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For the last 30 years, molecular surveys have shown that human norovirus (HuNoV), predominantly the GII.4 genotype, is one of the main causative agents of gastroenteritis. However, epidemiological surveys have revealed the worldwide emergence of GII.17 HuNoVs. Genetic analysis confirmed that GII.17 strains are distributed into three variants (i.e., Kawasaki 308, Kawasaki 323, and CS-E1). Here, virus-like particles (VLPs) were baculovirus-expressed from these variants to study putative interactions with HBGA. Qualitative analysis of the HBGA binding profile of each variant showed that the most recent and predominant GII.17 variant, Kawasaki 308, possesses a larger binding spectrum. The retrospective study of GII.17 strains documented before the emergence of the dominant Kawasaki 308 variant showed that the emergence of a new GII.17 variant could be related to an increased binding capacity toward HBGA. The use of duodenal histological sections confirmed that recognition of enterocytes involved HBGA for the three GII.17 variants. Finally, we observed that the relative affinity of recent GII.17 VLPs for HBGA remains lower than that of the GII.4-2012 variant. These observations suggest a model whereby a combination of virological factors, such as polymerase fidelity and increased affinity for HBGA, and immunological factors was responsible for the incomplete and non-persistent replacement of GII.4 by new GII.17 variants.
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INTRODUCTION

Each year, diarrheal diseases, such as viral gastroenteritis, affect millions of people of all ages around the world (Lozano et al., 2012). Human noroviruses (HuNoVs) have been recognized as one of the most predominant viral enteric pathogens (Ahmed et al., 2014; Wang et al., 2021). The growing routine use of real-time RT-PCR techniques for HuNoV detection and the establishment of efficient international networks for its surveillance has provided us with valuable information about its circulation. Complementary epidemiological studies have shown that young children and the elderly are most at risk of norovirus infection (Banyai et al., 2018). Human norovirus is considered highly infectious and is transmitted either person-to-person or through contaminated food and water. In the United States, the cost of infection associated to foodborne norovirus infections is estimated at roughly $2 billion per year (Scallan et al., 2011). Studies conducted in other parts of the world have reported similar figures, ranking it as the fifth foodborne hazard in terms of disability-adjusted life years (Belliot et al., 2014; Havelaar et al., 2015).

Norovirus is one of the 11 genera of the Caliciviridae and is currently divided into 10 genogroups (GI to GX; Chhabra et al., 2019; Vinje et al., 2019). Human noroviruses mostly belong to the GI, GII, and GIV genogroups and cause acute gastroenteritis. The GI, GII, and GIV genogroups are subdivided into 9, 27 and 3 genotypes, respectively (Chhabra et al., 2019). The increasing number of epidemiological studies and survey networks have clearly shown that GII.4 noroviruses were by far the most predominant throughout the world, with few exceptions (van Beek et al., 2018).

Histo-blood group antigens (HBGA), which include ABH and Lewis antigens, are involved in HuNoV attachment. For 80% of the European population, HBGA expression at the surface of enterocytes and in saliva is a common feature of the secretor phenotype. It is driven by the FUT2 gene encoding the α1,2-fucosyltransferase, which is involved in the synthesis of the A, B, and H antigens, while the FUT3 gene is responsible for the synthesis of Lewis b (Leb) and Lewis y (Ley) antigens. For 20% of the European population, the FUT2 gene is inactivated by a point nonsense mutation, which abrogates the synthesis of the α1,2-fucosyltransferase. The homozygous recessive mutation is responsible for the absence of the ABH antigens and the non-secretor phenotype. Lewis a (Lea) and x (Lex) are still present in the saliva and at the surface of the enterocytes, provided that the FUT3 gene is active. A volunteer study by Lindesmith et al. (2003) and later epidemiological surveys confirmed the strong correlation between the secretor phenotype and norovirus infections (Lindesmith et al., 2003; Kambhampati et al., 2016; Loureiro Tonini et al., 2020), whose binding profiles to HBGA are genotype- and variant-dependent (de Rougemont et al., 2011; Tenge et al., 2021). The strong affinity of noroviruses to HBGA and subsequent extended norovirus binding profiles could partly explain the prevalence of GII.4 over other genotypes (de Rougemont et al., 2011). Indeed, such as an increased affinity toward HBGA or higher mutational rates, could explain the high prevalence of GII.4 in epidemiological studies, such as an increased affinity toward HBGA or higher mutational rates, which then could explain the emergence of new recombinant strains that can evade the immune system (Donaldson et al., 2008; Bull et al., 2010; van Beek et al., 2018). The winter of 2014–2015 saw the emergence of the GII.17 genotype, first documented in the Republic of China (Fu et al., 2015; Lu et al., 2015). The GII.17 genotype also became predominant in Japan during the same period, but it remained sporadic outside of Asia (de Graaf et al., 2015; Matsushima et al., 2015). The oldest GII.17 variants were detected from archival stool samples dating back from 1978 (Rackoff et al., 2013). Since then, ORF2 genetic analyses showed that GII.17 noroviruses can be divided into three variants: the oldest variant which circulated mostly from 1978 to 2009 (variant CS-E1), the Kawasaki 323 variant circulating in 2013–2014, and the most recent Kawasaki 308 variant circulating since 2014 (Chan et al., 2015). The bulk of the variations between genogroups is carried by the P2 domain of VP1 (Zhang et al., 2015). A strong capacity for HBGA binding has only been demonstrated for the most recent GII.17 variant (i.e., Kawasaki 308 variant), which appears to be associated with new antigenic properties (Chan et al., 2015; Zhang et al., 2015; Jin et al., 2016). It has been hypothesized that the binding capacity recently acquired by the Kawasaki 308 variant is the result of the evolution of older strains with an optimization of the HBGA binding pocket (Singh et al., 2015; Jin et al., 2016; Qian et al., 2019). That being said, it is worth mentioning the existence of a 1976 GII.17 strain showing an identical binding site to the most recent GII.17 variant, suggesting that there were anterior preadapted variants, as it was recently proposed for GII.4 HuNoV (Mori et al., 2017; Ruis et al., 2020). The structural analyses of the GII.17 capsid showed that its binding pocket was similar to that of GII.4’s binding pocket (Koromyslova et al., 2017). Tyrosine residue at position 444 is involved in the α1,2 fucose interaction for both post-2000 GII.4 variants and GII.17 Kawasaki 308 variant, while the tyrosine residue is replaced by a valine residue in the 1978 GII.17 variant. The experimental replacement of the valine residue by a tyrosine residue at position 444 for the canonical 1978 variant induced a partial recovery of the binding capacity of the P particles used in the assay, suggesting that the V444Y mutation correlated with a gain in binding capability for GII.17 (Qian et al., 2019). GII.17 circulated for a 2-year period as a predominant genotype, providing us with new opportunities to analyze mechanisms by which the GII.17 genotype was increasingly detected, especially in Asia. In the literature, conventional binding assays mostly using P particles suggested that only recent Kawasaki 308 efficiently bound HBGAs. Here, we also studied GII.17 interactions with HBGA using histological analyses and baculovirus-expressed VLPs to determine the binding capability of the older variants, CS-E1 and Kawasaki 323. The ancillary objective was to determine why GII.17 disappeared again to the benefit of GII.4 by measuring relative affinities to HBGA. We finally discuss the short predominance of GII.17 in the population and its interactions with HBGA.



