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Abstract: Recognition of cell-surface glycans is an important step in the attachment of several viruses
to susceptible host cells. The molecular basis of glycan interactions and their functional consequences
are well studied for human norovirus (HuNoV), an important gastrointestinal pathogen. Histo-
blood group antigens (HBGAs), a family of fucosylated carbohydrate structures that are present on
the cell surface, are utilized by HuNoVs to initially bind to cells. In this review, we describe the
discovery of HBGAs as genetic susceptibility factors for HuNoV infection and review biochemical
and structural studies investigating HuNoV binding to different HBGA glycans. Recently, human
intestinal enteroids (HIEs) were developed as a laboratory cultivation system for HuNoV. We review
how the use of this novel culture system has confirmed that fucosylated HBGAs are necessary
and sufficient for infection by several HuNoV strains, describe mechanisms of antibody-mediated
neutralization of infection that involve blocking of HuNoV binding to HBGAs, and discuss the
potential for using the HIE model to answer unresolved questions on viral interactions with HBGAs
and other glycans.

Keywords: human noroviruses; histo-blood group antigens; glycoconjugates; human intestinal
enteroids/organoids; structure; host–virus interactions

1. Introduction

The surfaces of cells are heavily decorated with glycan structures ranging from sim-
ple monosaccharides to complex sugars and glycoconjugates, which vary in branching,
linkages, and orientations. The specific glycan structures differ between species and are de-
termined by tissue expression of glycosyltransferases, enzymes that transfer sugar residues
to a growing oligosaccharide chain [1–3]. Gut microbiota can also degrade and modify
endogenous and dietary glycan structures, altering their distribution and availability in the
intestines [4,5]. Pathogens exploit host glycans for initial cell recognition and attachment.
This is particularly well studied for enteric pathogens such as Helicobacter pylori, human
norovirus (HuNoV), and human rotavirus. This review focuses on HuNoV–glycan interac-
tions as these have been investigated from many different perspectives including human
infection data from epidemiological and controlled experimental infection studies, in vitro
biochemical and structural studies, and ex vivo infection experiments.

HuNoVs recognize a family of fucosylated glycans termed histo-blood group anti-
gens (HBGAs), and susceptibility to infection is determined by host genetic capability to
generate these structures [6–10]. HBGAs are formed through a series of monosaccharide
additions by various glycosyltransferases to mainly type-1 and type-2 precursor glycans.
Fucosyltransferase 1 (FUT1) and fucosyltransferase 2 (FUT2) may both add fucose (Fuc)
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in an α1,2-linkage to a terminal galactose (β-Gal) on the precursor glycan (β-galactose-N-
acetyl-glucosamine), forming H-type HBGA structures. The tissue distribution of glycans
formed by these two transferases is quite different, with FUT1 products mainly expressed
in erythrocyte progenitor cells and FUT2 products mainly expressed in epithelial tissues,
such as in the intestine [11]. FUT1 preferentially acts on the type-2 precursor (Galβ1,4-
linkage) and FUT2 on the type-1 precursor (Galβ1,3-linkage). FUT2 is encoded by the
secretor gene (FUT2, Se) and individuals expressing a functional FUT2 enzyme are referred
to as secretors. The Se gene is dominant and specific mutations can render it partially (Sew)
or completely non-functional (se); persons who are homozygous for se are referred to as
non-secretors [12–17]. Non-secretors are resistant to infection by many HuNoV strains,
with some exceptions [12,18–21]. However, gut bacteria such as H. pylori expressing the
virulence factor CagA can modify glycans, leading to detection of fucose in non-secretor
tissues, and can thus influence susceptibility to HuNoV [4]. In addition to the Se gene,
the Lewis (FUT3, Le) gene encoding the FUT3 enzyme, as well as the ABO gene, can also
influence susceptibility to HuNoV infection [20]. FUT3 adds a fucose residue in α1,3- or
α1,4-linkage to the N-acetylglucosamine (GlcNAc) of either precursor glycan to generate
Lewis a or Lewis x (Lea/x), or to the H-type structures to generate Lewis b or Lewis y
(Leb/y) glycans depending on whether the precursors are of type-1 or type-2. The ABO
locus encodes three alleles. The A and B alleles encode for the A and B enzymes while
the O allele leads to an inactive enzyme and the H phenotype. Enzyme A and B add
either an N-acetylgalactosamine (GalNAc) or a Gal residue in α1,3-positions, respectively,
to the β-Gal moiety of the H-type precursor structures. These A or B structures may be
further modified by FUT3 to generate A or B Lewis b/y (A Leb/y, B Leb/y) glycans [22].
The fucosylated type-1 glycan structures formed by the activity of FUT2, FUT3, and A/B
enzymes are shown in Figure 1.
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In this paper, we review data on the discovery of HBGAs as genetic susceptibility
factors for HuNoV infection, and the structural and functional basis for HuNoV interactions
with specific glycans. We also describe how human intestinal enteroids (HIEs), a new ex
vivo model for HuNoV replication, reflect differences in host genetic susceptibility to
this virus, and discuss how HIEs can be used to gain a deeper understanding of the
human glycome.

2. Norovirus Disease Burden, Classification, and Epidemiology

HuNoV is a leading cause of foodborne, epidemic, and acute gastroenteritis world-
wide. The virus was first identified after a 1968 outbreak of transmissible vomiting and
diarrhea at an elementary school in Norwalk, Ohio [24]. In countries where rotavirus
vaccines are effective, HuNoV has replaced rotavirus as the leading cause of viral gastroen-
teritis in children under the age of 5 years [25–29]. Symptoms of HuNoV-induced disease
include vomiting, diarrhea, myalgia, abdominal pain, cramping, fever, chills, headache,
and fatigue. Adverse outcomes and prolonged disease are more likely to occur in young
children, the immunocompromised, and the elderly [30–32]. In addition to health conse-
quences, the economic cost of HuNoV is vast, with an estimated $60 billion spent annually
in direct healthcare costs and indirect loss of productivity costs globally [33]. Despite
their medical relevance, there was no cell-culture system for the laboratory cultivation
of HuNoVs for nearly 50 years after their discovery. Nonetheless, advances were made
through genetic, biochemical, structural, and epidemiological studies as well as controlled
human experimental infections.

HuNoVs are classified in the genus Norovirus, part of the family Caliciviridae that con-
tains 10 other genera (Lagovirus, Nebovirus, Recovirus, Sapovirus, Valovirus, Vesivirus, Bavovirus,
Nacovirus, Minovirus, and Salovirus) and several other unclassified caliciviruses [34]. The
Caliciviridae are non-enveloped viruses with a linear, single-stranded, positive-sense RNA
genome encoding for non-structural proteins (ORF1), and structural proteins VP1 (ORF2)
and VP2 (ORF3). Characterization of many strains circulating in humans has shown that
these viruses are genetically and antigenically diverse. To classify norovirus strains, the
amino-acid sequence of VP1 is used to form phylogenic clusters referred to as genogroups
and further subgrouped into genotypes [35]. Currently, there are 10 established, and
2 tentative genogroups (GI-GX, GNA1, GNA2), of which GI, GII, GIV, GVIII, and GIX
contain viruses that infect humans. The prototype HuNoV, Norwalk virus, is in genogroup
I and is genotype one, which is written as GI.1. GI contains genotypes GI.1-GI.9 and
GII contains GII.1-GII.27 and two tentative genotypes [35]. Genotypes can be further
subdivided into variants. This is best recognized for GII.4, the predominant genotype
of HuNoV worldwide. Several minor variants of GII.4 have been described, and until
2012, a new pandemic variant of GII.4 (e.g., GII.4 Sydney_2012) emerged every 2–5 years,
replacing the previously dominant variant. Thus, from 1996 through 2012, six GII.4 variants
(US95/96, Farmington_Hills_2002, Hunter_2004, Den_Haag_2006, New_Orleans_2009, and
Sydney_2012) caused HuNoV pandemics [36]. The GII.4 variants described in this review
are summarized in Table 1.
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Table 1. GII.4 variants.

Strain Description
in Manuscript

Manuscript
Reference Type Accession

Number 1
RIVM Norovirus

Typing Tool

Human
Calicivirus

Typing Tool

Dijon [37] VLP AF472623 GII.4, US95/96 GII.4
GII.4 011617 [38] Stool virus isolate MN782359 GII.4[P16] Sydney_2012 GII.4[P16]

Grimsby (GrV) [39,40] VLP AJ004864 GII.4, US95/96 GII.4
HS66 [41] VLP EU105469 GII.4, US95/96 GII.4

MD145 [41] VLP AY032605 GII.4[P4], Camberwell 1994 GII.4[P12]
MI001 [42] P domain KC631814 GII.4[P4], Yerseke_2006a GII.4[P4]

PDB 4WZT Figure 2 P domain JX459908 GII.4[P31], Sydney_2012 GII.4[P31]
Saga [42,43] P domain AB447457 GII.4[P4], Den_Haag_2006b GII.4[P4]

Spanish isolate
Ast6139/01/Sp [44] VLP AJ583672 GII.4[P4],

Farmington_Hills_2002 GII.4[P4]

Sydney_2012 [45] VLP JX459908 GII.4[P31], Sydney_2012 GII.4[P31]
TCH05 [46] P domain JF827296 GII.4, Hunter _2004 GII.4

TCH12-580 [47–49] Stool virus isolate Unpublished GII.4[P31], Sydney_2012 GII.4[P31]
VA387 [39,40,50] VLP AY038600 GII.4[P4], US95/96 GII.4[P4]
VA387 [42] P domain AY038600 GII.4[P4], US95/96 GII.4[P4]

1 GenBank accession numbers [51]. GII.4 capsid variants were determined by two online typing tools [52,53]. P types (RNA-dependent
RNA polymerase; in brackets) are listed if the accession number associated with the construct contained ORF1 information.

HuNoV capsids are composed of the major structural protein VP1 and the minor
structural protein VP2. VP1 contains two domains: the protruding (P) and shell (S) do-
mains. The P domain can be further divided into two subdomains P1 and P2 (Figure 2A).
Recombinant VP1 and VP2 will spontaneously assemble into virus-like particles (VLPs)
that recapitulate the virus antigenically and morphologically [54,55]. The first HuNoV
structure was solved in 1999 and was of a Norwalk VLP. This structure revealed that 90 VP1
dimers form a T = 3 capsid where the S domains contain the core structure surrounding the
genome and the P domains create the arch of the cup or calyx-like structures from which
the caliciviruses name was derived [56]. The use of VLPs derived from different HuNoV
strains has been a critical tool for delineating the importance of HBGAs in HuNoV binding
to host tissues and cells.
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tively. The second chain of the VP1 dimer is shown in gray. Arrows point to the P-loops in P2. (B,C) HBGA binding sites 
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Figure 2. HBGAs bind to HuNoV P domain. (A) Crystal structure of the Norwalk virus-like particle
(left) comprised of 90 VP1 dimers (right) (PDB ID: 1IHM). The S domain, P1, and P2 subdomains are
colored in blue, pink, and yellow, respectively. The second chain of the VP1 dimer is shown in gray.
Arrows point to the P-loops in P2. (B,C) HBGA binding sites located on P domain dimers of GI and
GII HuNoVs. The P domains (ribbon representation) and HBGAs (spheres) are shown as side views
of the P domain dimers or rotated 90 degrees to show a top view. HBGA carbon coloration matches
the ribbon diagram and heteroatoms are colored by element: oxygen, red; nitrogen, blue.
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3. Early Discoveries on the Genetic Basis of Glycan Involvement in HuNoV Infection

Early observations from controlled human-infection trials revealed genetic differences
in susceptibility to HuNoVs. A challenge study with Norwalk virus fecal filtrate 8FIIa
indicated the potential for genetic resistance to infection when half of the challenged in-
dividuals (6/12) remained asymptomatic and failed to develop a virus-specific antibody
response, as determined by immunoelectron microscopy after two challenge infections
~2–4 years apart [57]. In vitro studies on a related animal calicivirus and additional human
infection studies provided evidence for a host genetic capability to produce HBGA glycans
as a factor responsible for susceptibility and resistance to HuNoV. The rabbit hemorrhagic
disease virus (RHDV) was able to agglutinate human erythrocytes expressing ABH anti-
gens but not those of the rare Bombay phenotype, which completely lack these glycans, or
cord-blood samples with low levels of ABH expression [58]. Furthermore, saliva from a
secretor but not a non-secretor, inhibited RHDV agglutination of erythrocytes [58]. Sub-
sequently, it was shown that persons with O blood group were significantly more likely
to be infected with Norwalk virus and those with B-blood-group had a reduced risk of
infection [59]. A second human challenge trial where secretor status of participants was
analyzed determined that non-secretor individuals were not infected after challenge with
Norwalk virus, while the majority of secretors were infected [10]. Examination of the
salivary IgA response from secretors in this study showed two patterns; persons who
never shed virus or did not experience symptoms had an early IgA response, indicative
of previous exposure, while others had a delayed IgA response, suggesting a primary
immune response [10]. Secretor-status analysis using serum samples from the original
challenge study, that correlated Norwalk infection with the O blood group, revealed all
infected individuals were secretors and that the uninfected individuals were primarily
non-secretors and one B-type secretor [18,59].

Supporting the observations from controlled human-infection trials, biochemical
studies determined that HuNoVs utilize HBGAs as attachment factors. Norwalk VLPs
were able to bind to duodenal tissue or saliva from secretors and these interactions were
strongly inhibited by antibodies against H-type-1 or incubation with H-type-3 antigens [9].
Hemagglutination assays similar to those that identified an influenza glycan receptor (α2,6
sialic acid), performed in the cold (4 ◦C), and at low pH, revealed that Norwalk VLPs
hemagglutinate red blood cells (RBCs) from all O, A, and AB groups tested but only from
a subset of B RBCs [60]. This study also showed that RBCs lacking H-type-2, such as
those from Bombay individuals, could not be hemagglutinated by Norwalk VLPs and that
VLPs could bind to synthetic Leb, H-type-2, and Ley carbohydrates, all of which can be
found in the intestine [60]. Norwalk VLPs were also shown to interact with CHO cells
expressing FTB (the rat homolog of FUT2), and Caco-2 cells which express FUT2 were
also able to internalize VLPs [9]. Since human HBGA phenotypes are affected by several
genes coding for various glycosyltransferases often working sequentially, an important
finding was the direct genetic linkage of HuNoV GII infection and inactivating mutations
in the human FUT2, but not in the human FUT3 gene [12,14,61,62]. Since then, this genetic
linkage has been confirmed in several populations, with a wide variety of completely
or partially inactivating mutations in the FUT2 gene [20]. Together, all these studies
indicated the importance of HBGAs in HuNoV attachment to host cells and prompted
further investigation into their role in infection.

