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A B S T R A C T   

Background: Noroviruses are the most common cause of viral gastroenteritis worldwide, yet there is a deficit in 
the understanding of protective immunity. Surrogate neutralization assays have been widely used that measure 
the ability of antibodies to block virus-like particle (VLP) binding to histo-blood group antigens (HBGAs). 
However, screening large sample sets against multiple antigens using the traditional HBGA blocking assay re-
quires significant investment in terms of time, equipment, and technical expertise, largely associated with the 
generation of purified VLPs. 
Methods: To address these issues, a luciferase immunoprecipitation system (LIPS) assay was modified to measure 
the norovirus-specific HBGA blockade activity of antibodies. The assay (designated LIPS-Blockade) was validated 
using a panel of well-characterized homotypic and heterotypic hyperimmune sera as well as strain-specific HBGA 
blocking monoclonal antibodies. 
Results: The LIPS-Blockade assay was comparable in specificity to a standard HBGA blocking protocol performed 
with VLPs. Using time-ordered patient sera, the luciferase-based approach was also able to detect changes in 
HBGA blocking titers following viral challenge and natural infection with norovirus. 
Conclusion: In this study we developed a rapid, robust, and scalable surrogate neutralization assay for noroviruses 
that circumvented the need for purified VLPs. This LIPS-Blockade assay should streamline the process of large- 
scale immunological studies, ultimately aiding in the characterization of protective immunity to human 
noroviruses.   

1. Introduction 

Human noroviruses (HuNoVs) are the most common viral gastroin-
testinal pathogen in the human population, causing an estimated 
200,000 deaths in children under the age of 5 in low-to-middle income 
countries (Patel, Widdowson et al. 2008; Iturriza-Gomara and O’Brien, 
2016). The wider societal impact and medical costs associated with 
HuNoV infections are an additional burden. In the United States, it is 

estimated that HuNoV-related hospital visits, diagnostics, and outpa-
tient care cost about $2 billion a year, a financial strain that could be 
alleviated with the availability of a vaccine (Bartsch, Lopman et al. 
2012; Hoffmann, Batz et al. 2012; Bartsch, Lopman et al. 2016). 

A member of the family Caliciviridae, HuNoVs are small, non- 
enveloped viruses with a single-strand, positive sense RNA genome 
approximately 7.7 kb in length. The genome of HuNoV is divided into 
three open reading frames (ORFs) (Jiang, Wang et al. 1993). ORF1 
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encodes a nonstructural polyprotein that is cleaved into six proteins, 
including the viral RNA-dependent RNA polymerase (Hardy, 2005). 
ORF2 encodes the major capsid protein, VP1, while a minor structural 
protein, VP2, is encoded by ORF3 (Glass, Zeng et al. 2003). The viral 
capsid is composed of 180 copies of VP1 which self-assemble into an 
icosahedral capsid. Vaccination with virus-like particles (VLPs) gener-
ated by expression of VP1 is sufficient to provide at least partial pro-
tection against infection (Atmar, Bernstein et al. 2011). 

VP1 is divided into two domains - the shell (S) domain forms the 
internal structural core of the viral capsid, and the protruding (P) 
domain is exposed on the outermost surface. Noroviruses have been 
classified into ten genogroups based on differences in the VP1 sequence 
(Chhabra, de Graaf et al. 2019). Most HuNoV infections are caused by 
genogroups GI and GII, which are further subdivided into 9 and 27 ge-
notypes, respectively. The majority of epidemic cases of HuNoV have 
been associated with GII.4, a genotype with high genetic diversity that 
gives rise to new, antigenically divergent strains about every 3–7 years 
(Lindesmith, Donaldson et al. 2011). 

Until recent reports of permissive culture systems in B cells, human 
enteroids, and zebrafish (Jones, Grau et al. 2015; Ettayebi, Crawford 
et al. 2016; Van Dycke, Ny et al. 2019), there was no such system for 
human noroviruses. Protective antibodies have instead been character-
ized through a surrogate neutralization assay termed the HBGA 
blockade assay. This assay relies on the binding of virus-like particles 
(VLPs) to histo-blood group antigens (HBGAs), which contain carbo-
hydrates that can be expressed on cell surfaces or secreted into bodily 
fluids. HBGA expression correlates with susceptibility to infection, as 
HBGAs are likely involved in viral attachment to permissive cells (Lin-
desmith, Moe et al. 2003). Based on vaccine studies, increases in anti-
body titers that block HuNoV binding to HBGAs correlate with increased 
protection against viral challenge (Reeck, Kavanagh et al. 2010; Lin-
desmith, Ferris et al. 2015; Ramani, Neill et al. 2017). Recent work with 
enteroids has demonstrated the correlation between HBGA blockade and 
neutralization of live virus infections in vitro, further demonstrating the 
useful predictive nature of the HBGA blockade assay (Atmar, Ettayebi 
et al. 2019; Lindesmith, McDaniel et al. 2019). A potential limiting 
factor in the use of the current HBGA blockade assay is its requirement 
for VLPs, which may not be readily available to a laboratory that does 
not have the infrastructure to produce them. 

