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Abstract

Human noroviruses are a leading cause of acute gastroenteritis worldwide,
yet the molecular principles governing antibody recognition of their highly
repetitive capsid remain poorly understood. Here, we immunized mice with
virus-like particles (VLPs) from the pandemic GIlI.4 strain and the emergent
GlI.17 strain, generating monoclonal IgM and IgG antibodies via hybridoma
technology. High-speed atomic force microscopy visualized IgM antibodies
scanning and engaging multiple protruding (P) domains on intact VLPs. Sur-
face plasmon resonance (SPR) analyses of engineered antibodies with
identical Fab sequences but different valencies revealed that, unlike mono-
valent IgG, multivalent IgM exhibits dramatic affinity gains—up to 100-fold—
as antigen density increases. This avidity-driven enhancement arises from
the dense, repetitive P-domain architecture of the norovirus capsid,
enabling IgM to achieve high functional affinity despite modest intrinsic Fab
binding. Our findings define how antibody valency and epitope organization
cooperate to boost viral recognition, offering a mechanistic framework for
designing next-generation vaccines and antiviral antibodies that harness
multivalent engagement.
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1 | INTRODUCTION

Human norovirus is recognized as the leading cause of
sporadic and epidemic viral gastroenteritis (Patel
et al., 2008; Robilotti et al., 2015) and is estimated to
be responsible for approximately 699 million norovirus
infections, more than 1 million hospitalizations, and
219,000 deaths worldwide, resulting in a social cost of
$60 billion annually (Banyai et al., 2018; Bartsch
et al., 2016). Thus, the global burden caused by noro-
virus is substantial and requires sensitive and accurate
diagnosis and effective therapeutics and vaccination.

Based on the primary sequence of VP1 protein of
the capsid, noroviruses have been phylogenetically
classified into at least 10 gene groups (GI-GX) and fur-
ther subdivided into 49 genotypes (e.g., Gll.4)
(Chhabra et al., 2019). Among the norovirus geno-
types, Gll.4 strains represent the dominant group of
human infectious noroviruses worldwide (55%—85%)
and has been the predominant genotype for more than
20 years (Cannon et al., 2021; Desai et al., 2012). Sig-
nificant attention has thus been focused on the geno-
type of Gll.4 strains in human populations (Lindesmith
et al.,, 2008; Tan & Jiang, 2005). However, the emer-
gence of a new genotype, strain Gll.17, in the winter of
2014-2015, caught the world’s attention and surpassed
strain Gll.4 as the main cause of norovirus outbreaks in
several countries in late 2014 (Chan et al., 2015; De
Graaf et al., 2015). Genomic nucleotide sequences of
structural proteins can differ by more than 50%
between gene groups (Pletneva et al., 2001), and anti-
bodies produced by Gll.4 strains generally lack cross-
reactivity to GIl.17 strains (Dai et al., 2017; Du
et al., 2021). Because genetic diversity in structural pro-
teins also causes changes in antigenic properties, it is
essential to understand the human immune response
to infection via human noroviruses and antigenic varia-
tion among circulating human norovirus strains.

Noroviruses are non-enveloped RNA viruses whose
outer surface is covered by a capsid protein composed
of 180 monomeric units. The components of the capsid
are the capsid protein VP1 and the minor structural pro-
tein VP2 (Vongpunsawad et al., 2013); VP1 comprises
two domains, a highly conserved shell (S) domain and
a more variable protruding (P) domain (Prasad
et al.,, 1999). In the human immune system, infection
with noroviruses results in the production of neutralizing
antibodies against these components.

The complexity of human norovirus cross-reactivity
and neutralization by human antibodies is not yet fully
realized. A number of studies have evaluated the exis-
tence of a human polyclonal immune response to
human norovirus (Czaké et al., 2015; Lindesmith
et al.,, 2005, 2019). Studies analyzing mAbs isolated
from norovirus-infected humans and mice using hybrid-
oma technology have primarily isolated 1gG-type anti-
bodies and have also identified IgA and IgM-type

antibodies (Alvarado et al., 2018; Gray et al., 1994;
Sapparapu et al., 2016; Tanaka et al., 2006). Previous
epitope analysis of norovirus antibodies have identified
neutralizing epitopes on norovirus capsids primarily
against the protruding 2 (P2) domain, but also con-
served epitopes in inaccessible regions of the viral cap-
sid (Lindesmith et al., 2012; Van Loben Sels &
Green, 2019). Indeed, antigen mapping studies using
strain-specific P and S domains suggested that some
of the highly cross-reactive mAbs bind to the S domain
(Alvarado et al., 2021; Parra et al., 2013). Epitope anal-
ysis of 1gGs against Gll.4 strains has advanced
because of the variety of their antibodies. In contrast,
epitope mapping of mAbs against GIl.17 is limited
because of the few examples of Gll.17-specific mAbs
(Strother et al., 2023; Yi et al.,, 2021). Moreover,
detailed studies of anti-norovirus antibodies of the IgM
class are even more limited. Although avidity effects of
multivalent antibodies have been conceptually recog-
nized, quantitative analyses dissecting the impact of
antigen density and antibody valency remain scarce.
To our knowledge, no previous study has systemati-
cally compared antibodies of identical Fab sequence
but different valencies under controlled antigen density
conditions for norovirus or other viruses. Because VLP
are complex entities with high density of P-domain,
which is the major epitope of norovirus antibodies, IgM
displaying 10 or 12 antigen-binding domains could bind
to those with high affinity due to their multivalency (Keyt
et al., 2020; Oostindie et al., 2022; Wibroe et al., 2014).