MATERIALS AND METHODS


Biological Materials

One hundred and two saliva samples and swabs of buccal epithelial cells were collected from individuals from French (N = 64) and Tunisian cohorts (N = 38). The use of the saliva for genetic analysis was approved by the Nantes University Hospital Review Board for the French cohort (study no. BRD02/2-P). Informed consent was obtained from all the donors. For the Tunisian cohort, the study was approved by the Ethics Committee of the Fattouma Bourguiba Public Hospital in Monastir (Tunisia) (committee decision of the 9th of May 2013), and informed consent was obtained from the parents of the involved children. Tissue specimens from bowel resection were obtained from the Pathology Department collection of the University Hospital of Dijon, for which the approval (reference 18.11.29.52329) was granted by the French national ethics committee (CPP19002).



Norovirus ORF2 Cloning

The E12905 isolate is a GII.17 HuNoV similar to the epidemic Kawasaki 308 variant (Chan et al., 2015). The GII.17 strain (E12905, variant Kawasaki 308, GenBank number KU587626) was first amplified using 5′-TCCGCCCTGCAGATGAAGA TGGCGTCGAATG-3′ sense primer (PstI site is underlined) and RT 5′-TGGGTCGCGGCCGCTTACTGAGCCCTCCTT CG-3′ antisense primer (NotI site is underlined). Following amplification and digestion, the PCR product was resolved by electrophoresis, gel-purified and cloned into pVL1392 plasmid vector before transfection. The ORF2 of the GII.4 2012 variant was also cloned into pVL1392 plasmid vector. The primers used for the amplification of the 2012 variants were described previously (de Rougemont et al., 2011). Details about the cloning strategies are available upon request.



Gene Synthesis

Gene synthesis and cloning were provided by Life Technologies (Saint-Aubin, France) and Genecust (Ellange, Luxembourg). The ORF2 coding sequence of GII.17-JC129 strain (GenBank number KY406981, variant CS-E1) and GII.17-CUHK-NS-360 strain (GenBank number KP902565, variant Kawasaki 323) were synthesized and cloned into pUC with PstI (CUHK-NS-360 strain) and BamHI (JC129 strains) restriction sites directly located upstream of the first ORF2 start codon. All constructs were engineered with NotI restriction site at the 3′ end, which was directly located downstream from the ORF2 stop codon. Following digestion and gel purification, the fragments were subcloned into plasmid vector pVL1392 (CUHK-NS-360 strains) and pVL1393 (JC129 strains).



Production of Recombinant Baculovirus and Purification of the VLPs

Sf9 cells were used to generate recombinant baculoviruses by transfecting 106 Sf9 cells with 1 μg of pVL vector and 200 ng of linearized BacPAK™6 DNA baculovirus genome (Clontech/Takara) using OPTIMEM medium and lipofectamine (Life Technologies, France), following manufacturer’s recommendations. The transfection procedure was allowed to run for 4 h at room temperature prior to replacing the mixture with 2 ml/well of fresh Grace’s medium (Sigma) supplemented with 10% fetal calf serum (FCS) (Life Technologies). The transfected cells were then incubated for 6 days at 27°C. Recombinant baculoviruses were directly purified by plaque assay and each clone was reamplified at low multiplicity of infection (MOI) on 106 Sf9 cells implanted in six well plates. The infected cells were incubated for 6 days. The cell lysate was then harvested, and 50 μl of it was used to select the best clone for VLP production, using a ready-to-use immunoassay from RD-Biopharm (Saint-Didier au Mont d’Or, France) as described previously (de Rougemont et al., 2011). The titer of the cell lysate was also determined by plaque assay. To produce a large stock of inoculum, recombinant baculoviruses were propagated at 0.1 MOI on Sf9 cells using 10% FCS-Grace’s medium. For the VLP production, Hi5 cells were maintained in serum-free Express−5 medium supplemented with glutamine (Life Technologies). The Hi5 cells were inoculated with recombinant baculovirus at 2.5 MOI for 2 h at 27°C. The inoculum was then replaced by fresh medium and incubated for 6 days at 27°C. The cell lysate was then collected for concentration and purification as described previously (Belliot et al., 2001). The purified VLPs were diluted at a final concentration of 1 mg/ml in TNC buffer (10 mM Tris, 140 mM NaCl, 10 mM CaCl2, pH 7.4) containing 20 μg/ml of leupeptin (Sigma) prior to flash freezing in liquid nitrogen.



Observation of VLPs by Electron Microscopy

The structure of VLPs was observed by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) using a JEOL JEM-2100F microscope operating at 200 kV. One drop of VLP sample was deposited on a carbon film-coated copper 300-mesh grid. After 1 min, the excess was drained off using a filter paper. Then, the sample was negatively stained with 1% ammonium molybdate (w/v). After 1 min, excess stain was removed and the sample was dried in air before STEM characterization.



