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responses following confirmed
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Genogroup Il (Gll) noroviruses are a major cause of diarrheal disease burden in
children in both high- and low-income countries. Gll.17 noroviruses are
composed of distinct genetic clusters (I, II, llla, and Illb) and have shown
potential for replacing historically more prevalent Gll.4 strains, but the
serological basis for GlI.17 antigenic diversity has not been studied in children.
Utilizing samples from a birth cohort, we investigated antibody and B-cell
responses to GlI.17 cluster variants in confirmed Gll.17 infections in young
children as well as demonstrated that the distinct genetic clusters co-circulate.
Polyclonal serum antibodies bound multiple clusters but showed cluster-specific
blockade activity in a surrogate virus neutralization assay. Antibodies secreted by
immortalized memory B cells (MBCs) from an infant Gll.17 case were highly
specific to GIl.17 and exhibited blockade activity against this genotype. We
isolated an MBC-derived GIl.17-specific Immunoglobulin A (IgA) monoclonal
antibody called NVA.1 that potently and selectively blocked GlI.17 cluster Illb and
recognized an epitope targeted in serum from cluster Illb—infected children.
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These data indicate that multiple antigenically distinct Gll.17 variants co-circulate
in young children, suggesting retention of cluster diversity alongside potential for
immune escape given the existence of antibody-defined cluster-specific
epitopes elicited during infection.

KEYWORDS

norovirus, children, Gll.17, blockade antibody, variants of concern, memory B cells,
human monoclonal antibodies

Introduction

Human norovirus (norovirus) is a leading causative agent of
epidemic and endemic acute gastroenteritis (AGE) worldwide (1, 2).
There are an estimated 686 million norovirus cases annually across
the globe with 200 million cases in children under 5 years of age,
leading to about 50,000 child deaths (3). In children, symptoms
include fever, body aches, diarrhea, and vomiting that can lead to
dehydration and malnutrition (4-6). In severe cases where
dehydration is not managed, hospitalization or death can occur,
especially in children under 5 years old (3). In a large international
multi-center study, norovirus diarrhea during the first 2 years of life
was associated with impaired linear growth through 5 years of age
(7). There are currently no specific antiviral treatments or licensed
vaccines to prevent norovirus gastroenteritis.

Noroviruses, members in the family Caliciviridae, are non-
enveloped single-stranded positive-sense RNA viruses. The genome
consists of three open reading frames (ORFs). ORF1 encodes the
non-structural proteins, including the RNA-dependent RNA
polymerase (RdRp) (8). ORF2 and ORF3 encode the major (VP1)
and minor (VP2) capsid proteins, respectively (9). VP1 is composed
of the shell (S) and the protruding (P) domain that is further divided
into the P1 and P2 subdomains (10, 11). The VP2 minor capsid
protein facilitates the formation and stability of the VP1 capsid (12,
13). The P2 subdomain of VP1 binds histo-blood group antigens
(HBGAs) to mediate infection of target cells, harbors major antibody
neutralization epitopes, and is highly variable (10, 14). The P and S
domains of the VP1 contain B- and T-cell epitopes, with most of the
neutralizing and HBGA-blocking B-cell epitopes mapping within or
proximal to the surface-exposed P2 region of the P domain (15, 16).

Noroviruses are a group of genetically diverse viruses that are
classified into 10 genogroups (GI-GX), of which GI, GII, GIV,
GVIII, and GIX viruses infect humans. Of these, GI and GII viruses
are responsible for most infections (17). GI and GII noroviruses are
divided into at least 9 and 26 genotypes, respectively (17). Globally,
GII.4 viruses are associated with the majority of norovirus
outbreaks and with sporadic norovirus gastroenteritis in young
children (18, 19). Alongside the high levels of exposure and
immunity to GIL4, other GII genotypes have temporarily become
the predominantly detected strain. For example, in the 2014-2015
season, GII.17 outbreaks briefly replaced GIL.4 as the dominant
norovirus genotype in several Asian countries and caused sporadic
cases in Europe, Africa, and the Americas (20-25). Phylogenetic
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analysis of ancestral and contemporary GII.17 VP1 sequences
shows three genetic clusters. Cluster I is defined by the prototype
GIL.17 1978 strain; cluster II emerged in 2005; and cluster III
emerged in 2014. Cluster IIT acquired changes in the major capsid
gene and in RdRp and is subdivided into two subclusters designated
as IITa and IIIb (21). Cluster ITIa appears to have been replaced by
cluster IIIb, the main cluster IIT variant found in recent outbreaks
(20, 26, 27).

To better understand protective humoral immunity to GIL17,
determining the breadth of serological responses to these three clusters
is important. Although routine cultivation of human norovirus is
difficult, neutralizing antibodies can be measured in a surrogate
blockade assay. In this assay, neutralization activity is measured as
the ability of antibodies to block the binding of virus-like particles
(VLPs) composed of the major capsid protein (VP1) to carbohydrates
mimicking HBGA. Blockade antibodies have been associated with
clinical protection from norovirus gastroenteritis (28-31). Using sera
and monoclonal antibodies (mAbs) from mice immunized with VLPs
representing different GIL17 clusters, we and others have identified
cluster-specific blockade epitopes (32, 33). To understand the
pandemic potential based on antigenic diversification and to inform
pediatric norovirus vaccine development, it is important to define in
humans whether GII.17 cluster IIIb strains are antigenically distinct
from other clusters. This question is difficult to address in adult
populations due to multiple prior norovirus exposures over a lifetime
that shape the memory B-cell (MBC) repertoire. Instead, antibodies
and MBCs from children experiencing primary GIL17 norovirus
infection could more clearly delineate antigenic differences among
GIL17 clusters. It is not clear whether broad cross-reactivity or
neutralizing activity to other genotypes or among GIL17 clusters
develops at the antibody or MBC cell level after a primary
symptomatic GIL.17 infection in children. We posit that the analysis
of MBCs may reveal the breadth of humoral immunity after primary
GIL17 norovirus infection.

Results

Antigenically distinct GII.17 variants
co-circulate in young children

To determine whether multiple GII.17 clusters circulate in
children, we first screened diarrheal stools from a birth cohort of
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young children for norovirus GI and GII by reverse transcription
quantitative polymerase chain reaction (RT-qPCR) (34). For
children experiencing primary norovirus gastroenteritis, we
performed genotyping and sequencing to detect GIL.17 infections
(35, 36). Sequence alignment of the N-terminal and shell (NS)
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region of the ORF2 (252 bp) of 7 GIL.17 samples with high quality
nucleotide sequence shows circulation of cluster II (n = 3), with 2
subclusters, and cluster IIIb (n = 4). (Figure 1A). Full capsid gene
sequence phylogeny analysis of two representative samples carrying
different RdRp genotypes (ID_263: GII.17/P17; ID_132: GIL17/
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Co-circulation of antigenically distinct GII.17 clusters in young children. (A).Phylogenic analysis of the N-terminal and shell region of ORF2 (252 bp)
of seven norovirus-positive AGE stools from the cohort and known isolates. (B) Phylogenetic analysis for full capsid sequence (1,629 bp) from GlI.17

cluster | (ID_132) or cluster lllb (ID_263) infections. (C) P2 domain amino

acid alignment for ID_132 and ID_263 sequences against cluster |, II, Illa,

and lllb reference sequences (Genbank IDs indicated). Amino acid identity represented by dots (-) and deletions by dashes (-). (D) Serum IgG against

GII.17 VLPs representing clusters |, Il, and lllb were measured by EIA pre—

and post—-Gll.17 infection in seven infants with symptomatic Gll.17

infections. Fold increases pre- versus post-infection are presented. Dashed line, no change in titer. (E) Serum blockade antibody titers against cluster
I and lllb GII.17 VLPs were measured pre— and post—Gll.17 infection in seven children with symptomatic Gll.17 infections. Fold increases preversus

post-infection are presented. Dashed line, no change in titer.
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P13) confirmed that ID_132 had a cluster II infection and that
ID_263 had a cluster IIIb infection (Figure 1B). The sequence from
the ID_263 sample showed a two-amino acid insertion between
residues 295 and 296, which is characteristic of cluster IITa/b viruses
(Figure 1C). The sample from ID_263, but not ID_132, contained a
string of four aspartic acids at positions 393-396, as we shown, to
drive a major antigenic shift between cluster I and IIIb viruses (33).
These molecular data indicate co-circulation of GII.17 cluster
variants in symptomatic infections of young children in Nicaragua.

We next assessed pre- and post-infection sera for antibody
binding to VLPs representing clusters I, II, and IIIb by enzyme
immunoassay (EIA). All seven sera contained binding IgG to all
three GII.17 clusters post-GII.17 infection (Figure 1D), indicating
that antibody binding alone is insufficient to distinguish infecting
GIL17 strains by cluster even in young children with limited
infection histories. In addition, titers were highest to either cluster
I or ITIb. Therefore, we next screened pre- and post-infection sera
for blockade antibody titers to GIL.17 clusters. We used a surrogate
HBGA blockade assay to measure the ability of antibody-containing
samples to block binding of cluster I and IIIb VLPs to pig gastric
mucin (PGM) type III (37-39). Cluster II VLPs did not effectively
bind PGM in our study, so we were unable to specifically measure
antibody blockade of cluster II antigens. However, cluster I and II
sequences obtained (Figure 1C) showed a high similarity in key
antigenic regions allowing for examination of cluster I/II activity
versus cluster IIIb activity. None of the children had detectable
levels of cluster IIIb blockade antibodies in pre-infection sera. Four
of the seven children (57.1%) had a >4-fold increase in blockade
antibodies to cluster IIIb, indicating recent infection and
seroconversion. Two of these also seroconverted to cluster I, but
with a lower apparent fold rise. Three other children did not
seroconvert to cluster IIIb but did seroconvert to cluster I
(Figure 1E). As summarized in Table 1, serum antibodies from
children infected with cluster II GIL17 norovirus had positive

TABLE 1 Patterns of serum antibodies following pediatric Gll.17 infections.

10.3389/fimmu.2023.1229724

binding titers to all clusters but did not have positive cluster IIIb
blockade titers. Cluster IIIb GII.17 infections triggered cross-cluster
binding antibodies that, in two subjects, were partially cross-
protective (i.e., blocking) against cluster I VLPs. These molecular
and serological results indicate circulation of multiple GII.17
clusters in young children.