In this study, we obtained hybridoma cells produc-
ing monoclonal antibodies that specifically recognized
strains Gll.4 or GII.17. Antibodies of the IgG and IgM
class were obtained, and the molecular basis of their
efficient binding to norovirus was evaluated by comple-
mentary techniques.

2 | RESULTS AND DISCUSSION

21 | Selection of hybridoma cells
secreting antibodies against norovirus

Hybridoma cells were generated in triplicate, thus divid-
ing the selection of hybridoma cells into three groups.
Hybridomas producing antibodies specific to Gll.4 and
Gll.17 were selected by a two-step selection process.
The first and second groups of hybridoma cells were
selected by ELISA using norovirus VLPs, and the third
group was selected by ELISA using norovirus
P-domain (Supplementary Figure 1a).

In the primary screening, wells with absorbance
more than three times higher than the blank were con-
sidered positive in ELISA. Hybridoma cells generated
from spleen cells derived from 60 mice (group 1, group
2 and group 3 consisted of 18, 18 and 24 animals,
respectively), were seeded to 56 96-well plates (group
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TABLE 1 Antibody isotypes.

Clone name Mouse isotyping kit result
12D7 IgM

14A10 IgM

3G6 IgM

13G1 IgM

14C2 1gG2b

18F9 IgM

5H8 1gG3

1, group 2 and group 3 corresponded to 30, 18 and
8 plates, respectively). Hybridoma cells from 141 differ-
ent wells (group 1, group 2, and group 3 gave 80, 40,
and 21 positives, respectively). ELISA positives corre-
sponded to antigens containing the sequence of the
Gll.4 strain or to the sequence of the GII.17 strain
(Supplementary Figure 1b).

In the secondary screening, additional ELISA was
performed with the hybridoma cells obtained from the
141 wells to exclude nonspecific binding. To that end we
employed the norovirus unrelated protein ovalbumin.
Atfter this step, 16 different samples of hybridoma cells
were selected. These cells corresponded to group
1, group 2, and group 3 containing 7, 6, and 3 positive
clones, respectively. These 16 hybridoma cell samples
were subjected to the limiting dilution method yielding
seven unique clones of cells producing monoclonal anti-
bodies that we termed according to their position in the
plate in the experiment above (12D7, 14A10, 3G6, 13G1,
14C2, 18F9, and 5H8) (Supplementary Figure 1c).

2.2 | Identification of antibody isotypes
and their purification

Antibody classes and subclasses were determined for
the seven different mAbs-producing hybridoma cells
using a commercial kit (Table 1). Of the seven anti-
bodies examined, five were found to belong to the IgM
class and two to the IgG class. To purify the IgG-class
antibodies (14C2 and 5H8), we employed Protein G
affinity chromatography. For the IgM antibodies (which
are not retained by protein A or protein G), we had to
consider alternative methods for purification. Protein L
is known to specifically bind to the light chain with a
known sequence (Paloni & Cavallotti, 2017). We con-
ducted sequence analysis of the light chains of the
obtained IgM and revealed that sequence motifs impor-
tant for protein L binding were preserved for two of
them (12D7 and 3G6). For these two IgM clones, pro-
tein L was used for purification. The other IgMs were
purified using an IgM affinity column, although it is
worth noting that this column displayed lower specificity
toward IgM than Protein A or Protein L showed for IgG.
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Therefore, 13G1 and 18F9 exhibited slightly lower
purity in the SDS-PAGE (Supplementary Figure 2a).
Secondary purification was then performed using size
exclusion chromatography (SEC), confirming elution
peaks at around 150 kDa for antibodies of the I1gG
class, and peaks around 900 kDa for the antibodies of
the IgM class (Supplementary Figure 2b). Analysis by
SDS-PAGE under reducing conditions confirmed the
purification of the IgG-type antibody and IgM-type anti-
body. All the samples were prepared with a satisfactory
level of purity (Supplementary Figure 2a).

2.3 | Evaluation of binding ability of
purified antibodies to norovirus VLPs

To evaluate the binding ability of seven types of anti-
norovirus antibodies purified by affinity chromatography
and SEC, binding assays using ELISA were conducted.
Consistent with the results obtained from screening, all
antibodies were confirmed to bind to norovirus VLPs,
with some antibodies being specific to Gll.4 norovirus
VLPs (12D7, 14A10, 3G6, 13G1) and some antibodies
being specific to GIl.17 norovirus VLPs (14C2, 18F9,
5H8) (Supplementary Figure 3).

2.4 | Visualization of binding to VLPs by
high-speed atomic force microscopy
(HS-AFM)

Using HS-AFM, the interaction between IgM antibodies
and norovirus VLPs was visualized in real-time at the
single-molecule level. HS-AFM images of VLPs
showed spherical particles with a diameter of approxi-
mately 40 nm. Upon the addition of IgM antibody
14A10, dynamic binding of IgM antibodies to the VLP
surface was clearly observed (Figure 1a). The morphol-
ogy of the bound IgM in these snapshots characterized
by a central body with extending domains is basically
consistent with a structural model and corresponding
pseudo-AFM image of a pentameric IgM molecule
docked onto the curved VLP surface (Figure 1b). Nota-
bly, the bound IgM antibodies did not remain stationary
but continuously moved across the VLP surface during
the observation period (Movie S1). Typically, only one
IgM molecule was observed per VLP. Given the molec-
ular size of IgM (approximately 30 nm in diameter) and
the projected surface area of the VLP hemisphere, a
single IgM molecule likely occupies most of the acces-
sible upper surface of the VLP, sterically hindering the
attachment of additional antibodies.