A luciferase immunoprecipitation system (LIPS) assay was recently 
developed for the detection of anti-HuNoV antibodies in sera (Tin, Yuan 
et al. 2017). Renilla luciferase-tagged VP1 antigens were used to 
determine antibody titers for a panel of HuNoV-immunized animal sera 
with accuracy comparable to that of a standard, VLP-based ELISA. The 
LIPS assay could profile the specificity of both strain-specific and 
cross-reactive sera, as well as detect changes in antibody titers following 
viral challenge. In this study, the LIPS assay was modified to create a 
luciferase-based method for evaluation of the titer and specificity of 
HBGA blocking antibodies, which are a functional subset of 
HuNoV-recognizing antibodies that have been associated with protec-
tive immunity. This assay circumvented the need for VLPs, providing a 
rapid and easily scalable method to increase the diversity of antigens 
used to profile HBGA blockade antibodies. The ability to monitor the 
specificity and levels of protective immunity over time will facilitate the 
design of norovirus vaccines. 

2. Materials and methods 

2.1. Cells and media 

Insect cell lines SF9s and SF9-ETs were cultured in BaculoGROW 
insect cell medium (Oxford Expression Technologies), and Hi5 cells 
were cultured in EX-CELL 405 serum-free medium (Sigma Aldrich). Both 
media were supplemented with 10 % heat-inactivated fetal bovine 
serum (FBS), 10 U/mL of penicillin, 100 μg/mL of streptomycin. Bacu-
loviruses were amplified in suspension SF9 cells and titered on adherent 

SF9-ET cells (Hopkins and Esposito, 2009). All insect cells were cultured 
at 28 ◦C. HEK293Ts were cultured at 37 ◦C in DMEM (Sigma Aldrich) 
supplemented with 10 % heat-inactivated FBS, 10 U/mL of penicillin, 
100 μg/mL of streptomycin and 2 mM L-glutamine (Sigma-Aldrich). 

2.2. VLP production and purification 

Suspension Hi5 insect cells were infected with baculoviruses engi-
neered to express HuNoV VP1 at an MOI of 10 and incubated while 
shaking for 5 days at 28 ◦C. Cells were lysed via three rounds of freeze- 
thawing, and cell debris was removed by centrifugation at 4000g for 30 
min. Baculovirus was removed from the supernatant by centrifugation at 
14,000g for 30 min followed by 0.45-micron filtration. VLPs were 
precipitated by adding PEG-3350 10 % w/v and stirring overnight at 4 
◦C. Following two rounds of centrifugation at 27,000g for 30 min at 4 ◦C 
and resuspension of the pellet in boric acid buffer (0.2 M boric acid pH 
7.5, 0.5 NaCl), the VLP-containing supernatant was purified over a 30 % 
sucrose cushion in phosphate buffered saline (PBS) and spun at 
150,000g overnight at 4 ◦C. VLP pellets were resuspended in boric acid 
buffer and mixed thoroughly with cesium chloride before being spun at 
191,000g for 20 h. A visible band in the isopycnic cesium gradient, 
containing the VLPs, was removed by puncturing the tube with a needle, 
and the extracted layer was dialyzed in a 10,000 MWCO cassette against 
PBS overnight at 4 ◦C. The concentrations of VLPs were determined via 
bicinchoninic acid (BCA) protein assay, aliquoted, and stored at -80 ◦C. 
GII.4 MD145 baculovirus stocks were provided by Dr. Alexis de Rou-
gemont. GII.4 Sydney2012 VLPs were produced as previously described 
(Lindesmith, Brewer-Jensen et al. 2017). VLP formation was confirmed 
by electron microscopy. 