Expression and Purification of 1,2-α-L-Fucosidase Active Domain

The plasmid encoding the 1,2-α-L-fucosidase active domain was a gift from Takane Katayama (University of Kyoto, Japan). The enzyme was bacterially expressed in BL21 (DE3) delta-lacZ Escherichia coli following induction with 0.2 mM isopropyl β-D − 1-thiogalactopyranoside diluted in LB broth for 2 days at room temperature (Katayama et al., 2004). Soluble protein was extracted following sonication in ice water. Cell disruption was finalized by passing the cell lysate through a 5/8 in. gauge needle. Disrupted cells were then centrifuged at 10,000 g for 30 min at 4°C. Cleared supernatant was collected and expressed protein was purified on a nickel nitrilotriacetic acid column following manufacturer’s recommendation (Qiagen, France). Recombinant protein was eluted with 500 mM imidazole (Sigma, France) and was dialyzed overnight against 100 mM Na2HPO4 pH 6.5 containing 10% glycerol. Purified recombinant protein was aliquoted at 4 mg/ml, flash-frozen, and stored at −40°C until further use.



VLP Binding Assay

Purified GII.17 VLPs from JC129 (CS-E1 variant), CUHK-NS-360 (Kawasaki 323 variant), and E12905 (Kawasaki 308 variant) were used for determining the binding profile of the three variants by using HBGA-phenotyped saliva (binding profile). The saliva binding assays were performed as described previously, using VLPs diluted at 5 μg/ml (de Rougemont et al., 2011).

For the affinity binding assays using glycoconjugates, lacto-N-fucopentaose I (LNFP-I, blood group H), A trisaccharide, and B trisaccharide were purchased conjugated to bovine serum albumin (BSA) (all from Dextra, United Kingdoms). An average of 20 synthetic HBGA ligands were covalently linked on each BSA molecule. Conjugated carbohydrates were serially diluted 2-fold in pH 9.6 carbonate/bicarbonate buffer and left overnight at 37°C. The plates were then washed three times with PBS buffer and incubated with 500 ng/well of purified VLPs diluted with PBS and 4% skimmed milk (PBS-4% blotto) for 1 h at 37°C. Each experiment was performed in triplicate. Purified 2012 variant GII.4 VLPs (GenBank number KM406485) were used as a positive control. Cloning and VLP production methods of the 2012 variant is similar to previous work (de Rougemont et al., 2011).

For saliva and affinity assays, attached GII.17 VLPs were then detected with rabbit polyclonal serum (gracious gift from bioMérieux, Marcy l’Etoile, France) raised against E12905 GII.17 isolates (Kawasaki 308 variant). The polyclonal serum was diluted 10,000 fold in PBS buffer-4% blotto and incubated for 1 h at 37°C prior to incubation with a 2,000-fold dilution of peroxidase-conjugated anti-rabbit antibody (Sigma, France) in PBS-4% blotto. Primary and secondary antibodies were each incubated for 1 h at 37°C. The chromogenic reaction was allowed to develop for 10 min at room temperature in the dark. The plates were read at 450–620 nm and the background was arbitrarily fixed at 0.2 OD.



Surface Plasmon Resonance Analysis

The binding of the purified VLPs to Lewis x (Lex), LNFP-I, A, and B trisaccharides conjugated to BSA (all from Dextra) was analyzed by surface plasmon resonances (SPR) at 25°C with a Biacore 3,000 instrument (GE Healthcare) on homemade chips. Functionalization of the chips was described previously (de Rougemont et al., 2011). Briefly, the chips were chemically functionalized with a self-assembled monolayer composed of a mixture of 11-mercapto-1-undecanol and 16-mercapto-1-hexadecanoic acid at 1 mM (90/10 by mole) (Sigma-Aldrich: Saint-Quentin Fallavier, France). The sensor chips were cleaned with absolute ethanol (VWR: Le Périgare, France) then treated overnight and rinsed with ultra-pure ethanol and water (Elga LabWater: Antony, France). The carboxyl groups were activated by two injections for 7 min at 10 μl/min of 100 mM N-hydroxysulfosuccinimide sodium salt and 400 nM N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (Sigma-Aldrich: Saint-Quentin Fallavier, France). The three glycoconjugates were diluted in 10 mM sodium acetate buffer and covalently linked to three separate channels on the same chip allowing the simultaneous analysis of the same VLP preparation. On average, 230 fmole/mm2 were linked on the sensorchip. Finally, free NHS sites were deactivated by one injection for 14 min at 10 μl/min with a solution of 1 M ethanolamine HCl (Biacore, GE Healthcare). VLPs were diluted in running HBS buffer (0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, and 0.005% surfactant P20 at pH 7.4) provided by the company, and were injected for 2 min at a flow rate of 10 μl/min and a concentration of 2 ng/μl. The injection was stopped and the dissociation was observed in running buffer for 7 min. The same chip was used for the analysis of two VLPs (GII.4 variant 2012 and GII.17 Kawasaki 308 variant). The chip was recycled by the injection of 5 μl at 10 μl/min of 10 mM glycine solution at pH 2.5 prior to new analysis.



Competition Binding Assay

The saliva samples were coated, 1,000-fold diluted, in pH 9.6 carbonate/bicarbonate buffer, overnight at 37°C. The coated saliva was then treated with either 100 mM pH 6.5 sodium phosphate (negative control) or 8 μg/well of 1,2-α-L-fucosidase diluted in the same buffer, overnight at 37°C. After this step and the following steps, the plates were washed three times with PBS-Tween20 at 0.05%. The plate was then incubated with 2 μg/well of UEA-I and/or 2 μg/well of Helix pomatia agglutinin (HPA) (All from Sigma, France), overnight at 37°C. Non-specific sites were then blocked with PBS-blotto 4% for 1.5 h at 37°C. The same PBS-blotto buffer was used for the dilution of the VLPs and the antibodies. Five hundred nanogram/well of GII.17 VLPs were incubated for 2 h at 37°C prior to the incubation of the primary antibody (in-house GII.17-specific rabbit serum at dilution 10,000) for 1 h at 37°C. Bound primary antibodies were detected with an anti-rabbit IgG peroxidase-conjugated mAb (Sigma, France) for 1 h at 37°C at the dilution 2,000. Peroxidase activity was detected with 3,3′,5,5′ tetramethyl benzidine (KPL/Eurobio, Courtaboeuf, France). The reaction was stopped after 10 min incubation at room temperature with 1 N HCL prior to reading absorbance at 450 nm.



