
Human Norovirus Epitope D Plasticity Allows Escape from
Antibody Immunity without Loss of Capacity for Binding
Cellular Ligands

Lisa C. Lindesmith,a Paul D. Brewer-Jensen,a Michael L. Mallory,a Boyd Yount,a Matthew H. Collins,b Kari Debbink,c

Rachel L. Graham,a Ralph S. Barica

aDepartment of Epidemiology, University of North Carolina, Chapel Hill, North Carolina, USA
bHope Clinic of the Emory Vaccine Center, Division of Infectious Diseases, Department of Medicine, School of Medicine, Emory University, Decatur, Georgia, USA
cDepartment of Natural Sciences, Bowie State University, Bowie, Maryland, USA

ABSTRACT Emergent strains of human norovirus seed pandemic waves of disease.
These new strains have altered ligand binding and antigenicity characteristics. Study
of viral variants isolated from immunosuppressed patients with long-term norovirus
infection indicates that initial virus in vivo evolution occurs at the same antigenic
sites as in pandemic strains. Here, cellular ligand binding and antigenicity of two co-
circulating strains isolated from a patient with long-term norovirus infection were
characterized. The isolated GII.4 viruses differed from previous strains and from each
other at known blockade antibody epitopes. One strain had a unique sequence in
epitope D, including loss of an insertion at residue 394, corresponding to a de-
creased relative affinity for carbohydrate ligands. Replacement of 394 with alanine or
restoration of the contemporary strain epitope D consensus sequence STT improved
ligand binding relative affinity. However, monoclonal antibody blockade of binding
potency was only gained for the consensus sequence, not by the alanine insertion.
In-depth study of unique changes in epitope D indicated that ligand binding, but
not antibody blockade of ligand binding, is maintained despite sequence diversity,
allowing escape from blockade antibodies without loss of capacity for binding cellu-
lar ligands.

IMPORTANCE Human norovirus causes �20% of all acute gastroenteritis and
�200,000 deaths per year, primarily in young children. Most epidemic and all pan-
demic waves of disease over the past 30 years have been caused by type GII.4 hu-
man norovirus strains. The capsid sequence of GII.4 strains is changing over time, re-
sulting in viruses with altered ligand and antibody binding characteristics. The
carbohydrate binding pocket of these strains does not vary over time. Here, utilizing
unique viral sequences, we study how residues in GII.4 epitope D balance the dual
roles of variable antibody binding site and cellular ligand binding stabilization do-
main, demonstrating that amino acid changes in epitope D can result in loss of anti-
body binding without ablating ligand binding. This flexibility in epitope D likely con-
tributes to GII.4 strain persistence by both allowing escape from antibody-mediated
herd immunity and maintenance of cellular ligand binding and infectivity.
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immunocompromised, norovirus, receptor binding, viral evolution

Human norovirus infection is a major global health problem, causing over 200,000
deaths annually and accounting for approximately 18 million disability-

adjusted life years and 20% of all acute gastroenteritis (AGE) (1, 2). In the developing
world, AGE leading to dehydration and malnutrition primarily affects young children
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(http://www.who.int/news-room/fact-sheets/detail/diarrhoeal-disease). The overall inci-
dence of AGE has been markedly reduced, but norovirus has emerged as the leading
cause of AGE in children following the institution of rotavirus vaccination programs (3,
4). Immunocompromised hosts (ICH) represent a uniquely susceptible group that may
experience severe and potentially life-threatening norovirus infection with high viral
loads or be chronically infected by norovirus and shed virus in the stool for months or
even years (5–8). Interestingly, in some individuals there appears to be greater genetic
diversity in norovirus isolates from ICH versus healthy adults (5); however, the signifi-
cance of this finding related to disease burden, transmission, or contribution to the
prevalent circulating strains remains unclear.

Belonging to the Caliciviridae family, norovirus has a single-stranded, positive-sense
RNA genome, with an error-prone RNA polymerase which facilitates antigenic drift.
Categorized into genogroups, these viruses contain multiple genotypes, with GII.4
being the predominant cause of human norovirus infections in recent years. The
epidemiology of norovirus is characterized by epochal evolution, with genetic variation
being concentrated in protruding regions of the major capsid protein consistent with
sequential escape from population level immune pressure (9, 10).

