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Noroviruses are the principal cause of epidemic gastroenteritis worldwide. Multiple reports have concluded
that the major capsid proteins of GII1.4 strains, which cause 80% of norovirus infections worldwide, are evolving
rapidly, resulting in new epidemic strains. Surrogate neutralization assays using sera from outbreaks and from
immunized mice suggest that, as with influenza virus, antigenic variation maintains GIL4 persistence in the
face of human population herd immunity. To test this hypothesis, mice were hyperimmunized with virus-like
particles (VLPs) representing an early (GIL1.4-1987) and a contemporary (GI1.4-2006) GIL.4 strain. Anti-GIIL.4-
1987 IgG monoclonal antibodies (MAbs) strongly reacted with GI1.4 VLPs derived between only 1987 and 2002.
Ligand binding blockade was more efficient with GIL.4-1987 and GII.4-1997 VLPs than with GIL.4-2002.
Anti-GI1.4-2006 IgG MAbs recognized either a broad panel of GIL.4 VLPs (1987 to 2006) or a subset of
contemporary (2004 to 2006) VLPs. Most 2006 antibodies did not recognize or only poorly recognized GII.4
VLPs of 2007 or 2008, documenting rapid antigenic evolution of GIL.4 capsids. Generally, 2006 MAbs blocked
homotypic VLP-ligand binding but were unable to block VLPs representing strains primarily circulating
during or earlier than 2002. These analyses demonstrate that both subtle and significant evolutionary change
has occurred within antibody epitopes between epidemic strains, providing direct evidence that the GIL.4
noroviruses are undergoing antigenic variation, likely in response to herd immunity. As with influenza virus,
HIV, and hepatitis C virus, norovirus antigenic variation will significantly influence the design of efficacious

vaccines and immunotherapeutics against these important human pathogens.

Noroviruses are the leading cause of severe viral gastroen-
teritis. Although the severity of disease is usually moderate,
infection can be especially virulent in young children and the
elderly (10, 16, 25, 27, 32, 48). It is estimated that 200,000
people die each year from norovirus infections, especially in
the developing world (50). An effective vaccine would be par-
ticularly advantageous to young and aged populations, military
personnel, food handlers, and child and health care providers
and in the developing world. The major obstacle to successful
norovirus vaccine development is the lack of understanding of
the extensive antigenic relationships between norovirus strains
and the complex relationship between host protective immu-
nity and antigenic heterogeneity.

Genetically, noroviruses are grouped by the major capsid
protein amino acid sequence. Viruses with less than 14.3%
difference are classified as the same strain, those with 14.3 to
43.8% difference are classified as the same genotype, and those
with 45 to 61.4% difference are classified as the same geno-
group (68). Currently, noroviruses are grouped into five geno-
groups (GI to GV). Genogroups GI and GII are responsible
for most human infections, and these genogroups are further
subdivided into more than 25 different genotypes (68). The
majority of norovirus outbreaks are caused by the GII.4 geno-
type. Between 1995 and 2006 four major GII.4 strain pandem-
ics have been identified. The first was recognized in the mid-
1990s (46). During this time, strain US95/96 was responsible
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for ~55% of the norovirus outbreaks in the United States and
85% of the outbreaks in the Netherlands (63). In 2002, the
US95/96 strain was replaced by the Farmington Hills strain
(66), which was associated with ~80% of norovirus outbreaks
(17) in the United States. Simultaneously in Europe, the
GIL4b variant emerged and caused outbreaks during the win-
ter, spring, and summer (42, 44, 51). In 2004, the Hunter GII1.4
variant was detected in Australia, Europe, and Asia (7, 33, 51).
This strain was subsequently replaced in 2006 by two new
cocirculating GII.4 variants in the United States and Europe,
Laurens (2006a) and Minerva (2006b) (10, 33, 57).

Structurally, noroviruses are ~38-nm icosahedral viruses
with an ~7.5-kb single-stranded, positive-sense RNA genome
that encodes three large open reading frames (ORFs). ORF1
encodes the replicase polyprotein, while ORFs 2 and 3 encode
the major and minor capsid proteins, respectively. Expression
of the major capsid protein (ORF2) in baculovirus and Ven-
ezuelan equine encephalitis (VEE) virus results in formation
of virus-like particles (VLPs) composed of 180 copies of the
monomeric protein (53). The monomer is structurally divided
into the shell domain (S) that forms the core of the particle and
the protruding domain (P) that extends away from the core.
The P domain is further subdivided into the P1 subdomain
(residues 226 to 278 and 406 to 520) and the P2 subdomain
(residues 279 to 405) (53). P2 represents the most exposed
surface of the viral particle and determines interaction with
both potential neutralizing antibody and histo-blood group
antigens (HBGAs) (9, 12, 39, 41).

Multiple recent reports have concluded that the major cap-
sid proteins of GIL.4 strains are evolving rapidly, resulting in
new epidemic strains with altered antigenicity (4, 6, 39, 59).
The majority of these changes are occurring within the surface-
exposed P2 subdomain. Surrogate neutralization assays using
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both sera collected from human GIL4 outbreaks and from
norovirus-immunized mice suggest that potential neutralizing
epitopes are not conserved among GII.4 noroviruses. This
antigenic variation and accompanying host immune evasion
may contribute to GII.4 persistence in human populations (8,
39). Additional compelling evidence for long-term protective
immunity to norovirus infection also comes from reports indi-
cating that periods of “high norovirus activity” correlated with
the emergence of new GII.4 strains (1, 5, 29, 47, 55, 62) and are
followed by years characterized by decreased numbers of out-
breaks. These data suggest that herd immunity may be an
important regulator of GIL.4 norovirus evolution and persis-
tence in human populations (8, 39).