Gll.17 infections lead to genotype-specific
blockade antibody responses

To evaluate whether GIL17 infection could induce blockade
antibodies to other common norovirus genotypes, sera from the
seven children with GIL.17 infections were screened for activity
against VLP representing common genotypes GI.3, GIL.2, GIL.4
Sydney, GIL6, and GIL12. Following GIL17 infection, all seven
children studied showed increases in GIL17 blockade antibody
titers that were significantly higher than changes to any other
genotype (Figure 2A). Two children exhibited an approximately
10-fold increase in blockade antibodies to heterotypic noroviruses
after GIL.17 infection: ID_132 to GII.4 Sydney and ID_369 to GI.3.
Several children exhibited small increases (less than four-fold) to a
non-GII.17 genotype (Figure 2A). Correlation analysis did not
identify a significant association between GII.17 blockade
antibody titers with blockade titers to any of the other tested
heterotypic genotypes (Figure 2B). These data indicate that
blockade antibodies to GIL17 likely do not block GL3, GII.2,
GIL4 Sydney, GIL.6, or GIL.12 in these children. Conversely,
blockade antibodies to GIL.4 Sydney are unlikely to block GIL.17
given that all children studied here had pre-existing blockade
antibodies to GII.4 Sydney before becoming infected with GII.17
cluster IITb or II viruses, which resulted in a net decrease in GIL.4
blockade antibodies in four of seven children, indicating no
boosting effect upon secondary infection in very young children.

Post-infection serum antibodies’

Subject ID ORF1/2 sequencing from stool Binding Blockade
Specificity ECs, titer? Specificity ICso titer®
62 i LI, 1ITb 287,210,150 I 979
132 i LI, IITb 481,389,406 I 479
317 I LIL 11Ib 235,192,113 I 460
208 1Ib LIL 11Ib 350,281,554 IIb 625
263 IIb LI, IIb 292,518,1252 IIb 2974
369 IIIb LI, TIb 563,332,1502 1, b 406, 7290
434 IIIb LI, IIb 333,357,366 1, b 500, 1843

'Sera were collected at different times post infection which limits direct comparisons between subjects and may impact the relative titer between clusters as other infections may have occurred
prior to GIL17 infection and between the symptomatic GII.17 infection and follow up sera collections.
?Binding titers with respect to indicated specificities. Value indicated is reciprocal of the serum dilution at half maximum binding (50% effective concentration, ECs) for EIA. Assay cutoff is

ECs < 50.

*Blockade titers with respect to indicated specificities. Value indicated is reciprocal of the serum dilution at half maximum blockade activity (50% inhibitory concentration, ICs). Assay cutoff is

1G5 < 20.
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Generation and characterization of GIl.17
blockade antibody from an infant

mAbs are valuable tools to map neutralizing epitopes on
norovirus particles (40-42). To our knowledge, no blocking
human mAbs to GIL17 have been reported or have any anti-
norovirus mAbs derived from natural infections in children.
Furthermore, little is known about the breadth of the pediatric
MBC response to norovirus infection. To address these issues, we
focused on subject ID_434, who generated blockade antibodies
biased toward cluster ITIb following a GIL.17 cluster IIIb infection,
and from whom viable peripheral blood mononuclear cells
(PBMCs) were available 1 month after infection. From PBMCs
from this 11-month-old infant, we isolated and immortalized
polyclonal IgM-CD27+ MBCs (Figure S1) using genetic
reprogramming through overexpression of B-cell lymphoma 6
(BCL6) and BCL-x; (43). Immortalized MBCs were sorted into
polyclonal 50 cell mini-cultures in each of 180 wells, representing
9,000 potential MBCs. Immortalized polyclonal MBC cultures
produced IgG and IgA (Figure S1). Supernatants were then
screened for IgG/IgA binding to GIL17 cluster IIIb, GIL.4 2012
Sydney, and GII.12 VLPs. Sixty-five percent of cultures (119/180)
secreted norovirus-reactive antibody; 97% of these (115/119) bound
GIL.17, and 85% of GII.17-binders (98/115) recognized GII.17 and
no other tested genotype (Figure 3A). Given our previous results
showing that, on average, one unique clone gives rise to antigen
reactivity at the 50 cell per well polyclonal screening stage (44, 45),
we estimate that up to 1.1% (98 of the 9,000 cells sorted) of the
immortalized MBC repertoire was GIL17-specific 1 month after
symptomatic GII.17 infection in this child. These data indicate that
norovirus-reactive MBCs present after GIL.17 infection in this
subject were highly focused on the infecting genotype.

To obtain GII.17 neutralizing mAbs, we screened 39 polyclonal
norovirus-reactive MBC cultures (and nine negative cultures as
controls) for blockade activity against GII.17. Ten cultures were also
tested for GII.4 blockade activity: four that were reactive to GIL.17
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and had >2x background binding activity to GIL4 Sydney GIL.4
(2D2, 2F2, 2F5, and 3C9), one GIL4-specific binder (2F8), and, as
controls, two GIIL.17-specific cultures (2D7 and 2E2), one GIL12
binder (2F6), and two negatives (2B3 and 2F7). Thirteen cultures
(33%) produced blockade antibodies against GII.17 and one (2F5)
against GII.17 and GII.4 (Figure S2). From six polyclonal cultures
with high GII.17 blockade activity (Figure 3B), we single-cell-sorted
and cultured 60 monoclonal B cells for a total of 1,080 cells. After 1
month, 71 of these (6.5%) exhibited outgrowth and were screened
for IgG or IgA to GIL.17 cluster IIIb VLP. GIL.17-reactive antibody
was found in 20 monoclonal cultures (28% of viable cultures), and,
upon sequencing of paired Ig heavy (IGH) and light (IGL) antibody
genes from these, we obtained two GII.17-reactive clones (an IgA
and an IgG), each represented multiple times across cultures
(Figure 3B), suggesting clonal expansion in vitro. NVA.1
(norovirus IgA clone 1) and NVG.1 (norovirus IgG clone 1) both
exhibited replacement somatic hypermutation (SHM) mutations in
variable regions of heavy and light chains (VH/VL). NVA.1
exhibited 4% total SHM from germline (Figure 3C), whereas
NVG.1 exhibited only 1.5% SHM based on nucleotide sequence
(Figure S3A). Thus, NVA.1 underwent affinity maturation at a rate
similar to mAbs that appear following GII.4 vaccination in adults
(37). The NVA.1 VH gene was cloned as native human IgA1 or as
an IgG1 (NVA.1.G) for expression of monomeric IgA or IgG mAbs,
respectively, when co-transfected with native lambda light chain
(Figure S4). NVG.1 was expressed also as IgG and its kappa light
chain. Recombinant NVA.1 and NVA.1.G mAbs were specific to
GIL17 cluster IIIb and did not bind to cluster I or II VLP
(Figure 3D), reflecting the peak blockade antibodies’ response in
the child’s sera. NVG.1 mAb weakly bound cluster ITIb VLP (Figure
S3B) but did not block cluster IIIb VLP binding to PGM (not
shown). NVA.1 and NVA.1.G both potently blocked cluster IITb
binding to PGM; NVA.1 exhibited an ICs, of ~25 ng/mL (0.16 nM),
and NVA.1G showed an ICs, of ~65 ng/mL (0.4 nM) (Figure 3E),
indicating that NVA.1 antigen binding fragment (Fab) recognizes a
cluster IIIb-specific blockade epitope.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1229724
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Strother et al. 10.3389/fimmu.2023.1229724

0 10 20 30 40 5 60 70 8 90 100 110 120
AA

position

A B
\@Q \@Q \@ﬂ 1501 | monoclonals obtained,
gzl - g2 H S§:E: _~s0_ clone name, isotype
s S — =B o 9 1B4 20 n=2 NVG.1(gG)
o : & 5 #1C6 60 n=9— NVA.1(IgA)
S S=E g £ 1004 4o N=3— NVAT (IgA)
== iE: g o ° -¥-1D10 n=3- NVG.1 (IgG)
G ] & g @ 2F2_ 36 n=5 NVA1 (igA)
&’ = b & =| S 504 - 2F5 48 none
C9-| | B | C9-| || -
e & 81?3E: 0D450nm 8 ~#-3B3 32 n=1-NVG1(lgG)
- = 30 x —0—NHS
f = =] = 20 04
g ;E* i1 NE ;E* . 1 10 100 1000
- | E ] - H o .
; £ = ==
5 ] = ;:.:, 05 Dilution Factor
- - E7 -
@ E Ed . - e c
6] ] E =| :-E,
2 & === CDR1  CDR2 CDR3
= = T === FWR1  FWRZ FWR3 FWR4
2 == = == - . R NVA.1 VH3-21°01
= e . 5 i CDRH3 length | 12 AA
- : = B IGH 371 o ! Total #SHM__| 8
51k £ t £ .- Zille o o | Silent 3
1 y (IGA) E i Replacement | 5
] E % SHM 3%

g g ;Ez ik o NVA.1 VL1-44*01
N i 5 i 05 IGL %.. 5 ST TR R
N2 2 NNV 4 Silent 3
I s flambde) ¢ L T e [y
,\é\\é’@ ,\c}%\q’ ,\C}%’@ 0 10 20 30 40 50 60 70 8 90 100 110
Q)\\{\ WP N\ N AA position
o G &S Silent T T FWRHIL
SHM type ® Silen V-gene |
® Replacement region | J“L | CDRH/L
VLP tested o
D
3 3 3 - GII.17 1978 Cluster |
NVA.1 (IgA) NVA.1G (IgG) NHS -0 GII.17 2002 Cluster |
€ 2- 2 2 - GII.17 2005 Cluster Il
g - GII.17 2015 Cluster llib
Q 14 14 14
a
O 0198599009900 | o eeesssswede | 0 i
T T - T T T T
10% 102 10" 10° 10' 10° 102 10" 10° 10' 10° 10' 102 10% 10* 105
Antibody concentration (ug/mL) Dilution (1/n)
E F
- o 150+
2 @ 1004 NVA.1 (IgA) 22 - NVA.1 (IgA monomeric)
TS | ®NVA1IG(I9G) T 5 # NVA.1.dA (IgA dimeric)
L3 & [ NVG1(gG) &§ 1004
(%] (2]
335 504 T NHS 25
[S)E=] O & 50
ST = 3§
— 0O = O
O X 04 (GRS 0+
3 ) -1 0 1 S X 2 3 N 8
10 102 10" 10° 10 RIS
Antibody concentration (ug/mL) Antibody concentration (ug/mL)