4. Norovirus–Glycan Binding Specificity and Structural Interactions
4.1. Binding Patterns to HBGAs and Related Glycans

In addition to RBCs and epithelial cells, HBGAs are present in mucosal secretions such
as saliva. Therefore, saliva binding assays have been used to characterize HuNoV–HBGA
interactions. Saliva samples from adults, characterized to confirm HBGA expression, were
used to coat microtiter plates in enzyme immunoassays and then bound with VLPs derived
from GI or GII HuNoVs. In total, seven distinct binding patterns emerged (Table 2): (1) two
US95/96-variant GII.4 VLPs (VA387 and GrV) bound to saliva from A/B/H individuals,
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(2) GII.5 (MOH) and two GII.3 VLPs (MxV and PiV) bound A/B saliva but not H-type
or non-secretor saliva, (3) GII.2 (BUDS) bound primarily A saliva, (4) Norwalk and GI.2
(C59) bound A/H saliva but the binding of C59 was weak [39,40], (5) GI.8 (Boxer) and
GII.9 (VA207) were capable of binding strongly to saliva from non-secretor individuals and
to A/H saliva [39,40], (6) GII.21 (OIF) also bound to saliva from non-secretors; however,
this VLP only bound weakly to H and not to A saliva [40], and finally, (7) GI.3s (DSV
and VA115) and GII.1 (Hawaii virus, HV) did not bind to any saliva samples tested. Of
the three strains that could bind to non-secretor saliva, VA207 but not Boxer or OIF VLP
binding to Lea and Lex saliva was reduced by blocking with antibodies against Lea and
Lex, respectively. Additionally, the binding of VA207 and Boxer to Leb and Ley saliva was
blocked with antibodies against Leb and Ley, respectively [40]. A limitation to these saliva
binding assays is that saliva could contain other non-ABH and non-Le glycans that may
also influence VLP binding.

Table 2. Saliva binding patterns of HuNoV VLPs.

Saliva Binding Pattern

Secretors

Binding
Group VLP Name Genotype (Variant) A B H Non-Secretors Reference

1
VA387 GII.4 (US95/96) Y Y Y N [39,40]

Grimsby (GrV) GII.4 (US95/96) Y Y Y N [40]

2
MOH GII.5 Y Y N N [39,40]

Mexico (MxV) GII.3 Y Y N N [40]
Parris Island (PiV) GII.3 Y Y N N [40]

3 BUDS GII.2 Y N N N [40]

4
Norwalk GI.1 Y N Y N [39,40]

C59 GI.2 Y N Y N [40]

5
Boxer GI.1 Y N Y Y [40]
VA207 GII.9 Y N Y Y [39,40]

6 Operation Iraqi Freedom
031998 (OIF) GII.21 N N Y Y [40]

7
Desert Shield virus (DSV) GI.3 N N N N [40]

VA115 GI.3 N N N N [40]
Hawaii virus (HV) GII.1 N N N N [40]

Y = yes, binds saliva. N = no, does not bind saliva.

Norwalk and Dijon (US95/96 GII.4 variant) VLPs bind to lipid bilayer vesicles incor-
porated with H-type-1 but not Lea glycosphingolipids (GSLs) [37]. Altering the percentage
of H-type-1 GSLs in the lipid bilayer demonstrated that Dijon VLPs required a higher
percentage of H-type-1 in the bilayer than Norwalk VLPs for binding. This suggests Dijon
VLPs have a lower affinity for H-type-1 GSLs and may require interactions with more GSL
molecules to attach to a lipid bilayer [37]. Taken together, there are strain-specific differ-
ences in HuNoV binding to different HBGA structures presented both on glycoproteins
and on glycolipids.

HuNoV VLPs are also capable of binding to HBGA-like molecules present in other
animal species. Norwalk VLPs can bind to porcine gastric mucin (PGM), and incubation
with PGM blocks the binding of VLPs to HBGAs in enzyme immunoassays and of VLP
binding to secretor Caco-2 cells as detected by immunofluorescence using an antibody
against the VLP [63]. Pig intestinal tissues express A and H antigen and the ability of
HuNoVs to bind to porcine HBGA is supported by the binding of Norwalk, MD145 (GII.4
Camberwell variant from 1987), HS66 (US95/96 GII.4 variant), HV, and Toronto virus (TV,
GII.3) to duodenal tissue from A- and H-expressing pigs [41]. However, antibodies against
A and H did not reduce, or only partially reduced, the binding of VLPs, indicating the VLPs
can bind also to other antigens found in the porcine intestine [41]. The B antigen glycosyl
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transferase can convert the H antigen of PGM to B antigen and this allows a B-recognizing
VLP, GII.12, to bind to PGM [64].

4.2. Structural Basis of HuNoV–HBGA Interactions

Structure–function studies of the HuNoV P domain have focused primarily on three
main sites of interest: HBGA binding sites, bile-acid binding sites (discussed in Section 5),
and antibody binding sites (discussed in Section 6). Crystal structures of the HuNoV P
domain in complex with HBGA have been determined for two GI and eight GII genotypes
(Figure 2B,C) and highlight differences in HBGA binding sites between genogroups. Nor-
walk virus P domain dimers crystallized in complex with H-type-1 HBGA reveal a shallow
surface-exposed binding pocket at the top of the P domain, away from the dimer interface
where the α-Fuc and β-Gal of the H-type chain are anchored to the binding site [65]. When
A-type antigen is instead present, the terminal GalNAc added to the β-Gal replaces the
β-Gal in the binding pocket with α-Fuc. Crystal structures of a GII.4 (Hunter_2004) P do-
main (TCH05 isolate) showed binding to HBGA in a pocket also on the top of the P domain
but at the dimer interface and through interaction with terminal α-Fuc of HBGAs [46].
The HBGA binding pocket is similar to GII.4 for GII.10 and GII.17 [66,67]. More recent
GII.4 variants (2001–current, including Hunter_2004) have a single amino-acid insertion
in a flexible loop proximal to the HBGA binding pocket capable of supporting interaction
with the Lewis fucose residue, permitting Leb binding [46]. The expanded capability of
recent GII.4 variants to bind additional HBGA glycans may explain the dominance of this
genotype. Among GI viruses, the overall HBGA P domain structure and HBGA binding
site are conserved; however, flexible loops that make up the P2 region of the P domain
vary and this sequence variation leads to variable HBGA binding among different strains,
including binding to non-secretor HBGAs [68]. For example, compared to GI.1, GI.2 and
GI.7 have a longer P2 loop (referred to as the P-loop, arrows Figure 2A) that can interact
with the Lewis fucose residue on Lea/x, whereas the P-loop of GI.1 cannot interact [68].

Structures of HuNoVs in complex with human milk oligosaccharides (HMOs) have
also been resolved. Breast milk contains several unconjugated HMOs that are similar
in structure to HBGAs. Specifically, 2′-fucosyllactose (2′-FL) and 3-fucosyllactose (3-FL)
are similar to H-type-2 and Lex antigens, respectively [69]. HMOs are protective against
infection by viral and bacterial pathogens that recognize fucosylated glycans, such as in
the case of Campylobacter jejuni where the infection is blocked by secretor HMOs that act
as decoy receptors [70,71]. 2′-FL and 3-FL can bind GII.10 HuNoV in the HBGA binding
pocket, suggesting a potential to act as decoy receptors against norovirus infection [72].
2′-FL can also bind to the HBGA binding pockets on an additional GII HuNoV, GII.17, and
to the HBGA binding pocket of GI.1 [67]. Pretreatment of GII.10, GII.17, and GI.1 VLPs
with 2′-FL inhibits binding to A-blood-group saliva and PGM in ELISAs [67,72]. Despite
variation in the HBGA binding pockets among HuNoV strains, these results suggest that it
may be possible to target the HBGA binding pocket as a broad antiviral strategy.

5. HIEs Are a Useful Platform to Study Intestinal Glycan Expression and the Role of
Glycans in Viral Infection
5.1. Human Intestinal Enteroids Reflect Host Genetic Susceptibility to HuNoVs

Despite the clear association between HBGA expression and susceptibility to HuNoV
infection in population studies, and structural evidence that HuNoVs bind to HBGAs,
it remained unclear if HBGAs function as a receptor for HuNoV or simply as an initial
attachment factor. This was because commonly used cancer-cell lines that express HB-
GAs, including Caco-2 cells used in binding studies, do not support productive HuNoV
replication [73–75]. Transformed cell lines may no longer express the required protein or
glycoprotein receptor. Alternatively, because transformation alters glycosylation patterns,
the proper glycosylation conditions for HuNoV entry and replication may be abrogated [76].
Moreover, transformed cells have increased sialic-acid-structure expression and altered
expression of sialyltransferases [77]. The increased presence of sialic acid on the cell sur-
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face could have a negative effect on HuNoV infection by masking HBGA access. Further,
sialyltransferases may compete with fucosyltransferases for the same substrates, effectively
reducing the presence of HBGA on the surface. Robust small-animal models for HuNoV
infection are limited. This may be because they do not reflect glycosylation found in the
human intestine. For example, in mice, structural characterization of O-linked glycans
on gastrointestinal mucins, an abundant family of highly glycosylated secreted proteins,
shows that glycan patterns vary throughout the gastrointestinal tract: in the mouse stom-
ach, mucins display neutral O-glycans with low levels of sialylation and fucosylation,
whereas in the small intestine, sialylation is dominant, with little fucosylation, and in the
colon, charged fucosylated glycans prevail [78]. Although an equivalent single study of
human glycan diversity of mucin glycosylation structures has not been conducted, human
small intestinal mucin glycans vary from the mouse and display more fucosylated HBGA
structures [78]. Recently, a zebrafish model of HuNoV infection was developed [79]. While
HuNoV antigen was detected in the intestine, whether glycans act as an entry factor in ze-
brafish is unclear. Zebrafish share many glycan epitopes with humans but HBGAs such as
A, B, Lea, and Leb are absent [80]. HBGAs are present throughout the human gastrointesti-
nal tract and the general expression of HBGA carbohydrate structures detected in gastric,
small-intestinal, and colonic tissues has been reviewed previously [11]. Further knowledge
of host glycosyltransferase expression and tissue distribution of glycans will be valuable in
determining susceptibility and tropism of different gut pathogens including viruses.

Progress in developmental and stem-cell biology led to the establishment of long-term,
stable non-transformed organoid cultures from human intestinal stem cells isolated from
tissue biopsies by Sato and Clevers in 2011 [81]. These multicellular cultures contain the
diverse epithelial cells found in the gastrointestinal tract that are targets for intestinal
pathogens including enterocytes, goblet cells, enteroendocrine cells, Paneth cells, and stem
cells. Also known also as human intestinal enteroids (HIEs), these non-transformed cells
are an effective cultivation system for HuNoV, allowing for new studies on virus infectivity
and pathogenesis including addressing the requirement for HBGAs specific to the human
intestine in infection [47,82]. We evaluated the replication of a GII.4 Sydney_2012 (TCH12-
580) and a GII.3 strain of HuNoV in jejunal HIE lines derived from four secretors (J2, J3,
J6, J11) and three non-secretors (J4, J8, J10). Mimicking population data, GII.4 replication
was seen only in secretor HIE lines, while GII.3 replication was seen in all secretor lines
and two of three non-secretor lines [47]. Subsequently, it was determined that the HIEs
from GII.3-susceptible non-secretor lines (J4 and J8) were obtained from persons who were
Lewis positive while the non-susceptible J10 HIE was from a Lewis-negative person. These
data imply that GII.3 may bind to and infect non-secretor lines through interacting with
Lewis HBGA [48,83].

GII.3 and GII.4 also replicate in ileal and duodenal, but not colonic secretor HIEs [47,49].
This was confirmed with studies where sets of ileal, duodenal, and colonic HIEs were
generated from the same two secretor donors. Future studies are needed to determine if
factors such as additional alteration of glycan expression, including the level of sialylation,
altered HBGA localization or if thicker, highly O-glycosylated mucus in colonic HIE lines
may affect the ability of HuNoVs to infect these lines. Thus far, matched donor jejunal with
ileal/duodenal/colonic HIEs have not been generated but future studies across all seg-
ments of the small intestine and colon will provide insight on additional segment-specific
differences in replication efficiency and how HBGA and glycosyltransferase expression
may affect viral replication.

5.2. Genetic Manipulation of HIEs Reveals FUT2 Is Necessary and Sufficient for HIE Infection by
Most HuNoV Strains

Recapitulating additional aspects of the intestinal milieu, bile or bile-acid addition is
required for the replication of many HuNoV strains in HIEs [47,49,84]. While bile/bile-acid
addition is essential for the replication of GII.3 (TCH04-577), GI.1 (Norwalk), and GII.17
(TCH14-38) strains, replication of GII.4 strains is only enhanced with bile addition [47,49].
X-ray crystal structures of GII.1, GII.10, and GII.19 P domains and chemical shift pertur-
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bation NMR studies of GII.4 Saga (Den_Haag_2006b) P domains indicate two different
binding pockets for bile acids on the P domain (Figure 3) [43,85]. Neither site directly
overlaps with the HBGA binding pocket. Yet, the addition of bile acid allows GII.1, GII.2,
and GII.12 VLP binding to PGM and enhances GII.10 binding, suggesting a mechanism for
bile acids enhancing infection through mediating HBGA binding [85,86]. The addition of
1% bovine bile improves the binding of three GII.2 VLPs (SMV, Chapel Hill, and Nashville)
to A-blood-group saliva and PGM [87]. Interestingly, a non-secretor family was infected
with GII.2 and VLPs generated from this outbreak required the presence of bile to bind
to saliva from the non-secretor individuals [88]. The mechanisms by which bile acids
facilitate HuNoV replication are thus far best studied for GII.3 HuNoV, a strain for which
direct binding to bile acid has not been described. Mechanistic studies in HIEs determined
cellular effects of bile acids permitting GII.3 replication [84]. Specifically, treatment of
HIEs with the bile acid glycochenodeoxycholic acid (GCDCA), determined to be an active
infection-promoting factor found in bile, leads to increased generation of cell-surface ce-
ramides, increased endocytosis, and altered endosomal/lysosomal dynamics that facilitate
GII.3 infection. The addition of GCDCA did not alter GII.3 binding to PGM. Together, these
studies indicate there are strain-specific differences in how bile acids promote HuNoV
infection and different strains of HuNoV may have evolved different mechanisms to utilize
this readily available host factor. This would be further proof of how HuNoV uses capsid
evolutionary plasticity and hijacking host factors to its advantage.
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reported by Kilic et al. [85]. An ethylene glycol (EDO, sphere representation) molecule binds to a GII.4 P domain at the
bile acid binding site proposed by Creutznacher et al. [84]. GCDCA/EDO carbon coloration matches the ribbon diagram;
heteroatoms are colored by element: oxygen, red; nitrogen, blue.