Successful RNA viruses have been shown to evade host
immunity via several modes, including antigenic variation (43,
65). Influenza virus hemagglutinin (HA) and HIV-1 gp120 Env
are highly antigenic, well-characterized viral proteins docu-
mented to change neutralizing epitopes with passage (26, 34,
43, 45). Similarly, there is evidence of antigenic variants in
immunocompromised individuals chronically infected with no-
rovirus (56). How viruses evolve under pressure from host
protective immunity to escape neutralizing antibody is contro-
versial. Historically, the paradigm has been that herd immunity
causes antigenic drift, the slow accumulation of mutations of
small effect that eventually result in significant antigenic
change. This hypothesis has been challenged by arguments for
epochal evolution in which mutations of large effect are ad-
mixed within neutral mutations and by the idea that these
combined small- and large-effect mutations actually drive an-
tigenic change (31). This hypothesis argues that a complex
relationship exists between mutation and antigenic variation,
with specific sites differentially driving escape from herd im-
munity.

In the absence of a small-animal model or a cultivatable
virus, we prepared panels of both time-ordered GII.4 VLPs
and monoclonal antibodies (MAbs) to study the mechanisms
of GII.4 persistence in human populations, including antigenic
variation. Previous studies have demonstrated that VLPs are
antigenically very similar to native noroviruses (28, 36), and
mouse MAbs can be used to compare epitopes between dif-
ferent VLPs. Therefore, we constructed VLPs representing
each of the pandemic strains [GIL.4-1997 (US95/96), GII.4-
2002 (Farmington Hills), GII.4-2004 (Hunter), and GII1.4-2006
(Minerva)] in addition to an ancestral strain that circulated
prior to any known pandemic outbreak (GIIL.4-1987). An ad-
ditional VLP (GII.4-2005) representing Sakai was used to rep-
resent a strain circulating during the brief window between the
2004 and 2006 pandemic strains. Sakai is a neoteric GIL4
outbreak strain associated with outbreaks in health care facil-
ities in Southeast Asia (48) and sporadically detected in the
United States and the Netherlands (10). Two new VLPs, GII.4-
2007 and GII.4-2008, were constructed to represent strains
circulating within communities after the Minerva pandemic
peaked. Previously, we reported the histo-blood group antigen
binding patterns (putative cellular receptors) and antigenic
relationships between these GII.4 strains circulating between
1987 and 2006 (8, 39). In these studies, VLP GI1.4-1987, GII.4-
1997, and GII.4-2006 bound to multiple HBGAs but preferen-
tially to H type 3. VLP GII.4-2002 also bound H type 3 but
showed preferential binding to Lewis y antigen (Le¥). Under
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our conditions of treatment, a strong affinity of HGBA ligand
for VLP GII.4-2004 and GIIL.4-2005 was not identified. Using
enzyme immunoassays (EIAs) and surrogate neutralization as-
says based on these VLP-HBGA interactions, GII1.4-1987 and
-1997 were antigenically indistinguishable from each other with
both human norovirus outbreak sera and VLP-immunized
mouse sera. VLPs of strains circulating in 2002 or later had
significantly less reactivity with sera directed against VLPs of
earlier strains. Based upon these results, five putative antibody
epitopes were predicted based upon evolving surface-exposed
residues in the GIL.4 capsid (14). These observations provide
empirical support for bioinformatic predications that GII.4
noroviruses are undergoing antigenic variation (2, 39, 59).

In this study we demonstrate that the antibody epitopes of
GII.4 norovirus major capsid proteins are changing by com-
paring the reactivity of a panel of monoclonal antibodies gen-
erated independently against an early GIL.4 strain (GII1.4-1987)
and a contemporary GIIL.4 strain (GIL.4-2006) against a panel
of time-ordered GIL.4 VLPs representing major evolutionary
steps and consequently major outbreak strains ranging be-
tween 1987 and 2008. These results not only support the hy-
pothesis that noroviruses are undergoing rapid antigenic vari-
ation but also provide a model platform to evaluate whether
change is mediated by classical antigenic drift or by epochal
evolution.

MATERIALS AND METHODS

Phylogenetic analysis of GI1.4 ORF2 sequences. Thirty-three genotype GIIL.4
capsid P2 subdomain amino acid sequences, including 11 representative se-
quences and 22 reference sequences, were aligned by ClustalX, version 1.83 (13),
using default parameters. The alignment was refined manually, and sites of
variation, defined as any site with a quality score of less than 100, were exported
in table format and ordered by genotype and date. To eliminate potential se-
quencing errors, positions that were different in only one representative se-
quence were removed. Variable sites that occurred in the P2 subdomain were
exported using Microsoft Excel. Since the residues within predicted epitopes (14)
appear to reuse the same residues from previous outbreak strains at various
times and because different portions of the protein evolve at different rates (39),
molecular clock analysis was not conducted on these data. Further, molecular
clock analysis has been previously reported for the GII.4 noroviruses (4, 58).

A maximum-likelihood phylogenetic tree was generated using the PhyML
program (20) as implemented in the Geneious package (Biomatters, Auckland,
New Zealand), using the MtREV substitution model. Boot-strapping was con-
ducted generating 100 bootstrapped data sets, and a consensus tree was gener-
ated using Consensus from the Phylip package (18). Trees were visualized in the
Geneious tree viewer, and the Seaview tool (19) was used for editing and
rearranging branches.

Virus-like particles. A panel of time-ordered GII.4 VLPs representing GII.4
strains circulating in 1987, 1997, 2002, 2004, 2005 (39), 2006 (8), 2007
(AB496912), and 2008 (AB492092) was assembled as previously described.
Briefly, all ORF2 constructs were inserted directly into the VEE replicon vector
for the production of virus replicon particles (VRPs), and VLPs were expressed
in VRP-infected BHK cells. Subsequently, VLPs were purified by velocity sedi-
mentation in sucrose, and approximately 35-nm particles were visualized by
negative-staining electron microscopy (EM) (3, 40). VLP protein concentrations
were determined by a Bio-Rad protein assay (Bio-Rad, Hercules, CA).