FIGURE 3

Characterization of NVA.1, a human mAb to a variant-specific blockade antibody epitope of GlII.17 cluster Illb. (A) Memory B cells (MBCs) from donor 434
were immortalized and cultured with IL-21 and CD40L-L cells as polyclonal 50 cell per well cultures in 60 wells on each of three plates for 3 weeks and
screened for IgG/IgA binding to Gll.17, Gll.4 2012 Sydney, and GlI.12 VLPs by EIA. The assay positive cutoff was optical density (OD) > 0.5. Positive
controls were normal human serum (NHS), and negative controls included secondary Abs alone and tissue culture medium. (B) Supernatants from six
polyclonal Gll.17-positive MBC cultures (plate and well indicated, e.g., 1C6 is plate 1, well C6) were tested across a dilution range for blockade activity
against cluster IlIb Gll.17 VLP binding to pig gastric mucin (PGM). The inverse of the dilution to achieve IDs dilution is indicated in the legend. From each
of these polyclonal cultures, monoclonal B cells were sorted, grown, and retested for GlI.17-binding activity. Paired IGH/IGL sequencing from GlI.17-
binding monoclonals revealed multiple copies of an IgA clone (hamed NVA.1) and an IgG clone (NVG.1) originating from a polyclonal culture as indicated
in the legend. (C) Somatic hypermutations (SHMs) in paired variable heavy and light (VH/VL) gene regions from a representative NVA.1 sequence
originating in monoclonals derived from polyclonal culture 1C6 are shown. SHMs include silent and replacement changes, the number of nucleotide
changes involved in, and the position of, each mutation in CDRH/L1-3, complementarity determining region heavy (light) 1-3; FWRH/L1-3, framework
region heavy (light) 1-3. Percent SHM is total number of mutated nucleotides/total number in FWR1+CDR1+FWR2+CDR2+ FWR3. (D) NVA.1 was
recombinantly expressed as its native IgA (NVA.1) and as an IgG1 (NVA.1.G) and tested for binding to VLPs representing different GlI.17 clusters [left panel,
NVA.1 (IgA) binding; center panel, NVA.1.G (IgG) binding; right panel, normal human serum (NHS) positive control]. (E) NVA.1 and NVA.1.G were tested for
blockade of GlI.17 cluster Illb VLP binding to pig gastric mucin (PGM). NVG.1 is a recombinant GlI.17-binding non-blockade IgG isolated from the same
subject. Marker, mean; error bars, standard error of the mean (SEM); NHS, pooled normal human sera (positive control). (F) Monomeric NVA.1 and
dimeric NVA.1.dA were tested for blockade of GlI.17 cluster lllb VLP binding to PGM. Marker, mean; error bars, SEM.
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Given the role of secretory IgA in mucosal protection, we next
tested NVA.1 function as a dimeric IgA. NVA.1 heavy- and light-
chain plasmids were co-transfected with joining (J)-chain to
produce a dimeric IgA version (NVA.1.dA) as verified by
immunoblot, size exclusion chromatography, and EIA (Figure
S5). Purified NVA.1 and NVA.1.dA both bound to cluster IIIb
VLP (Figure S5). In a cluster IIIb blockade assay, NVA.1 exhibited
activity ICso of ~16 ng/mL (0.1 nM for 160-kDa monomeric IgA)
(Figure 3F), which is consistent with the estimation of potency from
the previous blockade assay in Figure 3E. NVA.1.dA blocked
binding of GIL.17 cluster IIIb VLP to PGM at 2 ng/mL (0.006 nM
for 360-kDa dimer) (Figure 3F). These results demonstrate that
NVA.1 in monomeric or dimer form is a highly potent cluster IIIb-
specific blocking affinity-matured IgA that arose following a
symptomatic GIL.17 infection in a young child.

NVA.1 recognizes a common norovirus
epitope found in convalescent serum
from children

We next took advantage of IgG and IgA versions of NVA.1
mAb for testing in serum blockade of binding (BOB) competition
assays to determine whether NVA.I-like cluster IIIb-specific
antibodies were present in the polyclonal serum from children
infected with GIL17 cluster IIIb. Neither NVA.1 or NVA.1G
completely blocked binding of the polyclonal sera. All children
tested had detectable serum IgG to GIL17 cluster IIIb, as shown in
Figure 1D. Pre-incubation of VLP with NVA.1 was able to block
50% of serum IgG binding in two subjects (ID_263 and ID_369)
and unable to reach 50% BOB for the other two subjects (ID_208
and ID_434) (Figure 4). Complete dilution curves are shown in
Figure S6 Two children (ID_434 and ID_263) had serum IgA
binding titers above the limit of detection at the ID50 (inhibitory
dilution at 50%) titer, and NV A.1G blocked binding of serum IgA in
each. Notably, NVA.1G was ~100-fold more potent at blocking
binding of sera from the MBC donor (ID_434) than of sera from the
other IgA+ child (ID_263) identifying NVA.1 as a dominant
constituent of the polyclonal antibody response in this child.
Overall, given that three of the four (75%) children had
antibodies (IgA or IgG) to the NVA.1 epitope in their serum,
these results indicate that NVA.1-like cluster ITIb-specific
antibodies recognize an epitope common among children infected
with GII.17 cluster ITIb viruses.

Finally, we performed neutralization assays for cluster IIIb
GII.17 virus in human intestinal enteroid (HIE) cultures to
corroborate blockade activity in serum from children with cluster
IIIb infections and with the NVA.l recombinant mAb. Post-
infection but not pre-infection serum from children ID_263 and
ID_434 who generated GII.17-specific blockade activity abrogated
replication of GIL17 cluster IIIb norovirus in cell culture (Figure 5).
Given the presence of NVA.I-targeted epitopes in serum from
GIIL17-infected children, we also tested neutralization activity for
this mAb GIIL.17 in HIE. In monomeric or dimeric form, NVA.1
completely prevented GII.17 replication compared with virus
control. Together, these data indicate that GIL17 cluster IITb
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FIGURE 4

NVA.1-like cluster lllb—specific antibodies are a dominant
component of the serum antibody response to GlI.17 cluster Illb
following infection. Plates coated with GII.17 cluster lllb VLP were
incubated with decreasing concentrations of NVA.1 (IgA) or NVA.1G
(IgG) MmAb before addition of sera from cluster Illb—infected children
with blockade activity. Sera was added at the blockade IDsy titer,
and bound serum IgA (, gray symbols) or IgG (, blue symbols) was
detected by anti-human IgA or anti-human IgG and the lowest
concentration of mAb that inhibited at least 50% of serum binding
compared with that of no added mAb was determined. Full binding
curves are shown in Figure S6. ND, not determined on the basis of
low serum binding of IgA at the IDso. Dashed line, assay cutoff for
BOB activity. Data represent the average of three independent
experiments.

immune serum and specific mAb target neutralizing epitopes on
live virus.

Discussion

The emergence of novel norovirus GIL.17 cluster variants,
specifically IIIb, has led to speculation about the pandemic
potential of these viruses (22). Pandemic potential is inferred by a
variant’s ability to escape herd immunity and replace the
predominant strain, as has been seen prior to 2012 with GIL4
variants. This contrasts with an endemic pattern exemplified by
GIL.2 where antigenically similar variants co-circulate (46). Our
data indicate that GII.17 possesses features of both endemic GII.2
viruses and pandemic GIL4 viruses. In our current study, we
determined GII.17 cluster II and IIIb viruses were co-circulating
in children from this cohort. Serum from GII.17-infected children,
irrespective of infecting cluster variant, reacted with clusters I, II,
and IIIb. These two features recall mechanisms of GIL.2 endemicity.
However, the cluster I/IT and IIIb variants appear to be antigenically
distinct with regard to neutralization, which is a trademark of GII1.4
pandemic variants. The cluster IIIb sequences that we found
contained a four—aspartic acid motif at positions 393-396 that we
previously showed to control binding of variant-specific serum
antibodies as well as binding of GIL.17 norovirus to PGM (33),
suggesting potential for immune escape and persistence of
GIIL.17 viruses.

Surveillance of norovirus in children can be valuable for
assessing the pandemic potential of genotypes and variants. It is
more complicated to study this phenotypic diversity in adult
populations due to serological cross-reactivity and the high
frequency of both symptomatic and asymptomatic infections
throughout adulthood. Coupling surveillance in children and
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FIGURE 5

Gll.17-cluster Illb blocking serum and mAbs exhibit neutralization activity in human intestinal enteroid cultures. Single-dose neutralization of GII.17
cluster Illb in HIE. Each sample was tested at a single concentration (serum diluted 1:100 and mAb at ~1 pg/mL) against a fixed virus concentration
(100 TCIDsg). Virus control (no antibody) was included. Norovirus replication was assessed by RT-gPCR at 3 days post-infection (dpi). Results are

expressed as genomic copies per well.

adults may offer an additional way to determine pandemic
potential: If an antigenically distinct variant is circulating in
children without an uptick in adult cases, then the variant likely
has limited pandemic potential owing to previous exposures in
adults (47). Indeed, although we defined cluster-specific blockade
antibody patterns in children experiencing primary GII.17
infections, adult sera collected in the U.S. in 2016 exhibited
blockade activity against both cluster I and the more recently
emerged cluster IIIb (33).

Better understanding patterns of heterotypic protection against
norovirus, or the lack thereof, could guide vaccine development. In
children from a birth cohort in Peru, in which the serological
response was not investigated, prior GII.17 infection was associated
with increased risk of infection with GI.3 and did not offer protection
against other genotypes tested (48). In the current study, we do not
find serological evidence of heterotypic protection by the surrogate
neutralization assay, a known correlate of protection from norovirus
infection. Blockade antibody titers to GIL.17 did not correlate with
titers for other tested genotypes. Evidence of additional GII infections
was identified via serology between pre- and post-GIL.17 serum
collection, suggesting a high exposure in early childhood but not
natural protection to heterotypic genotypes (49). This underscores
the importance of using serological data for norovirus detection to
complement molecular typing in stool. Serum antibody also persists
over a longer period than peak viral shedding (50-52), thus creating a
wider window of opportunity to detect events that may be missed by
molecular detection of virus in stool.
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Here, we isolated and characterized a human GII.17 norovirus
neutralizing IgA mAb from MBCs from an 11-month infant
approximately 1 month after a symptomatic GIL.17 cluster IITb
infection. This child did not have detectable serum blockade
antibodies to cluster I or IIIb GII.17 VLPs in pre-infection sera,
but titers increased after a documented GII.17 episode with
blockade titer against cluster IIIb increasing to a greater extent
than those against cluster I. In PBMCs taken 1 month after this
child’s GII.17 episode, we found that our MBC immortalization
pipeline, which has been applied to adult MBCs, is also suitable for
the isolation of recombinant mAbs from children. Our flow
cytometric gating strategy identified switched MBCs at age-
appropriate frequency (53). Although we have previously isolated
functional IgG mAbs for dengue, Zika, and respiratory syncytial
virus (43-45), here, we show that immortalization with BCL6 + Bcl-
x1. also allows for detection of IgA responses. Overall, we found a
frequency of approximately 1.1% of immortalized MBCs that
recognized GII.17, which is in line with frequencies of virus-
specific B cells observed in convalescent adults following natural
Zika infection or experimental dengue virus infection (44, 45).
Multiple identical copies of an MBC clone that produced IgA that
blocked GII.17 cluster ITIb binding to PGM were isolated (44, 45). It
is possible that clonal expansion occurred in vitro after
immortalization. The functional mAb NVA.1 exhibited evidence
of SHM at a rate consistent with overall rates previously observed
for children of a similar age (54) and in adults exposed to GII.4
vaccine (37).

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1229724
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Strother et al.