To further investigate the requirement of FUT2 and secretor glycans in HuNoV infec-
tion, isogenic HIE lines were developed, knocking out (KO) FUT2 from a B-type secretor
HIE (J2) using CRISPR-Cas9 and knocking in (KI) FUT2 in the O-type non-secretor HIE (J4)
line [48]. For infectivity studies in these HIE lines, GCDCA was added to enhance (GII.4
Sydney_2012) or permit (GI.1/GII.3/GII.17) HuNoV infection. With the addition of FUT2,
J4 expressed Leb instead of Lea, indicative of functional FUT2 and FUT3 activities, and
the line became permissive to GI.1, GII.3, GII.4, and GII.17 infection (Table 3). Though a
receptor for HuNoV has yet to be identified, this result indicates that the receptor, or the
receptor precursor, is likely present in the non-secretor J4 line but requires the addition
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of α1,2-fucosylation for recognition by HuNoV. Ongoing studies to identify the receptor
for HuNoV infection in HIEs are discussed in Section 5.3. Conversely, KO of FUT2 from
J2 resulted in loss of B Leb expression and gain of Lea expression, and the KO line could
no longer be infected by GI.1, GII.4, or GII.17 strains [48]. The J2 FUT2 KO line remained
permissive to GII.3 infection. As the J2 individual expressed FUT3, this result is consistent
with epidemiological data that non-secretor, Lewis-positive individuals can be infected
with GII.3 virus [89]. Inconsistent with previous results [47], GII.3 was unable to infect
unmodified J4 in the presence of GCDCA. The previous studies were carried out in the
presence of bile rather than GCDCA, and undetermined factors in bile may contribute
to the ability of GII.3 to infect certain non-secretor, Lewis-positive lines. Replication of
GII.17 and GI.1 in J4 expressing FUT2 was higher than in unmodified J2; the different
ABH phenotype of these lines may account for the difference in infectivity. The J4 FUT2
KI line had an O phenotype whereas the J2 line expressed B antigen and B-blood-group
is associated with a lower risk of Norwalk virus infection and inability to bind B saliva
in enzyme immunoassays [39,59]. Additional genetic differences between the J4 and J2
individuals may also contribute to this difference in infection between HIE lines. Taken
together, these results show that FUT2 is necessary and sufficient for replication of GII.4,
GII.17, and GI.1 [48].

Table 3. Effect of genetic modification of FUT2 expression on HuNoV infection.

HIE Line Modification Secretor
Status

HBGA
Expression

GI.1
Infection

GII.3
Infection

GII.4
Infection

GII.17
Infection

J2Fut2+/− Parental Positive B Leb Yes Yes Yes Yes
J2Fut2−/− FUT2 KO Negative Lea No Yes No No
J4Fut2−/− Parental Negative Lea No No No No

J4Fut2−/−/FUT2 FUT2 KI Positive Leb Yes Yes Yes Yes

KO = knock out, KI = knock in. Data in table from [48].

5.3. Progress towards Identification of the Fucosylated Glycan Receptor for HuNoVs

It remains to be determined if secretor HBGAs function directly as a HuNoV receptor
or if a unique fucosylated glycoprotein or glycolipid is required. Prior to HIE technology,
the lack of nontransformed continuous intestinal-cell-culture systems and limitations in
acquiring intestinal tissue sufficient for in-depth biochemical analyses were roadblocks
to glycan-receptor studies in the gastrointestinal tract. Recent and ongoing studies to
characterize the glycolipid and glycoproteomic profile of susceptible and non-susceptible
HIEs may guide the search for a glycosylated HuNoV receptor. Jejunal HIE studies from
six different individuals show similar general lipid composition regardless of HBGA
genotypes/phenotypes [83]. Approximately 80 mol % of the total lipid population is
glycerophospholipids [phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
phosphatidylserine (PS)], free cholesterol is ~12 mol % of the lipids, and the remaining
~9% are sphingolipids [83]. Of the sphingolipids, GSLs vary between HIE lines and
display HBGAs reflective of their secretor, Lewis, and ABH phenotypic profiles [83].
GII.4 Sydney_2012 VLP binds to α1,2- and α1,4-fucosylated structures such as Le a GSL
and has some binding to nonfucosylated, type-1-chain precursor lactotetraosylceramide
(Lc4Cer). This VLP can also bind membrane vesicles generated from GSLs isolated from
two secretor, Lewis-positive HIEs, has limited binding to vesicles generated from non-
secretor, Lewis-positive HIEs, and does not bind to vesicles from a non-secretor, Lewis
negative individual [83].

Utilizing the genetically modified HIEs developed for HuNoV studies, glycan ex-
pression in parental, KO, and KI HIEs was further characterized with immunofluorescent
staining using α1,2-Fuc binding lectin, Ulex europaeus Agglutinin I (UEA-1). As expected,
unmodified J2 HIE monolayers of polarized cells show apical UEA-1 staining, indicating
that secretor HBGAs are expressed on the apical cell surface. KO of FUT2 leads to the loss of
apical staining and a surprising detection of internal punctate staining (Figure 4) [48]. This
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pattern is recapitulated in the non-secretor J4 HIE exhibiting internal staining and J4 ex-
pressing FUT2 having strong apical staining by UEA-1. RNA sequencing analysis indicates
that several fucosyltransferases in addition to FUT2 are expressed in the J2 HIE line (Table 4)
and the internal staining could potentially be explained by the expression of FUT1 acting on
type-2 chains [48,90]. Precedence for the role of FUT1 comes from the breast-cancer cell line
T47D where FUT1 but not FUT2 controls the fucosylation of lysosomal proteins of LAMP1
and LAMP2 and lysosomal positioning [91]. Further studies using these modified HIE lines
will provide insight on how cells control subcellular localization of glycoproteins through
fucosylation and how pathogens hijack these processes to interact with and infect cells.
Intestinal pathogens can also modulate glycan expression as seen in specific pathogen-free
mice where LPS stimulates cell-surface expression of α1,2-fucosylated molecules through a
FUT2-mediated mechanism [92,93]. However, bacteria are not present in the HIE cultures
and are unlikely to play a role in the different fucosylation patterns seen in this model.
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Figure 4. FUT2 is necessary for α1, 2-fucose expression on the apical surface. Previously unpublished images. HBGA
expression was analyzed by UEA-1 lectin (red) in HIE lines as described in [48]. In all image panels, the nuclei are marked
with DAPI (blue). In the bottom panels, the brush border is indicated by actin expression using phalloidin (white) for
each line.

Table 4. Expression of fucosyltransferases in J2 HIEs.

Fucosyltransferase Activity J2 Expression (cpm)

FUT1 Alpha(1,2) 112
FUT2 Alpha(1,2) 6587
FUT3 Alpha(1,3/1,4) 9276
FUT4 Alpha(1,3) 3411
FUT5 Alpha(1,3) ND
FUT6 Alpha(1,3) 2485
FUT7 Alpha(1,3) ND
FUT8 Alpha(1,6) 2534
FUT9 Alpha(1,3) 47

FUT10 Alpha(1,3) putative 715
FUT11 Alpha(1,3) putative 1568

cpm = counts per million. ND = not detected. RNA sequencing data are deposited as described in Lin et al. [90].

Of note, no sialic-acid-containing GSLs are detected from any jejunal HIE line by
glycolipidomic analysis [83]. Immunofluorescent staining of J2 HIE using Sambucus nigra
lectin, which detects α2,6-linked sialic acids, indicates some sialic acid is present on the
surface of this secretor HIE (Figure 5). However, these images do not distinguish the
molecule to which sialic acid is conjugated. GSLs may not be targeted for sialylation by
glycosyltransferases in the jejunum. Alternatively, lipid isolation procedures may have
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unintentionally excluded sialylated GSLs or the levels of sialylated GSLs were simply
too low for detection with chemical staining similar to what was found for sialylated
GSL of epithelial cells of the adult small intestine [94]. This distinction is important
to understand for future investigations on HuNoV infection and glycan expression in
HIEs as there is evidence that Dijon US95/96-variant GII.4 VLPs and Chron GII.3 VLPs
(derived from a GII.3 strain isolated from a chronically infected individual) can bind to
sialyl Lewis x, sialyl diLewis x, and sialylated type-2-chain glycoconjugates [37,95–97].
Saturation transfer difference NMR revealed that VLPs derived from the GII.4 Spanish
isolate Ast6139/01/Sp bind to Lewis (Lex, Ley, Lea, Leb) and to sialyl-Lewis (sLex, sLea)
antigens; however, transfer nuclear overhauser effect spectroscopy (NOESY) indicated that
the sLex neuraminic acid remains flexible, and not directly involved in the binding, when
associated with the VLP [44]. Recently, an NMR study revealed that GII.4 HuNoV Saga
(Den_Haag_2006b variant), MI001 (Yerseke_2006a variant), and VA387 (US95/96 variant) P
domains do not bind sialoglycans [42]. However, the sialoglycans used in this study were
not fucose-containing. Together these studies illustrate the plasticity of the HuNoV capsid,
specifically the GII.4 HBGA binding pocket, which recognizes fucose at a minimum but
has the capacity to bind Fuc, GlcNAc, and Gal residues in structurally-related glycans that
also contain a terminal sialic acid.
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Figure 5. Jejunal HIE line J2 expressed α2,6-sialic acid glycans. Previously unpublished images. Monolayers of J2 (left),
Chinese hamster ovary cells (CHO; middle), and Caco-2 cells (right) were fixed, permeabilized, and stained with Cy3
labeled Sambucus nigra lectin (orange), following protocols previously used for UEA-1 staining [48]. Caco-2 cells, that
express α2,6-sialic acids, and CHO cells, that do not express α2,6-sialic acids, were included as positive and negative
controls, respectively.

Ultimately, GSLs expressing HBGAs may be only an initial attachment factor and
the HuNoV entry receptor might instead be a protein co-receptor or a specific HBGA-
displaying glycoprotein expressed by intestinal cells. Related animal caliciviruses are
known to bind glycans such as sialic acid and also have confirmed proteinaceous recep-
tors [98–100]. The rhesus monkey virus, Tulane virus, binds to B antigens and A-type-3
antigens in human saliva but not to antigens from O individuals [101]. The receptors for
feline calicivirus (FCV), Tulane virus, and porcine sapovirus (PoSaV) are feline junctional
adhesion molecule A (fJAM-A), coxsackie adenovirus receptor (CAR), and occludin, respec-
tively [102–104]. These proteins are all tight-junctional proteins. CAR and occludin have
known glycosylation sites and fJAM-A has a putative glycosylation site, but the exact role
of glycosylation of these proteins during animal calicivirus infection needs further investi-
gation. The MNV receptor is CD300 molecule-like family member f (CD300lf), established
using CRISPR-Cas9 screens, but it is not the receptor for HuNoV replication [105–107].
Bone marrow-derived macrophages (BMDMs) from C57BL/6J mice are susceptible to
MNV infection but BMDMs from I/LnJ mice are not. The CD300lf has altered amino-acid
sequences between these two different mouse strains and is responsible for resistance to
MNV infection of BMDMs from the I/LnJ mice [108]. In the susceptible C57BL/6J mouse,
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those amino acids contain two potential O-glycosylation sites lost in the resistant mouse.
However, swapping the potential glycosylation sites in CD300lf chimeras did not alter
permissiveness to MNV infection, leaving the role of glycosylation unclear.

6. HBGA Interactions and Immune Response to HuNoVs

Additional evidence that HBGA interactions are critical for HuNoV infection and
disease comes from findings that antibodies that block the interaction of VLPs to HBGA
are a correlate of protection against HuNoV gastroenteritis [109]. Convalescent antisera
from volunteers challenged with Norwalk virus blocked the binding of H-type-1, H-type-
3, and Leb antigen to Norwalk VLPs [110]. Persons with HBGA-blocking antibodies
prior to challenge with Norwalk virus were less likely to develop gastroenteritis and had
lower viral shedding in feces than individuals who had no preexisting HBGA-blocking
antibodies [111]. Until the establishment of HuNoV replication in HIEs, HBGA-blocking
antibodies served as a surrogate for neutralizing antibodies. A correlation between levels of
a GII.4-neutralizating antibody and HBGA-blocking titers was observed in an initial study
assessing virus neutralization in HIEs with two serum samples (one with a low-HBGA-
blocking titer to GII.4 Sydney_2012 and one with a high-blocking titer) [47]. A more recent
study using a panel of serum samples from HuNoV VLP vaccine trials showed a strong
correlation between levels of HBGA-blocking antibodies and virus-neutralization titers in
HIEs [112]. In both studies, neutralizing antibody titers were higher than those measured
by HBGA blocking, which may indicate the presence of other neutralizing epitopes distinct
from those involved in HBGA interactions. This concept is supported by identification
of a human monoclonal antibody that has neutralization activity but not HBGA-blocking
activity [45]. Additionally, HBGA-blocking antibody was also a correlate of protection in
an efficacy trial with a bivalent GI.1/GII.4 VLP vaccine [113].

Structural studies with an HBGA-blocking antibody show binding to the P domain of
Norwalk virus but without direct contact to the HBGA binding pocket in the P domain
or altering the conformation of the residues in the pocket [114,115]. In this case, steric
hindrance likely explains how blocking antibodies neutralize GI.1 infection. An HBGA-
blocking nanobody binds to the side of Norwalk P domain dimers and might act by altering
the conformation of the P domain in a way that inhibits HBGA binding [116]. A second
HBGA-blocking nanobody binds to the top of the P domain and also induces aggregation
of particles, likely blocking HBGA binding through this mechanism [116]. A panel of
monoclonal antibodies isolated from patients with a history of HuNoV gastroenteritis were
screened for their ability to block binding of GI.3, GII.4 Sydney_2012, GII.6, and GII.17
VLPs to PGM [45]. Several of the monoclonal antibodies were capable of blocking one or
more VLPs but none were able to block GII.17 binding to PGM. A specific antibody (NORO-
320 IgA) was further investigated in neutralization experiments using a recombinant IgM
isotype and a recombinant Fab. Both IgA and IgM NORO-320 antibodies could block
GII.4 VLP binding to PGM but the Fab could not, indicating steric hindrance and VLP
aggregation as the mechanism of blocking HBGA binding [45]. Interestingly, the Fab that
lacked HBGA-blocking activity was capable of neutralizing GII.4 and GII.17 infection in
the HIE replication system, suggesting other antiviral mechanisms in addition to steric
hindrance [45].