To further examine the structure of the bound anti-
body, we focused on the IgM molecule at 4.2 s in
Figure 1a. A magnified image significantly enhanced
the contrast of the IgM, allowing for the visualization of
five prominent “legs” (likely representing the Fab or Fc
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FIGURE 1 Dynamic interaction of 14A10 IgM with norovirus VLPs observed by HS-AFM. (a) Representative snapshots of 14A10 IgM
binding to a norovirus Gll.4 VLP and 14A10 IgM are indicated by white and red dotted circles, respectively. The color bar indicates the height in
nanometers. Snapshots were taken between 54.84 and 67.08 s from the start of the observation, showing the lateral movement of the IgM
molecule on the VLP surface. (b) Structural model of the pentameric IgM antibody bound to the VLP surface (top) and the corresponding
pseudo-AFM image (bottom). The pseudo-AFM image reveals a star-shaped morphology with radiating protrusions, exhibiting a striking similarity
to the experimental observations shown in (a). (c) Magnified and filtered image of the bound IgM. The image is a magnified view of the IgM
molecule captured at 4.2 s in (a), processed with a bandpass filter (spatial frequency: 2.5 nm—10 nm) to enhance structural contrast. Five
prominent “legs” (representing the Fab or Fc domains) of the pentameric IgM are discernible, suggesting multi-valent tethering to the VLP
surface. (d) Ensemble-averaged mean square displacement (MSD) plot of 14A10 IgM moving on the VLP surface (n = 28). The red dashed line
represents the linear fit to the initial slope (T = 0.12-0.60 s) used to calculate the diffusion coefficient (D~8.5 nm?/s). The plateau at
approximately 57 nm? indicates that the IgM molecule undergoes confined diffusion within a localized area of the VLP surface.

domains) extending from the central part of the mole-
cule (Figure 1c). This structural detail suggests that the
IgM molecule tethers to the VLP surface through multi-
ple domains. This experimental observation of the pen-
tameric arrangement directly supports the multivalent
tethering mode depicted in the structural model
(Figure 1b).

To quantify this movement, the centroid position of the
IgM molecule was tracked (Movie S2) and the resulting
trajectories were used for mean square displacement
(MSD) analysis. To characterize the dynamics of 14A10
IgM on the VLP surface, ensemble-averaged MSD analy-
sis was performed using 28 independent trajectories. The
MSD plot exhibited a characteristic plateau at approxi-
mately 57 nm?, identifying the movement as confined dif-
fusion (Figure 1d). The initial diffusion coefficient (D) was
estimated to be 8.5 nm?/s from the slope of the MSD
curve at short time lags (t = 0.12-0.60 s), confirming that
the IgM molecule actively scans the surface. The esti-
mated area of the exploration patch was approximately
360 nm? (derived from the MSD plateau, where the patch
radius a~11nm). Considering that the observable

projected area of the VLP is approximately 1260 nm?, the
exploration area is restricted to less than 30% of the avail-
able surface.

This localized scanning behavior, combined with
the remarkably high binding stability, where 14 out of
31 events (approx. 45%) lasted longer than the 90 s
observation window, provides a physical basis for the
high functional avidity of 14A10 IgM. These findings
suggest a “sliding” mechanism where the IgM remains
tethered to the capsid via multiple Fab-epitope interac-
tions while dynamic scanning ensures continuous
occupancy of the viral surface. This robust attachment
and physical shielding of the VLP surface likely contrib-
ute to the potent inhibitory activity of this antibody.

2.5 | Analysis of the effect of antigen
density of norovirus P-domain on the
binding of anti-norovirus antibodies

To evaluate whether the obtained monoclonal anti-
bodies possess epitopes on the P-domain of norovirus
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FIGURE 2 Evaluation of binding (a)
specificity of anti-norovirus antibodies by 2 A
ELISA. (a) Indirect ELISA was used to
evaluate the binding of seven mouse
mAbs to Gll.4 VLP, GIl.17 VLP, Gll.4 1.5 A
P-domain, and GIl.17 P-domain, E 1
respectively. Error bars indicate standard g B Gll.4VLP
deviation (n = 3). (b) Indirect ELISA was I O1 4 B Gll17 VLP
used to evaluate the binding of four anti- © :
norovirus IgM to VLP of Gll.4 strain, 2 W Gll4p domaln.
P-domain of GI1.4 strain, VLP of GII.17 <05 4 | G017 F-domain
strain and P-domain of GII.17 strain, Ovalbumin
respectively, with varying immobilization . [ I
density of norovirus P-domain. Error bars 0 = ﬁix . - l [ ] | o feentrol)
indicate standard deviation (n = 3). 12D7 14A10 3G6 13G1 14C2 18F9 5HS
(c) Schematic model illustrating the
proposed binding of IgM to VLP and the (b)
P-domain immobilized on an ELISA plate. 2 -
1.5 1
=
=
0
< 1 4 B Gll4VLP
s M GIl.17 VLP
£ B Gll.4 P-domain
0.5 +
. GIl.17 P-domain
0 il
12D7 14A10 3G6 18F9
(c)

VLP

Gll.4 and GllI.17 strains and how the antigen density
affects their binding ability, we prepared P-domain of
norovirus Gll.4 and Gll.17 strains (Supplementary
Figure 4) and binding assays using ELISA were con-
ducted (Figure 2). First, VLPs and P-domains were
immobilized to have equivalent mass numbers, and the
assay confirmed binding of four types of IgM antibodies
(12D7, 14A10, 3G6, 18F9) and two types of IgG anti-
bodies (14C2, 5H8) to the recombinant P-domain
(Figure 2a). Thus, this experiment clarified that these
six antibodies recognize epitopes on the P-domain
region of the VP1 protein. Regarding antibody 13G1 of
the IgM class, binding to norovirus VLPs was con-
firmed, but no binding to the P-domain was observed.
Interestingly, antibody 13G1 consistently bound to

P-domain

intact VLPs but showed no detectable interaction with
the isolated P-domain, even after repeated ELISA
assays under the tested conditions. This observation
suggests that 13G1 either recognizes an epitope
located outside the P-domain, such as within the shell
(S) domain, or requires the structural context and high-
density presentation of epitopes provided by the intact
VLP. These possibilities highlight the complexity of nor-
ovirus antigenicity and warrant further structural
investigation.