Since the mid-1990s, five waves of emergent GII.4 strains have caused pandemic
levels of disease. Each successive strain varied from previous strains in neutralizing
antibody epitopes A, D, and E, as measured by a surrogate neutralization assay based
on antibody blockade of cellular ligand binding. Epitope A is immunodominant and
hypervariable, with new strain emergence correlating with evolution in epitope A.
Epitope D both mediates neutralizing antibody and ligand binding affinity of histo-
blood group antigens (HBGAs), which are cellular cofactors for human norovirus
infection. HBGAs are a diverse family of glycosylated macromolecules synthesized by
sequential addition of carbohydrate moieties onto a protein or lipid backbone. Host
genetics mediate expression of glycotransferases and subsequently types of HBGA
expression. Interaction between the �-1,2-fucose of HBGAs, the base molecule for all
HBGAs in secretor-positive individuals (11), and GII.4 strains occurs within a conserved
carbohydrate binding pocket, the primary ligand binding site (12, 13). Targeted mu-
tagenesis and crystallographic analyses illustrate how residues within epitope D form
stabilizing bonds with additional HBGA moieties without modifying the conserved core
HBGA binding site (13, 14). In addition to the base �-1,2-fucose (H antigen), GII.4
noroviruses also bind to A antigen, B antigen, and �1,3/4-fucose (Lewis antigen) in
strain-specific patterns. Variation in epitope D between GII.4 strains selects for variation
in carbohydrate binding affinity and potentially enables expansion of susceptible
populations. For example, substitution of D393G of epitope D gains B HBGA binding,
expanding the repertoire of cellular ligands (9).

Here, we characterize two GII.4 strains isolated from one stool sample collected from
a patient with chronic human norovirus infection. Each strain is antigenically unique
and unlikely to be neutralized by herd immunity to the most recent GII.4 pandemic
strains. In-depth study of the capsid identifies novel mutations in epitope D and
expands understanding of how sequence variation within epitope D can impact
antibody neutralization and ligand binding, factors that drive viral infectivity.

RESULTS

We identified a patient with common variable immunodeficiency (CVID) and a
complicated medical history being seen in the Infectious Diseases Clinic for chronic
diarrhea with persistent norovirus detected in stool. A remnant clinical stool specimen
known to be positive for GII norovirus RNA was obtained from the Clinical Microbiology
Laboratory. Norovirus capsid gene was amplified by reverse transcription-PCR, the
amplicons subcloned into Topo XL, and 11 subclones were sequenced from the single
specimen. The goal of this study was to identify unique capsid amino acid combina-
tions that may influence antibody and cellular ligand binding. Our previous studies
have shown that in vivo evolved norovirus strains may have unique residue substitu-
tions that can enable amino acid level mapping of antibody binding sites (15, 16). The
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11 capsid genes formed two clusters within the GII.4 genotype (Fig. 1). Two virus-like
particles (VLPs) were designed for study of antibody and ligand binding: GII.4 MC4
representing the consensus sequence of patient strains 1 to 9 and GII.4 MC12 repre-
senting the consensus sequence of patient strains 11 and 12. Based on predicted amino
acid alignment of capsid, GII.4 MC4 and MC12 exhibit 95.2% identity to each other and
cluster closely with the two recent GII.4 pandemic strains GII.4 2009 New Orleans and
GII.4 2012 Sydney (94 to 98% identity) (Fig. 1). An ancestral strain could not be
determined from capsid protein analysis. Within the capsid protein, 25 residues differ
between GII.4 MC4 and MC12. Thirteen changes are within the hypervariable P2
subdomain, including surface-exposed residues of blockade antibody epitopes associ-
ated with escape from herd immunity (Fig. 2A). GII.4 MC4 differs from GII.4 2009 and
GII.4 2012 at key antigenic sites in epitopes A and D, while GII.4 MC12 differs in epitopes
A, D, and E (Fig. 2B), suggesting that the GII.4 MC strains are antigenically distinct from
each other and previously circulating GII.4 strains. Of note, GII.4 MC12 has a deletion at
residue 394 in epitope D, reminiscent of GII.4 strains that circulated prior to the GII.4
2002 Farmington Hills pandemic stains. Variation in epitope D is associated with both
changes in antigenicity and cellular ligand binding (9, 13, 14, 17).

