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Antigenic Characterization
of Novel Human Norovirus GII.4
Variants San Francisco 2017
and Hong Kong 2019
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Norovirus is a major cause of acute gastroenteritis;
Gll.4 is the predominant strain in humans. Recently,
2 new Gll.4 variants, Hong Kong 2019 and San
Francisco 2017, were reported. Characterization using
Gll.4 monoclonal antibodies and serum demonstrated
different antigenic profiles for the new variants
compared with historical variants.

Norovirus is a major cause of acute gastroenteritis
(1). Over past decades, variants of the predomi-
nant genotype, genotype 4 (GIL.4), have continuous-
ly emerged to escape immunity (2-5). Since 2012, the
Sydney 2012 variant has predominated worldwide
(6). In 2019, GII.4 noroviruses that did not cluster
with any known variants were reported circulating
in different countries as early as 2016 (7,8). Based on
phylogenetic clustering and number of mutations
on major capsid viral proteins (VP1), the variant was
classified GII.4 Hong Kong 2019 (7). The new vari-
ant caused no large outbreaks and did not eclipse
the predominance of Sydney 2012. Another recently
reported unique group of GII.4 noroviruses, the San
Francisco 2017 variant, was retrospectively detect-
ed circulating during 2017-2022 (9). Both variants
showed multiple mutations on major antigenic sites,
including a single amino acid insertion next to the
antigenic site A in San Francisco 2017 (7,9,10). We
characterize the antigenicity of these 2 new variants
using panels of GII.4 mouse monoclonal antibodies
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(mAbs) and hyperimmune serum developed against
historical GII.4 variants (11,12).

The Study

To determine the cross-reactivity of the 2 new variants
with previously circulating variants, we produced
virus-like particles (VLPs) for Hong Kong 2019 (Gen-
Bank accession no.: MN400355) and San Francisco
2017 (GenBank accession no. MW506849) viruses. We
performed ELISA by using mAbs developed against
Sydney 2012 virus (11) and the newly developed VLPs.
Results demonstrated that the Hong Kong 2019 VLPs
bound to most of the mAbs mapping to conserved sites
from protruding (P) and shell (S) domains of the VP1,
but only bound to 2/25 mAbs that mapped to variable
antigenic sites and showed histo-blood group antigen
(HBGA) blockade activity (Figure 1, panel A) (11).
Those results were expected because mutational analy-
ses showed that the Hong Kong 2019 viruses present
multiple mutations on variable antigenic sites (Appen-
dix, https://wwwnc.cdc.gov/EID/article/30/5/23-
1694-Appl.pdf) (7). The loss of binding of 3 cross-re-
active mAbs that mapped to the P domain could be
explained by unique mutations on the conserved sites
(Appendix). VLPs from the San Francisco 2017 variant
bound to all mAbs mapping to conserved sites of the
VP1, but only to 4 mAbs that mapped to variable an-
tigenic sites. Based on previous observations, alanine
on positions 356, 359, or both, play a role in binding
to mAbs 1C10 and 17A5 (11). Thus, alanine on those
positions could explain the binding of mAbs to Hong
Kong 2019 and San Francisco 2017 VLPs. Other mAbs
mapping to the antigenic site G, 26E5 and 29A9, seem
to require residues from antigenic site A (11). Muta-
tions on antigenic site A in San Francisco 2017 could
therefore result in loss of binding of these mAbs
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Figure 1. Monoclonal antibodies
raised against 2 major Gll.4
variants in a study of novel human
norovirus Gll.4 variants, San
Francisco 2017 and Hong Kong
2019. A) Sydney 2012 mAb panel;
B) Farmington Hills 2002 mAb
panel. The heatmaps indicate
ELISA binding strength (OD,,
values) of individual mAbs against
virus-like particles from Gll.4 Hong
Kong 2019 and San Francisco
2017. Antibodies indicate minimal
cross-reactivity between new and
previously described variants.
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regardless of similarity to antigenic site G on the Syd-
ney 2012 variant. The 6E6 mAb, mapping to antigenic
site C, was previously reported to cross-react weakly
to Farmington Hills 2002 variant (11), which has 3 mu-
tations compared with Sydney 2012. The San Francisco
2017 presented 4 mutations compared with Sydney
2012; the Hong Kong 2019 variant had 6 mutations
on that site, explaining the differential binding of this
mAb. Similarly, sequence differences on antigenic site I
could explain the lack of binding of mAb 21F8 to Hong
Kong 2019 VLPs.