When comparing the level of binding of the anti-
bodies, it was clear that the binding strength of the
monoclonal antibodies to VLPs or to P-domains dif-
fered significantly, showing that IgM binds to VLP more
effectively than to the isolated P-domain, even if the
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same concentration of epitope units were immobilized
in the ELISA assay. This effect was especially obvious
when comparing IgM and IgG antibodies (except for
18F9). For example, the values of absorbance of IgM
antibodies 12D7 and 14A10 after binding to VLP were
more than five-fold greater than that of samples bound
to the purified P-domain (the absorbance values result-
ing from the binding of 12D7 to Gll.4 VLP and to puri-
fied P domain were 1.05 and 0.19, respectively; also,
the absorbance values resulting from the binding of
14A10 to Gll.4 VLP and to purified P-domain were 1.27
and 0.16, respectively). In contrast, the absorbance
resulting from the binding of IgG antibodies 14C2 and
5H8 to VLP particles or to the P-domain did not change
all that much (the absorbance resulting from the binding
of 14C2 to GIl.17 VLP and to the purified P-domain
were 1.88 and 1.37, respectively; similarly, for 5H8 the
values of absorbance resulting from the binding to
Gll.17 VLP and to P-protein were 1.36 and 1.30,
respectively) (Figure 2a).

Since norovirus VLPs have a capsid structure com-
posed of 180 units of P-domain, P-domain molecules
are densely packed on the immobilized VLP particles.
In contrast, norovirus P-domain monomers are uni-
formly immobilized on the surface of the ELISA plates.
It is thus expected that the average distance between
immobilized antigens will be greater than that of the
very densely packed VP1 molecules in the VLP parti-
cles. Therefore, we hypothesized that the difference in
antigen density might affect the binding of IgM anti-
bodies (Figure 2c). Indeed, it is said that the binding
strength of an antibody is affected by the valency
(i.e., the number of Fab moieties), and several assays
have been developed (Liu et al., 2020). Hence, we
hypothesize that IgM with 10 Fabs in one molecule is
expected to have a higher binding ability in areas with
high epitope density. In fact, HS-AFM clearly visualizes
that IgM is using the 10 Fabs effectively to interact with
norovirus VLPs, which consist of 180 tightly packed
P-domains.

To clarify the impact of epitope density on the sur-
face of the ELISA plate, we investigated whether the
amount of antibody binding changes when controlling
the antigen immobilization level of the P-domain. The
IgM antibodies 12D7, 14A10, 3G6, and 18F9 showed an
increase in absorbance of the P-domain with increasing
immobilization level of the P-domain (Figure 2b). In par-
ticular, when the concentration of P-domain incubated
on the ELISA plate increased from 1 to 10 ug/mL, there
was a significant increase in absorbance, suggesting
that the avidity effect of IgM was not strongly manifested
at immobilization densities below 1 pg/mL, whereas at
immobilization densities above 10 pg/mL, the avidity
effect of IgM was strongly manifested. Conversely, com-
pared to the absorbance of VLPs at an immobilization
amount of 1 pg/mL, the absorbance of P-domain at an
immobilization amount of 100 pg/mL was lower than that

of VLPs, implying that due to its structural nature, VLP
has a very high epitope density, allowing IgM to bind
efficiently.

The downside of ELISA assay is that the immobili-
zation level cannot be quantified. More precise control
of immobilization level is needed to discuss the effect
of density on the avidity effect of antibody. To further
elucidate the efficacy of avidity effects based on Fab
valency, we considered analyzing the impact of
valency on affinity using surface plasmon resonance
(SPR). Additionally, to closely examine the effects of
valency, we planned to create a series of antibodies
with the same Fab but different valency. To select
suitable IgM and IgG for such analyses, we first evalu-
ated the affinities of the obtained antibody groups
using SPR.

2.6 | Exploration of the impact of
antigen immobilization level and binding
valency on affinity

The binding affinity of seven types of monoclonal anti-
bodies to P-domains of norovirus Gll.4 and GII.17
strains was determined using SPR (Supplementary
Figure 5). It was revealed that antibody 14A10 among
IgM antibodies and antibody 14C2 among IgG anti-
bodies had high binding affinities. Thus, 14A10 and
14C2 were selected as representative of IgM and 1gG
antibodies, respectively, for analyzing the effect of
valency (Figure 3, Table 2).

To quantitatively analyze the impact of valency on
affinity using SPR, a series of antibodies with the same
type of Fab moiety but different numbers of them (differ-
ent valences) were prepared and their purification purity
confirmed (Supplementary Figure 6). The IgM antibody
14A10 was established as the model for IgM anti-
bodies, and the Fab region of 14A10 was designated
as a monovalent antibody and termed 1-arm IgM. A
bivalent IgG class switch variant of 14A10, with the Fab
region combined with the Fc region of the anti-HER2
human IgG antibody trastuzumab, was termed 2-arm
IgM, while the original 14A10 IgM was termed 10-arm
IgM. Additionally, the Fab region of the IgG 14C2 anti-
body was prepared and termed 1-arm IgG antibody.

