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ABSTRACT Norovirus is a major human pathogen that can cause severe gastroenteritis
in vulnerable populations. The extensive viral diversity presented by human noroviruses
constitutes a major roadblock for the development of effective vaccines. In addition to
the large number of genotypes, antigenically distinct variants of Gll.4 noroviruses have
chronologically emerged over the last 3 decades. The last variant to emerge, Sydney_2012,
has been circulating at high incidence worldwide for over a decade. We analyzed 1449
capsid sequences from Gll.4 Sydney_2012 viruses to determine genetic changes indicative
of antigenic diversification. Phylogenetic analyses show that Sydney 2012 viruses scattered
within the tree topology with no single cluster dominating during a given year or geograph-
ical location. Fourteen residues presented high variability, 7 of which mapped to 4 antigenic
sites. Notably, ~52% of viruses presented mutations at 2 or more antigenic sites.
Mutational patterns showed that residues 297 and 372, which map to antigenic site A,
changed over time. Virus-like particles (VLPs) developed from wild-type Sydney 2012
viruses and engineered to display all mutations detected at antigenic sites were tested
against polyclonal sera and monoclonal antibodies raised against Sydney 2012 and
Farmington_Hills_2002 VLPs. Minimal changes in reactivity were detected with polyclonal
sera and only 4 MAbs lost binding, with all mapping to antigenic site A. Notably, reversion
of residues from Sydney_2012 reconstituted epitopes from ancestral Gll.4 variants. Overall,
this study demonstrates that, despite circulating for over a decade, Sydney_2012 viruses
present minimal antigenic diversification and provides novel insights on the diversification
of Gll.4 noroviruses that could inform vaccine design.

IMPORTANCE Gll.4 noroviruses are the major cause of acute gastroenteritis in all age
groups. This predominance has been attributed to the continued emergence of phyloge-
netically discrete variants that escape immune responses to previous infections. The last
Gll4 variant to emerge, Sydney_ 2012, has been circulating at high incidence for over a
decade, raising the question of whether this variant is undergoing antigenic diversification
without presenting a major distinction at the phylogenetic level. Sequence analyses that
include >1400 capsid sequences from Gll.4 Sydney_2012 showed changes in 4 out of
the 6 major antigenic sites. Notably, while changes were detected in one of the most
immunodominant sites over time, these resulted in minimal changes in the antigenic
profile of these viruses. This study provides new insights on the mechanism governing the
antigenic diversification of Gll.4 norovirus that could help in the development of cross-
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of recombinant VP1 results in virus-like particles (VLPs) that resemble the native virion. In
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the absence of traditional cell culture systems for human noroviruses, VLPs have been
used to determine the structure and study the antigenic properties of VP1. The structural
model of norovirus VP1 shows 2 domains: the shell (S) and protruding (P). The former
makes the scaffold of the inner capsid, and the latter is the most exposed region of the vi-
ral capsid. The P domain is further subdivided into P1 and P2 (1-3). Further demonstrating
their relevance, previous studies have utilized norovirus VLPs to determine that the capsid
binds to histo-blood group antigen (HBGA) carbohydrates, and this interaction facilitates
human norovirus infection (4, 5). Moreover, elicitation of antibodies capable of blocking
this VP1:HBGA interaction is strongly correlated with disease protection and virus neutrali-
zation (1, 2, 6-10).

Human noroviruses present a great diversity (40 genotypes), with one genotype, Gl 4,
accounting for ~50% of all norovirus infections globally (11). The predominance of Gll.4
norovirus has been associated with the chronological emergence of phylogenetically discrete
variants that are antigenically different, allowing escape from previous infections. The major
differences among these Gll.4 variants map to variable antigenic sites/motifs (A-l) located at
the outermost surface of the VP1 (7, 12, 13). Six major global epidemics have been associated
with the emergence of GlI4 variants (11, 14, 15). The first pandemic was linked to the emer-
gence and circulation of the Grimsby_1995 virus, the second to the Farmington_Hills_2002
virus, and the third to the Hunter_2004 virus. In 2006, the Yerseke_2006a and Den_Haag_2006b
variants emerged, with the latter causing outbreaks worldwide (16). These variants were
both superseded by the New_Orleans_2009 virus in 2009. In 2012, the Sydney_2012 vari-
ant emerged with a completely different set of nonstructural proteins ([P31], named
based on the polymerase type). This variant replaced all others and has been circulating
for over a decade in the human population (11, 13). In 2015, this variant was detected with
a new polymerase, Sydney_2012[P16], which quickly predominated alongside Sydney_2012
[P31] viruses worldwide (17). This polymerase could have been acquired by recombination
with the GII.2[P16] viruses that were first detected in 2014 and that caused large outbreaks
in different countries during 2016 to 2017 (18). Other Gll.4 variants have been detected (e.g.,
Sakai_2003, Yerseke_2006a, Osaka_2007, Apeldoorn_2007, and HongKong_2019); however,
their impact on gastroenteritis outbreaks was limited to specific geographical regions (14).