NVA.1 is an ultra-potent human blockade and neutralizing
mAb specific to GIL.17 norovirus. This mAb was isolated from an
11-month-old infant and is highly specific to cluster IITb and blocks
at subnanomolar concentrations. As previously reported, four
aspartic acids at positions 393-396 comprise a cluster IIIb-
specific blockade epitope (33), but neither NVA.1 nor NVA.1G
bound to a chimeric 1978 cluster I VLP that contains this epitope
(data not shown). These data suggest that NVA.1 may target a
different cluster IIIb-specific epitope. Two mouse anti-GIL.17
cluster IITb-specific blocking IgGs have been mapped to the 293-
297 region of VPI (32), but it remains to be determined whether
NVA.1 targets this region. Like NVA.1, NORO-320 is a GIL17-
neutralizing human IgA mAb (14). Distinguishing characteristics
include isolation of NORO-320 from an adult, whereas NV A.1 was
from an infant; neutralization of cluster II GIL.17 virus by NORO-
320 while NVA.1 cannot bind cluster I VLPs; and NORO-320 is
cross-neutralizing for GII.4 variants, whereas NVA.1 binding and
blockade activity are specific to GIL.17. In line with what was shown
for NORO-320 blocking of GII.4 VLP (14), we found that
dimerization of NVA.l increased GII.17 blockade potency
compared with that of monomeric IgA and neutralized virions. Fc
domain isotype swapping (monomeric IgA to IgGl) did not
substantially affect NVA.1 binding or blockade activity, suggesting
that different sizes or glycosylation patterns of IgG1 or IgAl were
not responsible for GII.17 activity. Thus, NVA.1 could play a role in
GIL17 cluster IIIb-specific protection from infection in its native
mucosal form, and the Fab could be used in future studies to define
neutralizing epitopes on cluster IIIb viruses.

We also investigated whether the epitope targeted by NVA.1
was a component of the GII.17 cluster IIIb-binding serum antibody
repertoire in four children with GII.17 cluster IIIb serum blockade
antibodies. Two of the children (ID_263 and ID_434) had
detectable serum IgA that bound to GIL.17 cluster IIIb. In
participant 434, serum IgA binding to GII.17 VLP was effectively
competed by NVA.1 in IgG form. For the two other cluster IITb-
infected children, NVA.1 competed with serum IgG for GIL.17 VLP
binding. Differential BOB activity of NVA.1 and NVA.IG could
indicate that the IgG or IgA pools, respectively, may contain more
or less of the NVA.1-type antibody. These data indicate that the
GII.17 blockade epitope recognized by NVA.1 may be common in
serum from children with cluster IIIb viral infections and could be
important for distinguishing GII.17 variants or mapping vaccine- or
infection-elicited antibody responses. Such an approach has also
identified key antibody determinants for Zika virus infection (44)
and for understanding how immunogenicity is translated into
protection for tetravalent dengue vaccines (55-57).

There are several limitations to our study. First, there were a low
number of GII.17-infected children in the study with available
serum and only one with available PBMCs, due to the difficulties
in collecting such samples from infants. Although our sampling
occurred at standardized routine time points and after symptomatic
norovirus episodes, we could not standardize the age of children
experiencing norovirus disease or rule out co-infection with both
GIIL.17 variants between sample collection times. We were unable to
determine whether the child from which NVA.1 was isolated
experienced multiple GII.17 episodes or generated a slightly

Frontiers in Immunology

10.3389/fimmu.2023.1229724

cross-reactive serum blockade antibody response. The BOB assay
was run using whole Ab versus Fab, which may have led to steric
hinderance and, as the blockade epitopes for GIL.17, is likely close or
overlapping and as such would not be differentiated by the BOB
assay. We isolated one GII.17 blocking mAb from this subject and,
although potent and targets an epitope present in GII.17 immune
sera, may not reflect the full repertoire of norovirus-specific
MBC responses.

Together, the data underline the need to include serology to
complement current molecular surveillance data on norovirus in
children and adults to better understand antigenicity of co-
circulating variants. In addition, we posit that NVA.1 could be a
new tool for monitoring protective immune responses to GIL17
following infection or in future vaccine immunogenicity testing.

Methods
Study design

This study used samples from a birth cohort of 444 children
enrolled between June 2017 and July 2018 in Leon, Nicaragua (58).
Cohort children were visited weekly in their homes to assess for
AGE episodes, defined as an increase in stool frequency to >3 stools
in a 24-h period or a substantial change in stool consistency and/or
vomiting. Stool was collected during each AGE episode. Serum was
collected every 6 months from 6 weeks of age until 36 months of
age. In addition, beginning in 2018, PBMCs were collected 28 days
post-AGE. The children were a median age of 12 months
(interquartile range, 7-13 months) at the time of their first
symptomatic GIL.17 infection (as detected by RT-qPCR followed
by partial sequencing), and the convalescent sera were all collected
less than 7 months post-GIL.17 infection. The study was approved
by the Institutional Review Boards of the National Autonomous
University of Nicaragua, Leon (UNAN-Leon, Acta Number 45,
2017), the University of North Carolina at Chapel Hill (Study
Number: 16-2079), and the Centers for Disease Control in
Atlanta (project ID: 0900f3eb81c526a7). The use of coded serum
samples was approved by Vermont (STUDY00000745) and the
University of North at Carolina Chapel Hill (18-0214). All sera
were received coded with no link back to donor identification and
were heat-inactivated for 30 min at 56°C before use.

Norovirus genotyping and
phylogenetic analysis

Viral RNA was extracted from AGE stools using the QlAamp
Viral RNA Mini Kits (Hilden, Germany) and tested by RT-qPCR
for GI and GII norovirus, rotavirus, sapovirus, and astrovirus, as
described previously (58). Norovirus GII-positive samples with Ct
values <33 underwent sequencing of the ORF1/ORF2 (497 bp)
overlapping region (36) and were genotyped by using the human
calicivirus typing tool (34). The full capsid gene of two samples
representative of different GIL.17 variants (GII17/P17, cluster III;
and GII17/P13, cluster II) was sequenced as described elsewhere
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(59). A multiple-sequence alignment was generated by using the
ClustalW software, version 1.83. Phylogenetic analysis of the
nucleotide alignment of GIL.17 of short and full capsid sequences
was performed by using the MEGA 11.0.13 software package.
Trees were constructed using the neighbor-joining and Kimura
two-parameter methods. The statistical significance of the
relationships was estimated by bootstrap resampling analysis
(1,000 replications).

Virus-like particle production

Generation of VLPs representing GII.17 cluster I (Genbank ID:
AGI17592.1), GII.17 cluster II (Genbank ID: ABD95934.1), GII.17
cluster IIIb (Genbank ID: AKB94547.1), GI.3 (Genbank ID:
AFK75851.1), GIL.2 (Genbank ID: QLI46383.1), GIL.4 2012
Sydney (Genbank ID: AGJ52172.1), GIL6 CRL46967.1 (37), and
GIL12 (Genbank ID: AJP13623.1) was done as previously described
(33). Briefly, ORF2 genes of each strain were synthesized by Bio
Basic Inc. (Amherst, NY) and inserted directly into the Venezuelan
equine encephalitis virus replicon vector for production of VLPs in
baby hamster kidney 21 cells (American Type Culture Collection
(ATCC) CCL-10, Manassas, VA) as described (60, 61). VLP particle
integrity was verified by visualization of ~40-nm particles by
electron microscopy.

Human memory B-cell isolation and
identification of mAbs

Purified MBCs were immortalized with BCL-6 and Bcl-xL via
retroviral transduction to interrogate virus-specific B cells following
natural infection as previously described (43, 45, 62). Cryopreserved
PBMCs were thawed and washed with complete Iscove’s Modified
Dulbecco’s Medium (IMDM) containing L-glutamine, 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
(Gibco, cat. no. 12200-036), 8% fetal bovine serum (Atlanta
Biologicals), and penicillin (100 units/mL)/streptomycin (100 ug/
mL) (Gibco, cat. no. 15140122) and spun at 300 x g and
resuspended in complete IMDM. Thawed PBMCs were enriched
for CD22+ B cells via magnetic separation (Miltenyi Biotec, cat. no.
130-046-401). Antigen-experienced isotype-switched live MBCs
were sorted by fluorescence-activated cell sorting (FACS) as DAPI
— (4',6-diamidino-2-phenylindole; 1 pg per sample), CD19+ (clone
HIB19, PE-Dazzle594-conjugated, 2 uL; BioLegend, cat no.
302252), CD3- (clone UCHTI, Fluorescein isothiocyanate
(FITC)-conjugated, 0.5 pL; BioLegend, cat. no. 300406), IgM—
(clone MHM-88, Peridinin chlorophyll protein-Cyanine5.5
(PerCP-Cy5.5)-conjugated, 2 uL; BioLegend, cat. no. 314512),
and CD27+ (clone M-T271, Phycoerythrin-Cyanine7 (PE-Cy7)-
conjugated, 2 uL; BioLegend, cat. no. 356412) with a BD FACSDiva
11. Sorted MBCs (1,400 cells) were then cultured for 48 h on 1 x 10*
irradiated (50 Gray) L-cell fibroblasts expressing CD40L (CD40L
cells) in complete IMDM with recombinant human (rh)
interleukin-21 (IL-21) (25 ng/mL; PeproTech, cat. no. 200-21) in
a tissue culture-treated 96-well plate (Corning, cat. no. 3799).
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Following activation, MBCs were suspended in 0.1 mL of serum-
free IMDM with no antibiotics and mixed with equal volume of
Gibbon-ape leukemia virus-pseudotyped LZRS-BCL6-T2A-
BCL2A1-IRES-GFP retrovirus (43). Cells/retrovirus mixture was
added to a non-tissue culture-treated 96-well plate (BD Falcon, cat.
no. 357543) that was coated with retronectin (30 pg/mL) (Takara,
cat. no. T202) and blocked with 2% human serum albumin in
phosphate-buffered saline (PBS). Cells/retrovirus mixture was
centrifuged at room temperature for 1 h at 700 x g, followed by
incubation at 37°C, 5% CO, for 6 h to overnight. Cells were then
washed and cultured in complete IMDM with rhIL-21 and CD40L-
L cells in a tissue culture-treated 96-well plate. After 2 weeks of
culture, transduced MBCs were stained for CD19, and GFP+CD19+
cells were sorted by FACS at 50 cells per well into 180 polyclonal
cultures in round-bottomed 96-well tissue culture-treated plates
(Corning, cat. no. 3799) with rhIL-21 and CD40L-L cells for an
additional 2 weeks to accumulate IgG and IgA production. Total
and VLP-specific IgG and IgA were measured in 50 uL of culture
supernatants by enzyme-linked immunosorbent assay (ELISA) as
described below. For isolation of virus-specific MBC clones,
polyclonal cultures were subjected to single-cell sorting of GFP
+CD19+ cells into round-bottomed 96-well tissue culture-treated
plates on CD40L-expressing fibroblasts, and cytokines (all from
PeproTech): IL-2 (50 ng/mL; cat. no. 200-02), IL-4 (10 ng/mL; cat.
no. 200-04), and B cell-activating factor of the tumor necrosis factor
family (BAFF) (10 ng/mL; cat. no. 310-13) for 4 weeks before
screening for VLP-specific IgG or IgA.