Because Hong Kong 2019 and San Francisco 2017
present evolutionary convergence and share similar
residues on several of the antigenic sites compared
with the Farmington Hills 2002 variant (Appendix),
we also tested those strains with mAbs developed
against this ancestral variant (Figure 1, panel B). Both
VLPs showed reactivity with all mAbs binding to
conserved epitopes. As expected based on sequence
similarity, Hong Kong 2019 showed reactivity only
with mAbs mapping on antigenic site E/G. San
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Francisco 2017 was negative to all mAbs mapping
to variable sites, including antigenic site A, which
presented only 3 mutations from Farmington Hills
2002 VLPs. Those data indicate that either a small
number of changes are sufficient to abrogate binding
of all 9 A-mapping mAbs or that the insertion near
the antigenic site A has a major influence on the
characteristics of this antigenic site.

To further characterize the antigenicity of
these new variants, we tested the HBGA blocking
activity of serum from mice immunized with VLPs
from historical variants (Figure 2, panels A, B) (12),
including the currently circulating Sydney 2012, the
ancestral Farmington Hills 2002, and genetically
or phylogenetically related variants: Osaka 2007
for Hong Kong 2019 viruses (7), and New Orleans
2009 and Apeldoorn 2007 for San Francisco 2017
viruses (9) (Appendix). The Hong Kong 2019 VLPs
presented weak cross-blockade reactivity with
the serum raised against all 3 viruses (mean 50%
effective concentration = 118.5 for Sydney 2012,
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Figure 2. HBGA blockade and binding assays in a study of novel human norovirus Gll.4 variants, San Francisco 2017 and Hong Kong

2019. A,B) Line graphs indicating normalized OD

405

curves of Gll.4 variants in HBGA blockade assays using mouse hyperimmune serum

raised against currently circulating strains; A) Hong Kong 2019 VLPs against historical strains; B) San Francisco 2017 VLPs against

historical strains. Normalized OD
oD

405

405

values were calculated by using values from positive and negative (serum only) control wells. C)
curves of Gll.4 variant VLPs in HGBA binding assays of Hong Kong 2019 and San Francisco 2017 VLPs and PGM Ill and human

saliva, expressing the Lewis?, Lewis®, LewisY, H type-1, and H type-2 HBGA carbohydrates. PGM lll was used as a source of HBGA
carbohydrates. Human saliva was collected from a healthy adult volunteer under US Food and Drug Administration, Center for Biologics
Evaluation and Research protocol no. CBER IRB 16-069B. HBGA, histo-blood group antigen; OD,, optical density at 405 nm; PGM,

porcine gastric mucin; VLP, virus-like particles.

116.9 for Farmington Hills 2002, and 87.6 for Osaka
2007 serum), with >12-fold differences compared
with their homologous VLPs (Figure 2, panel A).
That result was consistent with data from children
with the fewest previous norovirus infections
(10), supporting minimal cross-reactivity of Hong
Kong 2019 to previous variants. In contrast, the
San Francisco 2017 VLPs did not show cross-
blockade reactivity with any of the serum samples
tested from pandemic variants (Figure 2, panel B),
including Sydney 2012 and Farmington Hills 2002,
that shared similar sequences on the antigenic sites
E/G (Sydney 2012) and A (Farmington Hills 2002)
(Appendix). The only exception for cross-reactivity
was with the serum raised against Apeldoorn
2007, which showed moderate cross-blockade
activity with the San Francisco 2017 (50% effective
concentration = 309.2, a 5-fold difference compared
with homologous VLPs). Of note, GI1.4 Apeldoorn
2007 and San Francisco 2017 share the same motif
on the antigenic site D (Appendix). Thus, that cross-
reactivity might be explained by antibodies mapping

1028

on the antigenic site D from Apeldoorn 2007 variant.