While most predominant Gll.4 variants only circulated for 2 to 4 years, Grimsby_1995
and Sydney_2012 predominated for more than 8 years (Fig. 1A) (11, 19). The rapid turnover
of variants during the mid-2000s seems to be associated with the single immunodominance
of antigenic site A, while the Grimsby_1995 and Sydney_2012 variants present co-immunodo-
minance of antigenic sites A and G (7). Advances in genome sequencing technologies over
the last decade resulted in a larger data set of norovirus genome information (11, 13, 20),
which facilitates the study of intra-variant diversification. Here, we harnessed over 1400 Gll.4
norovirus capsid sequences to study the intra-variant evolution of the Sydney_2012 variant,
and interrogate whether this variant has undergone antigenic diversification after more than
a decade of circulation in the human population. While genomics analyses suggest antigenic
variation in 4 out of the 6 major antigenic sites, the overall antigenicity of Sydney_2012
remained very similar for over a decade. These data contradict the notion that the predomi-
nance of Gll.4 noroviruses is only linked to antigenic variation of the capsid protein.

RESULTS

Genetic diversification of the Sydney_ 2012 variant. We retrieved 3,145 capsid
sequences from GIl.4 noroviruses from GenBank and selected 1,449 sequences that
cluster within the Sydney_2012 variant. The phylogenetic tree of the Sydney_2012 variant
shows that viruses are scattered within the tree topology, with no single cluster dominating
during a given year (Fig. 1B). The sequences were collected from 34 countries from 5 conti-
nents (Table S1). While differences in the number of sequences are observed for each given
geographical region, viruses from different countries were observed throughout the multiple
clusters of the phylogenetic tree (Fig. 1). Of note, the co-dominance of 2 viruses, Sydney_2012
[P31] and Sydney_2012[P16], from 2 major clusters, has occurred since 2015 (Fig. S1). The
capsid of Sydney_2012 viruses presented clock-like linear evolution on its genome (Fig. S2),
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FIG 1 Evolution of the major capsid protein (VP1) from Gll.4 Sydney_2012 noroviruses. (A) Gll.4 variant yearly distribution tabulated using all sequences available in
public databases (11). The last variant to emerge, Gll.4 Sydney_2012 variant, has been circulating for over a decade. (B) Time-scaled phylogenetic tree of Gll.4
Sydney_2012 noroviruses showing the circulation of different clusters every given year. The phylogenetic tree was calculated using 1,449 nucleotide sequences
encoding the VP1 of Sydney_2012 noroviruses and the Markov chain Monte Carlo (MCMC) method, as implemented in BEAST v1.10.4 (41). (C) Amino acid pairwise
differences among all Sydney_2012 viruses calculated using the same data set used for phylogenetic tree reconstruction. (D) Amino acid pairwise differences of all
Sydney_2012 viruses in each year compared to the earliest virus detected in 2010. Intra-variant diversification reveals an overall variation of 2 to 11 (10" to 90th

percentile; range 1 to 35) residues.

with multiple differences at the amino acid level (range, 1 to 35; mean, 6.5; 10th percentile,
2; 90th percentile, 11) (Fig. 1C). Notably, these amino acid differences did not accumulate
over time and a similar number of differences were detected for viruses circulating in any
given year (Fig. 1D).