Several studies using GII.4 VLPs representing viruses over decades show that GII.4
variants alter their HBGA-binding specificity over time [117–119]. Mice immunized with
virus replicons expressing ORF2 (VP1) from GII.4 HuNoVs from different years generated
antisera capable of blocking HBGA binding by temporally closer but not further-distanced
VLPs [117]. Consistent with these results, GII.4 011,617 (Sydney_2012 variant) infection
of HIEs was more strongly neutralized by antibodies generated against temporally closer
GII.4 variants [38]. In contrast, human convalescent sera from individuals challenged with
the 1968 Norwalk virus blocked HBGA binding by GI.1 VLPs not only from 1968 GI.1
but GI.1 from 2001 and GI.2, GI.3, and GI.4 (from 1999 to 2000) [118]. Alteration of an
antibody epitope among GII.4 variants can also alter HBGA-binding ability. For example,
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an 11-residue epitope of GII.4 Den Haag_2006b is recognized by a monoclonal antibody,
3C3G3 [50]. Only two residues in this epitope vary in the GII.4 VA387 US95/96 strain (R397
and D448) but render it undetected by 3C3G3. A double mutation restored detection by
3C3G3 [50]. Interestingly, the ability of GII.4 VA387 US95/96 to bind sLex was lost with
mutation at site 397 while binding to ABH antigens increased with the double mutant [50].
Evolutionary adaption of GII.4 to recognize additional HBGA types and the inability of
GII.4 antisera to block HBGA binding from temporally distanced variants emerging over
time is one explanation for the epidemiological predominance of GII.4 over GI.1.

7. Glycan Interactions for Other Viral Pathogens

While host genetic factors in susceptibility to HuNoVs have been recognized for nearly
two decades, there is now increasing evidence for HBGA–glycan interactions in other
enteric viruses such as rotavirus and new evidence for respiratory viruses such as SARS-
CoV-2 that are associated with gastrointestinal symptoms [7,120,121]. Rotavirus is a leading
cause of severe dehydrating gastroenteritis in children under the age of 5 years worldwide.
Rotavirus mediates attachment to cellular glycans through the VP8* domain of the outer
capsid protein VP4 [122]. Structural and functional studies on HBGA interactions for
human rotavirus are reviewed elsewhere [7,123]. These studies demonstrated that human
rotavirus VP8* bind HBGA in a virus genotype-dependent manner and these interactions
have implications for interspecies transmission of rotavirus strains and age-dependent
restriction of infectivity for some strains [8,124–130]. Similar to HuNoVs, globally dominant
strains of rotavirus can bind a larger repertoire of HBGAs, suggesting a similar contribution
to the prevalence of some genotypes [23]. Seroprevalence studies in adults suggest higher
susceptibility to rotavirus infection in secretors based on higher antibody titers compared
to non-secretors [123]. However, it should be noted that the majority of the epidemiological
studies examining rotavirus–HBGA interactions in children have tested samples from
those presenting with acute gastroenteritis, and while there are clear rotavirus genotype-
dependent differences in susceptibility to acute gastroenteritis [131,132], there is less clear
evidence on whether HBGA expression influences susceptibility to asymptomatic infection.
Indeed, studies in HIEs show that cultures from both secretors and non-secretors can be
infected with commonly circulating rotavirus genotypes [133]. Further, in vitro infection
of transformed cell lines was also independent of HBGAs expression [134]. How glycans
influence disease presentation remains unclear.

HBGA interactions for other medically important gastrointestinal viruses, such as
human astrovirus and sapovirus, have not been described. Studies in birth cohorts in
Peru, Bangladesh, and Tanzania showed that Lewis-positive infants had a higher risk of
asymptomatic adenovirus infection, but not of adenovirus-associated diarrhea. Based
on these data, the most striking distinction between HuNoVs and other viruses is that
HBGAs are a definitive susceptibility factor for infections with many HuNoV strains,
whereas population studies on other viruses such as rotavirus and adenovirus describe
HBGA associations with the presence or absence of clinical symptoms [132]. There is now
new interest in HBGA interactions for SARS-CoV-2 based on several reports suggesting
significantly higher susceptibility in A-blood-group individuals and reduced susceptibility
among persons with the O blood group [120,121]. There is less clear evidence of association
of ABO blood groups with severe outcomes of the COVID-19 disease such as acute respi-
ratory distress syndrome, kidney injury, intubation, intensive care unit (ICU) admission,
or mortality. Two biochemical studies using glycan arrays and ELISAs demonstrate the
binding of SARS-CoV-2 spike protein to A-type HBGAs [135,136]. The molecular basis of
SARS-CoV-2 interactions with host HBGAs is unknown and the functional significance
remains to be determined. Interestingly, SARS-CoV-2 spike protein has also been shown to
bind to heparan sulfate (HS), an acidic polysaccharide of the glycosaminoglycan family
known to interact with several other viruses, enhancing its interaction with the angiotensin
converting enzyme 2 (ACE2) receptor and facilitating infection [137,138]. Together, these
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studies exemplify the importance of studying host glycans as molecular mediators of virus
attachment and uptake.

8. Conclusions and Outstanding Questions

The importance of glycans in the binding of intestinal viral pathogens to host cells
is being increasingly recognized. Physiologically relevant culture systems such as HIEs
and emerging bioanalytical techniques are enabling new understanding of virus–glycan
interactions. As detailed in this review, this is very well defined in the case of HBGAs
and HuNoVs and the body of evidence is ever-expanding for both HuNoVs and other
pathogens [139]. The vast diversity of glycan recognition by different strains of HuNoV
and among GII.4 variants is indicative of the elegance of viral evolution expanding the
potential host repertoire. However, there are still unresolved questions that future studies
must address regarding the role of HBGAs in HuNoV infection mechanisms (Box 1). There
are also outstanding questions to understand the roles of different FUT genes in intestinal
glycan expression. Additionally, not every stool isolate of HuNoV tested is capable of
replicating in HIEs [49,140]. Though lack of replication can be explained by low viral titer
of some stool filtrates, there are higher titer isolates in stools that still fail to replicate. Most
studies evaluating HuNoV replication have been carried out in an HIE line from a secretor-
positive, Lewis-positive B-type individual. Use of HIE lines derived from patients with
different HBGA backgrounds to screen for replication of HuNoV strains may provide clarity
on HBGA-dependent differences in replication. HIEs generated from diverse individuals
with different HBGA types and new analytical approaches could serve as novel tools to
characterize and address key questions concerning the human intestinal glycome.

Box 1. Key Unresolved Questions

Viruses 2021, 13, x FOR PEER REVIEW 16 of 23 
 

 

significantly higher susceptibility in A-blood-group individuals and reduced susceptibil-
ity among persons with the O blood group [120,121]. There is less clear evidence of asso-
ciation of ABO blood groups with severe outcomes of the COVID-19 disease such as acute 
respiratory distress syndrome, kidney injury, intubation, intensive care unit (ICU) admis-
sion, or mortality. Two biochemical studies using glycan arrays and ELISAs demonstrate 
the binding of SARS-CoV-2 spike protein to A-type HBGAs [135,136]. The molecular basis 
of SARS-CoV-2 interactions with host HBGAs is unknown and the functional significance 
remains to be determined. Interestingly, SARS-CoV-2 spike protein has also been shown 
to bind to heparan sulfate (HS), an acidic polysaccharide of the glycosaminoglycan family 
known to interact with several other viruses, enhancing its interaction with the angioten-
sin converting enzyme 2 (ACE2) receptor and facilitating infection [137,138]. Together, 
these studies exemplify the importance of studying host glycans as molecular mediators 
of virus attachment and uptake.  

8. Conclusions and Outstanding Questions 
The importance of glycans in the binding of intestinal viral pathogens to host cells is 

being increasingly recognized. Physiologically relevant culture systems such as HIEs and 
emerging bioanalytical techniques are enabling new understanding of virus–glycan inter-
actions. As detailed in this review, this is very well defined in the case of HBGAs and 
HuNoVs and the body of evidence is ever-expanding for both HuNoVs and other patho-
gens [139]. The vast diversity of glycan recognition by different strains of HuNoV and 
among GII.4 variants is indicative of the elegance of viral evolution expanding the poten-
tial host repertoire. However, there are still unresolved questions that future studies must 
address regarding the role of HBGAs in HuNoV infection mechanisms (Box 1). There are 
also outstanding questions to understand the roles of different FUT genes in intestinal 
glycan expression. Additionally, not every stool isolate of HuNoV tested is capable of rep-
licating in HIEs [49,140]. Though lack of replication can be explained by low viral titer of 
some stool filtrates, there are higher titer isolates in stools that still fail to replicate. Most 
studies evaluating HuNoV replication have been carried out in an HIE line from a secre-
tor-positive, Lewis-positive B-type individual. Use of HIE lines derived from patients with 
different HBGA backgrounds to screen for replication of HuNoV strains may provide 
clarity on HBGA-dependent differences in replication. HIEs generated from diverse indi-
viduals with different HBGA types and new analytical approaches could serve as novel 
tools to characterize and address key questions concerning the human intestinal glycome.  

Box 1. Key Unresolved Questions. 

 

Author Contributions: All authors contributed to research and contributed to concepts on the
importance of glycans in gastrointestinal viral infection. The review was written by V.R.T. and S.R.
Structure figures were generated by L.H. All authors have read and agreed to the published version
of the manuscript.



Viruses 2021, 13, 2066 17 of 23

Funding: Research on HuNoV cultivation in human intestinal enteroid cultures was funded in part
by Public Health Service grants from the National Institutes of Health for grants P01 AI 057788
(to MKE), T32 AI 055413 (to VRT), and P30 DK 056338 (to H. El-Serag), which supports the Texas
Medical Center Digestive Diseases Center, the Agriculture and Food Research Initiative competitive
grant 2011-68003-30395 from the USDA National Institute of Food and Agriculture, and contract
HHSN2722017000381. We acknowledge funding support from Robert Welch Foundation (Q1279) to
BVVP, Naman Family Fund for Basic Research at Baylor College of Medicine to SR, from the Swedish
Research Council (2017-00955) to GL, and CPRIT (RP150578, RP170719) to the BCM Integrated
Microscopy Core.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are present in the main text or available from the authors
upon request.

Acknowledgments: We thank Umesh Karandikar for providing the UEA-1-stained HIE images in
Figure 4 and Sue Crawford for critical reading of the manuscript.

Conflicts of Interest: M.K.E. is named as an inventor on patents related to cloning of the Norwalk
virus genome and HuNoV cultivation, and is a consultant to and received research funding from
Takeda Vaccines, Inc. R.L.A. is named as an inventor on patents related to HuNoV cultivation and
has received research funding from Takeda Vaccines, Inc. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in
the decision to publish the results.

References
1. Paulson, J.C.; Colley, K.J. Glycosyltransferases: Structure, localization, and control of cell type-specific glycosylation. J. Biol. Chem.

1989, 264, 17615–17618. [CrossRef]
2. Gagneux, P.; Aebi, M.; Varki, A. Evolution of Glycan Diversity. In Essentials of Glycobiology; [Internet]; Varki, A., Cummings, R.D.,

Esko, J.D., Stanley, P., Hart, G.W., Aebi, M., Darvill, A.G., Kinoshita, T., Packer, N.H., Prestegard, J.H., et al., Eds.; Cold Spring
Harbor Laboratory Press: New York, NY, USA, 2015–2017; pp. 253–264. [CrossRef]

3. Rini, J.M.; Esko, J.D. Glycosyltransferases and Glycan-Processing Enzymes. In Essentials of Glycobiology; [Internet]; Varki, A.,
Cummings, R.D., Esko, J.D., Stanley, P., Hart, G.W., Aebi, M., Darvill, A.G., Kinoshita, T., Packer, N.H., Prestegard, J.H., et al.,
Eds.; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2015–2017; pp. 65–75. [CrossRef]

4. Ruvoen-Clouet, N.; Magalhaes, A.; Marcos-Silva, L.; Breiman, A.; Figueiredo, C.; David, L.; Le Pendu, J. Increase in Genogroup
II.4 Norovirus Host Spectrum by CagA-Positive Helicobacter pylori Infection. J. Infect. Dis. 2014, 210, 183–191. [CrossRef]
[PubMed]

5. Qu, D.; Wang, G.; Yu, L.; Tian, F.; Chen, W.; Zhai, Q. The effects of diet and gut microbiota on the regulation of intestinal mucin
glycosylation. Carbohydr. Polym. 2021, 258, 117651. [CrossRef] [PubMed]

6. Taylor, S.; McGuckin, M.; Wesselingh, S.; Rogers, G.B. Infection’s Sweet Tooth: How Glycans Mediate Infection and Disease
Susceptibility. Trends Microbiol. 2017, 26, 92–101. [CrossRef] [PubMed]

7. Ramani, S.; Hu, L.; Prasad, B.V.; Estes, M.K. Diversity in Rotavirus–Host Glycan Interactions: A “Sweet” Spectrum. Cell. Mol.
Gastroenterol. Hepatol. 2016, 2, 263–273. [CrossRef] [PubMed]

8. Hu, L.; Crawford, S.E.; Czako, R.; Cortes-Penfield, N.W.; Smith, D.F.; Le Pendu, J.; Estes, M.K.; Prasad, B.V.V. Cell attachment
protein VP8* of a human rotavirus specifically interacts with A-type histo-blood group antigen. Nature 2012, 485, 256–259.
[CrossRef]

9. Marionneau, S.; Ruvoën, N.; Le Moullac–Vaidye, B.; Clement, M.; Cailleau–Thomas, A.; Ruiz–Palacois, G.; Huang, P.; Jiang, X.; Le
Pendu, J. Norwalk virus binds to histo-blood group antigens present on gastroduodenal epithelial cells of secretor individuals.
Gastroenterology 2002, 122, 1967–1977. [CrossRef] [PubMed]