Immunohistological Analysis

Three formalin-fixed paraffin-embedded (FFPE) tissue samples were selected from the Department of Pathology of the University Hospital of Dijon (France). The two duodenal samples were derived from a blood group O and a blood group A secretor (Lea-Leb + phenotype) individual who underwent duodenopancreatectomy. The distal colon sample derived from a blood group A secretor patient who underwent colectomy. The samples were taken during routine surgical procedures performed at the University Hospital of Dijon (France). The detection of A, H, and Leb antigens and the experimental conditions for VLP binding on histological sections were described previously using VLPs diluted at 5 μg/ml (Marionneau et al., 2002; Tarris et al., 2019); (Tarris et al., 2021). Attached VLPs were detected with GII.17-specific polyclonal serum described above. The serum was diluted 10,000 fold in PBS and incubated for 1 h at RT.

For HBGA detection and VLP binding assays, the primary antibodies were detected with anti-mouse and anti-rabbit peroxidase-conjugated antibodies (Sigma, United States), which both diluted 2,000 fold in PBS and incubated for 45 min at room temperature. Peroxidase activity was detected with a Vectastain® kit using 3,3′-Diaminobenzidine for 1.5 min at room temperature (Vector Labs, United States) before washing and counterstaining with hematoxylin (Dako, Agilent Technologies, United States). All histological sections were then dried and mounted with a cover slide in a Tissue-Tek Film® automaton. Slides were digitized using a Nanozoomer 2.0 HT slide scanner, then read using the NDP.view2 software (Hamamatsu, Japan). Whole slide images (WSI) are available upon request.



Competition Experiments on Healthy Duodenal Histological Sections

To determine which HBGA is involved into the recognition of GII.17 on intestinal tissues, competition experiments using VLPs, enzymes, and monoclonal antibodies were performed. For the blood group O duodenal sample, histological sections were incubated with 6 μg 1,2-α-L-fucosidase diluted in 125 μl of 10 mM sodium phosphate buffer at pH 6.5 for 6 h at 37°C. The reaction mix was then renewed by a new batch of enzyme and incubated overnight at 37°C. Fucosidase-treated sections were either directly used for VLP binding assays as described above or preincubated with 4 μg of Leb-specific mAb in PBS, overnight at 37°C prior to VLP binding assays. Similar experiments using Leb-specific mAbs were also conducted on sections not treated with fucosidase. To control fucosidase activity, in a preliminary experiment, enzymatically treated sections were rinsed and directly incubated with FITC-labeled UEA-I diluted with PBS and incubated 1 h at 37°C (Supplementary Figure 1).

For the competition experiments using duodenal sections from a group A individual, the sections were either incubated with 10 μg of Helix pomatia agglutinin (HPA) in a final volume of 400 μl of PBS overnight at 4°C or treated with 1,2-α-L-fucosidase, as described above. VLP binding assays were then carried out as described above. In the final set of experiments, duodenal sections were first enzymatically treated prior to incubation with HPA and the VLP binding assay.



Genetic Analysis

Four hundred seventy-five complete ORF2 amino acid sequences were retrieved from GenBank, of which 93 are unique sequences, and were used for genetic analysis. Alignment and sequence analysis were performed using the MEGA suite v.10 (Kumar et al., 2018). The sequences were first aligned using the MUSCLE algorithm, then manually checked for deletions. Homology between strains was estimated, based upon the number of amino acid changes, using MEGA without taking into account the deletions. Phylogenetic trees were generated from 1,000 replicates using the neighbor-joining and the maximum parsimony methods.




RESULTS


Genetic Analysis

Epidemiological studies have documented the worldwide emergence of GII.17 norovirus strains, which became somewhat predominant in Asia during the years 2014–2015. When the GII.17 norovirus emerged, one could hypothesize that the GII.17 strains would definitively replace the GII.4 strains for the coming years (de Graaf et al., 2015). Our main objective was to characterize GII.17-HBGA interactions in order to assess whether the GII.17 genotype shares the features that were observed for GII.4.

The genetic analysis of the 93 unique sequences of GII.17 was performed to determine whether the GII.17 genotype could be divided into variants, similar to GII.4 (Green, 2007). Neighbor-joining- and maximum parsimony-based dendrograms show similar topology where three distinct variants were observed: Kawasaki 308, Kawasaki 323, and CS-E1 variants (Figure 1A), as described previously (Chan et al., 2015). The CS-E1 variant could be divided into two groups, 1978 and 2002, as proposed previously (Qian et al., 2019). However, the percentage of homology was too high to truly differentiate two variants within CS-E1. Additionally, we constructed a minimum spanning tree including all the complete GII.17 capsid sequences available on GenBank by the end of year 2018 (N = 475). The topology of the minimum spanning tree clearly showed three distinct variants within the GII.17 genotype: Kawasaki 308, Kawasaki 323, and CS-E1 variants (data not shown).
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FIGURE 1. Genetic analysis of GII.17 human norovirus (HuNoV). (A) Neighbor-joining dendrogram of the 93 unique amino acid sequences corresponding to GII.17 ORF2. Variants are indicated on the right side of the dendrograms. For each variant, one isolate was selected for VLP production. The GenBank registration number of the isolate is indicated on the tree. (B) Summary of the alignment of the 93 amino acid sequences of GII.17. The sequences were divided into the three GII.17 variants, CS-E1, Kawasaki 323, and Kawasaki 308. S, P1, and P2 domains are indicated above the graph. Variations within each variant and between variant are indicated by black and red bars, respectively. Deleted amino acid residues are indicated by asterisks.