To characterize the effect of capsid sequence changes, we developed a VLP for each

FIG 1 Human norovirus GII.4 phylogenetic tree. A radial phylogram for norovirus GII isolates, including strains from the
donor here (Hu_NoV_PT1-9, -11, and -12), was created using the neighbor-joining method with 100 replicates based on
a multiple sequence alignment of amino acids. Numbers on the tree correspond to consensus support values (%). The tree
is rooted to a human GII.5 norovirus, which is 63% identical in sequence to the other viruses in the tree. All other viruses
are �93% identical in sequence to each other. Consensus sequences GII.4 MC4 and MC12 were designed for this study.
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strain (Fig. 2C) and determined the antibody and carbohydrate binding profiles of each.
GII.4 MC4 and MC12 are antigenically divergent from GII.4 2009 and GII.4 2012 and each
other, based on the reactivity of monoclonal antibodies (MAbs) against evolving
blockade antibody epitopes in GII.4 2009 and 2012 (Fig. 3), as indicated by the
sequence changes in Fig. 2A. GII.4 MC4 binds to NO52 but not to NO37, two MAbs with

FIG 2 GII.4 MC4 and MC12 capsid protein. (A) Capsid protein amino acid sequences of GII.4 MC4 and MC12
compared to GII.4 2009 New Orleans and 2012 Sydney. Residues known to interact with carbohydrate
ligand (*) and antibodies that block VLP-ligand interaction (epitopes A [blue], D [orange], E [purple], and F
[green]) are indicated. Residues that vary between the compared sequences are in boldface. (B) Side view
of GII.4 MC12 P domain dimer homology model based on GII.4 2012 with one chain color-coded by
epitopes as in panel A. The carbohydrate binding domain is not visible in this orientation. Residues that vary
in MC12 compared to the consensus sequence of GII.4 2009 and 2012 are colored red. (C) Electron
micrograph of VLP created for this study.

Lindesmith et al. Journal of Virology

January 2019 Volume 93 Issue 2 e01813-18 jvi.asm.org 4

https://jvi.asm.org


different binding footprints on GII.4 2009 epitope A, and to NVB 97 but not NO66, two
MAbs to epitope D with distinct anchoring residues (17, 18). GII.4 MC12 did not bind to
any of the GII.4 2009 or 2012 epitope A or D MAbs. Both GII.4 MC VLPs bind GII.4G, an
MAb to a conserved GII.4 blockade antibody epitope, indicating that the loss of
antibody binding to other epitopes is the result of sequence variation between strains
and not the lack of particle integrity.

The carbohydrate binding pocket where the �-1,2-fucose of H antigen binds is
conserved across GII.4 strains. Affinity for non-H antigen HBGAs is influenced by epitope
D, specifically residues 393 and 395 (14, 19), both of which vary in GII.4 MC4 and MC12
compared to GII.4 2009 and GII.4 2012. To compare the relative binding of GII.4 VLPs to
natural HBGAs, we screened VLPs for binding to PGM (H, A, and Lewis antigens [20])
and type B human saliva (B antigen), thus covering the major known binding moieties
of GII.4 strains. Both GII.4 MC4 and MC12 VLPs bind to PGM and human type B saliva
(Fig. 4). Neither GII.4 MC4 nor MC12 bound to secretor-negative saliva from a blood
type A donor (data not shown). Compared to GII.4 MC4, MC12 required approximately
5 times more VLP to reach half-maximal binding to the natural carbohydrates.

Reduced ligand relative affinity coupled with lack of binding to epitope D MAbs
indicates the unique sequence in residues 393 to 395 of GII.4 MC12 may impact the
virus-host interaction at multiple levels. To test the effects of epitope D variation, we

FIG 3 GII.4 MC4 and MC12 are antigenically distinct. GII.4 MC4 and MC12 VLP were screened for reactivity
to MAbs to epitopes A (green shading), D (gray shading), and G (blue shading), and half-maximum
binding titers and 95% CI values were calculated. The MAb reactivities to GII.4 2009 and GII.4 2012 are
reported both here and elsewhere (16, 19, 24, 25, 27).