Our data indicate that both Hong Kong 2019 and
San Francisco 2017 variants present distinct antigenic
profiles, yet both viruses have been circulating
for >7 years without causing large outbreaks
globally. Multiple examples of antigenically distinct
noroviruses that spread worldwide without causing
large outbreaks exist. Minor variants such as
Osaka 2007 and Apeldoorn 2007 showed distinct
antigenic profiles to variants that circulated before
their emergence (12). Those variants caused local
outbreaks and spread to multiple countries, but none
predominated at the global level (13). Therefore,
changes in antigenicity might not be the only factor
determining the epidemic potential of noroviruses.
Indeed, specific HBGA binding profiles were
associated with emerging noroviruses (14,15). The
new GII.4 variants bound to porcine gastric mucin III
and human saliva, as did other current and archival
variants (9,10) (Figure 2, panel C), suggesting that
impairment of binding to HBGA did not cause the
lower circulation of these viruses.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 5, May 2024



In conclusion, these 2 new norovirus variants
are antigenically distinct from previously circulating
variants. Whether these variants will predominate or are
examples of the subdued circulation of minor norovirus
variants remains to be determined. To prepare for
future pandemics, we must delineate the factors that
determine the overall fitness and predominance of GIL4
noroviruses, including but not limited to replication
kinetics, pathogenicity, HBGA binding spectrum, and
epidemiologic confounder.
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Antigenic Characterization of Novel Human
Norovirus Gll.4 Variants, San Francisco
2017 and Hong Kong 2019

Appendix

Genetic Analyses

The emergence of GIL.4 variants was associated with multiple mutations mapping to five
major antigenic sites (namely, A, C, D, E, and G) on the major capsid protein, VP1 (/,2). These
antigenic sites are involved in viral neutralization and blockade of interactions between the VP1
and histo-blood group antigen (HBGA) carbohydrates (3), which are ligands that facilitate
norovirus infection (4—7). This Appendix provides a comprehensive mutational analysis of new
GII.4 variants using a large, n = 3,142, dataset of complete GII.4 VP1 sequences (§), and the
viruses classified as GII.4 Hong Kong 2019 (9) and GII.4 San Francisco 2017 (/0). The
phylogenetic relationship of new and historical GII.4 variants were estimated using maximum-
likelihood method using VP1 amino acid sequences. In the phylogenetic analysis, the dataset was
downsized to consist of randomly subsampled sequences with a maximum of 30 sequences per
variant. The phylogenetic tree was calculated using the best-fit substitution model as
implemented in IQ-TREE (/7). The number of nucleotide or amino acid changes between
previous GII.4 variants and new variants was measured using phylotools and utils packages and

consensus sequence from each variant was estimated using seginr package in R (12).

As indicated in previous studies (9,/0), the phylogenetic tree showed that Hong Kong
2019 and San Francisco 2017 variants are distinct from other GII.4 variants (Appendix Figure 1).
The Hong Kong 2019 is most closely related to the Osaka 2007 variant, while San Francisco
2017 branched out from Sydney 2012 variants. The mutational analysis of the new variants
confirmed multiple substitutions on the major antigenic sites A, C, D, E, and G as indicated in

previous studies (9,70,13), and on other subdominant sites, namely I, resulting in different amino
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acid sequence patterns (Appendix Figures 2, 3). Hong Kong 2019 showed unique patterns on
antigenic sites A, D, I, and multiple other positions on the P domain. As expected by the
phylogenetic analysis (9) (Appendix Figure 1), this virus showed sequence similarities with
Osaka 2007 on the major antigenic sites. Notably, Hong Kong 2019 displayed the same amino
acid sequence on antigenic site E from the ancestral Farmington Hills 2002, but the overall
difference between these two viruses is marked by >4 amino acid changes on each of the other

four (A, C, D, G) antigenic sites (Appendix Figure 2).