Kawasaki 323 variant was circulating before it was replaced by the Kawasaki 308 variant (Matsushima et al., 2015). The CS-E1 variant is the oldest to be described, with only few sequences registered in GenBank (Zheng et al., 2006). The amino acid homology within each variant ranges between 96.1 and 99.8%. The bulk of the variations were located within the P2 domain. Unlike the GII.4 variants where one amino acid insertion was present in the P2 domain of the post-2000 variants, several deletions/insertions are present in the P2 domain within the three GII.17 variants (Figure 1B). For the three variants, no amino acid deletion or insertion was observed in sequences belonging to the same variant. Deletion or insertion was only observed within the P2 domain during paired comparison of the three variants (CS-E1 versus Kawasaki 323 or Kawasaki 308 and Kawasaki 323 versus Kawasaki 308; Figure 1B). Kawasaki 308 and 323 variants were quite similar, with 93.8%–96.2% homology. The percentage identity was markedly lower with CS-E1 variant with homology ranging between 86.3% and 89.9%. Again, the changes between the three variants were mainly located within the variable P2 domain.



VLP Production

To determine HBGA binding profiles, baculovirus-expressed VLPs were produced for each variant. At least a dozen of clones were plaque-purified following the transfection step for each variant. Small-scale VLP productions were then assayed by ELISA and partially purified proteins were resolved on NUPAGE gel (Figure 2A). A large production of VLPs for each variant was undertaken prior to their purification onto a cesium chloride gradient, as described previously (Belliot et al., 2001). A doublet corresponding to the complete and truncated forms of the VP1 protein was observed, as described previously for other genotypes (Belliot et al., 2001). The CS-E1 and Kawasaki 323 batches had a similar mix of complete VLPs and reduced size VLPs, which are equivalent to VP1160 (T = 3) and VP160-80 (T = 1), respectively, as described previously (Shoemaker et al., 2010; Figure 2B). Kawasaki 308 VLPs were very homogeneous on electron microscopy and was only composed of complete VLPs (Figure 2B). For each preparation, arch-like organization of VP1 dimers was clearly observed by HAADF-STEM.

[image: Figure 2]

FIGURE 2. Virus-like particle (VLP) production. (A) Two micrograms of purified VLP were resolved on NuPAGE gel in denaturing conditions using MOPS buffer following manufacturer’s recommendations (Life technologies, France). The origin of each sample is indicated above the gel. Molecular weight markers are indicated on the left side of the gel. (B) Transmission electron microscopy images of GII.17 VLP preparations from scanning transmission electron microscopy. VP1160 (T = 3) and VP160-80—like VLPs (T = 1) are indicated by arrow and arrowhead, respectively. Variants are indicated below each picture. The scale bar on each micrograph represents 50 nm.




GII.17 Binding Assay

We first determined the saliva binding profile of the GII.17 variants using a panel of phenotyped saliva from secretor and non-secretor individuals (de Rougemont et al., 2011; Ayouni et al., 2015). Interestingly, the binding of Kawasaki 308 variant to ABH(O) antigens was previously demonstrated during a saliva binding assay using native particles from clarified stool (Chan et al., 2015). For our experiments, we used CsCl-purified VLPs. No binding was observed for the CS-E1 variant using 1,000-fold diluted saliva samples, even though the VLPs seemed structurally sound by electron microscopy. For Kawasaki 308 and 323 variants, we observed strong binding for ABO saliva, which was independent from the Lewis status, while no significant binding was observed with saliva from non-secretor individuals (Figure 3). Additionally, we observed that OD values obtained with Kawasaki 308 variant were higher but not statistically significant to those observed with Kawasaki 323 variant. This first set of data suggested that the relative affinity toward HBGA chronologically increased with the emergence of recent GII.17 variants based upon saliva binding profile, concordant with previous observations made using P particles (Jin et al., 2016).

[image: Figure 3]

FIGURE 3. Saliva binding assays. The binding of purified VLP was measured by ELISA. The experiments were performed in duplicate for each saliva sample and the mean values are shown on the graph. OD values at 450 nm wavelength are indicated on the y-axis for this graph and the following. The non-secretor saliva (NS) and the ABH(O) blood group for saliva from secretor individuals are indicated below the graph and are separated by dashed lines. The name of the variant is indicated on the right side of the graph.




GII.4–GII.17 Relative Binding Comparison

Epidemiological surveys showed that GII.17 Kawasaki 308 variant circulated at the same time as the GII.4 2012 variant. In the next set of experiments, we compared the relative binding affinity of Kawasaki 308 to the GII.4 2012 variant for conjugated carbohydrates, as described previously (de Rougemont et al., 2011; Figure 4A). Variant GII.4 2012 VLPs efficiently attached A, B, and H synthetic antigens. The H antigen (LNFP-I) gave the highest values followed by A and B antigens. The three GII.17 variants were then assayed using the same A, B, and H synthetic carbohydrates. No binding was observed for Kawasaki 323 and CS-E1 variants for A, B, and H antigens (results not shown). For the Kawasaki 308 strain, specific binding was observed for the H antigen only, and the binding amplitude was markedly lower than that of the GII.4 2012 variant. Additionally, no binding was observed for A and B antigens (Figure 4A). The data were confirmed using SPR, in which the binding conditions are more stringent. Immobilized Lex antigen was used as negative control and no binding was observed for GII.4 and GII.17 VLPs. First, we observed a very strong affinity of the GII.4 for the synthetic H antigen, whose amplitude was 3 times higher than that observed for GII.17. Here, the dissociation slope was higher for Kawasaki 308, suggesting a lesser affinity for the H antigen than that observed for the GII.4 2012 variant; VLPs were immobilized on the chip at 344 and 1,090 pg./mm2 for GII.17 and GII.4, respectively (Figure 4B). In addition, GII.4 2012 interacted strongly with antigen B but showed no binding with antigen A in these experimental conditions. We did not observe binding of the GII.4 2012 variant VLPs to A synthetic antigens unlike during the ELISA-based assay, likely due to the more stringent binding conditions in SPR experiments.
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FIGURE 4. Relative binding of GII.17 Kawasaki 308 variant and GII.4 2012 variant to BSA-conjugated A, B, and H type 1 antigens by ELISA (A) and SPR (B). For the ELISA binding assay, the conjugated histo-blood group antigen (HBGA) were diluted 2-fold in pH 9.6 carbonate–bicarbonate buffer from 1,000 to 15 ng per well. BSA-conjugated A, B, and H (LNFP-I) antigens are indicated by circle, triangle and square, respectively. The quantity of conjugated carbohydrates is indicated below the graph. HBGA and VLP genotypes for each experiment are indicated on the right side of the graph. Values are given in optical density at 450 nm wavelength (ordinate). Each binding experiment was performed in triplicate and the mean results are given with standard deviations (vertical bars). For the SPR binding assay, the same VLP and neoglycoconjugate preparations were used as for the ELISA. The response (ordinate) is given in resonance units (RU). The time (abscissa) is given in second (s). The first 120 s (t = 0 s through t = +120 s) correspond to the time of injection of the VLP. The sensorgram is color-coded for each variant, the name of which is indicated on the curves corresponding to the H antigen sensorgram. Pink and green curves correspond to the use of GII.4 (2012 variant) and GII.7 VLP (Kawasaki308 variant), respectively. The synthetic glycoconjugates used for the experiments are indicated on the upper right corner of each sensorgram.