FIG 4 Carbohydrate binding profiles of GII.4 MC4 and MC12. GII.4 MC4 and MC12 bind pig gastric mucin
III and human type B saliva. The dashed line is the limit of detection. Markers denote the mean, and error
bars indicate the standard errors of the mean (SEM) based on eight replicates from four independent
experiments. *, PGM binding significantly different from B saliva binding.
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first created the smallest full D loop by replacing the deletion at 394 in MC12 (for
comparison, this is subsequently referred to as VLP GII.4 MC12.A-A) with an alanine (VLP
GII.4 MC12.AAA) and, second, we reconstructed the contemporary strain epitope D
consensus sequence 393S, 394T, and 395T (VLP GII.4 MC12.STT) (Fig. 5). Insertion of
either an alanine at 394 or STT improved the maximum binding of NVB 97, NO66, and
N0224 but only modestly (�2-fold) improved the Kd for NO66 and NO224 binding.
However, compared to MC12.AAA, the Kd for NVB 97 binding to GII.4 MC12.STT
improved 15-fold, supporting previous reports of NVB 97 anchoring at residue S393
(21). STT insertion in GII.4.MC12.STT was required to restore antibody blockade of
ligand binding potency for epitope D MAb NVB 97 but was insufficient to completely
restore or improve the blockade of NO66 or NO224 (Fig. 5B).

Residues 393 and 396 mark distal boundaries of the loop of epitope D that extends
from the perimeter of the carbohydrate binding pocket (Fig. 6A and B). These residues
vary between pandemic strains GII.4 2009 and 2012 and correspond to loss of blockade
potency for NVB 97 and NO66 (22). Therefore, GII.4 2012 VLPs with GII.4 2009 epitope
D substitution mutations were developed to dissect the role of residues 393 and 396 in
binding of epitope D antibodies. GII.4.2012.09D (residues 393 to 396) and GII.4
2012.H396P improved the 50% effective concentration for NO66 binding more than
10-fold compared to GII.4 2012, identifying residue 396 as an anchor for NO66 and
extending epitope D to include the entire loop structure from 393 to 396 (Fig. 6C). GII.4

FIG 5 The number and identity of epitope D residues impacts VLP interaction with blockade antibodies by
multiple mechanisms. (A) GII.4 MC12, MC12.AAA, and MC12.STT binding to MAbs NVB 97, NO66, and NO224
was analyzed by single-site binding curve fitting, and maximum binding (Bmax) and dissociation constants
(Kd) were calculated to differentiate the effects of sequence changes on antibody-epitope access and
binding strength, respectively. Boldface numbers are significantly different from GII.4 MC12.A-A. (B to D)
Antibody function, as measured by blockade of ligand binding potency, the IC50 titer, was determined by
dose-response nonlinear curve fit analysis of the mean percent control binding with 95% CI values (error
bars).

Lindesmith et al. Journal of Virology

January 2019 Volume 93 Issue 2 e01813-18 jvi.asm.org 6

https://jvi.asm.org


2012.G393S restored NVB 97 binding but GII.4.2012.09D and GII.4 2012.H396P did not,
indicating that the P396 may negatively impact NVB 97 binding to epitope D. NO224
binding was modestly improved by G393S and H396P, indicating that NO224 likely
binds near epitope D and that the loop structure of epitope D may affect NO224-
epitope binding.

Next, we evaluated GII.4 MC12.A-A, MC12.AAA, and MC12.STT for binding to syn-
thetic biotinylated HBGAs representing the major classes of human norovirus binding
ligands (A, B, H, and Lewis) to determine the effect of epitope D sequence variation on
ligand binding. GII.4 MC12 bound to B antigen, H type III, and Lewis Y, but not to A
antigen. (Fig. 7A to D). Expanding the loop of epitope D improves the relative affinity
(Kd) for all ligands tested. Substituting STT in the D loop had the most impact on Kd,
improving the relative affinity for ligand binding 5- to 10-fold compared to GII.4
MC12.A-A. GII.4.MC12.AAA improves the Kd less robustly (1.4- to 4.8-fold). Changes in
relative affinity were largely uncoupled from changes in maximum binding (�1.5-fold
difference), except for A antigen (Fig. 7E). In this instance, a three-residue D loop
appears necessary to stabilize A antigen binding. The number of residues in the D loop
may be more important than the residue identities since both MC12.AAA and MC12.STT
similarly conferred maximum A antigen binding. These data illustrate how sequence
variation in epitope D regulates binding to different biological ligands independent of
the conserved primary ligand binding site, which remained unchanged between the
epitope D mutant VLPs.