We then determined where these mutations mapped on the norovirus capsid protein.
We found that 14 residues presented Shannon entropy values above 0.3, which is indicative
of high variability (13). Seven residues mapped on major antigenic sites or variable motifs:
297, 372, and 373 (antigenic site A); 333 (variable motif B); 340 (antigenic site C); 393 (antigenic
site D); 414 (antigenic site E); and 309 (variable motif H). No variable residues were detected
on antigenic sites G or | (7, 13). The other variable residues mapped on the S domain (119,
145, and 174) and at the 3’-end of the P1 domain (534, 539, 540), and their role on the norovi-
rus phenotype is unknown (Fig. 2). Profiling of the temporal frequency of the amino acid
sequence patterns (mutational patterns) for each of the antigenic sites shows that only
antigenic site A changed its amino acid sequence over time. This change was attributed
to mutations occurring at residues 297 and 372 (Fig. 3). The profiling of antigenic sites
D, E, and H suggests the co-circulation of 2 different virus populations.

Next, we investigated how many viruses present simultaneous mutations in multiple
antigenic sites. To quantify this information, we determined the consensus sequence of
the Sydney_2012 variant and calculated the number of amino acid mutations on the anti-
genic sites for any given virus compared to the consensus sequence. Notably, most viruses
(88%, 1268/1449) presented =1 mutation at antigenic sites (Fig. 4A) and ~52% (754/1449)
of the viruses presented mutations at 2 or more antigenic sites (Fig. 4B). We next investigated
whether these were amino acid mutations that followed similar evolutionary histories. To visu-
alize this, we plotted the amino acids present in each strain from the phylogenetic tree (Fig. 5).
Patterns of residue composition confirm that 2 Sydney 2012 virus populations co-circulated
globally (Fig. 5), and that residues 297 and 372 from antigenic site A co-evolved (Fig. 6A).
Notably, 4 independent clusters (clusters I-IV) on the phylogenetic tree show genetic linkage
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FIG 2 Conservation analysis of the major capsid protein (VP1) from Gll.4 Sydney_2012 noroviruses. Shannon
entropy was used to calculate the amino acid variation for each site in the VP1. Analysis was carried out
using 1,449 complete (or nearly complete) sequences of Sydney_2012 noroviruses and the Shannon Entropy-
One tool, as implemented in Los Alamos National Laboratory. Residues were grouped on those mapping
outside antigenic sites (non-antigenic sites) and those mapping on antigenic sites (columns A to E, G to |).
Residues presenting entropy values =0.3 are considered as variables (13). Variable motifs are predicted to be
relevant to virus diversification, but not yet experimentally demonstrated to be an antigenic site.

of these 2 residues (297H, 372N), suggesting that convergence is the mechanism for this
mutational profile. Indeed, we note that different codon usage supported convergence
of 2 different evolutionary trajectories to display the same residues at these 2 sites (Fig. 6B).
Thus, the viruses from cluster | use the CACAAC codon pair, while those grouping together
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FIG 3 Temporal amino acid patterns on the major antigenic sites from Gll.4 Sydney_2012 noroviruses. Colors of the bars correspond to the most frequent
sequence patterns presented at any given antigenic site. Amino acid changes occurring on the 3 (297, 372, and 373) variable residues from antigenic site A are shown
separately. Analysis was carried out using 1,449 complete (or nearly complete) sequences of Sydney 2012 noroviruses and scripts implemented in R (13, 38).
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FIG 4 Quantification of amino acid mutations on the major antigenic sites from Gll.4 Sydney_2012
noroviruses. (A) Distribution of viruses by the number of mutations presented at antigenic sites as
compared with the consensus sequence of Sydney 2012 variant. (B) Distribution of viruses by the number
of antigenic sites presenting any one mutation as compared with the consensus sequence of Sydney_2012
variant. The consensus sequence for the Sydney 2012 variant was calculated from 1,449 complete (or
nearly complete) sequences of Sydney_ 2012 noroviruses and the Entropy tool as described in Materials
and Methods.

in clusters Il to IV mostly use the CATAAC codon pair. The mutational pattern of these 2
codon pairs shows that these 2 populations co-circulated in the human population (Fig. 6C).
Notably, the convergence for cluster | required 2 steps of mutations from the ancestral
codon pair (CGTGAC to CGCGAC to CACAAQ) (Fig. 6B). Mapping residues 297 and 372 on the
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FIG 5 Mutations on antigenic sites are associated to specific phylogenetic clusters. The tips of the time-scaled phylogenetic tree were color-coded based on the
residue presented by every viral sequence. The phylogenetic trees were calculated as indicated in Fig. 1 and the Materials and Methods section.
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FIG 6 Amino acid mutational pattern from antigenic site A from Gll.4 Sydney_2012 variant is associated to differential genetic codon usage.
(A) Amino acid distribution in the phylogenetic trees shows evolutionary convergence in residues 297 and 372 from major capsid protein (VP1)
of GIl.4 Sydney_2012 noroviruses. (B) Phylogenetic tree color-coded based on the codon presented for the codon pair encoding residues 297 and
372. (C) Temporal genetic diversification of the codon pair encoding amino acids 297 and 372. Colors of the bars correspond to the most frequent
sequence patterns presented at those 2 codon positions. The analyses were done using 1,449 complete (or nearly complete) sequences of
Sydney_2012 noroviruses. The phylogenetic trees were calculated as indicated in Fig. 1 and the Materials and Methods section. Clusters were
arbitrarily assigned, in order to facilitate description, to monophyletic branching of strains with similar codon pair usage.