Mouse immunization, hybridoma production, and IgG purification. Monoclo-
nal antibodies were produced and purified by the University of North Carolina
(UNC)—Chapel Hill, Immunology Core (http://mabs.unc.edu). Briefly, to create
the UNC50 anti-GII.4-1987 monoclonal antibodies, Swiss Webster mice were
given oral immunizations with 5 pg of VLP/100 pl on days 0, 2, 4, 16, and 18. On
day 21 mice were boosted with 5 pg of VLP/100 pl and 2 pg/10 pl intravenously
(i.v.) before splenocyte fusion. UNC56 anti-GII1.4-1987 hybridomas were pro-
duced from mice immunized as above with an additional boost intraperitoneally
(i.p.) at 5 months with 50 g/200 pl plus Gerbu adjuvant and subsequent fusion.
UNC67 anti-GII.4-2006 hybridomas were produced from mice immunized with
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FIG. 1. Maximum-likelihood analysis of the P2 subdomain of the GII.4 noroviruses. A phylogenetic tree was generated using maximum-
likelihood analysis from an alignment of the P2 subdomain of 33 GII.4 sequences, including 11 representative sequences. The tree shows that
distinct clusters arose over time, starting with the ancestral GI1.4-1974 cluster. Evolution appears to have proceeded linearly over time, with new
strains emerging from previous strains, often using recycled residues within important surface-exposed epitopes.

50 ng/100 pl plus Gerbu adjuvant on days 0, 20, 41, 57, and 84, and splenocytes
fused on day 88. Resulting hybridomas were subcloned by limiting dilution,
isotyped, and purified by protein G chromatography.

EIAs. Antibody reactivity was determined by EIA. Plates were coated at 1
pg/ml of VLP in phosphate-buffered saline (PBS) for 4 h at room temperature
and blocked overnight at 4°C in 5% Carnation dry milk in PBS-0.05% Tween 20
before the addition of either serially diluted IgM-containing tissue culture su-
pernatant or 2 pg/ml purified IgG; samples were incubated for 1 h at 37°C,
followed by anti-mouse-IgM or IgG-alkaline phosphatase (Sigma Chemicals) for
30 min at 37°C and color development with para-nitrophenyl phosphate (pNPP;
Sigma Chemicals) at room temperature for 15 min. Each step was followed by
washing with PBS-0.05% Tween 20, and all antibodies were diluted in 5%
Carnation dry milk in PBS-0.05% Tween 20. All samples were assayed in trip-
licate as both tissue culture supernatants and purified antibodies. Establishment
of EIAs using new MAbs included PBS and genogroup I VLP-coated wells as
negative controls and polyclonal anti-VLP mouse or human serum as a positive
control. Antibodies were considered positive for reactivity if the mean optical
density (OD) for VLP-coated wells was greater than three times the mean optical
density for PBS-coated wells. Assay plates were considered valid if negative
controls were below 0.08 OD units and positive controls were above 0.5 OD
units.

Carbohydrate binding blockade assays. VLP-HBGA binding blockade exper-
iments were done as reported previously by our group (38, 39) with minor
modification. Synthetic HBGAs were bound to NeutriAvidin-coated plates
(Pierce, Rockford, IL) at 10 pg/ml (Glycotech, Gaithersburg, MD) for 1 h before
the addition of MAb-pretreated VLP at 1 pg/ml for 1.5 h. VLP binding was
detected with rabbit anti-GII VLP polyclonal antiserum, followed by anti-rabbit
IgG-alkaline phosphatase (Sigma Aldrich, St. Louis, MO) and pNPP (Sigma
Aldrich). The percent control binding was defined as the binding level in the
presence of antibody pretreatment compared to the binding level in the absence
of antibody pretreatment, multiplied by 100. HBGA ligands were H type 3 for
GI1.4-1987, -1997, and -2006 and Le¥ for GIL.4-2002 (38, 39). All incubations
were done at room temperature. Each step was followed by washing with PBS—
0.05% Tween 20, and all reagents were diluted in 5% Carnation dry milk in
PBS-0.05% Tween 20. All samples were assayed in triplicate as both tissue

culture supernatants and purified antibodies. Two criteria were used to designate
an antibody as blockade competent: (i) a positive dose response between anti-
body treatment and mean percent control binding, as indicated by a negative
slope significantly different from zero by linear regression analysis, and (ii) at
least a 50% block of the VLP-HBGA interaction within the dilution series tested.
The exceptions to these criteria were GI1.4-2006-G3, -G4, and -G7. These anti-
bodies completely blocked homotypic VLP-HBGA interaction at all dilutions
tested and were determined to be blockade competent even though they did not
meet the first criterion. Establishment of blockade assays using new MAbs
included PBS and genogroup I VLP as negative controls and polyclonal anti-
VLP mouse or human serum as a positive control.

RESULTS

GIL4 sequence variation and phylogeny. A phylogenetic
tree was generated using maximume-likelihood analysis from an
alignment of the P2 subdomain of 33 GII.4 sequences, includ-
ing 11 representative sequences (Fig. 1). The tree shows that
distinct clusters arose over time, starting with the earliest
known GII.4 strain from 1974 through 2008, with distinct clus-
ters correlating with major outbreaks.