DISCUSSION

Receptor binding sites are conserved targets for neutralizing antibodies within
hypervariable RNA viruses (19, 23–25). To avoid immune detection while preserving
ligand binding functions, these sites are frequently masked by glycosylation or particle

FIG 6 Blockade antibodies anchor at residues 393 and 396 of the protruding loop of epitope D. (A) GII.4
MC12 P domain dimer model with epitope D (cyan) circled and other features color coded as in Fig. 2B.
(B) Epitope D enlarged with residues 393 and 396 identified. (C) Half-maximal binding titers with 95%
confidence intervals (95% CI) were determined for MAbs NVB 97, NO66, and NO224 to VLPs with
substitutions reflective of natural variation between pandemic strains GII.4 2009 and 2012 within epitope
D at residues 393 and 396. Boldface numbers are significantly different from GII.4 2009.
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conformation (15, 23, 24). Posttranslational modification of norovirus capsid protein has
not been observed (26), but ligand access to the primary ligand binding site may be
conformation dependent (27). The secondary ligand binding site, epitope D, is surface
exposed, is variable in sequence, and does not exhibit conformation-dependent bind-
ing of known antibodies (17, 27), although structural studies are needed for confirma-
tion. Here, utilizing unique GII.4 strains and well-described monoclonal antibodies, we
show how the balance between epitope D sequence diversity needed to avoid immune
detection and sequence conservation to maintain cellular ligand binding is achieved by
first expanding epitope D to include the entire extended loop structure from residues
393 to 396. Binding of epitope D antibodies progressively increases between epitope
D mutants GII.4 MC12.A-A, AAA, and STT. Simply expanding the loop structure with the
insertion of an alanine residue (GII.4 MC12.AAA) improves antibody relative affinity.
However, the shallow antibody binding curves (poor Kd) correlate with insufficient
binding to block ligand interaction. Expansion of the loop of epitope D also improves
the VLP relative affinity for carbohydrate ligands. Maximum binding is consistent
between GII.4 MC12 epitope D mutant VLPs for B and H type III, emphasizing the role
of the conserved �-1,2-fucose binding pocket in determining the total number of

FIG 7 Residue number and sequence within epitope D modulates ligand binding. GII.4 MC12.A-A,
MC12.AAA, and MC12.STT binding to synthetic B (A), A (B), H type III (C), and Lewis Y (D) was analyzed
by single-site binding curve fitting, and the Bmax and Kd values were determined (E). Markers denote the
mean, and error bars indicate the SEM (minimum of four replicates from two independent experiments).
Orange shading indicates significantly different from GII.4 MC12. Boldface values denote significantly
different from GII.4.MC12.STT. ND, not determined.
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carbohydrate molecules able to bind to the particle (14, 19). The Kd for B and Lewis
antigen binding GII.4 MC12.AAA and STT are similar, indicating that expansion of the
epitope D loop to include another amino acid may be more important than the identity
of the expanding residue for ligand interactions. In contrast, sequence variation in the
epitope D loop did affect stabilization of the interaction between epitope D mutant
VLPs and A antigen, indicating that weaker carbohydrate interactions may be more
susceptible to sequence variation.

Together, these data support a model of viral evolution within epitope D that
tolerates sequence variation that may selectively enhance or preserve binding of
specific carbohydrate moieties while concurrently allowing for escape from neutralizing
antibody that is less able to tolerate sequence variation without losing the ability to
block VLP-ligand binding. The ability to fine-tune ligand usage could be particularly
advantageous as herd immunity to a strain is established. Evolution that abrogates
recognition by epitope D antibodies and subsequently opens new population seg-
ments for infection would contribute to prolonging strain circulation time before herd
immunity to epitope A and other sites drives a strain to extinction and a new variant
emerges.

Immunosuppressed patients have been postulated as potential reservoirs of emer-
gent GII.4 strains, although hospital strains typically correlate with community strains
(6, 16, 28, 29). Although the numbers are small, previous studies of norovirus diversity
in CVID patients identified novel strains within patients but no significant difference in
diversification rates by an immunosuppression mechanism (5, 30). The donor in this
study represents a particularly interesting though unusual scenario in that persistent
norovirus infection and shedding was made possible due to the immunocompromising
condition; however, the treatment (immunoglobulin replacement therapy) is essentially
passive transfer of immunity from healthy individuals. Because immunoglobulin for
therapeutic use may be pooled from many regional donors, the specificities repre-
sented in each treatment are a sample of herd immunity in the general population.
Thus, in contrast to most other immunocompromising conditions leading to chronic
norovirus infection, CVID treated with replacement immunoglobulin may be a relevant
in vivo human model for how norovirus strains escape herd immunity. Further studies
may include treatment with multiple lots of intravenous immunoglobulin to evaluate
whether increased antibody breadth more effectively halts emergence of viral escape
variants. Alternatively, the development of therapeutic MAb cocktails targeting con-
served epitopes (15) may provide more comprehensive protection from emergent
strains.