major capsid protein shows that they are very close to each other (Fig. S3). Overall, the genomic
analyses suggest that changes on one of the most immunodominant antigenic sites (site A)
could account for intra-variant antigenic diversification of the Sydney_2012 variant.

Antigenic diversification of the Sydney_ 2012 variant. To determine if these muta-
tions play a role in the antigenic characteristics of the Sydney_2012 variant, we developed
VLPs of a wild-type virus (1503F/Japan/2021) that was detected in 2021, which presented
multiple mutations on the antigenic sites (Table 1). We also developed mutant VLPs present-
ing the major intra-variant mutations in the backbone of the ancestral Sydney_2012 variant
virus: RockvilleD1/US/2012. These VLPs were used to test for binding changes of mouse
monoclonal antibodies (MAbs) developed against the ancestral Sydney_2012 variant
(RockvilleD1/US/2012) (13, 21). We examined a total of 32 MAbs, 25 of them mapping
to variable antigenic sites, 4 mapping to cross-reactive epitopes in the P domain, and
3 mapping to cross-reactive epitopes in the S domain (Fig. 7A) (7). Twenty-four MAbs
mapping to variable antigenic sites were negative and 1 MAb (6E6, antigenic site C) was
positive for MD2004-3/US/2004 VLPs, a variant of the Farmington_Hills_2002 virus. Regarding
the Sydney 2012 VLPs, only 4 MAbs lost =50% of binding (16C7, 25F11, 26H2, and 27H1),
with all mapping to antigenic site A. The MAb 16C7 completely lost binding to VLPs present-
ing 3 simultaneous changes at residues 297, 372, and 373, and lost partial binding with the
VLPs with mutations in residues 297 and 372. The MAb 25F11 also lost partial (~30%) binding
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TABLE 1 Mutations presented at the major antigenic sites by the wild-type viruses selected in this study
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Wild-type strains VLPs

Antigenic Site A

Variable Motif B®

Antigenic Site C

294 295 296 297 298 368 372 373 333 389 339 340 341 375 376 377 378
RockvilleD1/USA/2012/Sydney_2012% T G S R N E D H M I R T D F E A N
1503F/Japan/2021/Sydney_2012 . . . H N N . . . .
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Antigenic Site D

Antigenic Site E
407 411 412 413 414

Wild-type strains VLPs

RockvilleD1/USA/2012/Sydney_2012%
1503F/Japan/2021/Sydney_2012
MD2004-3/2004/USA/FarmingtonHills_2002

Antigenic Site G
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Y S A D A R

Variable Motif H°
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. v Vv A T A A
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“Viruses name: Strain/Country of isolation/Date of isolation/Variant designation.
bSites predicted to be relevant to virus diversification, but not yet experimentally demonstrated to be an antigenic site.