Informative sites from the P2 subdomain of 11 representa-
tive sequences were exported and ordered by time (Fig. 2).
Analysis indicated that significant changes occurred in the P2
subdomain over time, consistent with results previously re-
ported for the GIL.4 genotype (39). In general, it appears that
the GII.4 genotype underwent epochal evolution whereby pe-
riods of evolutionary stasis were followed by bursts of adapta-
tion that gave rise to novel strains that emerged from previous
circulating strains, often via recycling of residues within impor-
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FIG. 2. GII.4 P2 subdomain antigenic variation. Eleven representative sequences were selected from each major phylogenetic cluster, begin-
ning with strains originating in 1974 through extant strains that emerged in 2008. The 11 representative capsid sequences were aligned with
ClustalX, and informative sites in the P2 subdomain were exported to this table and ordered by time. Each color represents amino acid changes
that occurred within the subcluster. Ancestral GIL4, light yellow; GI1.4-1987 of Camberwell, yellow; GI1.4-1997 of Grimsby, red; GII-2002 and
GII-2002a of Farmington Hills, blue; GII-2004 of Hunter, green; GII-2005 of Sakai, orange; and GII-2006 of Minerva, purple; GII1.5-2007, light
green; GII1.4-2008 of Stockholm, tan; and GII.4-2008a of Appledorn, brown.

tant surface-exposed epitopes. Moreover, two extant clusters,
Hunter (GII1.4-2004) and Minerva (GII.4-2006), appear to be
persisting in human populations by evolving novel capsid vari-
ations. The Hunter cluster has two representative strains (2004
and 2007) that are significantly different in the P2 subdomain,
with amino acid differences at five positions (296, 298, 364, 365,
and 407). Positions 296, 298, and 407 are surface-exposed res-
idues that lie in predicted antigenic epitopes (14). This obser-
vation suggests that these two distinct capsids from the Hunter
cluster likely have different antigenic properties. In addition,
within the Minerva cluster there are 16 amino acid differences
in the P2 subdomain between GI1.4-2006 and GI1.4-2008, most
of which map to the surface of the capsid and lie within pre-
dicted antigenic epitopes (Fig. 2). Taken together, these ob-
servations suggest that two extant strains are currently com-
peting for persistence in human populations by evolving novel
genotypes capable of evading existing herd immunity.
Characterization of broadly reactive anti-GII.4-1987 IgM
MAbs. Supporting earlier bioinformatic analysis that indicated
that GII.4 strain persistence and outbreak potential corre-
sponded with the emergence of antigenic variants, antibody
cross-reactivity patterns (39) and surrogate neutralization as-
says using polyclonal sera from GII.4 outbreaks and immu-
nized mice suggested that GII.4 noroviruses were undergoing
antigenic variation and using immune evasion to escape pro-
tective herd immunity targeting ancestral strains in human
populations. Antigenic variation is proposed to mediate GIL.4
strain persistence in human populations. To directly test this
hypothesis, we prepared panels of monoclonal antibodies
against an early GIL.4 strain, GI1.4-1987, and a contemporary
strain, GI1.4-2006, and then compared the reactivity of these
antibodies against a panel of GIIL.4 VLPs presenting GII.4
outbreak strains circulating globally from 1987 until 2008.
Immunization with GIL.4-1987 VLPs resulted in seven
MAbs, two IgM and five IgG isotypes (Table 1). Hybridoma
tissue culture supernatants containing each of the [gM MAbs
had a broad degree of recognition across a diverse panel of
norovirus VLPs, as measured by EIA (see Fig. Sla in the
supplemental material). GI1.4-1987-M1 and -M2 reacted not
only across the panel of time-ordered GII.4 VLPs but also with

GII-1, -2, -3, and -14 strains. Contrary to IgG findings (21, 37,
61), the IgM MAD reactivity extended across genogroups, rec-
ognizing VLPs from GI-1, -2, -3, and -4.

To assess if these highly reactive IgM MAbs could be po-
tentially neutralizing, we evaluated the ability of each IgM
antibody to block interaction of the immunizing VLP, GIL.4-
1987, with its HBGA binding partner, H type 3 (39), in a
surrogate neutralization assay. GII.4-1987 VLPs were pre-
treated with serially diluted IgM-containing hybridoma tissue
culture supernatant before addition to H type 3-coated plates
and determination of the amount of VLP bound in the pres-
ence or absence of the MAb. Neither monoclonal IgM inhib-
ited VLP interaction with HBGA ligand at any of the dilutions
tested (see Fig. S1b in the supplemental material). These data
suggest that both GI and GII norovirus strains share common
epitopes within the intact particle that are antibody accessible,
but these epitopes are likely conserved outside the carbohy-
drate binding domain. Cross-genogroup reactivity is in contrast
to observations comparing IgG cross-reactivity (see below).

Characterization of anti-GIL1.4-1987 IgG MAbs against a
panel of time-ordered GIL.4 VLPs. In contrast to the broad
reactivity of the IgM MAbs, the anti-GI1.4-1987 IgG MAbs
were genotype specific. The five IgG MAbs were purified, and
the reactivity of each across the panel of GI and GII VLPs was

TABLE 1. Antibody reactivity to immunization with GIL.4 strains

Clone name Clone no. Immunogen Isotype
GII1.4-1987-M1 44.14.1 GII1.4-1987 IegM
GII.4-1987-M2 42.12.1 GII.4-1987 IgM
GIL.4-1987-G1 159.1.1 GIIL.4-1987 IgG2b
GII.4-1987-G2 65.5.1 GII.4-1987 IgG1
GIL.4-1987-G3 163.5.9 GIIL.4-1987 IgG1
GII.4-1987-G4 116.10.12 GII.4-1987 IgG1
GIL.4-1987-G5 174.5.4 GIIL.4-1987 IgG1
GIIL.4-2006-G1 70.12.6 GII.4-2006 1gG2b
GIIL.4-2006-G2 95.11.1 GII.4-2006 IgG2b
GIIL.4-2006-G3 274.12.1 GII.4-2006 I1gG2a
GIIL.4-2006-G4 351.12.1 GII1.4-2006 IgG1
GIIL.4-2006-G6 4.4.10 GII.4-2006 IgG1
GIIL.4-2006-G7 416.9.1 GII.4-2006 IgG1
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FIG. 3. Anti-GII.4-1987 monoclonal IgG antibodies are genotype
specific. Anti-GII.4-1987 monoclonal IgG antibodies were purified by
protein G affinity chromatography, diluted to 2 pg/ml, and assayed in
triplicate by EIA for reactivity to a panel of GI and GII VLPs (a) and
an expanded panel of time-ordered GIL.4 VLPs (b). Bars represent
mean optical density values with standard errors of the mean. The
dashed line indicates the value equal to three times the background
level.

measured by EIA. All five antibodies preferentially reacted to
the GII.4-1987 VLP with low or no reactivity to VLPs tested
from other GII or any GI genotypes (Fig. 3a). Expansion of the
GII.4 genotype to include the complete panel of time-ordered
GIIL.4 VLPs identified a clear demarcation of anti-GIL.4 MAb
reactivity limited to strains that circulated primarily before
2004. Each IgG recognized GII.4-1987, -1997, and -2002 but
did not recognize GII.4-2004, -2005, -2006 (Fig. 3b), -2007, or
-2008 (data not shown) VLPs by EIA. As the five IgG MAb
epitopes changed over time, these data are consistent with the
hypothesis that encoded epitopes within the GII.4 noroviruses
are clearly undergoing antigenic variation over time.