The absence or poor binding on synthetic carbohydrates for Kawasaki 308 and Kawasaki 323 variants was surprising when a marked attachment was observed using phenotyped saliva (Figure 3). This illustrates the fact that immobilized synthetic oligosaccharides do not fully mimic natural substances. Oligosaccharides are less dense than saliva mucins, so the backbone of the recognized motifs changes, as does their orientation. Therefore, to further characterize GII.17 binding toward HBGA, we performed a saliva binding assay using a subset of six phenotyped saliva samples for each blood group [i.e., A, B, and H(O) group], which were serially diluted 3-fold from 1/50 through 1/109350 for the ELISA binding assay (Figure 5). The analysis of each binding profile confirmed previous observations and clearly showed that VLP binding for each blood group was significantly higher for the Kawasaki 308 isolate than for the Kawasaki 323 and CS-E1 variants. Moreover, similar observations were made for the Kawasaki 323 isolate in comparison to the CS-E1 variant. Interestingly, CS-E1 VLP only produced faint binding with 50-fold diluted saliva. Overall, these experiments suggested that the binding capacity toward HBGA has increased with the recent evolution of GII.17 HuNoVs, with the highest binding activity observed for the Kawasaki 308 strain. Additionally, the data suggested that the binding capacity for the GII.17 Kawasaki 308 variant was lesser than that observed for the GII.4 2012 variant, which circulated at the same period. The next step was to ascertain recognition of HBGAs on native glycans by the GII.17 using Kawasaki 308 VLPs.

[image: Figure 5]

FIGURE 5. Relative affinity assay. A subset of six representative saliva samples for each ABO blood group was serially diluted by 3-fold and used to assess VLP affinity for each variant. Dilutions are indicated below the graph (abscissa). Each variant is color-coded, and the legend is indicated on the right side of each graph. Values are means of six individual experiments where standard deviations are shown by vertical bars. Blood groups are indicated on the left side of the graphs.




GII.17 Binding Characterization

In the literature, structural studies showed that binding of the Kawasaki 323 and 308 variants involves the recognition of α1,2 fucose, which characterizes the H antigen (Singh et al., 2015; Koromyslova et al., 2017; Qian et al., 2019). In the first experiment, we used A, B, and O phenotyped saliva to determine the role of the α1,2 fucose moiety in the attachment of the Kawasaki 308 GII.17 VLPs. The fucosidase activity was checked by preincubating healthy duodenal tissue with the enzyme. The presence or absence of the α1,2 fucose moiety was ascertained using an H antigen-specific lectin (i.e., UEA-I lectin; Supplementary Figure 1). The UEA-I lectin specifically recognized the α1,2 fucose moiety characterizing the H antigen (Matsumoto and Osawa, 1969). The total absence of binding of the lectin following the enzyme treatment demonstrated that the fucosidase was indeed active.

In the first set of experiments, saliva samples from the ABO group were either directly used for salivary binding assays with Kawasaki 308 VLPs (positive control) or incubated with fucosidase and/or lectins (UEA-I and HPA) prior to VLP binding (Figure 6). HPA specifically recognized N-Acetylgalactosamine characterizing group A antigen (Prokop et al., 1968). Similar experiments were also conducted without VLPs and used as negative controls. The incubation of UEA-I lectin with O saliva reduced VLP binding by three-fold (Figure 6A). This observation was confirmed with the use of 1,2-α-L-fucosidase alone or combined with UEA-I lectin. In this case, VLP binding was almost entirely suppressed. Our data show that the α1,2 fucose moiety plays a pivotal role into the recognition of the GII.17 VLPs. In the next set of experiments, A and B saliva samples were subjected to a combination of fucosidase treatment and incubation with H- and A-specific lectins. For the group A saliva, the samples were either treated with fucosidase, lectins (UEA-I and HPA), or both (Figure 6B). The incubation of HPA reduced VLP binding by half while the α1,2 fucose moiety was still present. The fucosidase treatment alone or the preincubation of the saliva with UEA-I did not abolish VLP binding. Our observations were coherent with the literature which documents the poor efficacy of UEA-I and 1,2-α-L-fucosidase for the recognition of the α1,2 fucose on A and B antigens (Matsui et al., 2001; Katayama et al., 2004). However, the combination of 1,2-α-L-fucosidase and HPA totally abolished VLP binding on A saliva, suggesting that there is a trace of fucosidase activity. Our data again demonstrate that α1,2 fucose and N-acetyl-galactosamine moieties are required for the attachment of GII.17 as the structural analyses predicted using P particles (Singh et al., 2015; Koromyslova et al., 2017; Qian et al., 2019). Finally, no inhibition was observed when B saliva was incubated with HPA confirming that HPA specifically bound A saliva and that VLP inhibition was not merely the effect of the addition of a protein (Figure 6C).