Long-term, in vivo evolution can result in virus with unique characteristics (15, 16,
31). Residue substitutions in epitope A correlate with loss of antibody potency and
strain emergence. Here, GII.4 MC4 and MC12 had low or no reactivity to GII.4 2009 or
2012 epitope A MAbs with different anchoring amino acids, indicating that viral
evolution in this donor continued to select for strains with novel combinations of
epitope A residues. Whether these viruses pose a risk to the community is unclear, since
fitness in an immunocompetent population has not been studied. Models of disease
spread do not support single source strain introduction, as would be predicted from a
variant originating from an individual (32). Further, at early days postvaccination, a
blockade antibody response following norovirus vaccination was effective at blocking
a novel GII.4 variant isolated from an immunosuppressed individual with long-term
shedding (33, 34). However, antigenic cartography of sera from immunized mice,
indicative of antibody responses in norovirus-naive young children, illustrates similar
levels of antigenic drift between strains isolated from an immunocompromised patient
infected for about 1 year, and the amount of drift between the GII.4 2009 and the GII.4
2012 pandemic strains (16) support, based on antigenic differences, the potential of an
ICH in vivo-evolved strain to seed disease in children. Follow-up study of virus shedding
in contacts of norovirus-positive immunocompromised patients is needed to assess the
infectiousness of these novel viral variants in the healthy population and to determine
the risk these strains pose. The unique environment posed by incomplete immuno-
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suppression in many ICH may encourage the greatest breadth of circulating viral
variants containing novel mutations (29). These in vivo-evolved variants are a rich
source of replication-competent viral mutants for studying the role of capsid amino
acids in driving viral characteristics relevant to pandemic surveillance and vaccine
design.

MATERIALS AND METHODS
Study subject. All studies were approved by the University of North Carolina Institutional Review

Board (IRB protocol 14-3055). Written informed consent was obtained prior to participation. Excess
clinical stool specimen was obtained from the University of North Carolina Hospitals Clinical Microbiology
Laboratory and transported to our research lab on ice and stored at 4ŒC until further use. The donor had
a diagnosis of CVID that was complicated by chronic intermittent diarrhea and histopathologic findings,
such as duodenal villous flattening and lymphocytic colitis, consistent with CVID-associated enteropathy
(CVID-AE), which were present 6 years prior to this study. This condition had been managed with
different immunosuppressive therapies. An infectious etiology for diarrhea was first diagnosed 3 years
prior (Clostridium difficile). Norovirus GII was first detected later that same year, and symptoms were
unaffected by administration of nitazoxanide and improved after oral immunoglobulin. The patient was
asymptomatic off prednisone for CVID-AE for much of the following 1 to 2 years. Diarrheal symptoms
recurred late in the second symptom-free year with an additional norovirus GII� stool test, and both
persisted until the end of that year when the clinical specimen was obtained for research. Molecular or
stool culture testing for an extensive panel of viral, bacterial, and parasitic gastrointestinal pathogens was
consistently negative throughout this time. Multiple HIV tests were negative. Previous serologic testing
for autoimmune causes was negative. Gluten-free diet did not improve symptoms. At the time the
specimen was obtained for these studies, pertinent medications included valacyclovir, ribavirin, predni-
sone, tacrolimus, and subcutaneous immunoglobulin G replacement. No additional samples or patient
follow-up studies are available. Provided material was sufficient to sequences capsid genes only.