The neutralization potential of each of these MAbs was
evaluated using a surrogate neutralization assay, which pro-
vides a biochemical measure of the capacity of each antibody
to specifically block ligand HBGA-VLP interaction (23, 39).
Serial dilutions of purified IgG were incubated with GII.4-
1987, -1997, -2002, or -2006 before VLPs were added to
HBGA-coated plates, and the VLP binding with antibody pre-
treatment was compared to the binding without antibody pre-
treatment (Fig. 4). All of the IgG antibodies had similar effects
on GII.4-1987 and -1997 interaction with H type 3, supporting
previous findings that these two strains are, so far, antigenically
indistinguishable (39). Monoclonal antibody GII.4-1987-G1,
-G4, and -GS5 blockade of GII.4-1987, -1997, and -2002 VLPs
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was dose dependent (see Materials and Methods) and nearly
complete at the highest doses tested. However, blockade of
GII.4-2002 required ~4-fold or more MAD to block at least
50% binding compared to the concentrations needed to block
GIL.4-1987 (Fig. 4a, c, and e). MAbs GII.4-1987-G2 and -G3
did not significantly affect HBGA binding of any of the VLPs
(Fig. 4b and c). These surrogate neutralization assays com-
bined with EIA data for the anti-GII.4-1987 monoclonal IgG
(mIgG) antibodies indicate that some of the time-sensitive
GII.4 epitopes are likely located in or near the carbohydrate
binding site.

Characterization of a panel of anti-GI1.4-2006 IgG MAbs.
Monoclonal antibodies directed against the early GII1.4-1987
strain support the hypothesis that GII.4 epitopes are changing
over time via antigenic drift and/or by selection driven muta-
tion. To study this time-sensitive antigenic variation more thor-
oughly, we prepared a second set of monoclonal antibodies
against a contemporary GII.4 epidemic strain, GII.4-2006, and
compared antibody reactivity across our panel of norovirus
VLPs. Six stable IgG-producing hybridoma lines were estab-
lished (Table 1). Among the six MADbs, two cross-reactivity
groups were identified by EIA (Fig. 5). The first group (GII.4-
2006-G1, -G2, -G3, and -G4) was genogroup specific, reacting
only with the immunizing GII.4-2006 VLP (Fig. 5a). The sec-
ond group (GIIL.4-2006-G6 and -G7) reacted more broadly,
including with other GII VLPs (GIIL.1-1972, GII1.2-1976, GIL.3-
1999, and GII.14-2000), but not with any GI VLPs tested (Fig.
5b). Expansion of the GII.4 genotype to include the complete
panel of time-ordered GII.4 VLPs again supported two reac-
tivity patterns for this set of MAbs. The genocluster-specific
MAbs had limited reactivity across the GIL.4 time-ordered
VLPs. All reacted with the immunizing strain, GI1.4-2006 (Fig.
6). Among the four genotype-specific IgG MAbs, three (GII.4-
2006-G1, -G3, and -G4) cross-reacted with GII.4-2005, two
(GI1.4-2006-G2 and -G3) cross-reacted with GII.4-2004, and
one (GIIL.4-2006-G3) cross-reacted with GII.4-2002. None of
the genotype-specific MAbs cross-reacted with the VLPs rep-
resenting strains circulating primarily before 2002 (Fig. 6a).
The two cross-GII genotype-reactive IgG MAbs (GIIL4-
2006-G6 and -G7) also recognized GII.4-2005, -2004, -2002,
and -1997. Only GII.4-2006-G6 had a robust reactivity to
GIL.4-1987 VLPs under these treatment conditions (Fig. 6b).

Each MADb was evaluated for its ability to disrupt ligand
HBGA-VLP interaction using the surrogate neutralization as-
say, as described above. In contrast to the EIA data, the block-
ade assay did not differentiate the anti-GI1.4-2006 MAbs into
two different phenotype groups. Five of the six MAbs were able
to block the immunizing strain VLP-HBGA interaction at least
50% with dose dependency (Fig. 7). Only GI1.4-2006-G1 was
unable to block binding. Despite a broad homotypic blockade,
only one MAb (GII.4-2006-G3) (Fig. 7c) was able to block
GII.4-2002-Le” interaction. None of the anti-GII.4-2006 MAbs
inhibited GII.4-1987 or -1997 VLP interaction with H type 3,
despite EIA recognition of these VLPs by two of the MAbs
(Fig. 6b). Further, despite EIA recognition by GII.4-2006-G6
and -G7, neither GII.2-1976 nor GII.3-1999 VLP interaction
with H type 3 was affected by antibody pretreatment (data not
shown). As carbohydrate binding ligands for GII.1-1972 and
GIIL.14-1999 have not been identified, blockade potential for
these VLPs could not be determined. As observed with MAbs
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FIG. 4. Anti-GII1.4-1987 mIgG can block VLP-HBGA interaction of early GII.4 strains but not contemporary GII.4 strains. Purified antibodies
were assayed for blockade of the interaction between GII1.4-1987, GI1.4-1997, and GII.4-2006 strains and H type 3 and between GII1.4-2002 and
Le*, and the mean percent control binding was calculated compared to the no-antibody pretreatment control binding. Error bars represent

standard errors of the means of samples run in triplicate.

against GII.4-1987, these EIA and surrogate neutralization
assays using anti-GII1.4-2006 MADs indicate that some of the
GII.4 epitopes are changing over time and that some of these
time-sensitive epitopes are located in or near the carbohydrate
binding site.