The interactions of 1-arm IgM, 2-arm IgM, 10-arm
IgM, and 1-arm IgG with the norovirus P-domain were
analyzed by varying the antigen immobilization level,
which influences the density of epitope on SPR surface
(Figure 4a, Table 3). The obtained sensorgrams were
initially compared at the same immobilization levels
across antibodies. That is, by examining the results
horizontally (i.e., at approximately constant antigen
immobilization level), it was revealed that as the
valency increased from 1-arm IgM to 2-arm IgM and to
10-arm IgM, the affinity increased (the affinity of 1-arm
IgM at 3274RU was N.D., the affinity of 2-arm IgM at
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FIGURE 3 Interaction analysis of anti-norovirus antibodies with norovirus P-domain by SPR. (a) Binding of anti-norovirus antibodies to

norovirus P-domain was evaluated by SPR. The solid line shows the obtained sensorgrams and the fitting is shown as a dashed line. (b) Models
of SPR interaction between anti-norovirus antibodies and norovirus P-domain. From left: IgM and immobilized P-domain, P-domain and
immobilized IgM, IgG and immobilized P-domain, P-domain and immobilized 1gG.

TABLE 2 Kinetic analysis for the interaction of anti-norovirus antibodies with immobilized P-domain and interaction of P-domain with

immobilized anti-norovirus antibodies.

Ligand Analyte

Gll.4 P-domain 12D7 IgM

12D7 IgM Gll.4 P-domain
Gll.4 P-domain 14A10 IgM
14A10 IgM Gll.4 P-domain
GII.17 P-domain 14C2 1gG

14C2 IgG GlI.17 P-domain
GlI1.17 P-domain 5H8 IgG

5H8 IgG GlI.17 P-domain

3372 RU was 8.15 x 1078 M, and the affinity of 10-arm
IgM at 2520RU was 1.22 x 107 '° M, which is 1500
times higher than that of 2-arm IgM). Thus, although
the antigen binding ability of each Fab was weak, IgM
antibody 14A10 could bind to the antigen due to the
avidity effect. Furthermore, the 1-arm IgG showed a

Kon (IMs) Kot (/s) ko (M)

1.85 x 108 171 x 1072 9.21 x 107°
N.D N.D N.D

3.31 x 10* 1.06 x 107° 321 x 1071°
N.D N.D N.D

1.16 x 10° 1.07 x 1077 9.21 x 1073
8.29 x 10* 1.29 x 1074 1.55 x 107°
2.11 x 10° 1.09 x 107° 515 x 10~
7.83 x 10° 6.37 x 1072 8.13 x 10~

significantly greater binding ability than that of the
1-arm IgM.

Next, the obtained sensorgrams were examined by
comparing the immobilization level of the ligand. SPR anal-
ysis revealed a clear valency-dependent effect on binding.
For 1-arm IgM, affinity was low, and for 1-arm IgG, affinity
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FIGURE 4 Interaction analysis of norovirus P-domain with a group of antibodies with different binding titers at different immobilization
densities by SPR. (a) Binding of 1-arm IgG to the P-domain of norovirus GIl.17, 1-arm IgM, 2-arm IgM, and 10-arm IgM to the P-domain of
norovirus Gll.4 were evaluated by SPR. The solid line shows the obtained sensorgrams and the fitting is shown as a dashed line. (b) The amount
of P-domain immobilized versus binding affinity in SPR is plotted. 1-arm IgG is indicated by red circles, 2-arm IgM by blue triangles, and 10-arm
IgM by green qualifications. Exponential approximation curves were obtained from the plotted points, respectively.
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TABLE 3 Kinetic analysis for the interaction of a group of antibodies with different binding titer with immobilized P-domain.

Analyte
1-arm IgG

Immobilization (r.u.)
138
458
922

1059

3830

4577
230
358

1534

3274
245
687

1652

3372

10-arm IgM 47
624

1427

2149

2520

3384

1-arm IgM

2-arm IgM

remained unchanged across immobilization levels from
50 RU to 4500 RU, confirming that under 1:1 binding condi-
tions, the immobilization density does not influence the
affinity. In sharp contrast, 2-arm IgM and 10-arm IgM
showed dramatic gains—up to 10- to 100-fold—in affinity
with increasing immobilization levels. For example, a ten-
fold rise in immobilization boosted binding strength by 7.2x
for 2-arm IgM and by 25.8x for 10-arm IgM. Thus, the
higher-valency 10-arm IgM was 3.6 times more responsive
to immobilization density than the 2-arm form, underscoring
the powerful role of multivalency in enhancing antigen
engagement (Figure 4b, Table 3). This quantitative demon-
stration of density-dependent avidity represents a novel
contribution beyond prior qualitative descriptions of multiva-
lency effects in other viral systems (e.g., influenza). Previ-
ous studies have not systematically engineered antibodies
with identical Fab sequences to isolate valency effects,
making this work the first to provide mechanistic insight into
how valency and antigen organization synergize to
enhance viral recognition.