10. Lindesmith, L.C.; Moe, C.L.; Marionneau, S.; Ruvoen, N.; Jiang, X.; Lindblad, L.; Stewart, P.W.; LePendu, J.; Baric, R.S. Human
susceptibility and resistance to Norwalk virus infection. Nat. Med. 2003, 9, 548–553. [CrossRef]

11. Ravn, V.; Dabelsteen, E. Tissue distribution of histo-blood group antigens. Review article. APMIS 2000, 108, 1–28. [CrossRef]
[PubMed]

12. Carlsson, B.; Kindberg, E.; Buesa, J.; Rydell, G.E.; Lidón, M.F.; Montava, R.; Abu Mallouh, R.; Grahn, A.; Rodriguez-Díaz, J.;
Bellido, J.; et al. The G428A Nonsense Mutation in FUT2 Provides Strong but Not Absolute Protection against Symptomatic GII.4
Norovirus Infection. PLoS ONE 2009, 4, e5593. [CrossRef]

13. Ferrer-Admetlla, A.; Sikora, M.; Laayouni, H.; Esteve-Codina, A.; Roubinet, F.; Blancher, A.; Calafell, F.; Bertranpetit, J.; Casals, F.
A Natural History of FUT2 Polymorphism in Humans. Mol. Biol. Evol. 2009, 26, 1993–2003. [CrossRef]

http://doi.org/10.1016/S0021-9258(19)84610-0
http://doi.org/10.1101/glycobiology.3e.020
http://doi.org/10.1101/glycobiology.3e.006
http://doi.org/10.1093/infdis/jiu054
http://www.ncbi.nlm.nih.gov/pubmed/24459192
http://doi.org/10.1016/j.carbpol.2021.117651
http://www.ncbi.nlm.nih.gov/pubmed/33593539
http://doi.org/10.1016/j.tim.2017.09.011
http://www.ncbi.nlm.nih.gov/pubmed/29079498
http://doi.org/10.1016/j.jcmgh.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28090561
http://doi.org/10.1038/nature10996
http://doi.org/10.1053/gast.2002.33661
http://www.ncbi.nlm.nih.gov/pubmed/12055602
http://doi.org/10.1038/nm860
http://doi.org/10.1034/j.1600-0463.2000.d01-1.x
http://www.ncbi.nlm.nih.gov/pubmed/10698081
http://doi.org/10.1371/journal.pone.0005593
http://doi.org/10.1093/molbev/msp108


Viruses 2021, 13, 2066 18 of 23

14. Kelly, R.J.; Rouquier, S.; Giorgi, D.; Lennon, G.G.; Lowe, J.B. Sequence and Expression of a Candidate for the Human Secretor
Blood Group α(1,2)Fucosyltransferase Gene (FUT2). Homozygosity for an enzyme-inactivating nonsense mutation commonly
correlates with the non-secretor phenotype. J. Biol. Chem. 1995, 270, 4640–4649. [CrossRef]

15. Koda, Y.; Soejima, M.; Liu, Y.; Kimura, H. Molecular basis for secretor type alpha(1,2)-fucosyltransferase gene deficiency in a
Japanese population: A fusion gene generated by unequal crossover responsible for the enzyme deficiency. Am. J. Hum. Genet.
1996, 59, 343–350.

16. Costache, M.; Cailleau, A.; Fernández-Mateos, P.; Oriol, R.; Mollicone, R. Advances in molecular genetics of α-2- and α-3/4-
fucosyltransferases. Transfus. Clin. Et Biol. 1997, 4, 367–382. [CrossRef]

17. Möller, M.; Jöud, M.; Storry, J.R.; Olsson, M.L. Erythrogene: A database for in-depth analysis of the extensive variation in 36
blood group systems in the 1000 Genomes Project. Blood Adv. 2016, 1, 240–249. [CrossRef] [PubMed]

18. Hutson, A.M.; Airaud, F.; LePendu, J.; Estes, M.K.; Atmar, R.L. Norwalk virus infection associates with secretor status genotyped
from sera. J. Med. Virol. 2005, 77, 116–120. [CrossRef] [PubMed]

19. Lopman, B.A.; Trivedi, T.; Vicuña, Y.; Costantini, V.; Collins, N.; Gregoricus, N.; Parashar, U.; Sandoval, C.; Broncano, N.;
Vaca, M.; et al. Norovirus Infection and Disease in an Ecuadorian Birth Cohort: Association of Certain Norovirus Genotypes with
Host FUT2 Secretor Status. J. Infect. Dis. 2014, 211, 1813–1821. [CrossRef] [PubMed]

20. Nordgren, J.; Svensson, L. Genetic Susceptibility to Human Norovirus Infection: An Update. Viruses 2019, 11, 226. [CrossRef]
[PubMed]

21. Frenck, R.; Bernstein, D.I.; Xia, M.; Huang, P.; Zhong, W.; Parker, S.; Dickey, M.; McNeal, M.; Jiang, X. Predicting Susceptibility to
Norovirus GII.4 by Use of a Challenge Model Involving Humans. J. Infect. Dis. 2012, 206, 1386–1393. [CrossRef]

22. Stanley, P.; Cummings, R.D. Structures Common to Different Glycans. In Essentials of Glycobiology; [Internet]; Varki, A.,
Cummings, R.D., Esko, J.D., Stanley, P., Hart, G.W., Aebi, M., Darvill, A.G., Kinoshita, T., Packer, N.H., Prestegard, J.H., et al.,
Eds.; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2015–2017; pp. 161–178. [CrossRef]

23. Hu, L.; Sankaran, B.; Laucirica, D.R.; Patil, K.; Salmen, W.; Ferreon, A.C.M.; Tsoi, P.S.; Lasanajak, Y.; Smith, D.F.; Ramani, S.; et al.
Glycan recognition in globally dominant human rotaviruses. Nat. Commun. 2018, 9, 1–12. [CrossRef]

24. Kapikian, A.Z.; Wyatt, R.G.; Dolin, R.; Thornhill, T.S.; Kalica, A.R.; Chanock, R.M. Visualization by Immune Electron Microscopy
of a 27-nm Particle Associated with Acute Infectious Nonbacterial Gastroenteritis. J. Virol. 1972, 10, 1075–1081. [CrossRef]

25. Belliot, G.; Lopman, B.; Ambert-Balay, K.; Pothier, P. The burden of norovirus gastroenteritis: An important foodborne and
healthcare-related infection. Clin. Microbiol. Infect. 2014, 20, 724–730. [CrossRef]

26. Ahmed, S.M.; Hall, A.J.; Robinson, E.A.; Verhoef, L.; Premkumar, P.; Parashar, U.D.; Koopmans, M.; Lopman, A.B. Global
prevalence of norovirus in cases of gastroenteritis: A systematic review and meta-analysis. Lancet Infect. Dis. 2014, 14, 725–730.
[CrossRef]

27. Atmar, R.L.; Ramani, S.; Estes, M.K. Human noroviruses: Recent advances in a 50-year history. Curr. Opin. Infect. Dis. 2018, 31,
422–432. [CrossRef] [PubMed]

28. Payne, D.C.; Vinje, J.; Szilagyi, P.G.; Edwards, K.M.; Staat, M.A.; Weinberg, G.; Hall, C.B.; Chappell, J.; Bernstein, D.I.;
Curns, A.T.; et al. Norovirus and Medically Attended Gastroenteritis in U.S. Children. N. Engl. J. Med. 2013, 368, 1121–1130.
[CrossRef] [PubMed]

29. Koo, H.L.; Neill, F.H.; Estes, M.K.; Munoz, F.M.; Cameron, A.; DuPont, H.L.; Atmar, R.L. Noroviruses: The Most Common
Pediatric Viral Enteric Pathogen at a Large University Hospital After Introduction of Rotavirus Vaccination. J. Pediatr. Infect. Dis.
Soc. 2012, 2, 57–60. [CrossRef]

30. Bagci, S.; Eis-Hübinger, A.M.; Yassin, A.F.; Simon, A.; Bartmann, P.; Franz, A.R.; Mueller, A. Clinical characteristics of viral
intestinal infection in preterm and term neonates. Eur. J. Clin. Microbiol. Infect. Dis. 2010, 29, 1079–1084. [CrossRef]

31. Brown, L.-A.K.; Clark, I.; Brown, J.; Breuer, J.; Lowe, D.M. Norovirus infection in primary immune deficiency. Rev. Med Virol.
2017, 27, e1926. [CrossRef]

32. Trivedi, T.K.; Desai, R.; Hall, A.J.; Patel, M.; Parashar, U.D.; Lopman, B.A. Clinical characteristics of norovirus-associated deaths:
A systematic literature review. Am. J. Infect. Control. 2013, 41, 654–657. [CrossRef]

33. Bartsch, S.M.; Lopman, B.A.; Ozawa, S.; Hall, A.J.; Lee, B.Y. Global Economic Burden of Norovirus Gastroenteritis. PLoS ONE
2016, 11, e0151219. [CrossRef]

34. Vinjé, J.; Estes, M.K.; Esteves, P.; Green, K.Y.; Katayama, K.; Knowles, N.J.; L’Homme, Y.; Martella, V.; Vennema, H.; White, P.; et al.
ICTV Virus Taxonomy Profile: Caliciviridae. J. Gen. Virol. 2019, 100, 1469–1470. [CrossRef]

35. Chhabra, P.; De Graaf, M.; Parra, G.I.; Chan, M.C.-W.; Green, K.; Martella, V.; Wang, Q.; White, P.A.; Katayama, K.;
Vennema, H.; et al. Updated classification of norovirus genogroups and genotypes. J. Gen. Virol. 2019, 100, 1393–1406. [CrossRef]

36. Parra, I.G. Emergence of norovirus strains: A tale of two genes. Virus Evol. 2019, 5, vez048. [CrossRef] [PubMed]
37. Rydell, E.G.; Dahlin, A.B.; Höök, F.; Larson, G. QCM-D studies of human norovirus VLPs binding to glycosphingolipids in

supported lipid bilayers reveal strain-specific characteristics. Glycobiology 2009, 19, 1176–1184. [CrossRef]
38. Kendra, J.A.; Tohma, K.; Ford-Siltz, L.A.; Lepore, C.J.; Parra, G.I. Antigenic cartography reveals complexities of genetic determi-

nants that lead to antigenic differences among pandemic GII.4 noroviruses. Proc. Natl. Acad. Sci. USA 2021, 118, e2015874118.
[CrossRef] [PubMed]

http://doi.org/10.1074/jbc.270.9.4640
http://doi.org/10.1016/S1246-7820(97)80042-0
http://doi.org/10.1182/bloodadvances.2016001867
http://www.ncbi.nlm.nih.gov/pubmed/29296939
http://doi.org/10.1002/jmv.20423
http://www.ncbi.nlm.nih.gov/pubmed/16032732
http://doi.org/10.1093/infdis/jiu672
http://www.ncbi.nlm.nih.gov/pubmed/25505295
http://doi.org/10.3390/v11030226
http://www.ncbi.nlm.nih.gov/pubmed/30845670
http://doi.org/10.1093/infdis/jis514
http://doi.org/10.1101/glycobiology.3e.014
http://doi.org/10.1038/s41467-018-05098-4
http://doi.org/10.1128/jvi.10.5.1075-1081.1972
http://doi.org/10.1111/1469-0691.12722
http://doi.org/10.1016/S1473-3099(14)70767-4
http://doi.org/10.1097/QCO.0000000000000476
http://www.ncbi.nlm.nih.gov/pubmed/30102614
http://doi.org/10.1056/NEJMsa1206589
http://www.ncbi.nlm.nih.gov/pubmed/23514289
http://doi.org/10.1093/jpids/pis070
http://doi.org/10.1007/s10096-010-0965-4
http://doi.org/10.1002/rmv.1926
http://doi.org/10.1016/j.ajic.2012.08.002
http://doi.org/10.1371/journal.pone.0151219
http://doi.org/10.1099/jgv.0.001332
http://doi.org/10.1099/jgv.0.001318
http://doi.org/10.1093/ve/vez048
http://www.ncbi.nlm.nih.gov/pubmed/32161666
http://doi.org/10.1093/glycob/cwp103
http://doi.org/10.1073/pnas.2015874118
http://www.ncbi.nlm.nih.gov/pubmed/33836574


Viruses 2021, 13, 2066 19 of 23

39. Huang, P.; Farkas, T.; Marionneau, S.; Zhong, W.; Ruvoën-Clouet, N.; Morrow, A.L.; Altaye, M.; Pickering, L.K.; Newburg, D.S.;
LePendu, J.; et al. Noroviruses Bind to Human ABO, Lewis, and Secretor Histo–Blood Group Antigens: Identification of 4 Distinct
Strain-Specific Patterns. J. Infect. Dis. 2003, 188, 19–31. [CrossRef]

40. Huang, P.; Farkas, T.; Zhong, W.; Tan, M.; Thornton, S.; Morrow, A.L.; Jiang, X. Norovirus and Histo-Blood Group Antigens:
Demonstration of a Wide Spectrum of Strain Specificities and Classification of Two Major Binding Groups among Multiple
Binding Patterns. J. Virol. 2005, 79, 6714–6722. [CrossRef] [PubMed]

41. Cheetham, S.; Souza, M.; McGregor, R.; Meulia, T.; Wang, Q.; Saif, L.J. Binding Patterns of Human Norovirus-Like Particles to
Buccal and Intestinal Tissues of Gnotobiotic Pigs in Relation to A/H Histo-Blood Group Antigen Expression. J. Virol. 2007, 81,
3535–3544. [CrossRef] [PubMed]

42. Creutznacher, R.; Maass, T.; Ogrissek, P.; Wallmann, G.; Feldmann, C.; Peters, H.; Lingemann, M.; Taube, S.; Peters, T.; Mallagaray,
A. NMR Experiments Shed New Light on Glycan Recognition by Human and Murine Norovirus Capsid Proteins. Viruses 2021,
13, 416. [CrossRef]

43. Creutznacher, R.; Schulze, E.; Wallmann, G.; Peters, T.; Stein, M.; Mallagaray, A. Chemical-Shift Perturbations Reflect Bile Acid
Binding to Norovirus Coat Protein: Recognition Comes in Different Flavors. ChemBioChem 2019, 21, 1007–1021. [CrossRef]
[PubMed]

44. Fiege, B.; Rademacher, C.; Cartmell, J.; Kitov, P.I.; Parra, F.; Peters, T. Molecular Details of the Recognition of Blood Group
Antigens by a Human Norovirus as Determined by STD NMR Spectroscopy. Angew. Chem. Int. Ed. 2011, 51, 928–932. [CrossRef]
[PubMed]