Since 2006, several new norovirus strains have been de-
tected in outbreak investigations although none has circu-
lated at pandemic levels. To test if further genetic change
reported in these later strains may be leading to antigenic
changes, we built two more VLPs. The first, GI1.4-2007,
represents Cruise Ship virus, a strain with high homology to
GII.4-2004 Hunter (Fig. 1). The second, GII.4-2008, repre-
sents Stockholm virus, a strain closely related to GII.4-2006
Minerva (Fig. 1). Neither of these strains, which fall within
previously defined genoclusters, was pandemic in circula-
tion. VLPs for these new strains were produced as before,
and the structure of particles was verified by electron mi-
croscopy before antigenic characterization. Both panels of
MADbs were assayed for reactivity to GI1.4-2007 and GII.4-

2008 by EIA (Fig. 8). As expected from previous results,
none of the anti-GII.4-1987 MAbs recognized either GII.4-
2007 or GII.4-2008 (data not shown). The Hunter-like
GII.4-2007 VLP reacted weakly with only one MAb, GII.4-
2006-G6. Supporting bioinformatic predictions (Fig. 2),
GII.4-2008 was antigenically distinct from GII.4-2006.
Three of six GII.4-2006 MADbs cross-reacted with GII.4-
2008. GII.4-2006-G3 and -G6 demonstrated strong binding
signals while GII.4-2006-G7 reacted only modestly, and
GII.4-2006-G1, -G2, and -G4 did not react. These data sup-
port a continued antigenic divergence even within genoclus-
ters, as previously described for GII.4-2002 variants (39).
The Hunter-like GII.4-2007 VLP was recognized by only
one GIL.4-2006 MADb compared to recognition by four
MADbs of GII.4-2004 Hunter VLPs, suggesting that herd
immunity against GII.4 Minerva-like strains may also be
shaping Hunter capsid protein evolution (Fig. 6 and 8).
Similarly, only three of the six anti-GII.4-2006 MAbs recog-
nized GII.4-2008, a Minerva-like strain found in the same
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genocluster as GII1.4-2006 (Fig. 8). Further emphasizing the
degree of antigenic change in these later strains, we were
unable to evaluate blockade potential of the MAbs for
GII.4-2007 and -2008 due to insufficient cross-reactivity of
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these VLPs with the rabbit polyclonal sera used for blockade
detection.

DISCUSSION

GII.4 noroviruses have been recognized as a leading cause of
severe viral gastroenteritis worldwide for more than 20 years.
The mechanism of continued persistence of this specific geno-
cluster among a large family of genetically and antigenically
diverse strains represents a fundamental question in norovirus
biology as it combines questions of viral fitness with questions
of host genetic susceptibility and immunity. These questions
remained largely unanswered until recently, and all of them
impact future vaccine design. The major obstacle to successful
norovirus vaccine design is the lack of understanding of the
extensive antigenic relationships between norovirus strains and
how this heterogeneity affects host protective immunity. De-
spite this, we developed the first multivalent vaccines with
broad cross-reactive and protective responses against norovi-
ruses in mice (40). To address these issues and inform vaccine
design, we prepared a panel of MAbs generated independently
against an early GII.4 strain (GIL.4-1987) and a contemporary
GIIL.4 strain (GII1.4-2006). By comparing the EIA reactivity of
these MADbs against a panel of time-ordered (1987 to 2008)
GII.4 VLPs, we have identified MADs that recognize epitopes
present only in strains chronologically near to the immunizing
strain. More importantly, the inability of the 1987 monoclonal
antibodies to bind contemporary 2006 VLPs confirmed the
existence of evolving epitopes, epitopes which escaped anti-
body recognition most likely from mutations in and around
surface-exposed sites which varied over time. These data pro-
vide the first direct evidence that epitopes in the GII.4 noro-
virus major capsid protein are undergoing antigenic variation
over time, most likely in response to human herd immunity,
much like other RNA viruses including influenza virus and
HIV but in contrast to genogroup I noroviruses (15, 38). Our
data support a biphasic model of antigenic variation that
emerges in GIL.4 viruses in response to host herd immunity
over time. First, we describe the emergence of GII.4 variation
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cross-genotype reactivity. (b) MAbs with GII cross-genotype reactivity. Bars represent mean optical density values with standard errors of the
means. The dashed line indicates the value equal to three times the background level.
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FIG. 8. GII.4-2007 and -2008 are antigenically diverse from GII.4-
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EIA for reactivity to GI1.4-2007 and -2008 VLPs. Bars represent mean
optical density values with standard errors of the means. The dashed
line indicates the value equal to three times the background level.

