the surface of the capsid dimer in two distinct regions: on
e A : the upper surface of the P2 domain adjacent to the HBGA binding
g """"""""""""""" sites, and around the side of the P2 domain, beneath a protruding
glonzle o feeeee S RERREREY loop (Fig. 6). Since the surface-exposed region on the top of the P2

domain only constitutes amino acid ***K and the side chain of
63D, it is highly unlikely that it constitutes an epitope. Further-
more, these two residues are not part of the Mimotope peptide
that had the highest affinity with the polyclonal serum. Thus, it
likely that the residues that are exposed on the surface below the
SRR bR e R protruding loop (aa 366 to 372 and 375 to 377) form this epitope.
Since peptide MP5 (aa 370 to 379) demonstrated the highest bind-
ing affinity to the polyclonal serum, surface-exposed residues
*°RFT?”* and *”°LGS*”” probably form a high-affinity epitope.

...................

IR-1: 2663 (8)

----- M. > FIG 4 Amino acid alignment of immunoreactive regions. The immunoreac-
tive regions of the capsid consensus sequence of each GII.3 lineage was aligned
with the capsid sequence of FV (GIL.6), WR (GIL5), five representative GII.4
epidemic strains, and a representative strain for each GII genotype. The im-

T3
H
&

L i L HHHE munoreactive region and individual site numbers (GII.3 rAU08 numbering)
3 IR H i i HER are indicated at the top, and the GII.3 lineage or strain and genotype are listed
Sleepgaliatd ofF BEIRIE0 [.l:lalalslale glE 8l olsle i i i i ion i indi
H i LR ARG j HHE HHHHH on the left. The capsid domain for each immunoreactive region is also indi-
§ £t ! £2 § § gi i HEH ; é HHE § g ; f HH cated in parentheses: S, P1, and P2. Residues are indicated by 1-letter amino
3 HEEEE i HEH HAH HH ; ; § il HHH S § acid identifiers, and dots indicate identical residues to the reference sequence
“ HH : HH ; A GEE (GII.3 lineage E consensus sequence). A dash represents gaps in the alignment.

Note that the AUOS strain varies from the lineage E consensus sequence at sites
364 (V) and 505 (I).
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TOP SIDE 1

SIDE 2

IR-1 (26 - 63)

IR-2 (64 - 80)

IR-3 (237 - 255)

IR-4 (362 - 379)

IR-5 (380 - 405)

IR-6 (497 - 526)

FIG 6 Immunoreactive regions mapped on the GIL.3 capsid dimer. The six
immunoreactive regions that were mapped in this study are displayed on the
GIL.3 (rAU08) capsid dimer homology model from top to bottom in the order
that they appear in the primary sequence. The immunoreactive region is listed
to the left of the models. Three angles for each immunoreactive region are
displayed, the top and two side views, as indicated above the models. The
protruding domain is displayed in dark gray, while the shell domain is denoted
by beige coloring. The HBGA binding sites are indicated in pink, and the
immunoreactive region is indicated in blue. The minimized epitopes of IR-4
(aa362t0379) and IR-5 (aa 380 to 405) are outlined by white dotted lines. Two
overlapping epitopes constitute IR-4, which were inferred through a combi-
nation of Mimotope ELISA results and homology modeling. The minimized
epitope of IR-5 was clearly determined through Mimotope ELISA results.

Internal residues *”*LE*”® and possibly >”*PK*7* are important for
epitope formation, since the loss of *”*LE*”® leads to significant
reduction in binding (Table 1). Since peptides MP1 (aa 362 to
371) and MP2 (aa 364 to 373) also display a significant binding
affinity to the anti-rAU08 polyclonal despite lacking half of the
residues thought to form the high-affinity epitope, surface-ex-
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posed residues *°°TTSG’® may also combine with residues
*7ORF*! to form a second, less reactive epitope. The loss of inter-
nal residues ***VD?* leads to a significant reduction in binding
affinity, suggesting an important role for these residues in struc-
turally forming the less reactive epitope (Table 1).

The two immunoreactive regions of the P1 domain are adja-
cent to each other in the tertiary structure, despite their distance in
primary sequence (Fig. 6). The P1 immunoreactive regions form
part of an outward protrusion from the dimer and are visible from
the top of the dimer. The S domain immunoreactive region IR-2
(S; aa 64 to 80) also protrudes slightly outwards and is visible from
the top of the dimer (Fig. 6). Residues of IR-1 (S; aa 26 to 63) are
predominantly located on the base of the dimer. Both of the S
domain immunoreactive regions are most likely accessible only
during viral particle assembly or upon dissociation into dimers or
partial viral particles.