with the VLPs with mutations in residues 297 and 372. The MAb 26H2 lost >50% binding to
VLPs with mutations at residues 297 and 372, but lost only ~30% binding with the VLP pre-
senting the 5 mutations (297, 372, 373, 393, and 414). The latter suggests that additional muta-
tions compensate for the binding of 26H2. The MAb 27H1 lost >75% binding with all VLPs
with mutations in residues 297 and 372. Binding profiles with mutant VLPs presenting 3 muta-
tions (297, 393, and 414) show that a single mutation (R297H) in antigenic site A did not alter
binding of any of the MAbs tested here. None of the MAbs mapping to the A/G epitope lost
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FIG 7 Gll.4 Sydney_2012 noroviruses present minimal intra-variant antigenic variation. (A) A monoclonal antibody (MAD) library developed against a wild-type
Gll.4 Sydney_2012 virus (RockvilleD1/US/2012) indicates binding lost only by a subset of MAbs targeting antigenic site A. The heatmap indicates MAb-VLP binding as
detected by ELISA, and represents the normalized OD405nm values. The columns denote wild-type and mutant VLPs. The OD405 nm were normalized to the cross-
reactive MAb 30A11 (1.0) and the negative control (0). (B) Polyclonal sera responses from animals immunized with RockvilleD1/US/2012 VLPs. Normalized curves are
shown from 1 mouse polyclonal serum as example. (C) The heatmap indicates the EC50 value from HBGA-blocking titers from the polyclonal sera from animals
immunized with RoclvilleD1/US/2012 and MD2004-3/US/2004 (a wild-type Farmington_Hills_2002 virus) VLPs. The columns denote wild-type and mutant VLPs, and
the rows show individual polyclonal sera.
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binding with any of the mutants. We did not have MAbs specific to antigenic sites D and E,
and therefore could not test the role of mutations 393 and 414 in the binding of MAbs. Since
there are some antigenic differences related to the mutations that emerged recently, partic-
ularly the pair 297H and 372N, and because we do not have MAbs mapping to antigenic
sites D and E, we tested the mutant VLPs using polyclonal sera raised against the ancestral
wild-type Sydney 2012 and Farmington_Hills_2002 variants (Fig. 7B and Fig. S4). Mouse
sera against the homologous VLPs presented a strong carbohydrate blocking titer (EC50
ranging: 793 to 1502), but no (or minimal) blocking to the heterologous VLPs (EC50 ranging:
<50 to 53; P = 0.004 in Dunnett multiple comparison test). Mice immunized with
RockvilleD1/US/2012 showed strong blockade titer to double mutant (R297H/D372N and
S393G/H414P) VLPs, and an intermediate blockade titer to the 1503F/Japan/2021 VLPs (EC50:
189 to 233, with statistical difference of P = 0.015) and penta mutant (R297H/D372N/H373N/
S393G/H414P; EC50: 350 to 488, P = 0.064) (Fig. 7C). The differences in reactivity for each of
the sera against the 1503F/Japan/2021 or mutant VLPs ranged from 0.6 to 6.6-fold, which is
below the 16-fold difference calculated as indicative of antigenic differences between the
Gll.4 noroviruses (11). Notably, sera from mice immunized with the Farmington_Hills_2002
variant, MD2004-3/US/2004, showed distinct patterns of reactivity. Overall, there was no sta-
tistical difference against RockvilleD1/US/2012 VLPs due to variations among individual
mice, but Mice 3219 and 3220 showed intermediate blockade titers to 1503F/Japan/2021
VLPs (EC50: 113 to 280), the double mutant R297H/D372N (EC50: 187 to 487), and penta
mutant VLPs (EC50: 211 to 341) (Fig. 7B), while mouse 3216 showed minimal blocking activ-
ity against Sydney VLPs (EC50: 51 to 140). This pattern of reactivity detected for the mice
immunized with the Farmington_Hills_2002 variant can be explained by the similar amino
acids presented by these viruses at residues 297, 372, 373, and 414 (Table 1).

Sydney_2012 viruses show reversion to ancestral Gll.4 epitopes. To confirm the
findings described above, we used a panel of 29 MADbs raised against the MD2004-3/US/
2004 VLPs. All P and S cross-reactive MAbs showed reactivity with all VLPs tested (Fig. 8).
Four MAbs mapping to variable antigenic sites, 2 mapping to site D, and 2 mapping to site
E/G were positive for RockvilleD1/US/2012 VLPs. Three (27E11, 33F3, and 34A7) out of the 9
MAbs mapping to antigenic site A gained reactivity to the 1503F/Japan/2021 virus and
penta mutant VLPs. None of the Farmington_Hills_2002 MAbs gained reactivity to the dou-
ble mutant R297H/D372N VLPs; however, 1 weak, cross-reactive MAb (52H3) that maps to
E/G antigenic sites lost binding with those VLPs presenting the mutation at position 414
(Fig. 8). Finally, we tested the carbohydrate blocking activity of sera from 6 adult individuals
challenged with a Farmington_Hills_2002 variant virus, 031693/US/2003 (22). The 031693/
US/2003 virus does not have mutations on major antigenic sites except D295G on antigenic
site A, as compared with MD2004-3/US/2004 virus. There was no overall significant differ-
ence of blocking titers among VLPs (P = 0.55 in One-way ANOVA). However, as 6 challenged
individuals might have different infection histories, reactivity patterns were very different
among them. Thus, the sera from the challenged individuals showed strong blocking titers
(mean, 223; range, 143 to 344) against the Farmington_Hills_2002 VLPs (MD2004-3/US/
2004), and varying blocking titers against the Sydney 2012 VLPs, RockvilleD1/US/2012
(mean, 147; range, <50 to 402) and 1503F/Japan/2021 (mean, 180; range, <50 to 444). Two
individuals, FRN439 and FRN466, presented blocking titers that indicate closer antigenicity
between the 1503F/Japan/2021 and MD2004-3/US/2004 viruses. The sera from 3 individuals
(FRN350, FRN354, and FRN359) reacted similarly to the Sydney 2012 VLPs, and the sera
from individual FRN40 reacted strongly to all 3 VLPs (Fig. 9).