[image: Figure 6]

FIGURE 6. HBGA characterization involved in the recognition of GII.17. Diluted saliva samples from ABO patients were coated on ELISA plate prior to incubation with a combination of lectins (HPA and UEA-I) and 1,2-α-L-fucosidase. For each graph, the presence or absence of lectins and/or fucosidase is indicated below each graph by plus and minus signs, respectively. Blood group saliva is indicated below each graph. (A) For this experiment (with group O saliva) and the following experiments, diluted saliva was first incubated with 1,2-α-L-fucosidase and/or lectin prior to incubation of the coated saliva with VLPs (black bars) or PBS (mock, white bars). (B) Group A saliva. (C) Group B saliva.




Histological Analysis of VLP Binding to Duodenal and Colonic Tissues

Virus-like particles have previously been used to demonstrate that HBGAs are the natural ligands of HuNoVs using saliva binding assays and histological assays (Marionneau et al., 2002; Green et al., 2020). The role of the HBGA was later confirmed in enterocytes where HBGAs are highly expressed and HuNoVs replicate (Karandikar et al., 2016). Here, we intestinal tissue to study GII.17-HBGA interactions. For the GII.17 variants including the CS-E1 variant, we observed VLP attachment to the duodenal mucosa (Figure 7, panels A–C). However, binding intensity was lower for CS-E1 VLPs. In addition, binding was abolished when the duodenal tissues were pretreated with NaIO4, demonstrating the importance of glycan structures (data not shown). Inversely, no binding was observed for sections of the distal colon where HBGAs are also expressed, albeit in lower concentration (Figure 7, panels D–F; Ravn and Dabelsteen, 2000). Here, the first observations were concordant with saliva binding assays for the Kawasaki 308 and 323 variants. Inversely, for the CS-E1 variant, weak VLP detection in duodenal tissues was discordant with the absence of VLP binding in saliva binding assays. This observation suggests that saliva binding assays were somewhat limited for the analysis of poor HBGA binders like the GII.17 CS-E1 variant.
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FIGURE 7. GII.17 attachment on duodenal and colonic histological sections from a AB blood group patient (magnification x100 for the first and last line). Duodenum (panels A–C) and distal colon (panels D–F) are indicated on the left side of each line. Arrowheads indicate VLP binding on the epithelium, for which is characterized by brown staining. For the duodenum, magnified areas are indicated by dashed boxes (magnification x400). GII.17 variants are indicated above the panels.




HBGA Characterization on Duodenal Tissues

We used healthy secretor duodenal sections from group O and A donors to characterize GII.17 attachment to HBGA (Figure 8). For the group O individual, the duodenal mucosa strongly expressed the Leb antigen but was negative for Lea (Supplementary Figure 2), attesting to the secretor phenotype of the donor. The VLPs derived from the three variants specifically attached to the epithelium although the binding intensity for the CS-E1 variant was very faint and mainly located in the apical pole of villous cells. Active 1,2-α-L-fucosidase totally suppressed CS-E1 binding to the epithelium, suggesting that the α1,2-fucose moiety was involved in the recognition of this variant (Figure 8). Surprisingly, VLPs from Kawasaki 308 and 323 variants still recognized the fucosidase-treated epithelium from the group O secretor (Lea-Leb+). We then hypothesized that Leb might be involved into the recognition of GII.17 HuNoVs. Incubation of the duodenal section with a Leb-specific antibody abrogated attachment for Kawasaki 308 and 323 variants. At this point, histological analysis confirmed that recent GII.17 variants (i.e., Kawasaki 308 and 323 variants) were more efficient binders since they showed an extended binding profile encompassing A, B, H, and Lewis antigens (i.e., Leb). Additionally, for CS-E1 binding assays, our data suggested that the use of histological sections was physiologically more relevant than saliva binding assays.

[image: Figure 8]

FIGURE 8. Histological analysis on duodenal sections of GII.17 recognized by HBGA. Duodenal tissue samples from group O and A individuals were used for VLP binding assays and competition experiments where sections were singly or concomitantly incubated with 1,2-α-L-fucosidase, Leb-specific mAb (anti-Leb) and HPA. Patient blood group and GII.17 variant are indicated above the panel series. For the competition experiments, fucosidase, mAb, and lectin are indicated on the left side of each panel series. Positive VLP detection is featured by brown staining and indicated by arrowheads on all images.


In the next set of experiments, we characterized GII.17 binding using healthy duodenal sections from a blood group A donor. VLP binding was observed for the Kawasaki 308 and 323 variants but not for the CS-E1 variant. It is worth noting that the absence of binding for the CS-E1 variant was later confirmed with duodenal tissues from three other blood group A individuals (data not shown). Kawasaki 308 and 323 VLP binding was further characterized. Kawasaki 308 and 323 VLP attachment to the mucosa was partially abrogated following incubation with HPA while fucosidase pretreatment alone did not hamper VLP binding. However, the incubation of HPA on fucosidase-treated tissues totally abolished VLP attachment, as previously shown with saliva samples (Figure 6B). This also confirmed VLP attachment to tissue sections through HBGA recognition.




DISCUSSION

Human norovirus is a major cause of gastroenteritis in all age groups worldwide. GII.4 has been by far the most predominant genotype for the last 30 years (Siebenga et al., 2007, 2009; van Beek et al., 2018; Cannon et al., 2021). The GII.17 genotype emerged in 2014–2015 and became predominant concomitantly with the GII.4 2012 variant, especially in Asia. It was then hypothesized that the predominant GII.4 genotype might be replaced by GII.17 genotypes (de Graaf et al., 2015). However, the switch between those genotypes did not occur, and GII.17 failed to become predominant. Here, we characterized the HBGA binding properties of three known variants of GII.17 HuNoV in comparison with those of the GII.4 2012 variant, which circulated at the same time. The main objective of the study was to determine why GII.17 suddenly emerged in many countries. The successful propagation of the GII.17 genotype occurred as the new Kawasaki 308 variant emerged. Genetic analysis showed that GII.17 isolates belonged to three distinct variants, which vary widely, as previously noticed for GII.4 variants. Capsid amino acid sequences were well conserved within each variant while the analysis of sequence alignment showed several amino acid deletions between variants, mainly located in the hypervariable region. Our study focused on the interactions between GII.17 and HBGAs since it was initially observed that the emergent GII.17 Kawasaki attached to HBGAs present in individuals of the secretor phenotype more or less irrespective of their ABO type, unlike earlier GII.17 strains (Chan et al., 2015; Zhang et al., 2015). Our data clearly show that GII.17 binding capacity to HBGA increased with time and the most recent Kawasaki 308 variant showed the strongest attachment to HBGA (Table 1). Altogether, our data highlight that the evolution of GII.17 HuNoVs was characterized by an increasing capacity to interact with HBGA.