3 | CONCLUSION

In this study, we generated and characterized
monoclonal IgM and IgG antibodies specific to the cap-
sid proteins of human norovirus strains Gll.4 and GlI.17.
High-speed AFM directly visualized IgM engaging multi-
ple P-domain epitopes on intact VLPs, revealing that
multivalent binding enables IgM to achieve high

Kon (IMs) Kot (Is) ko (M)

1.47 x 10* 2.50 x 1073 1.70 x 1077
1.02 x 10* 2.46 x 1073 241 x 1077
8.55 x 10° 2.40 x 1072 2.81x 1077
1.46 x 10* 2.97 x 1073 2.04 x 1077
2.51 x 10* 3.40 x 1073 1.35 x 1077
1.56 x 10* 2.60 x 1072 1.67 x 1077
N.D N.D N.D

N.D N.D N.D

N.D N.D N.D

N.D N.D N.D

N.D N.D N.D

9.11 x 10* 2.63 x 1072 2.89 x 1077
8.44 x 10* 1.22 x 1072 1.44 x 1077
6.82 x 10* 5.56 x 1073 8.15 x 1078
2.23 x 10° 5.00 x 1072 2.24 x 1078
1.94 x 10* 3.55 x 107 1.83 x 1078
3.38 x 10* 219 x 107° 6.49 x 10°1°
5.27 x 10* 7.19 x 107° 1.36 x 107°
3.90 x 10* 474 x 107° 1.22 x 1071°
6.78 x 10* 8.88 x 107° 131 x 107°

functional affinity despite modest intrinsic Fab—antigen
affinity. Quantitative SPR analyses using engineered
antibodies of defined valency demonstrated that binding
affinity for high-valency IgM increases sharply with anti-
gen density, whereas monovalent IgG binding remains
unaffected. While avidity effects of multivalent antibodies
are conceptually known, our study uniquely quantifies
this phenomenon for norovirus by systematically varying
antigen density and antibody valency. This approach
reveals that IgM can achieve apparent affinities compa-
rable to high-affinity 1IgGs despite modest intrinsic Fab
affinity, underscoring the potential of exploiting multiva-
lency in therapeutic antibody design. These findings
establish that the dense epitope array on the norovirus
capsid strongly amplifies IgM binding through avidity,
providing mechanistic insight into how antibody valency
and antigen organization synergize to enhance viral rec-
ognition. Although future work is needed to define the
epitopes of the antibodies, for example through struc-
tural approaches, this principle informs the design of
vaccines and therapeutics that exploit multivalent
engagement for improved potency.

4 |
41 |

MATERIALS AND METHODS
Animals

All protocols using mice were approved by the guide-
lines of the Animal Care and Use Committee, Kyushu
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University, and performed according to Institutional
Guidelines Concerning the Care and Handling of
Experimental Animals (protocol code: A23-372-1,
A25-232-0). BALB/c mice (6 weeks old, female) were
purchased from SLC (Shizuoka, Japan). All mice
were maintained in specific-pathogen-free areas (light/
dark cycle 12 h/12 h, room temperature 21-23°C, and
humidity 50%—60%) and group-housed (n =2-4 per
cage) in a clear plastic cage (15 x 30 x 15 cm) and
given free access to food and water.

4.2 | Preparation of vaccines

After acclimating the mice for 1 week, Norovirus VLP
mixture (containing 5 pg each of Gll.4 (2012) VLP and
Gll.17 VLP) was prepared with adjuvant or saline
and administered to the mice via intramuscular injec-
tion. Two doses were administered at two-week inter-
vals, and splenocytes were isolated 7 weeks after the
start of the experiment.

4.3 | Preparation of mouse monoclonal
antibodies to norovirus VLPs

Splenocytes from mice immunized with norovirus
VLPs were isolated and suspended in 10 mL of 10%
FBS E-RDF medium, and filtered through a cell
strainer. This was centrifuged (1200 rpm, 5 min), and
the pellet fraction was mixed so that the ratio of spleen
cells to HAT-sensitive mouse myeloma cells SP2/0
was 10:1, followed by centrifugation (1200 rpm, 5 min).
Resuspend the pellet fraction in 10 mL of 10% FBS
E-RDF medium and centrifuge (1200 rpm, 5 min).
Slowly added 1 mL 50% polyethylene glycol (PEG)
1500 to the pellet fraction over 1 min to fuse the cells.
Added 10 mL of 10% FBS E-RDF medium and centri-
fuged (1200 rpm, 5 min). The pellet fraction was resus-
pended in 50 mL of 10% FBS E-RDF medium and
seeded in 96-well plates at 50 pL each. This was incu-
bated in an incubator (37°C, 5% CO;) overnight. The
next day, 50 pL of HAT medium was added, and the
plates were placed in an incubator (37°C, 5% CO.,) for
selection. After 2 weeks, multiple screenings were per-
formed using ELISA on plates showing colonies.

44 | ELISA screening and analysis

Immunoplates (Clear Flat-Bottom Immuno Nonsterile
96-Well Plates, Thermo Fisher Scientific) were incu-
bated in coating buffer (15 mM Na,COs;, 35 mM
NaHCO3;, 3 mM NaNj, pH 9.6) (100 uL/well) coated
with 1 pg/mL concentrations of a mixture of norovirus
VLP GII.4 strain and norovirus VLP GII.17 strain (group
1,2 in primary screening), 1 pg/mL concentration of a

mixture of norovirus P-domain Gll.4 strain and noro-
virus P-domain GlI.17 strain (group 3 in primary screen-
ing), 1pg/mL concentration of norovirus VLP GIl.4
strain, norovirus VLP GII.17 strain (group 1,2 in sec-
ondary screening, ELISA analysis), 1 pg/mL concentra-
tion of norovirus P-domain Gll.4, norovirus P-domain
GII.17 strain (group 3 in secondary screening, ELISA
analysis) and 1 pg/mL concentration of ovalbumin
(group 1,2,3 in secondary screening, ELISA analysis).
Coated plates were sealed and incubated at 4°C over-
night, washed three times with 0.05% PBS/Tween-20
(PBST) solution, and blocked with 300 pL/well of block-
ing buffer (PBST containing 5% skim milk) for 1 h at
37°C. The plates were then washed three times with
PBST and in ELISA screening, incubated with 100 pL
of 2-fold dilution of hybridoma cell culture supernatant
in PBST, while in ELISA analysis, incubated with
100 pL of serially diluted concentrations of each anti-
norovirus antibody at 37°C for 1 h. The optimal concen-
trations of anti-norovirus antibodies were normalized
before testing binding ability and tested at concentra-
tions beginning at 100 pg/mL and then diluted serially.
Next, the plates were washed three times with PBST,
and horseradish peroxidase-conjugated goat anti-
mouse IgG (H + L) was added as a secondary anti-
body and incubated at 37°C for 1 h. Finally, the plate
was washed three times with PBST, 60 L of ABTS
chromogenic agent was added, and 30 min later the
OD value was measured at 405 nm.