DISCUSSION

Norovirus genotypes present 2 distinct patterns of evolution: Gll.4 noroviruses pres-
ent a chronological emergence of variants and accumulation of mutations at the major
capsid protein that alter antigenicity (7, 12, 13, 23), while non-Gll.4 noroviruses remain
very similar over several decades of circulation in humans (19). Overall, Gll.4 variants
differ by ~25 mutations (~5%) on the whole capsid protein (19), with most of these
mutations occurring at the major antigenic sites, A to | (7, 12, 13). Notably, while Sydney_2012
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FIG 8 Gll.4 Sydney_2012 noroviruses present epitopes from ancestral Gll.4 variants. A monoclonal
antibody (MAb) library developed against a wild-type Gll.4 Farmington_Hills_2002 virus (MD2004-3/US/
2004) indicates reactivity of MAbs, mapping to antigenic site A, against newer Sydney_2012 viruses. The
columns denote wild-type and mutant VLPs. The background of the mutant VLPs is that from the wild-
type RockvilleD1/US/2012 virus. The OD405 nm were normalized to the cross-reactive MAb 30A11 (1.0)
and the negative control (0).

viruses could present up to 35 mutations, these viruses did not show a marked accumulation
of mutations over time. The mutational profile shows that Gll.4 noroviruses acquired a
considerable number of mutations very early in the circulation of this virus (circa 2010),
and then presented a large period of great genetic stability, as shown for most non-Gll.4
noroviruses (19). A very similar set of events was reported for the emerging and transiently
predominant GII.17 viruses (19).

Tracking the evolutionary history and genetic diversification of viruses provides funda-
mental knowledge about the natural history of disease for any given virus (24-30). This is
best exemplified by the unprecedented effort to sequence the severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) virus and to link amino acid changes to their effect on
immunity, transmission, and pathobiology of COVID-19 (27-30). Using large-scale genomics,
we identified patterns of genetic diversification that could be associated with antigenic
changes in Sydney_2012 viruses. Mutational patterns of 2 residues, 297 and 372, which map
to antigenic site A, showed a very tight link in that mutating one resulted in mutations on
the other residue. Notably, these 2 residues presented strong signal for coevolution through-
out the diversification of Gll.4 noroviruses (23), further supporting evolutionary constraints
and the reversion to ancestral epitopes. These 2 residues are very close to each other on the
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FIG 9 Sera from individuals challenged with a Farmington_Hills_2002 virus present HBGA-blocking activity against
modern Sydney_2012 VLPs. Normalized curves are shown from sera from 6 individuals challenged with the 031693/
US/2003 virus (22). Two individuals, FRN439 and FRN466, presented blocking titers that indicate closer antigenicity
between the modern Sydney_2012 virus (1503F/Japan/2021) and the Farmington_Hills_2002 virus (MD2004-3/US/2004).
The 1503F/Japan/2021 virus presents an antigenic site A that resembles those from Farmington_Hills_2002 virus (Table 1).

surface of the viral capsid, and map on a critical region that not only plays an important
role in defining the antigenicity of the virus but also in binding to HBGA carbohydrates
(Fig. S4). Of note, we recently showed that mutations in antigenic site A could abrogate
binding to HBGA carbohydrates (7). Mutant VLPs presenting mutations in these 2 residues,
297 and 372, still showed binding to HBGA carbohydrates. The antigenic site A is com-
posed of 8 residues, so there are >10° possible combinations of amino acids for that anti-
genic site, yet the intra-variant evolution of Sydney 2012 resulted in its predominance
with epitopes that resemble those from Farmington_Hills_2002 viruses. This suggest that
there are evolutionary constraints and a limited number of possible combinations that can
result in viable viruses. A better understanding of the determinants of the genetic robust-
ness of the immunodominant antigenic site A in terms of antigenic diversification and
HBGA carbohydrate binding could help in the design of cross-protective vaccines for Gll.4
norovirus.