TABLE 1. GII.17 interactions with HBGAs.
[image: Table1]

For this study, like others in the literature, we largely relied upon the use of synthetic VLPs and saliva samples to study HuNoV–host interaction. We acknowledge that VLPs cannot entirely mimic native HuNoV particle behavior, as exemplified by the absence of CS-E1 VLP binding to saliva. The data suggested that either the VLPs were not properly assembled or that CS-E1 used an alternative ligand to HBGA. Furthermore, a relative affinity experiment using BSA-conjugated carbohydrates gave incomplete information about HuNoV-HBGA interactions considering that only the H antigen was recognized by GII.17 VLPs. It is clear that SPR and ELISA using synthetic carbohydrates provide interesting information about HuNoV binding capacity. Nevertheless, they may not entirely reflect the carbohydrate presentation on human tissues. To verify this hypothesis, binding assays were then performed using histological sections. Here, binding of the three GII.17 variants all involved HBGA. Therefore, the data suggests that, similar to assays in synthetic carbohydrates, saliva assays might not entirely reflect the binding status and poor binders, such as CS-E1, might not possess the capacity to attach to HBGA from saliva. Our data are coherent with previous studies showing that saliva binding status might not entirely reflect binding capability at the intestinal level considering that HBGA conformation and concentration might vary between intestinal and saliva samples (Ruvoen-Clouet et al., 2014; Ayouni et al., 2015). In addition, the recent use of enteroids suggested that saliva-based assay using VLP might not entirely reflect physiological conditions, especially those encountered during acute gastroenteritis (Ettayebi et al., 2016). We also acknowledge that our histological data are very preliminary and the analysis of a larger number of histological tissues should be undertaken to clearly determine GII.17 binding profiles within the population. That being said, the use of histological sections might be considered as a good alternative for the study of HuNoV-HBGA interactions in the absence of HIEs, which use is expensive and technically challenging for many laboratories. Histological tissues might thus be a good alternative to HIEs for the analysis of weak binders. The absence of binding observed for duodenal tissues from blood group A individual using CS-E1 VLPs, in contrast with observed binding for Kawasaki 323 and most of all 308 variants, suggested that HBGA binding capacity increased with the evolution of GII.17. Similarly, quantitative analysis of the binding highlighted the higher binding capacity of the most recent Kawasaki 308 variant when compared to Kawasaki 323. Again, higher binding efficiency to HBGA accompanied the evolution of GII.17, as also described for post-2000 GII.4 variants (de Rougemont et al., 2011). Molecular analyses showed that the replacement of the Valine residue at position 444 in the CS-E1 variant by a Tyrosine residue at position 442 (Kawasaki 323) or 444 (Kawasaki 308) is involved into a better recognition of the α1,2 fucose and a subsequent increased affinity to HBGA (Singh et al., 2015; Koromyslova et al., 2017; Qian et al., 2019).

The GII.17 genotype had been described but was rarely involved in gastroenteritis outbreaks before the emergence of the most recent variants (Zheng et al., 2006; Iritani et al., 2010). Since 2015, epidemiological surveys reveal a co-circulation of two major genotypes (i.e., GII.4 and GII.17) rather than GII.4 being entirely replaced by GII.17 (van Beek et al., 2018). Later reports show that, after being detected in large numbers from 2014 through 2017, GII.17 disappeared in 2018, being replaced by GII.4 2012 variant. If sterilizing immunity is largely involved into the emergence/disappearance of a new strain (Donaldson et al., 2008), then why do GII.4 variants persist while other emerging genotypes circulate for a limited time? Immunity alone cannot explain the success of GII.4 genotype for the last four decades. Our data indicate that the evolution GII.17 involves an increasing affinity toward their natural ligands, HBGAs. Still, binding efficacy for GII.17 remains lower than that observed for the GII.4 2012 variant. Increased but still lower affinity toward HBGA might partly explain why GII.17 did not persist. In the past, we showed that GII.42006b variants might be considered a “super strain” based on their binding to HBGA ligands, and we hypothesized that higher affinity and an extended binding spectrum of the GII.4 genotype contributed to its success (de Rougemont et al., 2011).

Unlike recent GII.4 variants, the HBGA binding spectrum in GII.17 appears more restricted and of lower relative affinity, as observed using synthetic carbohydrates. In recent years, epidemiological surveys have shown that GII.17 was less predominant, correlating with the reoccurrence of GII.4 2012 variant associated with a new polymerase type (Lindesmith et al., 2018).

In summary, molecular surveys can be used to shed light on the emergence of non-GII.4 noroviruses. GII.17 is one example of a non-GII.4 HuNoV genotype that become predominant for a couple of years before disappearing. It could be hypothesized that a primary condition for replacing the predominant GII.4 strain is a higher (or at least equal) HBGA binding capacity. Today, the molecular survey of human noroviruses is as important as ever, seeing the emergence and reemergence of old strains with increased pathogenicity, as exemplified by the GII.17 variants assessed in this study. It has been shown that future predominant GII.4 variants circulated at low levels before emerging, and they were not necessarily the byproduct of the epochal evolution of the current predominant circulating strain (Ruis et al., 2020). We may hypothesize that the same goes for non-GII.4 emerging strains, making it difficult to choose the non-GII.4 genotypes that should be included in vaccine formulations, since there is no clear evidence of group antigens across HuNoV genotypes. It is widely accepted that the GII.4 genotype should be included in future HuNoV vaccines, and discussion is warranted relative to the addition of non-GII.4 genotypes.
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