4.5 | Monoclonalization

The cultured hybridoma cells were measured, and
20,000 cells were resuspended in 2 mL of 10% FBS
E-RDF medium. This was further diluted 20-fold and
200-fold, adjusted to 0.5 cells/200 pL, and seeded into
a 96-well plate at 200 pL per well. After incubating for
10 days in an incubator (37°C, 5% CO,), ELISA was
performed under the same conditions as the previous
screening for colonies showing single colonies to con-
firm success.

4.6 | Subclass analysis and expression
and purification of IgG and IgM mAbs

Hybridoma cell lines producing Abs were gradually
expanded from 96-well plates to 24-well plates, 6-well
plates, 100 mm dishes, and finally to three 150 mm
dishes per cell line. E-RDF medium at 37°C, 5% CO,
for 2 weeks, and the supernatant was used to deter-
mine antibody subclasses by Mouse Isotyping Kit
(ICLLAB). The monoclonal antibodies produced were
subjected to primary purification using HiTrap Protein G
HP Columns, HiTrap Protein L Columns, and HiTrap
IgM Purification HP Columns. IgG-type antibodies were
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purified using HiTrap Protein G HP Columns (Cytiva).
The columns were operated at a constant flow rate of
1 mL/min. The column was equilibrated with 10 mL
of binding buffer (20 mM sodium phosphate, pH 7.0),
the supernatant containing IgG was applied to the col-
umn and the column was washed with 10 mL of binding
buffer. Elution of bound IgG was performed in a one-
step gradient using 0.1 M glycine buffer, pH 2.7, and
0.5 mL of the eluted fraction was collected. The elution
fractions were immediately adjusted to physiological
pH by adding 30 pL of 1 M Tris—HCI, pH 9.0. IgM-type
antibodies 12D7 and 3G6 were purified using HiTrap
Protein L Columns (Cytiva) and 14A10, 13G1, and
18F9 using HiTrap IgM Purification HP Columns.

For purification using HiTrap Protein L Columns, the
column was operated at a constant flow rate of 1 mL/
min. The column was equilibrated with 10 mL of binding
buffer (20 MM sodium phosphate, 150 mM NaCl,
pH 7.2); the supernatant containing IgM was applied to
the column and the column was washed with 10 mL of
binding buffer. Elution of bound IgM was performed in a
one-step gradient with 0.1 M sodium citrate, pH 2.7 and
0.5 mL of the eluted fraction was collected. The elution
fraction was immediately adjusted to physiological pH
by adding 70 pL of 1 M Tris—HCI, pH 9.0. For purifica-
tion using the HiTrap IgM Purification HP Column,
ammonium sulfate was first added to the supernatant
containing IgM to a final concentration of 0.8 M. To
avoid precipitation of IgM, the sample was supplemen-
ted with a small amount of individual ammonium sulfate
while continuously expanding the sample. The sample
was passed through a 0.80 pm filter. The column was
operated at a constant flow rate of 1 mL/min. The col-
umn was equilibrated with 10 mL of binding buffer
(20 mM sodium phosphate, 0.8 M ammonium sulfate,
pH 7.5). supernatant containing IgM was applied to the
column and the column was washed with 10 mL of
binding buffer. Elution of bound IgG was performed in a
one-step gradient with 20 mM sodium phosphate,
pH 7.5, and 0.5 mL of the eluted fraction was collected.
Antibodies 12D7, 14A10, 13G1 14C2, 18F9, and 5H8
were purified using HiLoad 16/600 Superdex 200 pg
and 3G6 was purified using HiLoad 16/600 Superdex

75pg. after primary purification by column
chromatography.
4.7 | High-speed atomic force

microscopy (HS-AFM)

HS-AFM was conducted in tapping mode at room tem-
perature using a micro-cantilever (BL-AC7DS, Olym-
pus Corporation, Tokyo, Japan) with a resonance
frequency of approximately 600 kHz, a spring constant
of approximately 0.2 N/m, and a Q factor of approxi-
mately 1.0. To investigate the interaction between nor-
ovirus Gll.4 VLPs and antibody 14A10, norovirus Gll.4

B WILEY Lo

VLPs were immobilized on mica treated with
3-aminopropyltriethoxysilane (APTES). A freshly
cleaved mica surface was first treated with a 2 pL drop-
let of 1% APTES and incubated for 3 min. Following a
wash with MilliQ water, the APTES-treated substrate
was incubated with norovirus GIl.4 VLPs for 5 min.
Unbound VLPs were subsequently washed away with
PBS. HS-AFM imaging was then performed in the same
buffer, during which antibody 14A10 was added to
observe its interaction with the immobilized VLPs. Images
were recorded at a frame rate of 0.12 s per frame.