45. Alvarado, G.; Salmen, W.; Ettayebi, K.; Hu, L.; Sankaran, B.; Estes, M.K.; Prasad, B.V.V.; Crowe, J.E. Broadly cross-reactive human
antibodies that inhibit genogroup I and II noroviruses. Nat. Commun. 2021, 12, 1–13. [CrossRef] [PubMed]

46. Shanker, S.; Choi, J.-M.; Sankaran, B.; Atmar, R.L.; Estes, M.K.; Prasad, B.V.V. Structural Analysis of Histo-Blood Group Antigen
Binding Specificity in a Norovirus GII.4 Epidemic Variant: Implications for Epochal Evolution. J. Virol. 2011, 85, 8635–8645.
[CrossRef] [PubMed]

47. Ettayebi, K.; Crawford, S.E.; Murakami, K.; Broughman, J.R.; Karandikar, U.; Tenge, V.; Neill, F.H.; Blutt, S.E.; Zeng, X.-L.;
Qu, L.; et al. Replication of human noroviruses in stem cell-derived human enteroids. Science 2016, 353, 1387–1393. [CrossRef]

48. Haga, K.; Ettayebi, K.; Tenge, V.R.; Karandikar, U.C.; Lewis, M.A.; Lin, S.-C.; Neill, F.H.; Ayyar, B.V.; Zeng, X.-L.; Larson, G.; et al.
Genetic Manipulation of Human Intestinal Enteroids Demonstrates the Necessity of a Functional Fucosyltransferase 2 Gene for
Secretor-Dependent Human Norovirus Infection. mBio 2020, 11, e00251-20. [CrossRef] [PubMed]

49. Ettayebi, K.; Tenge, V.R.; Cortes-Penfield, N.W.; Crawford, S.E.; Neill, F.H.; Zeng, X.-L.; Yu, X.; Ayyar, B.V.; Burrin, D.;
Ramani, S.; et al. New Insights and Enhanced Human Norovirus Cultivation in Human Intestinal Enteroids. mSphere 2021,
6, e01136-20. [CrossRef] [PubMed]

50. Carmona-Vicente, N.; Vila-Vicent, S.; Allen, D.; Gozalbo-Rovira, R.; Iturriza-Gómara, M.; Buesa, J.; Rodríguez-Díaz, J. Charac-
terization of a Novel Conformational GII.4 Norovirus Epitope: Implications for Norovirus-Host Interactions. J. Virol. 2016, 90,
7703–7714. [CrossRef]

51. Benson, D.A.; Cavanaugh, M.; Clark, K.; Karsch-Mizrachi, I.; Lipman, D.J.; Ostell, J.; Sayers, E.W. GenBank. Nucleic Acids Res.
2012, 41, D36–D42. [CrossRef]

52. Tatusov, R.L.; Chhabra, P.; Diez-Valcarce, M.; Barclay, L.; Cannon, J.L.; Vinjé, J. Human Calicivirus Typing tool: A web-based tool
for genotyping human norovirus and sapovirus sequences. J. Clin. Virol. 2020, 134, 104718. [CrossRef]

53. Kroneman, A.; Vennema, H.; Deforche, K.; Avoort, H.; Peñaranda, S.; Oberste, M.; Vinje, J.; Koopmans, M. An automated
genotyping tool for enteroviruses and noroviruses. J. Clin. Virol. 2011, 51, 121–125. [CrossRef] [PubMed]

54. Jiang, X.; Wang, M.; Graham, D.Y.; Estes, M.K. Expression, self-assembly, and antigenicity of the Norwalk virus capsid protein. J.
Virol. 1992, 66, 6527–6532. [CrossRef]

55. Green, K.Y.; Lew, J.F.; Jiang, X.; Kapikian, A.Z.; Estes, M.K. Comparison of the reactivities of baculovirus-expressed recombinant
Norwalk virus capsid antigen with those of the native Norwalk virus antigen in serologic assays and some epidemiologic
observations. J. Clin. Microbiol. 1993, 31, 2185–2191. [CrossRef] [PubMed]

56. Prasad, B.V.V.; Hardy, M.E.; Dokland, T.; Bella, J.; Rossmann, M.G.; Estes, M.K. X-ray Crystallographic Structure of the Norwalk
Virus Capsid. Science 1999, 286, 287–290. [CrossRef] [PubMed]

57. Parrino, T.A.; Schreiber, D.S.; Trier, J.S.; Kapikian, A.Z.; Blacklow, N.R. Clinical Immunity in Acute Gastroenteritis Caused by
Norwalk Agent. N. Engl. J. Med. 1977, 297, 86–89. [CrossRef] [PubMed]

58. Ruvoën-Clouet, N.; Ganière, J.P.; André-Fontaine, G.; Blanchard, D.; Le Pendu, J. Binding of Rabbit Hemorrhagic Disease Virus to
Antigens of the ABH Histo-Blood Group Family. J. Virol. 2000, 74, 11950–11954. [CrossRef] [PubMed]

59. Hutson, A.M.; Atmar, R.L.; Graham, D.Y.; Estes, M.K. Norwalk Virus Infection and Disease Is Associated with ABO Histo–Blood
Group Type. J. Infect. Dis. 2002, 185, 1335–1337. [CrossRef] [PubMed]

60. Hutson, A.M.; Atmar, R.L.; Marcus, D.M.; Estes, M.K. Norwalk Virus-Like Particle Hemagglutination by Binding to H Histo-Blood
Group Antigens. J. Virol. 2003, 77, 405–415. [CrossRef]

61. Thorven, M.; Grahn, A.; Hedlund, K.-O.; Johansson, H.; Wahlfrid, C.; Larson, G.; Svensson, L. A Homozygous Nonsense Mutation
(428G→A) in the Human Secretor (FUT2) Gene Provides Resistance to Symptomatic Norovirus (GGII) Infections. J. Virol. 2005,
79, 15351–15355. [CrossRef]

http://doi.org/10.1086/375742
http://doi.org/10.1128/jvi.79.11.6714-6722.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890909
http://doi.org/10.1128/JVI.01306-06
http://www.ncbi.nlm.nih.gov/pubmed/17215284
http://doi.org/10.3390/v13030416
http://doi.org/10.1002/cbic.201900572
http://www.ncbi.nlm.nih.gov/pubmed/31644826
http://doi.org/10.1002/anie.201105719
http://www.ncbi.nlm.nih.gov/pubmed/22170811
http://doi.org/10.1038/s41467-021-24649-w
http://www.ncbi.nlm.nih.gov/pubmed/34262046
http://doi.org/10.1128/JVI.00848-11
http://www.ncbi.nlm.nih.gov/pubmed/21715503
http://doi.org/10.1126/science.aaf5211
http://doi.org/10.1177/1469787418819728
http://www.ncbi.nlm.nih.gov/pubmed/32184242
http://doi.org/10.1128/mSphere.01136-20
http://www.ncbi.nlm.nih.gov/pubmed/33504663
http://doi.org/10.1128/JVI.01023-16
http://doi.org/10.1093/nar/gks1195
http://doi.org/10.1016/j.jcv.2020.104718
http://doi.org/10.1016/j.jcv.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21514213
http://doi.org/10.1128/jvi.66.11.6527-6532.1992
http://doi.org/10.1128/jcm.31.8.2185-2191.1993
http://www.ncbi.nlm.nih.gov/pubmed/8396590
http://doi.org/10.1126/science.286.5438.287
http://www.ncbi.nlm.nih.gov/pubmed/10514371
http://doi.org/10.1056/NEJM197707142970204
http://www.ncbi.nlm.nih.gov/pubmed/405590
http://doi.org/10.1128/JVI.74.24.11950-11954.2000
http://www.ncbi.nlm.nih.gov/pubmed/11090195
http://doi.org/10.1086/339883
http://www.ncbi.nlm.nih.gov/pubmed/12001052
http://doi.org/10.1128/JVI.77.1.405-415.2003
http://doi.org/10.1128/JVI.79.24.15351-15355.2005


Viruses 2021, 13, 2066 20 of 23

62. Larsson, M.M.; Rydell, G.E.P.; Grahn, A.; Rodriguez-Diaz, J.; Åkerlind, B.; Hutson, A.M.; Estes, M.K.; Larson, G.; Svensson, L.
Antibody Prevalence and Titer to Norovirus (Genogroup II) Correlate with Secretor(FUT2)but Not with ABO Phenotype or
Lewis(FUT3)Genotype. J. Infect. Dis. 2006, 194, 1422–1427. [CrossRef]

63. Tian, P.; Brandl, M.; Mandrell, R. Porcine gastric mucin binds to recombinant norovirus particles and competitively inhibits their
binding to histo-blood group antigens and Caco-2 cells. Lett. Appl. Microbiol. 2005, 41, 315–320. [CrossRef]

64. Haynes, J.; Perry, V.; Benson, E.; Meeks, A.; Watts, G.; Watkins, H.; Braun, R. In Depth Breadth Analyses of Human Blockade
Responses to Norovirus and Response to Vaccination. Viruses 2019, 11, 392. [CrossRef] [PubMed]

65. Choi, J.-M.; Hutson, A.M.; Estes, M.K.; Prasad, B.V.V. Atomic resolution structural characterization of recognition of histo-blood
group antigens by Norwalk virus. Proc. Natl. Acad. Sci. USA 2008, 105, 9175–9180. [CrossRef] [PubMed]

66. Hansman, G.S.; Biertümpfel, C.; Georgiev, I.; McLellan, J.S.; Chen, L.; Zhou, T.; Katayama, K.; Kwong, P.D. Crystal Structures of
GII.10 and GII.12 Norovirus Protruding Domains in Complex with Histo-Blood Group Antigens Reveal Details for a Potential
Site of Vulnerability. J. Virol. 2011, 85, 6687–6701. [CrossRef] [PubMed]

67. Koromyslova, A.; Tripathi, S.; Morozov, V.; Schroten, H.; Hansman, G.S. Human norovirus inhibition by a human milk
oligosaccharide. Virology 2017, 508, 81–89. [CrossRef] [PubMed]

68. Shanker, S.; Czako, R.; Sankaran, B.; Atmar, R.L.; Estes, M.K.; Prasad, B.V.V. Structural Analysis of Determinants of Histo-Blood
Group Antigen Binding Specificity in Genogroup I Noroviruses. J. Virol. 2014, 88, 6168–6180. [CrossRef] [PubMed]

69. Taube, S.; Mallagaray, A.; Peters, T. Norovirus, glycans and attachment. Curr. Opin. Virol. 2018, 31, 33–42. [CrossRef] [PubMed]
70. Etzold, S.; Bode, L. Glycan-dependent viral infection in infants and the role of human milk oligosaccharides. Curr. Opin. Virol.

2014, 7, 101–107. [CrossRef]
71. Ruiz-Palacios, G.M.; Cervantes, L.E.; Ramos, P.; Chavez-Munguia, B.; Newburg, D.S. Campylobacter jejuni Binds Intestinal H(O)

Antigen (Fucα1, 2Galβ1, 4GlcNAc), and Fucosyloligosaccharides of Human Milk Inhibit Its Binding and Infection. J. Biol. Chem.
2003, 278, 14112–14120. [CrossRef] [PubMed]

72. Weichert, S.; Koromyslova, A.; Singh, B.K.; Hansman, S.; Jennewein, S.; Schroten, H.; Hansman, G. Structural Basis for Norovirus
Inhibition by Human Milk Oligosaccharides. J. Virol. 2016, 90, 4843–4848. [CrossRef]

73. White, L.J.; Ball, J.M.; Hardy, E.M.; Tanaka, T.N.; Kitamoto, N.; Estes, M.K. Attachment and entry of recombinant Norwalk virus
capsids to cultured human and animal cell lines. J. Virol. 1996, 70, 6589–6597. [CrossRef]

74. Duizer, E.; Schwab, K.J.; Neill, F.H.; Atmar, R.L.; Koopmans, M.P.G.; Estes, M.K. Laboratory efforts to cultivate noroviruses. J.
Gen. Virol. 2004, 85, 79–87. [CrossRef] [PubMed]

75. Guix, S.; Asanaka, M.; Katayama, K.; Crawford, S.E.; Neill, F.H.; Atmar, R.L.; Estes, M.K. Norwalk Virus RNA Is Infectious in
Mammalian Cells. J. Virol. 2007, 81, 12238–12248. [CrossRef] [PubMed]

76. Varki, A.; Kannagi, R.; Toole, B.; Stanley, P. Glycosylation Changes in Cancer. In Essentials of Glycobiology; [Internet]; Varki, A.,
Cummings, R.D., Esko, J.D., Stanley, P., Hart, G.W., Aebi, M., Darvill, A.G., Kinoshita, T., Packer, N.H., Prestegard, J.H., et al.,
Eds.; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2015–2017; pp. 597–609. [CrossRef]

77. Pearce, O.M.T.; Läubli, H. Sialic acids in cancer biology and immunity. Glycobiology 2015, 26, 111–128. [CrossRef] [PubMed]
78. Larsson, J.M.H.; Thomsson, K.A.; Rodríguez-Piñeiro, A.M.; Karlsson, H.; Hansson, G.C. Studies of mucus in mouse stomach,

small intestine, and colon. III. Gastrointestinal Muc5ac and Muc2 mucin O-glycan patterns reveal a regiospecific distribution. Am.
J. Physiol. Liver Physiol. 2013, 305, G357–G363. [CrossRef]

79. Van Dycke, J.; Ny, A.; Conceição-Neto, N.; Maes, J.; Hosmillo, M.; Cuvry, A.; Goodfellow, I.; Nogueira, T.C.; Verbeken, E.;
Matthijnssens, J.; et al. A robust human norovirus replication model in zebrafish larvae. PLoS Pathog. 2019, 15, e1008009.
[CrossRef]

80. Yamakawa, N.; Vanbeselaere, J.; Chang, L.-Y.; Yu, S.-Y.; Ducrocq, L.; Harduin-Lepers, A.; Kurata, J.; Aoki-Kinoshita, K.F.; Sato, C.;
Khoo, K.-H.; et al. Systems glycomics of adult zebrafish identifies organ-specific sialylation and glycosylation patterns. Nat.
Commun. 2018, 9, 1–14. [CrossRef] [PubMed]

81. Sato, T.; Stange, D.; Ferrante, M.; Vries, R.G.; van Es, J.H.; Brink, S.V.D.; van Houdt, W.; Pronk, A.; van Gorp, J.;
Siersema, P.D.; et al. Long-term Expansion of Epithelial Organoids From Human Colon, Adenoma, Adenocarcinoma, and
Barrett’s Epithelium. Gastroenterology 2011, 141, 1762–1772. [CrossRef]