2.3. Construction of Rluc-VP1 fusion plasmids 

ORF2 sequences from various HuNoV strains were amplified using 
primers that incorporated attB1 sites upstream and downstream of the 
VP1 gene (underlined in Table 1). Following PCR, attB1-flanked VP1 
genes were first cloned into the donor vector, pDONR207, and later the 
destination vector, pcDNA3.1-RL-GW, via Gateway cloning (construct 
provided by Pr. Jürgen Haas, University of Edinburgh). VP1-containing 
plasmids were confirmed using Sanger sequencing. Resulting constructs 
contained renilla luciferase fused to the N-terminus of HuNoV VP1 se-
quences and were designated Rluc-VP1. 

2.4. Rluc-VP1 antigen production 

HEK293T cells were transfected with each plasmid using Lipofect-
amine 2000 according to the manufacturer’s protocol. A total of 106 

cells per well were seeded in 6-well cell culture plates and transfected 
with 2 μg/mL of Rluc-VP1 plasmid when the cell monolayer reached 95 
% confluency. In order to harvest the Rluc-VP1 fusion proteins, cells 
were lysed 24 h post-transfection under conditions previously described 
(Tin, Yuan et al. 2017). Briefly, cells were lysed in lysis buffer A (50 mM 
Tris, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1% Triton X-100, 1X complete 
mini protease inhibitor cocktail). Crude lysates were clarified via 
centrifugation at 12,000g and stored at -80 ◦C. Rluc-VP1 lysates were 
thawed and kept on ice during all assays. Luciferase activity was 
confirmed by serially diluting clarified lysates and reading relative light 
output (RLU) in white 96-well plates on a GloMax luminometer 
(Promega; injection of 100 μL native coelenterazine, diluted to 1 μg/mL 
in PBS; two second delay between readings; five second integration 
time). 

2.5. Western blot analysis 

In order to confirm the expression of luciferase-tagged VP1 proteins, 
transfected HEK293T cells were washed with PBS and lysed 24 h post- 
transfection with RIPA buffer. Protein concentrations of the lysates 
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were determined by BCA protein assays, and appropriate amounts of 
lysate were added to sample loading buffer containing 10 % β-mercapto- 
ethanol to equal a final concentration of 1 μg/mL. Samples were heated 
at 95 ◦C for five minutes and separated on a 12.5 % SDS-PAGE gel. The 
BioRad Trans-Blot Turbo system was used to transfer proteins onto a 
nitrocellulose membrane then blocked with 5% nonfat dry milk or BSA 
diluted in 1X PBS-0.05 % Tween20 (PBS-T) for one hour at room tem-
perature. Mouse anti-renilla luciferase polyclonal antibody (Millipore) 
and mouse anti-GAPDH polyclonal antibody (Protein Tech) were each 
diluted 1:1,000 in 5% nonfat dry milk or BSA in PBS-T. Anti-HuNoV 
strain-specific guinea pig serum was diluted 1:500. All probed mem-
branes were incubated overnight at 4 ◦C. Li-Cor secondary antibodies 
(IRDye 680CW donkey anti-rabbit IgG, IRDye 800CW goat anti-mouse 
IgG, and IRDye 800CW donkey anti-guinea pig IgG) were diluted 
1:10,000 in 5% nonfat dry milk or BSA in PBS-T and incubated with their 
respective membranes for one hour at room temperature before being 
washed and developed using the Li-Cor Odyssey CLx imaging system. 

2.6. Serological immunoassays 

2.6.1. Ethics approval for animal and human sera 
Ethics oversight for animal studies was conducted by the Animal 

Care and Use Committees of the NIH (guinea pigs and chimpanzees) or 
Pocono Rabbit Farm and Laboratory, Inc (rabbits) (Bok, Parra et al. 
2011; Tin, Yuan et al. 2017). Human infection serum was collected with 
informed consent under a protocol approved by the IRB at the Erasmus 
MC medical ethical committee (MEC2013-082) (van Beek et al., 2016). 
Paired sera from a human norovirus GII.4 challenge study were obtained 
under an IRB-approved protocol (Frenck, Bernstein et al. 2012) and 
provided by Dr. Xi (Jason) Jiang at the Cincinnati Children’s Hospital 
Medical Center, Cincinnati, Ohio. 