Even in the presence of mutations mapping on epitopes involved in viral neutralization
and protection, antigenic stability has been described for other norovirus genotypes (31),
measles (32), and respiratory syncytial viruses (33). The stability of measles has been attributed
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to the co-immunodominance of multiple antigenic sites, which restricts the virus to change
multiple sites simultaneously to escape immune responses (32, 34). Noroviruses circulating
during 2002 to 2006 presented a strong immunodominance on antigenic site A, which gradu-
ally changed to antigenic site G, and ultimately resulted in the immunodominance of epitope(s)
shared by antigenic sites A and G in Sydney_2012 viruses (7). While antigenic site A was shown
to be variable, antigenic site G remained highly stable in the Sydney_2012 variant. The major
effect on Sydney_2012 variant antigenicity was attributed to changes occurring in synchrony
at residues 297 and 372. Antibodies mapping to these residues do not map to the immuno-
dominant epitope(s) shared by antigenic sites A and G (7), thus explaining the antigenic stabil-
ity of Sydney_2012 at the polyclonal antibody level. Why the residues from antigenic site G
are conserved for over a decade is unknown. A similar pattern of antibody immunodominance
and long circulation was observed with the Grimsby_1995 viruses (7). Notably, the subsequent
variant, Farmington_Hills_2002, presented a unique insertion on the antigenic site D and a
drastic change in the immunodominance toward single antigenic site A (7, 23, 35, 36). Thus, it
is tempting to speculate that the next pandemic Gll.4 variant might present unique mutations
(e.g., insertions and deletions) or drastic changes in the chemical properties of the residues
mapping to the antigenic sites. If this is the case, it would remain to be seen if a new cycle of
rapid turnover of variants (2 to 3 years) occurs, such as the turnover that occurred during 2002
to 2012

The current dogma is that the predominance of Gll.4 is linked to the chronological
emergence of antigenically distinct variants that can escape from immunity acquired
from previous infections. On the contrary, the predominance of Sydney_2012 has been
recently attributed to a lack in the establishment of strong Sydney 2012 immunity in
adults, which facilitates the continued circulation and predominance of this variant
over the last decade (37). Notably, the same study showed (i) strong blocking (i.e., neu-
tralizing) titers to Sydney_ 2012 viruses in children infected with Sydney_2012 viruses,
and (ii) strong blocking titers to Farmington_Hills_2002 viruses in adults infected with
early Sydney_2012 viruses; suggesting that there is strong herd immunity to limit
Sydney_2012 infections and that antigenic variation of Sydney_2012 in residues 297
and 372 would not facilitate immune escape in individuals that were exposed to
Farmington_Hills_2002 viruses (37).

Overall, this study demonstrates that, despite circulating for over a decade, Sydney_2012
viruses present minimal antigenic changes in their capsid protein and provides novel insights
on the intra-variant diversification of Gll.4 noroviruses that could inform vaccine design.
Moreover, since the Sydney 2012 variant has been recorded as the predominant strain
globally, this study also raises new questions about the determinants for the predominance
of Gll.4 variants in the human population.