82. Estes, M.K.; Ettayebi, K.; Tenge, V.R.; Murakami, K.; Karandikar, U.; Lin, S.-C.; Ayyar, B.V.; Cortes-Penfield, N.W.; Haga, K.;
Neill, F.H.; et al. Human Norovirus Cultivation in Nontransformed Stem Cell-Derived Human Intestinal Enteroid Cultures:
Success and Challenges. Viruses 2019, 11, 638. [CrossRef] [PubMed]

83. Rimkute, I.; Thorsteinsson, K.; Henricsson, M.; Tenge, V.R.; Yu, X.; Lin, S.-C.; Haga, K.; Atmar, R.L.; Lycke, N.; Nilsson, J.; et al.
Histo-blood group antigens of glycosphingolipids predict susceptibility of human intestinal enteroids to norovirus infection. J.
Biol. Chem. 2020, 295, 15974–15987. [CrossRef]

84. Murakami, K.; Tenge, V.R.; Karandikar, U.C.; Lin, S.-C.; Ramani, S.; Ettayebi, K.; Crawford, S.E.; Zeng, X.-L.; Neill, F.H.;
Ayyar, B.V.; et al. Bile acids and ceramide overcome the entry restriction for GII.3 human norovirus replication in human
intestinal enteroids. Proc. Natl. Acad. Sci. USA 2020, 117, 1700–1710. [CrossRef]

85. Kilic, T.; Koromyslova, A.; Hansman, G.S. Structural Basis for Human Norovirus Capsid Binding to Bile Acids. J. Virol. 2019, 93,
e01581-18. [CrossRef]

86. Tenge, V.R.; Murakami, K.; Salmen, W.; Lin, S.C.; Crawford, S.E.; Neill, F.H.; Prasad, B.V.V.; Atmar, R.L.; Estes, M.K. Bile Goes
Viral. Viruses 2021, 13, 998. [CrossRef] [PubMed]

http://doi.org/10.1086/508430
http://doi.org/10.1111/j.1472-765X.2005.01775.x
http://doi.org/10.3390/v11050392
http://www.ncbi.nlm.nih.gov/pubmed/31035476
http://doi.org/10.1073/pnas.0803275105
http://www.ncbi.nlm.nih.gov/pubmed/18599458
http://doi.org/10.1128/JVI.00246-11
http://www.ncbi.nlm.nih.gov/pubmed/21525337
http://doi.org/10.1016/j.virol.2017.04.032
http://www.ncbi.nlm.nih.gov/pubmed/28505592
http://doi.org/10.1128/JVI.00201-14
http://www.ncbi.nlm.nih.gov/pubmed/24648450
http://doi.org/10.1016/j.coviro.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29754860
http://doi.org/10.1016/j.coviro.2014.06.005
http://doi.org/10.1074/jbc.M207744200
http://www.ncbi.nlm.nih.gov/pubmed/12562767
http://doi.org/10.1128/JVI.03223-15
http://doi.org/10.1128/jvi.70.10.6589-6597.1996
http://doi.org/10.1099/vir.0.19478-0
http://www.ncbi.nlm.nih.gov/pubmed/14718622
http://doi.org/10.1128/JVI.01489-07
http://www.ncbi.nlm.nih.gov/pubmed/17855551
http://doi.org/10.1101/glycobiology.3e.047
http://doi.org/10.1093/glycob/cwv097
http://www.ncbi.nlm.nih.gov/pubmed/26518624
http://doi.org/10.1152/ajpgi.00048.2013
http://doi.org/10.1371/journal.ppat.1008009
http://doi.org/10.1038/s41467-018-06950-3
http://www.ncbi.nlm.nih.gov/pubmed/30405127
http://doi.org/10.1053/j.gastro.2011.07.050
http://doi.org/10.3390/v11070638
http://www.ncbi.nlm.nih.gov/pubmed/31336765
http://doi.org/10.1074/jbc.RA120.014855
http://doi.org/10.1073/pnas.1910138117
http://doi.org/10.1128/JVI.01581-18
http://doi.org/10.3390/v13060998
http://www.ncbi.nlm.nih.gov/pubmed/34071855


Viruses 2021, 13, 2066 21 of 23

87. Mallory, M.L.; Lindesmith, L.C.; Brewer-Jensen, P.D.; Graham, R.L.; Baric, R.S. Bile Facilitates Human Norovirus Interactions
with Diverse Histoblood Group Antigens, Compensating for Capsid Microvariation Observed in 2016–2017 GII.2 Strains. Viruses
2020, 12, 989. [CrossRef] [PubMed]

88. Lindesmith, L.C.; Brewer-Jensen, P.D.; Mallory, M.L.; Jensen, K.; Yount, B.L.; Costantini, V.; Collins, M.H.; Edwards, C.E.;
Sheahan, T.P.; Vinjé, J.; et al. Virus–Host Interactions Between Nonsecretors and Human Norovirus. Cell. Mol. Gastroenterol.
Hepatol. 2020, 10, 245–267. [CrossRef] [PubMed]

89. Ayouni, S.; Estienney, M.; Sdiri-Loulizi, K.; Ambert-Balay, K.; de Rougemont, A.; Aho, S.; Hammami, S.; Aouni, M.; Guédiche, M.;
Pothier, P.; et al. Relationship between GII.3 norovirus infections and blood group antigens in young children in Tunisia. Clin.
Microbiol. Infect. 2015, 21, 874.e1–874.e8. [CrossRef] [PubMed]

90. Lin, S.-C.; Qu, L.; Ettayebi, K.; Crawford, S.E.; Blutt, S.E.; Robertson, M.J.; Zeng, X.-L.; Tenge, V.R.; Ayyar, B.V.;
Karandikar, U.C.; et al. Human norovirus exhibits strain-specific sensitivity to host interferon pathways in human intestinal
enteroids. Proc. Natl. Acad. Sci. USA 2020, 117, 23782–23793. [CrossRef]

91. Tan, K.-P.; Ho, M.-Y.; Cho, H.-C.; Yu, J.; Hung, J.-T.; Yu, A. Fucosylation of LAMP-1 and LAMP-2 by FUT1 correlates with
lysosomal positioning and autophagic flux of breast cancer cells. Cell Death Dis. 2016, 7, e2347. [CrossRef] [PubMed]

92. Pickard, J.M.; Maurice, C.F.; Kinnebrew, M.A.; Abt, M.C.; Schenten, D.; Golovkina, T.V.; Bogatyrev, S.R.; Ismagilov, R.F.;
Pamer, E.G.; Turnbaugh, P.; et al. Rapid fucosylation of intestinal epithelium sustains host–commensal symbiosis in sickness.
Nature 2014, 514, 638–641. [CrossRef]

93. Pickard, J.M.; Chervonsky, A.V. Intestinal Fucose as a Mediator of Host–Microbe Symbiosis. J. Immunol. 2015, 194, 5588–5593.
[CrossRef]

94. Breimer, E.M.; Hansson, G.C.; Karlsson, K.-A.; Larson, G.; Leffler, H. Glycosphingolipid composition of epithelial cells isolated
along the villus axis of small intestine of a single human individual. Glycobiology 2012, 22, 1721–1730. [CrossRef]

95. Rydell, E.G.; Nilsson, J.; Rodriguez-Diaz, J.; Ruvoën-Clouet, N.; Svensson, L.; Le Pendu, J.; Larson, G. Human noroviruses
recognize sialyl Lewis x neoglycoprotein. Glycobiology 2008, 19, 309–320. [CrossRef]

96. Bally, M.; Rydell, G.E.; Zahn, R.; Nasir, W.; Eggeling, C.; Breimer, M.E.; Svensson, L.; Höök, F.; Larson, G. Norovirus GII.4
Virus-like Particles Recognize Galactosylceramides in Domains of Planar Supported Lipid Bilayers. Angew. Chem. Int. Ed. 2012,
51, 12020–12024. [CrossRef] [PubMed]

97. Nasir, W.; Frank, M.; Koppisetty, C.A.K.; Larson, G.; Nyholm, P.-G. Lewis histo-blood group α1,3/α1,4 fucose residues may both
mediate binding to GII.4 noroviruses. Glycobiology 2012, 22, 1163–1172. [CrossRef] [PubMed]

98. Kim, D.-S.; Hosmillo, M.; Alfajaro, M.M.; Kim, J.-Y.; Park, J.-G.; Son, K.-Y.; Ryu, E.-H.; Sorgeloos, F.; Kwon, H.-J.; Park, S.-J.; et al.
Both α2,3- and α2,6-Linked Sialic Acids on O-Linked Glycoproteins Act as Functional Receptors for Porcine Sapovirus. PLoS
Pathog. 2014, 10, e1004172. [CrossRef]

99. Stuart, A.D.; Brown, T.D.K. α2,6-Linked sialic acid acts as a receptor for Feline calicivirus. J. Gen. Virol. 2007, 88, 177–186.
[CrossRef] [PubMed]

100. Tan, M.; Wei, C.; Huang, P.; Fan, Q.; Quigley, C.; Xia, M.; Fang, H.; Zhang, X.; Zhong, W.; Klassen, J.S.; et al. Tulane virus
recognizes sialic acids as cellular receptors. Sci. Rep. 2015, 5, 11784. [CrossRef] [PubMed]

101. Zhang, D.; Huang, P.; Zou, L.; Lowary, T.L.; Tan, M.; Jiang, X. Tulane Virus Recognizes the A Type 3 and B Histo-Blood Group
Antigens. J. Virol. 2015, 89, 1419–1427. [CrossRef]

102. Ossiboff, R.J.; Parker, J.S.L. Identification of Regions and Residues in Feline Junctional Adhesion Molecule Required for Feline
Calicivirus Binding and Infection. J. Virol. 2007, 81, 13608–13621. [CrossRef]

103. Farkas, T.; Yang, K.; Le Pendu, J.; Baines, J.D.; Cardin, R.D. The Coxsackievirus and Adenovirus Receptor, a Required Host Factor
for Recovirus Infection, Is a Putative Enteric Calicivirus Receptor. J. Virol. 2019, 93, e00869-19. [CrossRef]

104. Alfajaro, M.M.; Cho, E.-H.; Kim, D.-S.; Kim, J.-Y.; Park, J.-G.; Soliman, M.; Baek, Y.-B.; Park, C.-H.; Kang, M.-I.; Park, S.-I.; et al.
Early Porcine Sapovirus Infection Disrupts Tight Junctions and Uses Occludin as a Coreceptor. J. Virol. 2019, 93, e01773-18.
[CrossRef] [PubMed]

105. Orchard, R.C.; Wilen, C.B.; Doench, J.; Baldridge, M.; McCune, B.T.; Lee, Y.-C.; Lee, S.; Pruett-Miller, S.M.; Nelson, C.A.;
Fremont, D.H.; et al. Discovery of a proteinaceous cellular receptor for a norovirus. Science 2016, 353, 933–936. [CrossRef]

106. Haga, K.; Fujimoto, A.; Takai-Todaka, R.; Miki, M.; Doan, Y.H.; Murakami, K.; Yokoyama, M.; Murata, K.; Nakanishi, A.;
Katayama, K. Functional receptor molecules CD300lf and CD300ld within the CD300 family enable murine noroviruses to infect
cells. Proc. Natl. Acad. Sci. USA 2016, 113, E6248–E6255. [CrossRef] [PubMed]

107. Graziano, V.R.; Walker, F.C.; Kennedy, E.A.; Wei, J.; Ettayebi, K.; Strine, M.S.; Filler, R.B.; Hassan, E.; Hsieh, L.L.; Kim, A.S.; et al.
CD300lf is the primary physiologic receptor of murine norovirus but not human norovirus. PLoS Pathog. 2020, 16, e1008242.
[CrossRef] [PubMed]

108. Furlong, K.; Biering, S.B.; Choi, J.; Wilen, C.B.; Orchard, R.C.; Wobus, C.E.; Nelson, C.A.; Fremont, D.H.; Baldridge, M.T.;
Randall, G.; et al. CD300LF Polymorphisms of Inbred Mouse Strains Confer Resistance to Murine Norovirus Infection in a Cell
Type-Dependent Manner. J. Virol. 2020, 94, e00837-20. [CrossRef]

109. Ramani, S.; Estes, M.K.; Atmar, R.L. Correlates of Protection against Norovirus Infection and Disease—Where Are We Now,
Where Do We Go? PLoS Pathog. 2016, 12, e1005334. [CrossRef]

http://doi.org/10.3390/v12090989
http://www.ncbi.nlm.nih.gov/pubmed/32899556
http://doi.org/10.1016/j.jcmgh.2020.03.006
http://www.ncbi.nlm.nih.gov/pubmed/32289501
http://doi.org/10.1016/j.cmi.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26003283
http://doi.org/10.1073/pnas.2010834117
http://doi.org/10.1038/cddis.2016.243
http://www.ncbi.nlm.nih.gov/pubmed/27560716
http://doi.org/10.1038/nature13823
http://doi.org/10.4049/jimmunol.1500395
http://doi.org/10.1093/glycob/cws115
http://doi.org/10.1093/glycob/cwn139
http://doi.org/10.1002/anie.201205972
http://www.ncbi.nlm.nih.gov/pubmed/23097253
http://doi.org/10.1093/glycob/cws084
http://www.ncbi.nlm.nih.gov/pubmed/22589081
http://doi.org/10.1371/journal.ppat.1004172
http://doi.org/10.1099/vir.0.82158-0
http://www.ncbi.nlm.nih.gov/pubmed/17170450
http://doi.org/10.1038/srep11784
http://www.ncbi.nlm.nih.gov/pubmed/26146020
http://doi.org/10.1128/JVI.02595-14
http://doi.org/10.1128/JVI.01509-07
http://doi.org/10.1128/JVI.00869-19
http://doi.org/10.1128/JVI.01773-18
http://www.ncbi.nlm.nih.gov/pubmed/30463963
http://doi.org/10.1126/science.aaf1220
http://doi.org/10.1073/pnas.1605575113
http://www.ncbi.nlm.nih.gov/pubmed/27681626
http://doi.org/10.1371/journal.ppat.1008242
http://www.ncbi.nlm.nih.gov/pubmed/32251490
http://doi.org/10.1128/JVI.00837-20
http://doi.org/10.1371/journal.ppat.1005334