To generate the pseudo-AFM image shown in
Figure 1b, a collision simulation was performed
between the structural model and a virtual AFM tip
using pyNuD, a Python-based viewer software devel-
oped in our laboratory. The tip was modeled as a coni-
cal shape with a radius of curvature of 1 nm and a cone
angle of 10°. The resulting simulated image was subse-
quently processed with a low-pass filter with a spatial
frequency of 5nm~" to approximate the experimental
resolution. In constructing the structural model of IgM,
the pentameric Fc region was based on PDB ID: 8BPF.
For template structures other than the pentameric Fc
region of IgM, we used PDB ID: 7XQ8. The amino acid
sequences of the Fab regions were replaced with the
heavy (H-chain) and light (L-chain) chain sequences of
the 14A10 IgM, and homology modeling was performed
using SWISS-MODEL (SWISS-MODEL Interactive
Workspace). Using the constructed IgM structural
model together with the norovirus capsid structure
(PDB ID: 7MRY), we generated a complex model of
IgM bound to the norovirus capsid.

For image processing and quantitative analysis of
the movement of IgM on the VLP surface, all HS-AFM
data were processed using pyNuD. The centroid of
individual IgM molecules was tracked across succes-
sive frames using a custom-made program to obtain
two-dimensional trajectories. From these trajectories
(n = 28), the ensemble-averaged MSD was calculated.
The initial diffusion coefficient was determined by a lin-
ear fit to the MSD curve at short time lags (0.12—-0.60 s)
using the equation MSD(AT) = 4D At. To estimate the
exploration area of IgM on the VLP, the plateau value
of the MSD curve (MSD,,,.x) was used to calculate the
radius of the confinement area (a) based on the rela-
tionship MSDax = a?/2. Furthermore, binding dwell
times were measured for 31 independent events to
evaluate the binding stability, with events exceeding
the 90-s observation window treated as censored data.

4.8 | Expression and purification of
norovirus P-domains

To determine the specificity of anti-norovirus binding anti-
bodies, DNA fragments encoding the P-domain (amino
acid residues 224-530) of the VP1 protein from norovirus
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Gll.4 and GII.17 were cloned into a modified pMAL-c6T
(New England Biolabs) vector. The amino acid
sequences for these P-domains, corresponding to Gen-
Bank accession numbers AQT25659 and AKI30060,
respectively, are provided in Supplementary Data S1. A
His-tag sequence was engineered directly at the
N-terminus of the P-domain, utilizing the pMAL-c6T vec-
tor backbone. For protein expression, the resulting plas-
mids were transformed into competent Escherichia coli
BL21 (DE3) cells. Expression was induced with
isopropyl-B-D-thiogalactopyranoside (IPTG) at a final
concentration of 0.3 mM for 18 h at 16°C. The His-tagged
fusion-P-domain protein was purified using a Ni-NTA
Agarose (FUJIFILM). The P-domain was further purified
by SEC with a HiLoad 16/600 Superdex 75 pg column.

49 | Expression and purification of
1-arm IgM, 2-arm IgM and 1-arm IgG

The sequences of the Fab region of IgM antibody
14A10, the sequence of the Fab region of 14A10 with
the Fc region sequence of trastuzumab added, and the
sequence of the Fab region of IgG antibody 14C2 were
recombinantly expressed as 1-arm IgM, 2-arm IgM, and
1-arm IgG, respectively. The Fab region of the heavy
chain of IgM antibody 14A10 consisted of the variable
domain of the heavy chain and the first constant domain
(Cut). The variable domain sequence contained
122 amino acid residues, corresponding to residues 1—
114 based on Kabat numbering (Wu & Kabat, 1970).
The Kabat numbering was performed using the online
tool AbRSA (Li et al., 2019). The Cu1 domain sequence,
which was used for this study, was identified to be
104 amino acid residues in length and showed 100%
identity with the full-length IgM constant region sequence
(GenBank accession number, P01872). The Fc region
of trastuzumab used for this study corresponds to amino
acid residues 224-530 of the human IgG1 heavy chain,
based on GenBank accession number WDS83891. The
amino acid sequences of 1-arm IgM, 2-arm IgM, and
1-arm IgG are provided in Supplementary Data S2. The
gene sequence for 1-arm IgG was codon-optimized for
expression in mammalian cells. The sequences for the
1-arm and 2-arm IgM were not codon-optimized.

These antibodies were expressed in Expi293 cells
and purified using Ni-NTA Agarose (FUJIFILM) for
1-arm IgM and 1-arm IgG, or Protein A (Cytiva) for 2-arm
IgM. The recombinant proteins were further purified by
SEC with a HiLoad 16/600 Superdex 75 pg. column.

410 | Binding analysis by SPR

SPR analysis was performed using a Biacore 8K sys-
tem (GE Healthcare). Purified norovirus P-domain from
Gll.4 and GII.17 strains were immobilized to a CM5

sensor chip using the amine coupling method. PBST was
used as reaction buffer, and the flow rate was 30 pL/min.
The affinity constant (Kp) is equal to the ratio of the rate
constants (Kp = k4lk,, association rate constant (k,), dis-
sociation rate constant (k,)) and the antigen—antibody
binds in a 1:1 kinetic model. To measure binding to noro-
virus P-domain Gll.4 and GlI.17 strains, the anti-norovirus
binding antibody produced was serially diluted 3-fold to
1.23 nM or 2-fold to 25 nM in PBST at a rate of 30 puL/min
for 180 s. Dissociation was allowed to proceed for 600 s.
The chip surface was regenerated with MgCl, at a con-
centration of 3 M. The binding curves were fitted as a 1:1
kinetics mode by Biacore Insight Evaluation Software
(Cytiva, version 3.0.12.15655).
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