that differentially regulates the ability of ancestral strain mono-
clonal antibodies to block carbohydrate binding by the new
emergent outbreak strain. Then over time, additional GII.4
variation eventually allows for complete or nearly complete
escape from ancestral humoral immune response recognition/
neutralization. These data also support earlier arguments that
blockade responses are indicative of protective immunity (23,
39, 54). Larger monoclonal antibody panels, including human
monoclonal antibodies and robust tissue culture models, would
certainly enrich support for this model of GII.4 evolution.
Monoclonal antibodies to a limited assortment of norovirus
VLPs have been produced previously to evaluate the serologic
relationships between different genotypes and genogroups (22,
30, 41, 49). Most groups developing norovirus monoclonal
antibodies have used VLPs for antibody reactivity character-
ization, which preferentially selects for antibodies that target
surface-exposed conformation-retained epitopes. This is in
contrast to immunizing and screening with P particles or P
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dimers as antigens (67), which likely externally display unde-
fined combinations of surface and some internal epitopes that
are normally buried in native virions. Further, the use of West-
ern blotting as reported in Yang et al. (67) failed to detect
significant strain-antigenic differences. This approach may be
experimentally flawed, as only 1 out of the 11 mIgGs charac-
terized here bound to denatured VLP by Western blotting.
One anti-GII.4-1987 MAb bound to denatured VLPs of GII.4
strains from 1987 to 2006 (data not shown), which is in sharp
contrast to EIA data which demonstrated more specific MAb
interaction patterns when incubated with native conformation-
intact VLPs (Fig. 3b). Allan et al. (2) have compared reactivity
of five monoclonal antibodies against a pre- and post-2002
epidemic GII.4 strain. These data also identified a conforma-
tional epitope composed of residues 294 to 296 and 393 to 395.
Unfortunately, none of our VLPs allowed for direct compari-
son between the two studies, but the finding that residues 393
to 395 were antigenically important supported our previously
published work identifying amino acid 395 as an antigenic
determinant in the GIL.4-2002 Farmington Hills strain (39).
Nevertheless, our study is the first to examine the extent of
antigenic variations within a genotype over decades, including
variations occurring through four epidemic strains, and is con-
sistent with earlier findings using polyclonal antinorovirus hu-
man and mouse sera (8, 39). The panel of MAbs was not able
to distinguish clear antigenic differences between GII.4-1987
and GII.4-1997 VLPs by either EIA (Fig. 3 and 6) or surrogate
neutralization assays (Fig. 4 and 7), indicating that these two
strains are antigenically very similar. These data are compel-
ling because they support an earlier hypothesis (39) that the
emergence of the pandemic strain US95/96 may have been
driven by altered host range, primarily mediated by enhanced
affinity for an expanded group of HBGAs in these strains that
allowed for more efficient infection of some human popula-
tions rather than immune evasion. In comparison, MAb reac-
tivity across the time-ordered panel of GIL.4 VLPs strongly
suggests that GI1.4-2002 (Farmington Hills) strains signaled a
key shift in the antigenic milieu of the GII.4 noroviruses. By
EIA, all five anti-GII.4-1987 mlIgGs recognized GII.4-1987,
-1997, and -2002 but had no reactivity to -2004, -2005, -2006,
-2007, and -2008 VLPs (Fig. 3; also data not shown). Moreover,
this sharp leading edge in cross-reactivity was also associated
with a rapid loss in the ability of antibodies to block GII.4-2002
carbohydrate interactions (Fig. 4). If the in vitro blockade assay
faithfully captures a neutralization response associated with
preventing virus particle-receptor interaction and entry, then it
seems likely that GII1.4-2002 viruses may be highly resistant to
ancestral GIL.4 immune responses. Clearly, GII.4 strains of
2004 to 2008 are completely resistant to blockade, allowing for
escape from antibody-mediated host immunity. These data
likely explain, in part, the ability of new contemporary strains
to out-compete ancestral strains by circumventing host herd
immune responses. Importantly, one of the five MAbs that
blocked GII.4-2006 VLP interaction with ligand also blocked
GII.4-2002-ligand interaction (Fig. 7). These data suggest an
intriguing possibility that evolution selects for a successful con-
temporary GII.4 strain that retains or evolves one epitope or a
few epitopes which simultaneously allow for the induction of
cross-blockade antibody responses against ancestral isolates.
By inducing cross-blockade responses against the more recent
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ancestral strains, successful new GII.4 isolates may have
evolved a second strategy that specifically reinforces protective
population-level herd immune responses against recent ances-
tral strains that are competing with new strains for naive hosts.

While GII.4-1987 antibodies were GII.4 specific; GI1.4-2006
antibodies displayed very different binding patterns within and
across genogroups. Minerva strains caused a global pandemic
in 2006 and are still circulating in human populations as the
predominant epidemic strain. Phylogenetic analyses demon-
strate the emergence of significant evolution in the 2008 GII.4
Minerva-like strains, demonstrating that this lineage is evolv-
ing rapidly (Fig. 1). As most of the GII.4-2006 monoclonal
antibodies did not recognize GII.4-2008, it seems likely that
much of this evolution is in response to host herd immunity
and that a major new pandemic strain may be emerging in the
near future. In addition, the extant Minerva strain contains the
same Asn393 and Ala395 residues found in the GII.4-2002
pandemic strain, and the Ala395 change was sufficient to alter
HBGA binding and antigenicity in this subcluster. This pro-
vides further evidence that a subset of residues is tolerated at
specific positions that allow for innovations and that these
residues are likely recycled over time. It further suggests that
the extant Minerva strain may exhibit novel antigenic proper-
ties compared to the 2006 Minerva strain.