DISCUSSION

Genotype GII.3 norovirus strains are a major cause of sporadic
gastroenteritis, particularly in children (47). Norovirus GIIL3
strains evolve at a rate comparable to that of GIL.4 strains on a
genomic level, yet not at the protein level, perhaps indicating lim-
ited change in immune targeted epitopes on the GII.3 capsid, re-
stricting infection to the pediatric population (10). This study
aimed to identify and characterize antibody-binding epitopes on
the GIL.3 capsid protein and to investigate temporal immunolog-
ical variation.

To establish the differences in antibody-binding properties of
GIL3 strains circulating in different years, we produced seven
GIL.3 VLPs, representing strains collected from 1975 to 2008, to-
gether with a strain-specific anti-GII.3 rabbit polyclonal targeting
the most contemporary VLP (rAU08). The IgG binding profiles of
the panel of GIL.3 VLPs were compared using three human serum
samples (collected from 1978 to 1980) and the strain-specific anti-
rAUO08 polyclonal serum, with no significant difference observed
in the serum binding capacity of each GII.3 VLP (Fig. 1 and 2).
This suggests that antibodies elicited following a presumed noro-
virus GIL3 infection during the 1970s or 1980s recognize the
epitopes present on GIL.3 noroviruses circulating at a similar time,
as well as those circulating decades later. Equally, antibodies pro-
duced against the contemporary 2008 strain were reactive with
GIL.3 strains from previous years. Thus, it is likely that GIL.3 an-
tibody-binding epitopes are highly conserved over time, and
strong intragenotype cross-reactivity is evident. Since intact VLPs
were used for the ELISAs, we can assume that these cross-reactive
epitopes are, for the most part, conformational. In addition, our
epitope mapping experiments confirmed that GII.3 immunoreac-
tive regions containing linear epitopes are also highly conserved
overall, with the exception of those in the P2 domain (Fig. 4). The
high level of intragenotype cross-reactivity and conservation of
epitopes suggests that GIL.3 strains may be limited to the pediatric
population due to herd immunity.

Our findings are in contrast to results from Hansman and col-
leagues, who found various levels of cross-reactivity between five
different GII.3 VLPs (isolated in the late 1990s or at an unknown
date) and their respective antiserum (52). They reported that
while some GII.3 VLPs were cross-reactive with specific heterolo-
gous GII.3 antisera, other GII.3 VLPs bound heterologous antisera
with a 2- to 8-fold decrease in binding strength (52). However,
three of the GII.3 strains studied by Hansman and colleagues were
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unusual strains. Two were uncommon recombinant strains with a
GILa RdRp from the late 1990s, and the third does not cluster
within any GII.3 lineage (isolation date unknown) (47, 52). The
VLPs in our study represented strains with either a pre-GIL.3 an-
cestral RARp (nontypeable) (47) or the highly common GII.3 or
GILD RdRp (47). Therefore, while our results show a consistency
in GIL.3 VLP-antibody binding, there may be some novel or un-
common strains that do not follow this pattern.

Previous studies have also shown a very broad intergenotype
cross-reactivity of rabbit anti-GIL.3 polyclonal serum or anti-
GIL.3 MAbs, which were able to bind to GI and GII VLPs. How-
ever, as seen in this study, these heterologous affinities were much
lower than with the homologous GII.3 antigen (31, 44, 52, 53).
Additionally, the sequence homology of the GII.3 immunoreac-
tive regions mapped in this study varied greatly across genotypes
(Fig. 4). This suggests a possible intergenotype cross-protective
role for a GII.3-elicited immune response; however, protection
would be limited, restricted perhaps only to certain genotypes.

It is likely that the intragenotype and intergenotype cross-re-
active antibodies are elicited, for the most part, by the highly con-
served S and P1 domain epitopes. Antibodies targeting the S and
P1 domain epitopes may be elicited to disrupt replication, as seen
for other viruses (54, 55). There is evidence to suggest this in the
case of the epitope(s) within region IR-1 (S; aa 26 to 63), which
contains the **IDPWI’* motif that is thought to interact with the
VP2 protein in the formation of the capsid structure (56). VP2
is thought to play a role in stabilization of the capsid structure
and encapsidation of the genome (56); therefore, antibodies
targeting this region may prevent assembly of stable capsids
containing genomic material. Additionally, IR-1 appears to be
highly immunogenic and cross-reactive, as it overlaps with epi
topes “*IDPWI?, **QQNIIDPWIMN>*, and *'WIRNNEF>® as
previously mapped for MAbs TV20, 1B4/1F6, and N2C3, gener-
ated against GII.3 (strain TV24), GIL.3 (strain NV36), and GII.4
(strain NVgz01) norovirus capsids, respectively (31, 36, 57). These
overlapping epitopes are highly conserved across genogroups,
particularly the recently mapped epitope **IDPWI*?, which is
completely conserved across all genotypes of the Norovirus genus
(57). Furthermore, MAbs that bound these S domain epitopes
were found to be highly cross-reactive with norovirus strains of
several genogroups (31, 36, 57). Thus, antibodies targeting the
highly conserved S and P1 domain epitopes are often cross-reac-
tive, and while they are unlikely to neutralize viruses, they may
function to disrupt norovirus replication and limit disease pro-
gression.