In addition to an insertion described between positions 293 and 294 (/0), the San
Francisco 2017 variant contained multiple amino acid mutations on antigenic site A as compared
with Sydney 2012 (median: 3 mutations out of 8 residues) and Apeldoorn 2007 (median: 4
mutations), but <2 mutations on antigenic sites D, E, and G (Appendix Figure 2). Interestingly,
San Francisco 2017 presented large intra-variant variations on antigenic site A, and 6 out of 15
San Francisco 2017 strains reported in previous study (/0) shared same sequence on this
antigenic site with Sydney 2012 viruses that were detected in late 2010s and 2020s (8). These
late Sydney 2012 viruses showed evolutionary convergence into the ancestral GII.4 variants on
antigenic site A (8) (Appendix Figure 4). Likewise, San Francisco 2017 presented a similar
antigenic site A (median: 3 mutations) to ancestral Grimsby 1995 or Farmington Hills 2002
variants, but a completely different antigenic site G (median: >5 mutations out of 6 residues)
(Appendix Figure 2). Although these variants shared similarity on antigenic site A, their
consensus nucleotide sequences indicated a large divergence between them. Thus, the San
Francisco 2017 consensus sequence displayed 5—7 nucleotide but only 2 amino acid changes as
compared to the Farmington Hills 2002 and Grimsby 1995 consensus sequences of antigenic site
A (Appendix Figure 4). When comparing the nucleotide sequence of these codon positions with
phylogenetically closer variants (Apeldoorn 2007, early and late Sydney 2012 viruses), the San
Francisco 2017 viruses presented 4—6 nucleotide changes that resulted in 2—4 amino acid
mutations. Of note, consensus San Francisco 2017 presented a different codon pattern on
position 368 (GAA) as compared with Farmington Hills 2002 (AAC) and Grimsby 1995 (ACC),
which is same codon (GAA) with early and late Sydney 2012 viruses. Together, these data
suggest that the San Francisco 2017 variant converged into similar amino acids on the antigenic

site A present in the ancestral variants via different evolutionary pathways, confirming previous

Page 2 of 8



observations that there are constraints on the use of residues throughout the evolution of GII.4

norovirus (8).

In conclusion, the new variants presented multiple amino acid changes on the major
antigenic sites when compared with all previously described viruses, with several of them
converging into motifs observed in previous variants. A description of effect of these mutations

on the antigenic profile of these variants is presented in the main text.
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Appendix Figure 1. Phylogenetic tree showing the evolutionary relationship of the new variants, Gll.4

Hong Kong 2019 and San Francisco 2017, with previously described Gll.4 variants. The phylogenetic tree
was calculated with the maximume-likelihood method and randomly sampled (n = 338) VP1 sequences
with sequences from new variants, Hong Kong 2019 and San Francisco 2017. Scale bar indicates the

genetic distance, measured by the number of amino acid substitutions per site.
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Appendix Figure 2. Number of amino acid mutations on individual major antigenic sites between new
and previous variants. The bar graphs show the number of amino acid mutations on each antigenic site
between Hong Kong 2019 (A) or San Francisco 2017 (B) and historical Gll.4 variants (n = 3,142). The bar
and error bars indicate median and interquartile range. AA, amino acid.
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Major antigenic sites involved in HBGA-blockade and neutralization Residues
Variant Strain (accession number) pre-A A | C
292 293 |Insertion| 294 | 295|296 |297|298 |368 |372|373|339|340|341|375|376|377 (378
Hong Kong | CUHK-NS-2200/Hong Kong/2019 (MN400355) I - A 1 Q Lials Polar neutral
San Francisco 561/Gabon/2018 (MW506849) QT A A T N|[A|T|N N | L T[N Hydrophobic
Sydney RockvilleD1/United States/2012 (KY424328) I T 3 N T F A|N
New Orleans Virginia/Unites States/2010 (KX353958) I S N | A N TINJ|F T|N
Apeldoorn Iwated/lapan/2008 (AB541274) I - i S N | A N A F AN
Osaka Osaka/Japan/2007 (AB434770) I - A S N | A N S B S
] ) MD-2004/United States/2004 (DQE58413) [ - A T N[N|[N|N F T
Farmington Hills - -
Oxford/United Kingdom/2003 (AY588022) | A T N[N|N|N E T
Major antigenic sites involved in HBGA-blockade and neut Subd.
Variant Strain (accession number) D E I G |
393 [394] 395 [ 396 [397]407]411]412[413]414]352]355[356[357[359]364| 250255504
Hong Kong | CUHK-NS-2200/Hong Kong/2019 (MN400355) N Fls T s|lala Aln]Y [T
San Francisco 561/Gabon/2018 (MW506849) T A S N|T Y|S|N A Fls|a
Sydney RockvilleD1/United States/2012 (KY424328) SHIETR I S N | T Y|S]|A A F | ESHEe
New Orleans Virginia/Unites States/2010 (KX353958) S | A i S N || Y|S|A S F_[ESHINES
Apeldoorn Ilwated/lapan/2008 (AB541274) T A 5) N | S Y 'S A A [l = | @
Osaka Osaka/Japan/2007 (AB434770) S| T T N 2N L [ESH A A Y| S|Q
N . MD-2004/United States/2004 (DQ658413) N T Qs Bl S )i T|S|F Q
Farmington Hills = -
Oxford/United Kingdom/2003 (AY588022) N i Q | S i S \] T|S|F Q
Other sites with mutations specific to the new variants
Variant Strain (accession number) Shell Protruding
144 |256| 289 | 290 | 299|302 |331|348 /350|362 |366|379)|386 |398)|409 |438|447 |449)471|508
Hong Kong | CUHK-NS-2200/Hong Kong/2019 (MN400355) | v | A L | F Q | |5 Tl |S|T({M|L]|I
San Francisco 561/Gabon/2018 (MW506849) 1 BB S VIY|N L [ L [RONEOS v ENSESE L | M| L
Sydney RockvilleD1/United States/2012 (KY424328) | A VI Y|N|Q TlL|jala|V|N|[S|M|M]|L
New Orleans Virginia/Unites States/2010 (KX353958) I A VI iY|N|Q TlL|Q|lQ|]VIN|]S|M|[M]|L
Apeldoorn Iwate4/lapan/2008 (AB541274) } A \i Y [ENSRQ i LjaQjaQ| V| N|]S [ M[M|L
Osaka Osaka/lapan/2007 (AB434770) | A VIiY|N|]Q T|L|Q|JQ]|]V[IN|]S| M|M]|L
Farmington Hills MD-2004/United States/2004 (DQ658413) | A VIiY|N|Q TlL|Q|Q]|]VIN|]S| M|M]|L
Oxford/United Kingdom/2003 (AY588022) | A VI Y|N|Q T|lL|Q|]Q]|]V|IN|]S| M|M]|L