MATERIALS AND METHODS

Genetic diversification analyses of Gll.4_Sydney 2012 norovirus using bioinformatics. A total
of 3,145 full-length (1,623 nucleotides [nt]) and nearly full-length (=1,500 nt) VP1 sequences of the Gll.4
genotype were downloaded from GenBank (GB). Sequences obtained from immunocompromised patients
or environmental samples were omitted from the data set. A total of 1,452 sequences were typed as
Sydney_2012 using Norovirus Typing Tool (https://www.rivm.nl/mpf/typingtool/norovirus/), and sequence
analyses were performed in MEGA v7. After examination of the diversity and mutational profile, 3
sequences (MW045405/1065/Botswana/2017, MT221660/CUHK-NS-2467/China/2020, and KX354139/
2016-SP-0151_020316_CA/US/2016) were removed from the data set as they presented a very large
number of substitutions, and their origin was not fully determined. The final Sydney 2012 data set
included 1,449 sequences that included viruses detected from 2010 to 2022. Shannon entropy values and
the Sydney_ 2012 consensus sequence were calculated using the Shannon Entropy-One tool as imple-
mented in Los Alamos National Laboratory (https://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy
.html). Profiling of mutational patterns of antigenic sites over time and comparison with the Sydney 2012 con-
sensus sequence were performed using R (38), as described elsewhere (13). Three-dimensional structure of nor-
ovirus capsid P domain (PDB: 20BS) and mapping of residues were rendered using UCSF Chimera v1.16
(https://www.cgl.ucsf.edu/chimera/). Temporal phylogenetic analysis was performed using TempEst v1.5.3 (39),
and a maximum-likelihood tree was built with PhyML 3.3 (40). A time-scaled tree was estimated using
Bayesian Markov chain Monte Carlo (MCMC) methodology, as implemented in BEAST v1.104 (41). The 4
MCMC runs were independently performed using the Shapiro-Rambaut-Drummond-2006 (SRD06) substitution
model and strict clock model, and combined after removing burn-in from each run to obtain convergence of
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all the parameters. The maximum clade credibility (MCC) tree was generated from combined posterior trees
using TreeAnnotator v1.10.4, and visualized using ggtree package in R.

If available, polymerase types from Gll.4 Sydney_2012 sequences were determined using Norovirus Typing
Tool (https://www.rivm.nl/mpf/typingtool/norovirus/) and annotated on the phylogenetic tree using R. Yearly dis-
tribution of the polymerase types from all Gll.4 Sydney_2012 viruses (n = 1,237, including dual-typed sequences
with =100 nt length collected from 1995 to 2019) were obtained from a previous study (11).

VLP production, carbohydrate binding, and immunoassays. The VP1-encoding sequences of wild-type
Gll4 viruses (RockvilleD1/US/2012 [GB: KY424328] and 1503F/Japan/2021 [GB: LC644993]) were synthesized
and cloned into pFastBac1 vectors (GenScript). Baculoviruses expressing the norovirus VP1s were obtained by
using the Bac-to-Bac Baculovirus Expression System (Gibco). The produced VLPs were purified using 25% sucrose
cushion, followed by cesium chloride gradient as described previously (7, 23, 35). Expression of VP1 protein was
confirmed by Western blotting with norovirus VP1-specific cross-reactive MAb (7, 42), and VLP integrity was con-
firmed by electron microscopy. Mutant VLPs were designed by introducing the different mutations into the back-
bone of RockvilleD1/US/2012. The ORF2s with these mutations were synthesized, cloned, and subjected to the
Bac-to-Bac Baculovirus Expression System as described above. Binding of VLPs to the HBGA carbohydrate was
performed using PGM Il as described elsewhere (38). The reactivity of a large panel of mouse MAbs and polyclo-
nal sera (7) developed against the RockvilleD1/US/2012 and MD2004-3/US/2004 was tested using ELISA and
HBGA-blocking assays, as described elsewhere (7, 23). Animal protocol was approved by the IACUC (protocol
number 2018-41). Moreover, human sera collected from 6 individuals challenged with a Farmington_Hills virus
(031693/US/2003 [GB: JQ965810]) (22) were tested for HBGA-blocking assays. The history of norovirus infection in
these individuals is unknown, but the challenges were done prior to the circulation of the Sydney_2012 variant.
The use of human samples was approved by the institutional review board ([IRB], protocol number CBER IRB 16-
069B). The concentration of VLPs and MAbs used for the ELISA was 0.5 wg/mL and 10 wg/mL, respectively. The
concentration of VLPs used for HBGA-blocking assays ranged from 0.25 to 0.5 x.g/mL. Those concentrations were
chosen based on the binding to PGM I, i.e, lowest dilution that provides an OD405 nm value of 1.5 to 2.
Binding signals were measured as OD405 nm using a SPECTROstar Nano plate reader and values were plotted
using GraphPad Prism v9. Statistical analyses were performed using One-way ANOVA and post hoc Dunnett mul-
tiple comparison test as implemented in GraphPad Prism vO.

Data availability. The sequences used in this study were downloaded from the GenBank public
database. The list of sequences and their GenBank accession numbers is available in Table S2. The VLPs and
MADbs used in this study are available upon request.
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