Viruses 2021, 13, 2066 22 of 23

110. Harrington, P.R.; Lindesmith, L.; Yount, B.; Moe, C.L.; Baric, R.S. Binding of Norwalk Virus-Like Particles to ABH Histo-Blood
Group Antigens Is Blocked by Antisera from Infected Human Volunteers or Experimentally Vaccinated Mice. J. Virol. 2002, 76,
12335–12343. [CrossRef]

111. Reeck, A.; Kavanagh, O.; Estes, M.K.; Opekun, A.R.; Gilger, M.A.; Graham, D.Y.; Atmar, R.L. Serological Correlate of Protection
against Norovirus-Induced Gastroenteritis. J. Infect. Dis. 2010, 202, 1212–1218. [CrossRef] [PubMed]

112. Atmar, R.L.; Ettayebi, K.; Ayyar, B.V.; Neill, F.H.; Braun, R.P.; Ramani, S.; Estes, M.K. Comparison of Microneutralization and
Histo-Blood Group Antigen–Blocking Assays for Functional Norovirus Antibody Detection. J. Infect. Dis. 2020, 221, 739–743.
[CrossRef] [PubMed]

113. Atmar, R.L.; Bernstein, D.I.; Lyon, G.M.; Treanor, J.J.; Al-Ibrahim, M.S.; Graham, D.Y.; Vinje, J.; Jiang, X.; Gregoricus, N.;
Frenck, R.W.; et al. Serological Correlates of Protection against a GII.4 Norovirus. Clin. Vaccine Immunol. 2015, 22, 923–929.
[CrossRef] [PubMed]

114. Shanker, S.; Czako, R.; Sapparapu, G.; Alvarado, G.; Viskovska, M.; Sankaran, B.; Atmar, R.L.; Crowe, J.E.; Estes, M.K.;
Prasad, B.V.V. Structural basis for norovirus neutralization by an HBGA blocking human IgA antibody. Proc. Natl. Acad. Sci. USA
2016, 113, E5830–E5837. [CrossRef] [PubMed]

115. Sapparapu, G.; Czako, R.; Alvarado, G.; Shanker, S.; Prasad, B.; Atmar, R.L.; Estes, M.K.; Crowe, J.E., Jr. Frequent Use of the IgA
Isotype in Human B Cells Encoding Potent Norovirus-Specific Monoclonal Antibodies That Block HBGA Binding. PLoS Pathog.
2016, 12, e1005719. [CrossRef] [PubMed]

116. Ruoff, K.; Kilic, T.; Devant, J.; Koromyslova, A.; Ringel, A.; Hempelmann, A.; Geiss, C.; Graf, J.; Haas, M.; Roggenbach, I.; et al.
Structural Basis of Nanobodies Targeting the Prototype Norovirus. J. Virol. 2019, 93, e02005-18. [CrossRef] [PubMed]

117. Lindesmith, L.C.; Donaldson, E.F.; LoBue, A.D.; Cannon, J.L.; Zheng, D.-P.; Vinje, J.; Baric, R.S. Mechanisms of GII.4 Norovirus
Persistence in Human Populations. PLoS Med. 2008, 5, e0050031. [CrossRef] [PubMed]

118. Cannon, J.L.; Lindesmith, L.C.; Donaldson, E.F.; Saxe, L.; Baric, R.S.; Vinje, J. Herd Immunity to GII.4 Noroviruses Is Supported
by Outbreak Patient Sera. J. Virol. 2009, 83, 5363–5374. [CrossRef] [PubMed]

119. De Rougemont, A.; Ruvoen-Clouet, N.; Simon, B.; Estienney, M.; Elie-Caille, C.; Aho, S.; Pothier, P.; Le Pendu, J.; Boireau, W.;
Belliot, G. Qualitative and Quantitative Analysis of the Binding of GII.4 Norovirus Variants onto Human Blood Group Antigens.
J. Virol. 2011, 85, 4057–4070. [CrossRef]

120. Golinelli, D.; Boetto, E.; Maietti, E.; Fantini, M.P. The association between ABO blood group and SARS-CoV-2 infection: A
meta-analysis. PLoS ONE 2020, 15, e0239508. [CrossRef]

121. Le Pendu, J.; Breiman, A.; Rocher, J.; Dion, M.; Ruvoën-Clouet, N. ABO Blood Types and COVID-19: Spurious, Anecdotal, or
Truly Important Relationships? A Reasoned Review of Available Data. Viruses 2021, 13, 160. [CrossRef]

122. Settembre, E.C.; Chen, J.Z.; Dormitzer, P.R.; Grigorieff, N.; Harrison, S.C. Atomic model of an infectious rotavirus particle. EMBO
J. 2010, 30, 408–416. [CrossRef]

123. Sharma, S.; Hagbom, M.; Svensson, L.; Nordgren, J. The Impact of Human Genetic Polymorphisms on Rotavirus Susceptibility,
Epidemiology, and Vaccine Take. Viruses 2020, 12, 324. [CrossRef]

124. Liu, Y.; Huang, P.; Tan, M.; Liu, Y.; Biesiada, J.; Meller, J.; Castello, A.A.; Jiang, B.; Jiang, X. Rotavirus VP8*: Phylogeny, Host
Range, and Interaction with Histo-Blood Group Antigens. J. Virol. 2012, 86, 9899–9910. [CrossRef]

125. Liu, Y.; Xu, S.; Woodruff, A.L.; Xia, M.; Tan, M.; Kennedy, M.A.; Jiang, X. Structural basis of glycan specificity of P[19] VP8*:
Implications for rotavirus zoonosis and evolution. PLoS Pathog. 2017, 13, e1006707. [CrossRef]

126. Ramani, S.; Cortes-Penfield, N.W.; Hu, L.; Crawford, S.E.; Czako, R.; Smith, D.F.; Kang, G.; Ramig, R.F.; Le Pendu, J.; Prasad,
B.V.V.; et al. The VP8 * Domain of Neonatal Rotavirus Strain G10P[11] Binds to Type II Precursor Glycans. J. Virol. 2013, 87,
7255–7264. [CrossRef]

127. Liu, Y.; Huang, P.; Jiang, B.; Tan, M.; Morrow, A.L.; Jiang, X. Poly-LacNAc as an Age-Specific Ligand for Rotavirus P[11] in
Neonates and Infants. PLoS ONE 2013, 8, e78113. [CrossRef]

128. Gozalbo-Rovira, R.; Ciges-Tomas, J.R.; Vila-Vicent, S.; Buesa, J.; Santiso-Bellón, C.; Monedero, V.; Yebra, M.; Marina, A.; Rodríguez-
Díaz, J. Unraveling the role of the secretor antigen in human rotavirus attachment to histo-blood group antigens. PLoS Pathog.
2019, 15, e1007865. [CrossRef] [PubMed]

129. Sun, X.; Dang, L.; Li, D.; Qi, J.; Wang, M.; Chai, W.; Zhang, Q.; Wang, H.; Bai, R.; Tan, M.; et al. Structural Basis of Glycan
Recognition in Globally Predominant Human P[8] Rotavirus. Virol. Sin. 2019, 35, 156–170. [CrossRef] [PubMed]

130. Xu, S.; Ahmed, L.U.; Stuckert, M.R.; McGinnis, K.R.; Liu, Y.; Tan, M.; Huang, P.; Zhong, W.; Zhao, D.; Jiang, X.; et al. Molecular
basis of P[II] major human rotavirus VP8* domain recognition of histo-blood group antigens. PLoS Pathog. 2020, 16, e1008386.
[CrossRef]

131. Kambhampati, A.; Payne, D.C.; Costantini, V.; Lopman, B.A. Host Genetic Susceptibility to Enteric Viruses: A Systematic Review
and Metaanalysis. Clin. Infect. Dis. 2015, 62, 11–18. [CrossRef] [PubMed]

132. Ramani, S.; Giri, S. Influence of histo blood group antigen expression on susceptibility to enteric viruses and vaccines. Curr. Opin.
Infect. Dis. 2019, 32, 445–452. [CrossRef]

133. Saxena, K.; Blutt, S.E.; Ettayebi, K.; Zeng, X.-L.; Broughman, J.R.; Crawford, S.E.; Karandikar, U.C.; Sastri, N.P.; Conner, M.E.;
Opekun, A.R.; et al. Human Intestinal Enteroids: A New Model To Study Human Rotavirus Infection, Host Restriction, and
Pathophysiology. J. Virol. 2016, 90, 43–56. [CrossRef]

http://doi.org/10.1128/JVI.76.23.12335-12343.2002
http://doi.org/10.1086/656364
http://www.ncbi.nlm.nih.gov/pubmed/20815703
http://doi.org/10.1093/infdis/jiz526
http://www.ncbi.nlm.nih.gov/pubmed/31613328
http://doi.org/10.1128/CVI.00196-15
http://www.ncbi.nlm.nih.gov/pubmed/26041041
http://doi.org/10.1073/pnas.1609990113
http://www.ncbi.nlm.nih.gov/pubmed/27647885
http://doi.org/10.1371/journal.ppat.1005719
http://www.ncbi.nlm.nih.gov/pubmed/27355511
http://doi.org/10.1128/JVI.02005-18
http://www.ncbi.nlm.nih.gov/pubmed/30602609
http://doi.org/10.1371/journal.pmed.0050031
http://www.ncbi.nlm.nih.gov/pubmed/18271619
http://doi.org/10.1128/JVI.02518-08
http://www.ncbi.nlm.nih.gov/pubmed/19297483
http://doi.org/10.1128/JVI.02077-10
http://doi.org/10.1371/journal.pone.0239508
http://doi.org/10.3390/v13020160
http://doi.org/10.1038/emboj.2010.322
http://doi.org/10.3390/v12030324
http://doi.org/10.1128/JVI.00979-12
http://doi.org/10.1371/journal.ppat.1006707
http://doi.org/10.1128/JVI.03518-12
http://doi.org/10.1371/journal.pone.0078113
http://doi.org/10.1371/journal.ppat.1007865
http://www.ncbi.nlm.nih.gov/pubmed/31226167
http://doi.org/10.1007/s12250-019-00164-7
http://www.ncbi.nlm.nih.gov/pubmed/31620994
http://doi.org/10.1371/journal.ppat.1008386
http://doi.org/10.1093/cid/civ873
http://www.ncbi.nlm.nih.gov/pubmed/26508510
http://doi.org/10.1097/QCO.0000000000000571
http://doi.org/10.1128/JVI.01930-15


Viruses 2021, 13, 2066 23 of 23

134. Barbé, L.; Le Moullac-Vaidye, B.; Echasserieau, K.; Bernardeau, K.; Carton, T.; Bovin, N.; Nordgren, J.; Svensson, L.; Ruvoën-
Clouet, N.; Le Pendu, J. Histo-blood group antigen-binding specificities of human rotaviruses are associated with gastroenteritis
but not with in vitro infection. Sci. Rep. 2018, 8, 12961. [CrossRef]

135. Wu, S.-C.; Arthur, C.M.; Wang, J.; Verkerke, H.; Josephson, C.D.; Kalman, D.; Roback, J.D.; Cummings, R.D.; Stowell, S.R.
The SARS-CoV-2 receptor-binding domain preferentially recognizes blood group A. Blood Adv. 2021, 5, 1305–1309. [CrossRef]
[PubMed]

136. Ryzhikov, A.B.; Onkhonova, G.S.; Imatdinov, I.R.; Gavrilova, E.V.; Maksyutov, R.A.; Gordeeva, E.A.; Pazynina, G.V.; Ryzhov, I.M.;
Shilova, N.V.; Bovin, N.V. Recombinant SARS-CoV-2 S Protein Binds to Glycans of the Lactosamine Family in vitro. Biochem.
(Moscow) 2021, 86, 243–247. [CrossRef]

137. Clausen, T.M.; Sandoval, D.R.; Spliid, C.B.; Pihl, J.; Perrett, H.R.; Painter, C.D.; Narayanan, A.; Majowicz, S.A.; Kwong, E.M.;
McVicar, R.N.; et al. SARS-CoV-2 Infection Depends on Cellular Heparan Sulfate and ACE2. Cell 2020, 183, 1043–1057.e15.
[CrossRef] [PubMed]

138. De Pasquale, V.; Quiccione, M.; Tafuri, S.; Avallone, L.; Pavone, L. Heparan Sulfate Proteoglycans in Viral Infection and Treatment:
A Special Focus on SARS-CoV-2. Int. J. Mol. Sci. 2021, 22, 6574. [CrossRef]

139. Bally, M.; Block, S.; Höök, F.; Larson, G.; Parveen, N.; Rydell, G.E. Physicochemical tools for studying virus interactions with
targeted cell membranes in a molecular and spatiotemporally resolved context. Anal. Bioanal. Chem. 2021, 1–22. [CrossRef]

140. Costantini, V.; Morantz, E.K.; Browne, H.; Ettayebi, K.; Zeng, X.-L.; Atmar, R.L.; Estes, M.K.; Vinje, J. Human Norovirus Replication
in Human Intestinal Enteroids as Model to Evaluate Virus Inactivation. Emerg. Infect. Dis. 2018, 24, 1453–1464. [CrossRef]

http://doi.org/10.1038/s41598-018-31005-4
http://doi.org/10.1182/bloodadvances.2020003259
http://www.ncbi.nlm.nih.gov/pubmed/33656534
http://doi.org/10.1134/s0006297921030019
http://doi.org/10.1016/j.cell.2020.09.033
http://www.ncbi.nlm.nih.gov/pubmed/32970989
http://doi.org/10.3390/ijms22126574
http://doi.org/10.1007/s00216-021-03510-5
http://doi.org/10.3201/eid2408.180126

	Introduction 
	Norovirus Disease Burden, Classification, and Epidemiology 
	Early Discoveries on the Genetic Basis of Glycan Involvement in HuNoV Infection 
	Norovirus–Glycan Binding Specificity and Structural Interactions 
	Binding Patterns to HBGAs and Related Glycans 
	Structural Basis of HuNoV–HBGA Interactions 

	HIEs Are a Useful Platform to Study Intestinal Glycan Expression and the Role of Glycans in Viral Infection 
	Human Intestinal Enteroids Reflect Host Genetic Susceptibility to HuNoVs 
	Genetic Manipulation of HIEs Reveals FUT2 Is Necessary and Sufficient for HIE Infection by Most HuNoV Strains 
	Progress towards Identification of the Fucosylated Glycan Receptor for HuNoVs 

	HBGA Interactions and Immune Response to HuNoVs 
	Glycan Interactions for Other Viral Pathogens 
	Conclusions and Outstanding Questions 
	References