Determination of IgG or IgA in
MBC cultures

IgG or IgA capture Abs (Jackson ImmunoResearch, cat. nos.
109-005-008 and 109-005-011, respectively) were diluted to 5 g/
mL in 0.1 M sodium carbonate buffer (0.0125 M Na,C03/0.0875 M
NaHCOs;, pH 9.6) to coat flat-bottom 96-well plates (Thermo
NUNC, cat. no. 44204) for 2 h at room temperature. After
washing twice (Biotek ELx400 automated plate washer, Agilent-
Biotek, Winooski, VT) with Tris-buffered saline with 0.2% Tween-
20 [TBS-T (0.2%)], wells were blocked with 3% normal goat serum
(MilliporeSigma, cat. no. S26-LITER) in TBS-T (0.05%) at 4°C
overnight. MBC supernatants (10 uL) or purified antibodies were
diluted in blocking buffer and added to the plate and incubated for
2 h at room temperature. After washing four times with TBS-T
(0.2%), bound antibodies were detected via horseradish peroxidase
(HRP)-conjugated IgG (diluted 1:2,500 in blocking buffer) or IgA
(diluted 1:1,000 in blocking buffer) secondary antibodies (Jackson
ImmunoResearch, cat. nos. 109-035-008 and 109-035-011,
respectively). After washing six times with TBS-T (0.2%), 50 pL
of 3,3',5,5'- tetramethylbenzidine (TMB) substrate (KPL TMB
Microwell Peroxidase Substrate; Seracare, cat. no. 5120-0047) was
added, and the colorimetric reaction was stopped within 30 s with
50 pL of 1 N HCL. Optical density (OD) at 450 nm was measured
using a Biotek Cytation 3 (Agilent-Biotek). Healthy human serum
of known total IgG and IgA levels (UVM Medical Center,
Burlington, VT) was used for the standard curve.
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VLP enzyme immunoassay

EIA plates (Costar 3366, ThermoFisher, Waltham, MA) were
coated with VLP (0.25 pg/ml) in Dulbecco’s phosphate buffered
saline (D-PBS) for 4 h at room temperature and blocked overnight
in 5% dry milk in PBS-T (0.05%) at 4°C before the addition of serial
dilutions of sera or mAb for 1 h at 37°C, followed by anti-human
IgG-HRP (Cytiva MilliporeSigma, cat. no. GENA933) for 30 min at
37°C and color-developed with One-Step Ultra TMB
(ThermoFisher, cat. no. 34029). To adjust for sera collection at
different points in time relative to infection, the OD at 450 nm of
post-infection sera at 1/50 dilution was set as the maximum
response for calculating the % maximum binding for both the
pre- and post-serum samples. For detection of VLP-binding
antibody from polyclonal MBC cultures, 50 uL of supernatant
was tested as above, and IgG and IgA were detected using
combined anti-IgG and IgA-HRP secondary antibodies. Normal
human serum (NHS)-positive control was pooled male human AB
plasma of unknown norovirus exposure (Sigma, cat. no. H4522)
that has been heat-inactivated to inactivate complement.

Antibody blockade of VLP-ligand
binding assays

Ab blockade assays were done as previously described (63).
Briefly, VLPs (0.25 pg/mL) were pre-treated with decreasing
concentrations of sera, tissue culture supernatant, or mAb for 1 h
and then transferred to pig gastric mucin (PGM; 10 pg/mlL;
MilliporeSigma, cat. no. 2378) or human type B saliva (GIL.2 and
GII.12)—-coated plates for 1 h at 37°C. Bound VLP was detected with
rabbit anti-VLP sera (CoCalico Biologicals, custom order) and
visualized with anti-rabbit-IgG-HRP (Cytiva NA934;
MilliporeSigma, cat. no. GENA934) followed by TMB
colorimetric development. The percent control binding was
compared to no serum pre-treatment. Mean IDs, titer and 95%
confidence intervals were determined from log(inhibitor) versus
normalized response-variable slope curve fit (absolute IDs,) in
GraphPad Prism 9.1.2 as described (52, 64). Sera that did not
block at least 50% of VLP binding to ligand at the lowest dilution
tested (1/20) were assigned a titer of 10 for statistical analysis.

Cloning of norovirus mAbs

mAbs were produced from complementary deoxyribonucleic
acid (cDNA) generated from RNA extracted from monoclonal
cultures, which was subject to two rounds of nested PCR followed
by Sanger sequencing for variable heavy (VH) and variable light
(VL) genes described previously (65, 66). Amplified VH genes were
Gibson-assembled into linearized IgGl plasmid (Genbank
FJ475055, kind gift from Patrick Wilson, The University of
Chicago) using VH3 primer (5'- ATCCTTTTTCTAGTAGCAA
CTGCAACCGGTGTACATTCTGAGGTGCAGCTGGTGGA-3')
and JH3 primer (5'- GGAAGACCGATGGGCCCTT
GGTCGACGCTGAAGAGACGGTGACCATTG-3'). NVA.1 VH
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gene was also cloned into IgA1l plasmid (67) (kind gift of Rasmus
Iversen and Ludvig Sollid, University of Oslo, Norway) using VH3
primer and a modified JH3*IgA primer: (5'- TCTGGCTGGGTG
CTGCAGAGGCTCAGCGGGAAGACCTTGGGGCTGGTCG
GGGATGCTGAAGAGACGGTGACCATTG-3'). NVA.1 VL was
amplified using VLI forward (5'- ATCCTTTTTCTAG
TAGCAACTGCAACCGGTTCCTGGGCCCAGTCTGTGCT
GACKCAG-3’) and CL reverse primer (5- TGTTGGCTTGA
AGCTCCTCACTCGAGGGYGGGAACAGAGTG-3") and
Gibson-assembled into linearized IgA plasmid (Genbank,
FJ517647; kind gift of Patrick Wilson, The University of
Chicago). Amplified inserts were Gibson-assembled into
respective plasmids and transformed into DH5o high-efficiency
competent cells (New England Biolabs, cat. no. C2987I). Plasmid
DNA was extracted (QIAprep Spin Miniprep Kit, cat. no. 27106X4),
and sequence was confirmed and analyzed for somatic
hypermutation at the nucleotide level with IgBlast (https://
www.ncbi.nlm.nih.gov/igblast). Each (4.5 ug) of heavy- and light-
chain plasmid DNA in 1.25 mL of serum- and antibiotic-free
Dulbecco’s modified Eagle’s medium (DMEM) and 50 pL of
polyethyleneimine (1 mg/mL; Polysciences Inc., cat. no. 23966)
were added to confluent HEK293A cells for 15 min at 37°C at 5%
CO,, and, then, transfection medium was exchanged for 9 mL of
protein-free hybridoma medium II (Gibco, cat. no. 12040) and
cultured. Supernatants were collected from the transfected cells at
days 3, 6, 9, and 12. Supernatants were tested for Ig via ELISA and
GIL.17 VLP binding before undergoing mAb purification. mAbs
were purified as described (66) using protein A or M agarose beads
[ThermoFisher Pierce (cat. no. 20334) and Invivogen (cat. no. gel-
pdm-2) for purification of IgG and IgA, respectively] via by spin
chromatography (Bio-Rad, cat. no. 7326207) and elution into Tris-
glycine (pH 7).

Production and validation of dimeric
NVA.1 IgA

Each (4.5 pg) heavy- and light-chain plasmids for NVA.1 were
co-transfected into HEK293A cells (as above) with increasing ratios
(by micrograms) of human J-chain plasmid (gift of Junyu Xiao;
RRID: Addgene, 158215) to produce dimeric IgA. At 6-9 days after
transfection, IgA mAbs were purified from culture supernatants
using protein M agarose beads as above. Immunoblotting was used
to confirm presence of dimerized IgA via mobility shift. Purified
mADb (2 pg; as determined by IgA ELISA as above) from the 1:1:0 to
1:1:5 ratios (IGH : IGL:]) and 1.5 ug of purified mAb (1:1:10) were
incubated with Laemmli 4x buffer (without reducing agent; Bio-
Rad, cat. no. 1610747) at 90°C for 10 min. Non-reducing
electrophoresis was performed with 50 pL of sample and 20 uL of
HiMark™ pre-stained molecular weight (MW) markers
(Invitrogen cat. no. LC5699) loaded on a 4%-12% Bis-Tris
acrylamide gel (NuPage, cat. no. NP0321BOX). Electrophoresis
was carried out in MES buffer [2-(N-morpholino)ethanesulfonic
acid, 50 mM Tris base, 1 mM EDTA (pH 7.3), 0.1% (w/v) sodium
dodecyl sulfate; MilliporeSigma, cat no. MPMES] at 4°C overnight
at 25 V. Separated proteins were transferred to Immobilon-P
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polyvinylidene fluoride (PVDF) membrane (MilliporeSigma, cat
no. IPVH00010) at 4°C at 90 mA for 17 h. Membrane was washed
three times with TBS-T (0.1%) for 3 min of shaking followed by
blocking with 5% (w/v) nonfat powdered milk in TBS-T (0.1%) for
1 h at room temperature, washed three times, and incubated with
anti-human IgA-HRP secondary Ab (Jackson ImmunoResearch,
cat. no. 109-035-011, 1:5,000 in blocking buffer) at room
temperature for 1 h of shaking. Membrane was washed three
times with TBS-T (0.1%) and developed with enhanced
chemiluminescence (Pierce, cat. no. 32209) and image capture
with the GE AI600 RGB Gel Imaging System.

To validate and purify dimeric NVA.I (NVA.1.dA), we first
affinity-purified IgA from supernatants from cells transfected 1:1:5
(IGH : IGL:J-chain) with protein M beads. IgA preps were
concentrated using Amicon Ultra-2 filters with a 100-kDa
molecular weight cutoff (MilliporeSigma, cat. no. UFC210024),
and 400 pL of IgA (100 pg/mL) in Tris-glycine buffer was loaded
on a Superdex 200 10/300 GL column (Cytiva, GE Healthcare
MilliporeSigma, cat. no. GE28-9909-44) on an AKTA Pure 25L
chromatography system (GE Healthcare, Cytiva, cat. no. 29018224)
outfitted with a F9-R fraction collector for analysis and purification
of NVA.1.dA by size exclusion chromatography. Running buffer
was Tris-glycine (pH ~ 7), and the following reference proteins
were run on the column for molecular weight calibration:
Thyroglobulin, 669 kDa; Ferritin, 440 kDa; Aldolase, 158 kDa;
Conalbumin, 75 kDa; Ovalbumin, 44 kDa according to the
manufacturer’s instructions (Gel Filtration High Molecular
Weight Calibration Kit, GE Healthcare, Cytiva, cat. no. 29-4038-
42). ELISA was performed to confirm the presence of IgA in
chromatography fractions.

Blockade of binding assay

For BOB assays, EIA plates were coated with cluster ITIb VLP
and blocked as described for EIA before the addition of decreasing
concentrations of mAb followed by the addition of sera at IDs,
dilution determined in the Ab blockade assay (Table 1) to normalize
the blockade AD titer between samples collected at different times
after infection. Bound sera IgA or IgG were detected with anti-
human IgA-HRP (MilliporeSigma, cat. no. 14036) or anti-human
IgG-HRP and TMB substrate. BOB titer was reported as the lowest
concentration of mAb that blocked at least 50% of serum IgA/IgG
binding. Sera likely are composed of antibodies of both IgA and IgG
isotypes that may compete for binding sites that overlap with the
NVA.1 epitope, limiting the detection of either specific isotype.
Therefore, the BOB titer was only determined for samples with OD
>0.2 for each isotype.