2.6.2. Calculating equal VLP and Rluc-VP1 antigen input values 
Determination of equal VLP and Rluc-VP1 input for ELISA and LIPS, 

respectively, were estimated as previously described (Tin, Yuan et al. 
2017). For further confirmation, GI.1 NV VLPs of known concentrations 
were diluted in sodium bicarbonate buffer and used to coat clear Max-
isorp plates in order to act as a standard. GI.1 NV Rluc-VP1 proteins from 
three separate preparations were diluted 1:10 in 90 μL sodium bicar-
bonate buffer, assessed for RLU values, and used to coat wells adjacent 
to VLP standards in duplicate. Plates were incubated overnight at 4 ◦C 
and blocked with 5% nonfat dry milk in PBS-T for one hour at room 
temperature. Plates were washed with PBS-T three times before adding a 
GI.1 NV-specific monoclonal antibody (Abcam) as the detecting anti-
body. Following three washes with PBS-T, anti-mouse HRP-conjugated 
antibodies (Sigma, diluted 1:1000 in PBS) were added and incubated 
for an hour at room temperature. Following four washes with PBS-T, 100 
μL of TMB substrate (Thermo Fisher Scientific) was added to each well 
and left to incubate at room temperature for 30 min before reading the 
absorbance at 651 nm. Negative control wells were coated with 
Rluc-JUN diluted 1:10 in sodium bicarbonate buffer. 

VLP standards resulted in O.D. readings which were fit with linear 
regression models. O.D. readings from Rluc-VP1 wells were averaged 
and input into the standards’ linear functions (GraphPad Prism) to es-
timate the comparable concentration of VP1 present in the Rluc-VP1 
lysates. A final linear regression model was fit as a function of RLUs 
present in the GI.1 NV Rluc-VP1 lysates vs. calculated concentration of 
VP1. An input of 1 μg VLPs was estimated to be equivalent to 1.8 × 106 

RLUs in Rluc-VP1 lysate (Supplementary Fig. 1). 

2.6.3. LIPS assays and ELISA titrations 
For LIPS titrations, Rluc-VP1 lysates were diluted to 2 × 106 RLU/mL 

in blocking buffer. Serum samples were serially diluted 4-fold in a 96- 
well format. A 100 μL volume of normalized Rluc-VP1 lysate was 
added to 100 μL of each serum dilution and incubated at 4 ◦C for one 
hour in 96-well vinyl U-bottom plates. Then, 100 μL aliquots of these 
antigen-antibody mixtures were added to duplicate wells of white pro-
tein A/G-coated plates (Thermo Scientific). After one hour of room 
temperature incubation, unbound Rluc-VP1 antigen was removed 
following three washes with PBS-T. Antibody-antigen complexes bound 
to the protein A-coated wells was detected using a GloMax luminometer 
after injection of 50 μL/well native coelenterazine substrate. RLUs were 
read after a two second delay following injection and a five second 
integration time. Rluc-VP1 antigen treated with pre-immune sera acted 
as the negative control. The values shown in the table are the highest 
serum dilutions that gave a RLU count above the negative control + 3 
standard deviations. Each serum was diluted to the same intervals (1:40, 
1:160, 1:640, 1:2560, 1:10,240, 1:102,400) and tests were performed in 
duplicate. The duplicate RLU values were averaged and if the average 
value was above the negative control + 3 standard deviations, the serum 
dilution was considered positive. The endpoint dilution values were 
identical in the duplicate wells within each individual assay. 

For ELISA titrations, 96-well Nunc-Immuno Maxisorp plates 
(Thermo Scientific) were coated with VLPs at a concentration of 100 ng/ 
well in PBS and incubated overnight at 4 ◦C. Plates were blocked with 
5% nonfat dry milk or BSA in PBS-T for one hour at room temperature 
and washed with PBS-T. Serum samples were serially diluted in blocking 
buffer in a 96-well format as described above. After aliquoting 100 μL of 
each serum dilution into wells of the vinyl microtiter plate, 100 μL of 
blocking buffer was added to each well. This diluted the sera 1:2 as had 
occurred in the LIPS assay following the addition of the Rluc-VP1 lysate 
to the antibody dilutions. A total of 100 μL of diluted antibody were 
added in duplicate to VLP-coated plates and incubated at room tem-
perature for one hour. After washing the plates with PBS-T, anti-guinea 
pig or anti-rabbit HRP-conjugated antibodies (Sigma, diluted 1:1,000 in 
PBS) were added and incubated for an hour at room temperature. 
Following four washes with PBS-T, 100 μL of TMB substrate (Thermo 
Fisher Scientific) was added to each well and left to incubate at room 
temperature for 30 min before reading the absorbance at 651 nm. The 
values shown in the table are the highest serum dilutions that gave an O. 
D. value above the negative control + 3 standard deviations. Each serum 
was diluted to the same intervals (1:40, 1:160, 1:640, 1:2560, 1:10,240, 

Table 1 
Gateway forward and reverse primers used to generate HuNoV Rluc-VP1 constructs.  