The two immunoreactive regions mapped to the P2 domain in
this study overlap a larger epitope (aa 361 to 403) previously
mapped for three anti-GII.3 MAbs, further supporting the validity
of these immunoreactive regions and our epitope mapping
method (58). Our epitope mapping method allowed identifica-
tion of large immunoreactive regions containing at least one
epitope for sequence characterization. However, while most anti-
gen-antibody contact surfaces are large (15 to 20 amino acids) and
all residues may affect affinity, only 5 or 6 residues are energeti-
cally important in forming an epitope and are likely to be involved
in productive antibody binding (59). Due to their great variability,
the two P2 domain immunoreactive regions were selected for fur-
ther minimization to characterize the key “productive binding”
residues forming the epitope.

Based on combined evaluation of the Mimotope assay and ho-
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mology modeling results, immunoreactive region IR-4 (P2; aa 362
to 379) likely contains two overlapping epitopes formed by resi-
dues 364 to 371 or 370 to 379, both located below a protruding
loop (Fig. 6). Sites 368 and 372 were previously identified as evo-
lutionarily important residues, and conserved changes at these
sites may be due to immune pressure (47). However, our ELISA
data demonstrate that these changes do not affect overall serum
reactivity, since the variety of GII.3 VLPs on the panel represented
all previous permutations at these sites and serum was completely
cross-reactive. The GII.3 capsid protein evolves by a cyclic nature
of reversion back to previously used residues, which may contrib-
ute to cross-reactivity among temporally distant norovirus
strains, despite immune pressured change (10).

The minimal binding region of IR-5 (P2; aa 380 to 405) was
located to residues ***SDDFDQNKPT?. Residue pairs at either
end of the minimal binding region (***SD*** and **PT**?) are not
imperative but significantly enhance binding. This minimized
epitope has a substantially higher proportion of variable sites
(80%) than the P2 region in its entirety (43%), suggesting im-
mune-driven change in this epitope. Specifically, residues 385,
389,391, and 392 in this epitope are highly variable, evolutionarily
important residues, and substitutions at these sites are likely to be
immune driven (47). In particular, residues 385 and 389 have
previously been shown to be evolving under positive selection (10,
47). Furthermore, residue 385 aligns with residue 372 of the GII.4
mapped blockade epitope “A,” suggesting that this epitope may
play a similar blockade role (30). This suggestion is endorsed by
the epitope location, as epitope residues surround (sites 384, 385,
and 387) or constitute (site 386) the HBGA binding sites (Fig. 6)
(60). The high variability in this epitope suggests minimal contri-
bution to GII.3 intragenotype and intergenotype cross-reactivity;
however, changes at these sites do not reduce intragenotype over-
all serum reactivity, as demonstrated by universal serum binding
to GIL.3 VLPs possessing various permutations at evolutionarily
important sites. Additionally, a previous study showed that anti-
GIL.3 convalescent-phase serum was able to block attachment of
GIIL.4 VLPs to an HBGA carbohydrate, albeit to a lesser extent than
the homologous convalescent-phase serum (45). Therefore, anti-
GII.3 blockade antibodies may have the ability to bind to nonho-
mologous antigens to some degree.

In conclusion, this study characterized the intragenotype im-
mune cross-reactivity of GII.3-targeted antibodies, while also uti-
lizing a novel approach to identify and characterize major linear
antibody-binding epitopes on the norovirus GII.3 capsid protein.
Our data demonstrate that linear and conformational epitopes of
the norovirus GIL.3 capsid are mostly highly conserved and that a
significant degree of cross-reactivity is seen within this genotype.
The high cross-reactivity and limited evolution in GIIL.3 epitopes
suggest that herd immunity against GI1.3 may account for reduced
GIL3 prevalence in adults. While further studies are required to
confirm that this cross-reactive immunity actually prevents dis-
ease, our study suggests that a GIL3 strain would be a valuable
inclusion in a pediatric targeted multivalent vaccine. Continued
characterization of major norovirus antibody-binding epitopes is
important for effective vaccine design, as targeting key antibody-
binding residues in vaccine reformulation may prevent the emer-
gence of antigenic variants in an immune population.
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