Ten percent of stool filtrate
Ten percent of stool suspension was prepared by adding 0.5 g of

GIL.17 cluster ITIb—positive whole stool to 4.5 mL of PBS. The stool
suspension was vortexed for 30 s, kept at room temperature for
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5 min, and vortexed again. Sample was sonicated, and solids were
removed by centrifugation for 10 min at 10,000 x g. The
supernatant was serially filtered through 5-, 1-, 0.45-, and 0.22-
um filters. The resulting 10% stool filtrate was aliquoted and stored
at -=70°C.

Human intestinal enteroid culture

Adult secretor positive jejunal HIE cultures (J2 cell line) were
grown as undifferentiated 3D cultures as described previously with
minor modifications (68). Briefly, HIEs were recovered from liquid
nitrogen (LNy), suspended in 20 pL of Matrigel (Corning, cat. no.
354234), plated in a single well of a 24-well plate, and grown as 3D
cultures in 500 pL of IntestiCult Human Organoid Growth Medium
(OGM; STEMCELL Technologies, cat. no. 06010) supplemented
with 10 uM Y-27632 (Sigma-Aldrich, cat. no. Y0503). Medium was
refreshed every other day. Single-cell suspensions were obtained
upon treatment of the HIE with 0.05% Trypsin/0.5mM EDTA
(Invitrogen, cat. no. 25300054), resuspended in OGM with Y-
27632, and plated as undifferentiated monolayers in collagen IV
(Sigma-Aldrich, cat. no. CC076) pre-coated 96-well plates. After
24 h, culture medium was replaced with differentiation medium to
induce cell differentiation. Differentiation medium compromises
equal volumes of complete medium without growth factors
(CMGF™ advanced DMEM/F12 supplemented with 1%
GlutaMAX, 1% penicillin/streptomycin, 1% 1 M HEPES) and
Intesticult OGM Basal media. Cells were differentiated for 4 days.
Medium was refreshed every other day.

Norovirus Gll.17 antibody neutralization

Single dilution of each sera (1:100) or a fixed amount of mAb (~
1 pg/mL) was prepared in infectious media [CMGF ™ supplemented
with 500 uM glycochenodeoxycholic acid (GCDCA; Sigma-Aldrich,
cat. no. G0759) plus 50 pM ceramide (Santa Cruz Biotechnology,
cat. no. sc-201375)] and pre-incubated with 100 TCID5, GIL.17
cluster IIIb stool filtrate. After 1 h of incubation at 37°C and 5%
CO,, duplicated, 100% confluent 4-day-old differentiated
monolayers were inoculated. After 1 h of incubation at 37°C and
5% CO,, monolayers were washed twice with CMGF, and 100 puL
of differentiation medium containing 500 pM GCDCA plus 50 uM
ceramide was added to each well. For each set of infections, one
plate was immediately frozen at —=70°C, and a duplicate plate was
incubated at 37°C, 5% CO, for 72 h and frozen at —=70°C. Viral RNA
was extracted from cultures (cells and media) at 1 h post-infection
(hpi) and 72 hpi using the KingFisher instrument and MagMAX -
96 Viral RNA Isolation Kit (Applied Biosystems) according to the
manufacturer’s instructions. Norovirus RNA was detected by GI/
GII TagMan real-time RT-PCR (35). Standard curves were
generated using 10-fold serial dilutions of GIL4 Sydney RNA
transcripts. Neutralization was expressed as a measure of the
reduction in viral genomic copies (as percentage) when compared
to a control (no mAb) within each assay using real-time RT-qPCR.
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Statistical analysis

Blockade antibody titer comparisons and Spearman correlation
analyses were performed using GraphPad Prism 9.1.2 as described (52,
69). IDs, were log;o-transformed for all analyses. Wilcoxon matched-
pairs signed-rank test was used when comparing between VLP for a
serum set. A difference was considered significant if P < 0.05.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The study was approved by the Institutional Review Boards of the
National Autonomous University of Nicaragua, Leon (UNAN-Leon,
Acta Number 45, 2017), the University of North Carolina at Chapel Hill
(Study Number: 16-2079), and the Centers for Disease Control in
Atlanta (project ID: 0900f3eb81c526a7). The use of coded serum
samples was approved by Vermont (STUDY00000745) and the
University of North at Carolina Chapel Hill (18-0214). The studies
were conducted in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this study
was provided by the participants’ legal guardians/next of kin.

Author contributions

Conceptualization: LCL, RSB, SB-D, and SAD. Investigation:
CAS, LCL, PDB-J, OZ, SM, EG, YR, BDM, AMA, MLM, AMM, and
VPC. Methodology: LCL, PDB-], MLM, and SM. Resources: FB and
SB-D. Formal analysis: LCL, YR, JV, SB-D, and SAD. Funding
acquisition: RSB, SB-D, and SAD. Supervision: SB-D, JV, RSB, FB,
LCL, and SAD. Writing—original draft: CAS and LCL. Writing—
review and editing: all authors. All authors contributed to the article
and approved the submitted version.

Funding

This research was funded by the National Institute of Allergy
and Infectious Disease R21AI1152039 (SB-D and SAD),
RO1AT148260 (RSB), RO1AI127845 (SB-D), and K24AI141744
(SB-D). The University of Vermont Bassett Flow Cytometry and
Cell Sorting Facility is supported by NIH grants S10-OD018175 and
P30GM118228 and the Cytek Aurora instrument supported by S10-
0DO0026843. FG, YR, and OZ were supported by an international
research capacity-building award from the NIH-Fogarty
International Center (D43TW010923).

Frontiers in Immunology

13

10.3389/fimmu.2023.1229724

Acknowledgments

The authors would like to thank the Microscopy Services
Laboratory, Department of Pathology and Laboratory Medicine,
University of North Carolina Chapel Hill, for excellent technical
support; the National Calicivirus Laboratory at the US Centers
for Disease Control and Prevention for performing norovirus
genotyping of positive samples collected in Nicaragua; and the
field and laboratory staff from the SAGE study for performing an
extraordinary work on norovirus surveillance and collecting
serum samples over time. We thank Dr. Alqassem Abuarqoub,
Trevor Wolf, and Dr. James Stafford (The University of Vermont)
for assistance with immunoblotting and Dr. Sylvie Doublie
(The University of Vermont) for facilitating size exclusion
chromatography experiments.

Conflict of interest

LCL and RSB hold patents on norovirus vaccine design and
ongoing collaborations with Vaxart, Takeda Vaccines, HilleVax,
and BioNTech. RSB is a member of the advisory committee for
Vaxart and Invivyd. SB-D and SAD received investigator-initiated
research awards, respectively.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Disclaimer
The findings and conclusions in this report are those of the

authors and do not necessarily represent the official position of the
Centers for Disease Control and Prevention.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1229724/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1229724/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1229724/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1229724
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Strother et al.

References

1. Ahmed SM, Hall AJ, Robinson AE, Verhoef L, Premkumar P, Parashar UD, et al.
Global prevalence of norovirus in cases of gastroenteritis: a systematic review and meta-
analysis. Lancet Infect Dis (2014) 14(8):725-30. doi: 10.1016/S1473-3099(14)70767-4

2. Atmar RL, Ramani S, Estes MK. Human noroviruses: recent advances in a
50-year history. Curr Opin Infect Dis (2018) 31(5):422-32. doi: 10.1097/QC0.0000000
000000476

3. Centers for Disease Control and Prevention. Norovirus (2022). Available at:
Available from: https://www.cdc.gov/norovirus/index.html (Accessed May 4, 2022).

4. Shah MP, Hall AJ. Norovirus illnesses in children and adolescents. Infect Dis Clin
North Am (2018) 32(1):103-18. doi: 10.1016/j.idc.2017.11.004

5. Saito M, Goel-Apaza S, Espetia S, Velasquez D, Cabrera L, Loli S, et al. Multiple
norovirus infections in a birth cohort in a Peruvian Periurban community. Clin Infect
Dis (2014) 58(4):483-91. doi: 10.1093/cid/cit763

6. Yori PP, Schwab K, Gilman RH, Nappier S, Portocarrero DV, Black RE, et al.
Norovirus highly prevalent cause of endemic acute diarrhea in children in the Peruvian
Amazon. Pediatr Infect Dis ] (2009) 28(9):844-7. doi: 10.1097/INF.0b013e3181a24730

7. Rogawski ET, Liu J, Platts-Mills JA, Kabir F, Lertsethtakarn P, Siguas M, et al. Use
of quantitative molecular diagnostic methods to investigate the effect of enteropathogen
infections on linear growth in children in low-resource settings: longitudinal analysis of
results from the MAL-ED cohort study. Lancet Glob Health (2018) 6(12):e1319-¢28.
doi: 10.1016/52214-109X(18)30351-6

8. Thorne LG, Goodfellow IG. Norovirus gene expression and replication. ] Gen
Virol (2014) 95(Pt 2):278-91. doi: 10.1099/vir.0.059634-0

9. Jiang X, Wang M, Graham DY, Estes MK. Expression, self-assembly, and
antigenicity of the Norwalk virus capsid protein. J Virol (1992) 66(11):6527-32. doi:
10.1128/jvi.66.11.6527-6532.1992

10. Choi JM, Hutson AM, Estes MK, Prasad BV. Atomic resolution structural
characterization of recognition of histo-blood group antigens by Norwalk virus. Proc
Natl Acad Sci U S A. (2008) 105(27):9175-80. doi: 10.1073/pnas.0803275105

11. Prasad BV, Hardy ME, Dokland T, Bella J, Rossmann MG, Estes MK. X-ray
crystallographic structure of the Norwalk virus capsid. Science. (1999) 286(5438):287-
90. doi: 10.1126/science.286.5438.287

12. Lin Y, Fengling L, Lianzhu W, Yuxiu Z, Yanhua J. Function of VP2 protein in
the stability of the secondary structure of virus-like particles of genogroup II norovirus
at different pH levels: function of VP2 protein in the stability of NoV VLPs. ] Microbiol
(2014) 52(11):970-5. doi: 10.1007/s12275-014-4323-6

13. Vongpunsawad S, Venkataram Prasad BV, Estes MK. Norwalk virus minor
capsid protein VP2 associates within the VP1 shell domain. J Virol (2013) 87(9):4818-
25. doi: 10.1128/JV1.03508-12

14. Alvarado G, Salmen W, Ettayebi K, Hu L, Sankaran B, Estes MK, et al. Broadly
cross-reactive human antibodies that inhibit genogroup I and II noroviruses. Nat
Commun (2021) 12(1):4320. doi: 10.1038/s41467-021-24649-w

15. Lindesmith LC, Donaldson EF, Lobue AD, Cannon JL, Zheng DP, Vinje J, et al.
Mechanisms of GII.4 norovirus persistence in human populations. PloS Med (2008) 5
(2):e31. doi: 10.1371/journal.pmed.0050031