Five of the seven anti-GII.4-2006 MAbs blocked homotypic
VLP-HBGA interaction, and blockade potential did not cor-
relate with either broad EIA reactivity or contemporary-strain
EIA reactivity (Fig. 6 and 7). Four of the seven MAbs reacted
with only contemporary (2002 to 2006) GII.4 VLPs (Fig. 6a).
Of these, one epitope was maintained from 2002 to 2006, one
was found in only 2004 and 2006, and two were found in 2005
and 2006 only, indicating that the epitopes are changing more
quickly post-2002 and that some epitopes may be recycling in
and out of strains, as previously predicted (14, 15, 39). These
data are in agreement with phylogenetic data demonstrating
that the GII.4 strains are evolving at an accelerated rate post-
2002, with epidemic strains emerging approximately every 2 to
3 years (39, 59). Contrary to data demonstrating that the GI
strains share common epitopes between the genogroups that
may lead to cross-protection and/or original antigenic sin (15,
38), relatively little cross-reactivity exists between the GII
genoclusters with this group of GII.4-2006 MAbs, with no
detectable cross-genocluster VLP-HBGA blockade. The re-
maining two anti-GII1.4-2006 MAbs recognized not only the
entire GII.4 panel but also other GII strains, although with
various levels of sensitivity (Fig. 6a). These MAbs presumably
recognize well-conserved genogroup epitopes which could sub-
tly influence pathogenic outcomes and/or also serve as poten-
tial diagnostic or therapeutic reagents. Previous studies using
outbreak samples have suggested that GII.3 outbreaks in the
early 1990s may have induced immune responses that influ-
enced GII.4-1997 evolution, suggesting that complex cross-
epitope recognition patterns may exist across GII strains (8). It
also seems likely that GII.4-2006 immune responses are driving
GII1.4-2004 evolution. Surprisingly, two of the broad-spectrum
GII.4 2006 MAbs are potentially neutralizing as they specifi-
cally blocked GII.4-2006-HBGA interaction. Despite broad
GIL.4 VLP recognition by EIA, these MAbs did not block
GIIL.4-1987, -1997, or -2002 HBGA binding (Fig. 7) or block
cross-genogroup GII.2-1976 or GII.3-1999 ligand binding. It is
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intriguing that GII.4-1987 VLPs did not elicit similar broadly
reactive monoclonal antibodies. While speculative, these data
suggest that very complex cross-reactive epitope patterns may
exist among time-ordered GII VLPs, which could potentially
influence disease susceptibility patterns and clinical disease.
Such a hypothesis is also in agreement with previous findings
studying polyclonal antisera from infected humans and immu-
nized mice indicating that anti-GIL.4 antibody responses are
broadly reactive against GII.4 VLPs by EIA and that blockade
assays provide a powerful biochemical assay to define unique
biological differences in antibody-VLP interactions with carbo-
hydrate binding partners (8, 39). Using a modified version of
the blockade assay designed and utilized extensively by our
group (23, 38-40), Reeck et al. (54) recently reported an as-
sociation between blockade antibody titers, but not EIA titers,
and protection from illness in GI.1-1968-infected volunteers.
These data support use of the blockade assay as a surrogate
neutralization assay for noroviruses. Similar findings have been
reported for influenza virus H3 hemagglutinin, where anti-H3
MADs were shown to cross-react with other HA molecules by
immunofluorescence assay (IFA), but to neutralize only select
H3-containing viruses (64). Importantly, molecular evolution
and antigenic differences between GII.4-2008 (Minerva-like)
and GII.4-2007 (Hunter-like) support the notion that each is
evolving/coevolving rapidly, most likely in response to human
herd immunity, and that either/both may lead to future emer-
gent pandemic strains.

Eight out of 11 MAbs blocked homotypic VLP-HBGA in-
teraction, demonstrating potential neutralization activity. Cur-
rently, the only means to test actual neutralization would be to
test the ability of these MADs to protect gnotobiotic pigs from
GIL4 challenge (11). It is not surprising that the majority of
MADs blocked ligand binding as the P2 domain of the capsid
protein is both the site of HBGA interaction and the most
surface-exposed portion of the VLP, i.e., available for antibody
interaction. Fine-mapping studies with peptides or mutant cap-
sids will be necessary to map key interaction residues. Further,
cocrystalization of blocking MAbs with the panel of VLPs may
provide structural information important for predicting modes
of carbohydrate blockade and mapping epitopes onto the
structure (52, 60). We have shown here by comparing blockade
of GII.4-2002 with GII.4-1987 and —1997 that regardless of
mechanism, change in the binding site sequence can lead to
significant changes in neutralization potential (8, 39). It is
important to note that protection is not always dependent
upon binding near or within the receptor-binding site. Three
MADs recognized GII.4 VLPs but did not block VLP-HBGA
binding, indicating that they may recognize epitopes outside
the binding site. While not potentially neutralizing, these
MADs could be protective by interfering with a nonreceptor-
binding step or by causing viral aggregation. In concert, muta-
tions outside the capsid sequence may also have influenced
GIL4 emergence as a recent report demonstrated that the
RNA-dependent RNA polymerase of pandemic strains ac-
quired a key mutation after 2001, resulting in an increased
mutation rate and subsequent evolution rate (6).

Determination of the mechanisms of antibody neutralization
and any corresponding protection from norovirus infection is
seriously limited by the lack of a cell culture model or small-
animal model for norovirus propagation. We have developed a
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large pool of anti-GIL.4 MADbs from immunized mice, and
these have yielded useful information on the changing anti-
genic relationship between the evolving GII.4 strains. The cor-
relation between mouse and human norovirus epitopes is un-
known and constitutes an important limiting factor in our
study, as our approach has a bias toward mouse and not human
antigenicity. However, multiple studies have shown that mice
mount robust antibody responses to the capsid protein and that
these mouse antibodies have similar reactivities to and block-
ade capacities for norovirus VLPs (24, 40). In addition to
diagnostic reagents, these mouse antibodies could have poten-
tial vaccine use in the GII.4-infected gnotobiotic pig model and
possibly in human therapeutics as the process of “humanizing”
mouse antibodies becomes more accessible although combina-
tion cocktails and/or reformulation will likely be necessary to
counter virus selection by antibody escape. Importantly, study
of the GII.4 noroviruses with strain-matched VLPs and panels
of MAbs is a useful model system for dissecting complex mo-
lecular mechanisms governing virus-ligand interaction and es-
cape from herd immunity by antigenic variation in nonculti-
vatable viruses.

As with HIV, hepatitis C virus (HCV), and influenza virus,
antigenic variation will complicate the design of an effective
GIL.4 norovirus vaccine. It is likely that any vaccine will require
frequent reformulation and need to include multiple compo-
nents, as is the case for successful influenza vaccination. Pre-
liminary data of multicomponent vaccination with both noro-
virus (40) and influenza virus (64) suggest that this vaccination
approach can result in potentially neutralizing antibody pro-
duction both to new strains not included in the cocktail and to
multiple versions of the receptor-binding protein undergoing
antigenic variation. Finally, the antigenic variation noted here
is likely being driven by protective herd immunity. Contrary to
early norovirus studies (35), these data continue to support the
argument that norovirus infection does illicit protective im-
mune responses in many individuals, making an effective mul-
tivalent vaccine design possible (40).
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