Appendix Figure 3. Sequence alignment of major strain(s) from Gll.4 variants used in immunoassays in
this study. VLPs from the MD-2004/United States/2004 and RockvilleD1/United States/2012 viruses were
used to generate mouse monoclonal antibodies (mAbs) (3). VLPs from Oxford/United Kingdom/2002,
Osakal/Japan/2007, Iwate4/Japan/2008, Virginia/Unites States/2010, and RockvilleD1/United States/2012
were used to generate mouse hyperimmune sera (74). Because MD-2004/Unites States/2004 virus,
which was used to produce mAbs for the Farmington Hills 2002 variant, has a mutation (G295D) on
antigenic site A, sera raised against Oxford/United Kingdom/2003 was selected to test responses at the
polyclonal level. Individual cells are colored based on the biochemical properties of the residues. HGBA,

histo-blood group antigen; VLPs, virus-like particles.

Page 7 of 8



Amino acid position 294 295 296 297 298 368 372 373
Nucleotide position | 880 [ 881] 882 883 ] 884 [ 885 886 [ 887 [ 888 889 [ 830 891 852] 893] 894 1102 [ 1103 [ 1104 1114 [ 1115 [1116[ 1117 1118 [ 1119
SanFrancisco 2017 A G S H N E N N # Differences to San Francisco 2017
clclale]e[1]ale[tlclaJtlaJalcleolalalalalJclaJalc Nucleotide Amino acid
Late Sydney 2012 T G S H N E N H
(2018-2022) alclaloele]Tlalec]tlc]aJclaJalcleolaJalaJaJclc]alT 4 &
Early Sydney 2012 T G s R N £ D H
(2012-2017) AlclTaleleo]tla]Je[tlcle[t]alJalcle [ aJale]aJclc]alT : 4
R T G 5 R N A D N
Apeldoom2007 - T e T T s e [T | Ale]Tlclo] Tl alalcl o lclclolalclalarlT 8 4
Farmington Hills 2002 A e : Ll N i l N 5 2
clclaloele][tlaJc]rlc]aJr]aJalrlaJaJclaJaJclaJa]T
A G s H D T N N
Crimaty 188 clclale]efclalo[tlcla]Jtle]alrl alc]clalTalJclalalTr : £

Appendix Figure 4. Comparison of consensus codon and amino acid sequences of antigenic site A from
Gll.4 variants. The amino acid sequences are shown in italic on the top and the corresponding codon
(nucleotide) sequences are shown on the bottom. Mutations as compared to San Francisco 2017
consensus sequences are highlighted in bold and red.
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