16. van Loben Sels JM, Green KY. The antigenic topology of norovirus as defined by
B and T cell epitope mapping: implications for universal vaccines and therapeutics.
Viruses. (2019) 11(5). doi: 10.3390/v11050432

17. Chhabra P, de Graaf M, Parra GI, Chan MC, Green K, Martella V, et al. Updated
classification of norovirus genogroups and genotypes. ] Gen Virol (2019) 100(10):1393-
406. doi: 10.1099/jgv.0.001318

18. Barclay L, Cannon JL, Wikswo ME, Phillips AR, Browne H, Montmayeur AM,
et al. Emerging novel GILP16 noroviruses associated with multiple capsid genotypes.
Viruses (2019) 11(6). doi: 10.3390/v11060535

19. Cannon JL, Bonifacio J, Bucardo F, Buesa J, Bruggink L, Chan MC, et al. Global
trends in norovirus genotype distribution among children with acute gastroenteritis.
Emerg Infect Dis (2021) 27(5):1438-45. doi: 10.3201/eid2705.204756

20. Andrade JSR, Fumian TM, Leite JPG, Assis MR, Bello G, Mir D, et al. Detection
and molecular characterization of emergent GII.P17/GII.17 Norovirus in Brazil, 2015.
Infect Genet Evol (2017) 51:28-32. doi: 10.1016/j.meegid.2017.03.011

21. Chan MCW, Hu Y, Chen H, Podkolzin AT, Zaytseva EV, KOmano J, et al.
Global spread of norovirus GII.17 kawasaki 308, 2014-2016. . Emerg Infect Dis (2017)
23(8):1359-4. doi: 10.3201/eid2308.161138

22. de Graaf M, van Beek J, Vennema H, Podkolzin AT, Hewitt J, Bucardo F, et al.
Emergence of a novel GIL17 norovirus - End of the GIL.4 era? Euro Surveill (2015) 20
(26):28-32. doi: 10.2807/1560-7917.ES2015.20.26.21178

23. Degiuseppe JI, Gomes KA, Hadad MF, Parra GI, Stupka JA. Detection of novel
GII.17 norovirus in Argentina, 2015. Infect Genet Evol (2017) 47:121-4. doi: 10.1016/
j.meegid.2016.11.026

24. Mabasa VV, Meno KD, Taylor MB, Mans J. Environmental surveillance for
noroviruses in selected South African wastewaters 2015-2016: emergence of the novel
GII.17. Food Environ Virol (2018) 10(1):16-28. doi: 10.1007/s12560-017-9316-2

Frontiers in Immunology

14

10.3389/fimmu.2023.1229724

25. Parra GI, Green KY. Genome of emerging norovirus GIL.17, United States, 2014.
Emerg Infect Dis (2015) 21(8):1477-9. doi: 10.3201/eid2108.150652

26. Li Q, Yao P, Jiang J, Mao X, Wang F, Zhang W. Genetic diversity of
norovirus associated with outbreaks in school children with acute gastroenteritis in
Changzhou, China, 2018-2019. ] Med Virol (2022) 94(8):4005-11. doi: 10.1002/
jmv.27743

27. Xu'Y, Zhu Y, Lei Z, Rui ], Zhao Z, Lin S, et al. Investigation and analysis on an
outbreak of norovirus infection in a health school in Guangdong Province, China.
Infect Genet Evol (2021) 96:105135. doi: 10.1016/j.meegid.2021.105135

28. Atmar RL, Bernstein DI, Harro CD, Al-Ibrahim MS, Chen WH, Ferreira J, et al.
Norovirus vaccine against experimental human Norwalk Virus illness. N Engl ] Med
(2011) 365(23):2178-87. doi: 10.1056/NEJMoal101245

29. Cannon JL, Lindesmith LC, Donaldson EF, Saxe L, Baric RS, Vinje J. Herd
immunity to GIL.4 noroviruses is supported by outbreak patient sera. J Virol (2009) 83
(11):5363-74. doi: 10.1128/JV1.02518-08

30. Harrington PR, Lindesmith L, Yount B, Moe CL, Baric RS. 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
(23):12335-43. doi: 10.1128/JV1.76.23.12335-12343.2002

31. Reeck A, Kavanagh O, Estes MK, Opekun AR, Gilger MA, Graham DY, et al.
Serological correlate of protection against norovirus-induced gastroenteritis. J Infect Dis
(2010) 202(8):1212-8. doi: 10.1086/656364

32. Yi Y, Wang X, Wang S, Xiong P, Liu Q, Zhang C, et al. Identification of a
blockade epitope of human norovirus GI1.17. Emerg Microbes Infect (2021) 10(1):954—
63. doi: 10.1080/22221751.2021.1925162

33. Lindesmith LC, Kocher JF, Donaldson EF, Debbink K, Mallory ML, Swann EW,
et al. Emergence of novel human norovirus GIL.17 strains correlates with changes in
blockade antibody epitopes. J Infect Dis (2017) 216(10):1227-34. doi: 10.1093/infdis/
jix385

34. Tatusov RL, Chhabra P, Diez-Valcarce M, Barclay L, Cannon JL, Vinje J. Human
Calicivirus Typing tool: A web-based tool for genotyping human norovirus and
sapovirus sequences. J Clin Virol (2021) 134:104718. doi: 10.1016/j.jcv.2020.104718

35. Cannon JL, Barclay L, Collins NR, Wikswo ME, Castro CJ, Magana LC, et al.
Genetic and epidemiologic trends of norovirus outbreaks in the United States from
2013 to 2016 demonstrated emergence of novel GIL.4 recombinant viruses. J Clin
Microbiol (2017) 55(7):2208-21. doi: 10.1128/JCM.00455-17

36. Chhabra P, Browne H, Huynh T, Diez-Valcarce M, Barclay L, Kosek MN, et al.
Single-step RT-PCR assay for dual genotyping of GI and GII norovirus strains. J Clin
Virol (2021) 134:104689. doi: 10.1016/j.jcv.2020.104689

37. Lindesmith LC, McDaniel JR, Changela A, Verardi R, Kerr SA, Costantini V,
et al. Sera antibody repertoire analyses reveal mechanisms of broad and pandemic
strain neutralizing responses after human norovirus vaccination. Immunity. (2019) 50
(6):1530-41 e8. doi: 10.1016/j.immuni.2019.05.007

38. Malm M, Uusi-Kerttula H, Vesikari T, Blazevic V. High serum levels of
norovirus genotype-specific blocking antibodies correlate with protection from
infection in children. J Infect Dis (2014) 210(11):1755-62. doi: 10.1093/infdis/jiu361

39. Ramani S, Neill FH, Ferreira J, Treanor JJ, Frey SE, Topham DJ, et al. B-cell
responses to intramuscular administration of a bivalent virus-like particle human
norovirus vaccine. Clin Vaccine Immunol (2017) 24(5):e00571-16. doi: 10.1128/
CVI1.00571-16

40. Crawford SE, Ajami N, Parker TD, Kitamoto N, Natori K, Takeda N, et al.
Mapping broadly reactive norovirus genogroup I and II monoclonal antibodies. Clin
Vaccine Immunol (2015) 22(2):168-77. doi: 10.1128/CV1.00520-14

41. Kolawole AO, Xia C, Li M, Gamez M, Yu C, Rippinger CM, et al. Newly isolated
mAbs broaden the neutralizing epitope in murine norovirus. ] Gen Virol (2014) 95(Pt
9):1958-68. doi: 10.1099/vir.0.066753-0

42. Lindesmith LC, Debbink K, Swanstrom J, Vinje J, Costantini V, Baric RS, et al.
Monoclonal antibody-based antigenic mapping of norovirus GII.4-2002. J Virol (2012)
86(2):873-83. doi: 10.1128/JV1.06200-11

43. Kwakkenbos M]J, Diehl SA, Yasuda E, Bakker AQ, van Geelen CM, Lukens MV,
et al. Generation of stable monoclonal antibody-producing B cell receptor-positive
human memory B cells by genetic programming. Nat Med (2010) 16(1):123-8. doi:
10.1038/nm.2071

44. Collins MH, Tu HA, Gimblet-Ochieng C, Liou GA, Jadi RS, Metz SW, et al.
Human antibody response to Zika targets type-specific quaternary structure epitopes.
JCI Insight (2019) 4(8):e124588. doi: 10.1172/jci.insight.124588

45. Nivarthi UK, Tu HA, Delacruz MJ, Swanstrom J, Patel B, Durbin AP, et al.
Longitudinal analysis of acute and convalescent B cell responses in a human primary
dengue serotype 2 infection model. EBioMedicine. (2019) 41:465-78. doi: 10.1016/
j.ebiom.2019.02.060

46. Swanstrom J, Lindesmith LC, Donaldson EF, Yount B, Baric RS.
Characterization of blockade antibody responses in GIL.2.1976 Snow Mountain
virus-infected subjects. J Virol (2014) 88(2):829-37. doi: 10.1128/JV1.02793-13

frontiersin.org


https://doi.org/10.1016/S1473-3099(14)70767-4
https://doi.org/10.1097/QCO.0000000000000476
https://doi.org/10.1097/QCO.0000000000000476
file:///C:\Programs\MaxTraCt2\@3G_DuplicateRef\Available%20from:%20https:\www.cdc.gov\norovirus\index.html
https://doi.org/10.1016/j.idc.2017.11.004
https://doi.org/10.1093/cid/cit763
https://doi.org/10.1097/INF.0b013e3181a24730
https://doi.org/10.1016/S2214-109X(18)30351-6
https://doi.org/10.1099/vir.0.059634-0
https://doi.org/10.1128/jvi.66.11.6527-6532.1992
https://doi.org/10.1073/pnas.0803275105
https://doi.org/10.1126/science.286.5438.287
https://doi.org/10.1007/s12275-014-4323-6
https://doi.org/10.1128/JVI.03508-12
https://doi.org/10.1038/s41467-021-24649-w
https://doi.org/10.1371/journal.pmed.0050031
https://doi.org/10.3390/v11050432
https://doi.org/10.1099/jgv.0.001318
https://doi.org/10.3390/v11060535
https://doi.org/10.3201/eid2705.204756
https://doi.org/10.1016/j.meegid.2017.03.011
https://doi.org/10.3201/eid2308.161138
https://doi.org/10.2807/1560-7917.ES2015.20.26.21178
https://doi.org/10.1016/j.meegid.2016.11.026
https://doi.org/10.1016/j.meegid.2016.11.026
https://doi.org/10.1007/s12560-017-9316-2
https://doi.org/10.3201/eid2108.150652
https://doi.org/10.1002/jmv.27743
https://doi.org/10.1002/jmv.27743
https://doi.org/10.1016/j.meegid.2021.105135
https://doi.org/10.1056/NEJMoa1101245
https://doi.org/10.1128/JVI.02518-08
https://doi.org/10.1128/JVI.76.23.12335-12343.2002
https://doi.org/10.1086/656364
https://doi.org/10.1080/22221751.2021.1925162
https://doi.org/10.1093/infdis/jix385
https://doi.org/10.1093/infdis/jix385
https://doi.org/10.1016/j.jcv.2020.104718
https://doi.org/10.1128/JCM.00455-17
https://doi.org/10.1016/j.jcv.2020.104689
https://doi.org/10.1016/j.immuni.2019.05.007
https://doi.org/10.1093/infdis/jiu361
https://doi.org/10.1128/CVI.00571-16
https://doi.org/10.1128/CVI.00571-16
https://doi.org/10.1128/CVI.00520-14
https://doi.org/10.1099/vir.0.066753-0
https://doi.org/10.1128/JVI.06200-11
https://doi.org/10.1038/nm.2071
https://doi.org/10.1172/jci.insight.124588
https://doi.org/10.1016/j.ebiom.2019.02.060
https://doi.org/10.1016/j.ebiom.2019.02.060
https://doi.org/10.1128/JVI.02793-13
https://doi.org/10.3389/fimmu.2023.1229724
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Strother et al.