Virus-like particle production. The stool sample was diluted to approximately 10% with phosphate-
buffered saline. This suspension was vortexed and then centrifuged at 3,000 � g for 10 min. RNA was
extracted from 250 �l of the clarified supernatant using 750 �l of TRIzol LS (Life Technologies), as
recommended. RNA was then extracted using a QIAamp Viral RNA Mini kit (Qiagen). cDNA was made
using 10 �l of RNA and a Superscript II RT kit (Invitrogen) as recommended. The cDNA was digested with
0.01 �g of RNase (DNase free; Roche) and then purified with a QIAquick PCR purification kit (Qiagen) and
amplified by PCR using primers targeting the 5-prime (VEE-NV5=, AGTCTAGTCCGCCAAGATGAAGATGGC
GTCGAATGAC) and 3-prime (NV3=AscI, NNNNNNGGCGCGCCTTATAATGCACGTCTACGCCC) ends of ORF2.
The amplicons were cloned into Tope XL (Invitrogen), and 12 colonies were selected and sequenced. GII.4
MC4 represents the consensus sequence of the 12 clones, and MC12 represents the strain with the most
divergent sequence. Capsid genes were synthesized by Bio-Basic, Inc. (Amherst, NY). VLPs were expressed
in baby hamster kidney cells (ATCC CCL-10) from Venezuelan equine encephalitis virus replicons
expressing norovirus open reading frame 2 (NoV ORF2), as described previously (17, 35, 36). Particle
integrity was confirmed by electron microscopy visualization of negative-stained particles of �40 nm.

Phylogenetic tree and alignment. The tree was constructed in Geneious R11 using the neighbor-
joining method (Jukes-Cantor genetic distance) with 100 replicates based on a multiple alignment of the
indicated norovirus capsid sequences. Numbers in parentheses following virus species names indicate
the number of sequences represented at that tree position. The radial phylogram was visualized and
rendered for publication using CLC Sequence Viewer 7 and Adobe Illustrator CC 2017.

Homology modeling. Homology models representing the capsid P domain for patient isolates GII.4
MC4 and GII.4 MC12 were generated using Swiss-Model. To do this, capsid amino acid sequences for
these viruses were uploaded into the Swiss-Model modeling server (https://swissmodel.expasy.org/
interactive), and potential templates were chosen by clicking “search for templates.” The template with
the highest homology score was chosen (PDB accession number 4OP7), which is the crystal structure for
NSW0514, a GII.4 2012 Sydney sequence. Models of the capsid dimers were created and rendered in
MacPyMOL version 1.8.0.4 (https://www.pymol.org) using the 4OP7 template.

VLP-ligand binding assays. VLPs bound to pig gastric mucin type III (PGM; Sigma-Aldrich), human
type B saliva, or synthetic biotinylated HBGAs (Glycotech) were detected by rabbit polyclonal antiserum
(Cocalico Biologicals, Stevens, PA), as described previously (21, 27). The optical density, as a measure of
binding, should be compared between VLP for the same synthetic biotinylated carbohydrate, not
between different carbohydrates, to account for variability between lots of commercial reagents.

EIA and blockade of VLP-ligand binding assays. Enzyme immunoassay (EIA) and blockade
antibody assays were performed at 37°C with 0.25 �g/ml VLP (27, 37). An OD at 450 nm of �3-fold
background after background subtraction was scored as positive by the EIA. For blockade assays, VLPs
were pretreated with decreasing concentrations of MAb for 1 h and transferred to PGM-coated plates for
1 h. The percent control binding was compared to a no-antibody pretreatment. Mean 50% inhibitory
concentration (IC50) titers and 95% confidence intervals (95% CI) were determined from dose-response
sigmoidal curve fits using GraphPad 7.02 (33, 34). Antibodies below the limit of detection (half-maximum
binding at 8 �g/ml) or that did not block at least 50% of VLP binding to PGM at the lowest dilution tested
were assigned a titer equal to 2� (EIA) or 0.5� (blockade assay) the limit of detection for statistical
analysis. Maximum binding and Kd were determined by single-site binding curve analysis using GraphPad
Prism 7.02 (15).
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Statistical analysis. Statistical analyses were performed using GraphPad Prism 7.02 (17, 33). Anti-
body and synthetic carbohydrate maximum binding and Kd titers were determined by single-site binding
curve analysis. IC50 values were log transformed for analysis. Antibody titer and binding measurements
were compared by unpaired t test with Welch’s correction (t test) or ordinary one-way analysis of
variance with Dunnett’s multiple-comparison test. A difference was considered significant if the P value
was �0.05.

Accession number(s). GII.4 MC4 (MH746820) and GII.4 MC12 (MH746821) were examined in this
study.
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