47. Lindesmith LC, Boshier FAT, Brewer-Jensen PD, Roy S, Costantini V, Mallory
ML, et al. Immune imprinting drives human norovirus potential for global spread.
mBio (2022) 13(5):e0186122. doi: 10.1128/mbio.01861-22

48. Chhabra P, Rouhani S, Browne H, Penataro Yori P, Siguas Salas M, Paredes
Olortegui M, et al. Homotypic and heterotypic protection and risk of reinfection
following natural norovirus infection in a highly endemic setting. Clin Infect Dis (2021)
72(2):222-9. doi: 10.1093/cid/ciaa019

49. Becker-Dreps S, Brewer-Jensen PD, Gonzalez F, Reyes Y, Mallory ML, Gutierrez
L, et al. Preexisting heterotypic ligand-blocking antibody does not protect against
genogroup II norovirus episodes in young children. J Pediatr Infect Dis Soc (2022)
11:459-462. doi: 10.1093/jpids/piac063

50. Costantini VP, Cooper EM, Hardaker HL, Lee LE, DeBess EE, Cieslak PR, et al.
Humoral and mucosal immune responses to human norovirus in the elderly. J Infect
Dis (2020) 221(11):1864-74. doi: 10.1093/infdis/jiaa021

51. Kim L, Liebowitz D, Lin K, Kasparek K, Pasetti MF, Garg SJ, et al. Safety
and immunogenicity of an oral tablet norovirus vaccine, a phase I randomized,
placebo-controlled trial. JCI Insight (2018) 3(13):¢1001807. doi: 10.1172/jci.insight.
121077

52. Lindesmith LC, Ferris MT, Mullan CW, Ferreira J, Debbink K, Swanstrom J,
et al. Broad blockade antibody responses in human volunteers after immunization with
a multivalent norovirus VLP candidate vaccine: immunological analyses from a phase I
clinical trial. PloS Med (2015) 12(3):e1001807. doi: 10.1371/journal.pmed.1001807

53. Morbach H, Eichhorn EM, Liese JG, Girschick HJ. Reference values for B cell
subpopulations from infancy to adulthood. Clin Exp Immunol (2010) 162(2):271-9.
doi: 10.1111/j.1365-2249.2010.04206.x

54. Nielsen SCA, Roskin KM, Jackson KJL, Joshi SA, Nejad P, Lee JY, et al. Shaping
of infant B cell receptor repertoires by environmental factors and infectious disease. Sci
Transl Med (2019) 11(481):eaat2004. doi: 10.1126/scitranslmed.aat2004

55. Nivarthi UK, Swanstrom ], Delacruz MJ, Patel B, Durbin AP, Whitehead SS,
et al. A tetravalent live attenuated dengue virus vaccine stimulates balanced immunity
to multiple serotypes in humans. Nat Commun (2021) 12(1):1102. doi: 10.1038/s41467-
021-21384-0

56. Henein S, Adams C, Bonaparte M, Moser JM, Munteanu A, Baric R, et al.
Dengue vaccine breakthrough infections reveal properties of neutralizing antibodies
linked to protection. J Clin Invest (2021) 131(13):e147066. doi: 10.1172/JCI147066

57. Henein S, Swanstrom J, Byers AM, Moser JM, Shaik SF, Bonaparte M, et al.
Dissecting antibodies induced by a chimeric yellow fever-dengue, live-attenuated,
tetravalent dengue vaccine (CYD-TDV) in naive and dengue-exposed individuals.
J Infect Dis (2017) 215(3):351-8. doi: 10.1093/infdis/jiw576

58. Vielot NA, Gonzalez F, Reyes Y, Zepeda O, Blette B, Paniagua M, et al. Risk
factors and clinical profile of sapovirus-associated acute gastroenteritis in early
childhood: A Nicaraguan birth cohort study. Pediatr Infect Dis ] (2021) 40(3):220-6.
doi: 10.1097/INF.0000000000003015

59. Parra GI, Squires RB, Karangwa CK, Johnson JA, Lepore CJ, Sosnovtsev SV,
et al. Static and evolving norovirus genotypes: implications for epidemiology and
immunity. PloS Pathog (2017) 13(1):e1006136. doi: 10.1371/journal.ppat.1006136

Frontiers in Immunology

15

10.3389/fimmu.2023.1229724

60. Agnihothram S, Menachery VD, Yount BL Jr.,, Lindesmith LC, Scobey T,
Whitmore A, et al. Development of a broadly accessible Venezuelan equine
encephalitis virus replicon particle vaccine platform. J Virol (2018) 92(11):¢00027—
18. doi: 10.1128/JV1.00027-18

61. Debbink K, Costantini V, Swanstrom J, Agnihothram S, Vinje J, Baric R, et al.
Human norovirus detection and production, quantification, and storage of
virus-like particles. Curr Protoc Microbiol (2013) 31:15K 1 1-K 1 45. doi: 10.1002/
9780471729259.mc15k01s31

62. Tu HA, Nivarthi UK, Graham NR, Eisenhauer P, Delacruz MJ, Pierce KK, et al.
Stimulation of B cell immunity in flavivirus-naive individuals by the tetravalent live
attenuated dengue vaccine TV003. Cell Rep Med (2020) 1(9):100155. doi: 10.1016/
jxcrm.2020.100155

63. Brewer-Jensen PD, Reyes Y, Becker-Dreps S, Gonzalez F, Mallory ML, Gutiérrez
L, et al. Norovirus infection in young Nicaraguan children induces durable and
genotype-specific antibody immunity. Viruses (2022) 14(9):459-462. doi: 10.3390/
v14092053

64. Lindesmith LC, Mallory ML, Jones TA, Richardson C, Goodwin RR, Baehner F,
et al. Impact of pre-exposure history and host genetics on antibody avidity following
norovirus vaccination. J Infect Dis (2017) 215(6):984-91. doi: 10.1093/infdis/jix045

65. Ho 1Y, Bunker JJ, Erickson SA, Neu KE, Huang M, Cortese M, et al. Refined
protocol for generating monoclonal antibodies from single human and murine B cells.
J Immunol Methods (2016) 438:67-70. doi: 10.1016/j.jim.2016.09.001

66. Smith K, Garman L, Wrammert ], Zheng NY, Capra JD, Ahmed R, et al. Rapid
generation of fully human monoclonal antibodies specific to a vaccinating antigen. Nat
Protoc (2009) 4(3):372-84. doi: 10.1038/nprot.2009.3

67. Iversen R, Fleur du Pre M, Di Niro R, Sollid LM. Igs as substrates for
transglutaminase 2: implications for autoantibody production in celiac disease.
J Immunol (2015) 195(11):5159-68. doi: 10.4049/jimmunol.1501363

68. Costantini V, Morantz EK, Browne H, Ettayebi K, Zeng X-L, Atmar RL, et al.
Human norovirus replication in human intestinal enteroids as model to evaluate virus
inactivation. Emerging Infect diseases. (2018) 24(8):1453-64. doi: 10.3201/
€1d2408.180126

69. Lindesmith LC, Beltramello M, Donaldson EF, Corti D, Swanstrom J, Debbink
K, et al. Immunogenetic mechanisms driving norovirus GIL4 antigenic variation. PloS
Pathog (2012) 8(5):e1002705. doi: 10.1371/journal.ppat.1002705

COPYRIGHT

© 2023 Strother, Brewer-Jensen, Becker-Dreps, Zepeda, May, Gonzalez,
Reyes, McElvany, Averill, Mallory, Montmayeur, Costantini, Vinjé, Baric,
Bucardo, Lindesmith and Diehl. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

frontiersin.org


https://doi.org/10.1128/mbio.01861-22
https://doi.org/10.1093/cid/ciaa019
https://doi.org/10.1093/jpids/piac063
https://doi.org/10.1093/infdis/jiaa021
https://doi.org/10.1172/jci.insight.121077
https://doi.org/10.1172/jci.insight.121077
https://doi.org/10.1371/journal.pmed.1001807
https://doi.org/10.1111/j.1365-2249.2010.04206.x
https://doi.org/10.1126/scitranslmed.aat2004
https://doi.org/10.1038/s41467-021-21384-0
https://doi.org/10.1038/s41467-021-21384-0
https://doi.org/10.1172/JCI147066
https://doi.org/10.1093/infdis/jiw576
https://doi.org/10.1097/INF.0000000000003015
https://doi.org/10.1371/journal.ppat.1006136
https://doi.org/10.1128/JVI.00027-18
https://doi.org/10.1002/9780471729259.mc15k01s31
https://doi.org/10.1002/9780471729259.mc15k01s31
https://doi.org/10.1016/j.xcrm.2020.100155
https://doi.org/10.1016/j.xcrm.2020.100155
https://doi.org/10.3390/v14092053
https://doi.org/10.3390/v14092053
https://doi.org/10.1093/infdis/jix045
https://doi.org/10.1016/j.jim.2016.09.001
https://doi.org/10.1038/nprot.2009.3
https://doi.org/10.4049/jimmunol.1501363
https://doi.org/10.3201/eid2408.180126
https://doi.org/10.3201/eid2408.180126
https://doi.org/10.1371/journal.ppat.1002705
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2023.1229724
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Infant antibody and B-cell responses following confirmed pediatric GII.17 norovirus infections functionally distinguish GII.17 genetic clusters
	Introduction
	Results
	Antigenically distinct GII.17 variants co-circulate in young children
	GII.17 infections lead to genotype-specific blockade antibody responses
	Generation and characterization of GII.17 blockade antibody from an infant
	NVA.1 recognizes a common norovirus epitope found in convalescent serum from children

	Discussion
	Methods
	Study design
	Norovirus genotyping and phylogenetic analysis
	Virus-like particle production
	Human memory B-cell isolation and identification of mAbs
	Determination of IgG or IgA in MBC cultures
	VLP enzyme immunoassay
	Antibody blockade of VLP-ligand binding assays
	Cloning of norovirus mAbs
	Production and validation of dimeric NVA.1 IgA
	Blockade of binding assay
	Ten percent of stool filtrate
	Human intestinal enteroid culture
	Norovirus GII.17 antibody neutralization
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