NoV strain Accession 
No. 

VP1 forward primer VP1 reverse primer 

Hu/NoV/GI.1/Norwalk 
/1968/US 

M87661 5’GGGGACAAGTTTGTA-CAAAAAAGCAGGCTTAa 

-ATGATGATGGCGTCTAA-GGACG 3’ 
5’GGGGACCACTTTGT-ACAAGAAAGCTGGGT-Ta TTAb 

TCGGCGCAGA-CCAAGCCTACC 3’ 
Hu/NoV/GII.4/MD145-12/ 

1987/US 
AY032605 

5’GGGGACAAGTTTGTA-CAAAAAAGCAGGCTTC- 
ACCaATGAAGATGGCGT-CGAATGACG 3’ 

5’GGGGACCACTTTGTA-CAAGAAAGCTGGGTTa 

-TTAbTAATGCACGTCT-ACGCCC 3’ Hu/NoV/GII.4/Sydney/ 
NSW0514/2012/AU 

JX459908.1 

Mu/NoV/GV/MNV1/2002/ 
USA 

AY228235.2 5’GGGGACAAGTTTGTA-CAAAAAAGCAGGCTTC- 
ACCaATGAGGATGAGCG-ACGGCGCAGCGCCAAA-AGCC 3’ 

5’GGGGACCACTTTGTA-CAAGAAAGCTGGGTTa -TTAb 

TTGTTTGAGCATT-CGGCCTGTTGC 3’  

a attB1 sites are underlined. 
b STOP codons are in bold. 
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1:102,400) and tests were performed in duplicate. The duplicate O.D. 
values were averaged and if the average value was above the negative 
control + 3 standard deviations, the serum dilution was considered 
positive. The endpoint dilution values were identical in the duplicate 
wells within each individual assay. 

2.6.4. HBGA binding assays 
Clear and opaque white 96-well Maxisorp plates were coated with 

either BSA or pig gastric mucin type III (PGM; Sigma) diluted to 100 μg/ 
mL in PBS and incubated overnight at 4 ◦C. Clear plates were used for 
VLP binding assays; white plates were used for luciferase-based assays. 
Plates were then blocked with 5% nonfat dry milk or BSA in PBS-T for 
one hour at room temperature and washed with PBS-T. 

For HBGA binding assays, VLPs or Rluc-VP1 lysates were serially 
diluted in 5% nonfat dry milk or BSA in PBS-T. Dilutions were added to 
the BSA- or PGM-coated plates and incubated for an hour at 4 ◦C while 
rocking. Unbound antigen was removed after four washes with PBS-T. 
GI.1 NV VLPs bound to the BSA- or PGM-coated wells were detected 
with a GI.1 NV-specific monoclonal antibody (Abcam). Bound GII.4 
MD145 and GII.4 Sydney2012 VLPs were detected using genotype- 
specific hyperimmune sera diluted 1:2,000 in 5% nonfat dry milk or 
BSA in PBS-T. After an hour of incubation at room temperature, HRP- 
conjugated secondary antibodies were diluted 1:5,000 in 5% nonfat 
dry milk or BSA in PBS-T, added to the wells of the VLP-based approach, 
and incubated at room temperature for an hour. Wells were washed 
three times with PBS-T before adding 100 μL of TMB substrate per well. 
Absorbances were read at 651 nm after 30 min of incubation at room 
temperature. Following the final PBS-T washes, Rluc-VP1 bound to BSA- 
or PGM-coated wells was detected by a GloMax luminometer following 
machine-injection of 50 μL native coelenterazine substrate, a two second 
delay, and a five second integration time. 

2.6.5. HBGA blockade assays 
Clear and opaque white 96-well Maxisorp plates were coated with 

pig gastric mucin type III (PGM; Sigma) diluted to 100 μg/mL in PBS and 
incubated overnight at 4 ◦C. Clear plates were used for VLP blocking 
assays; white plates were used for luciferase-based blocking assays. 
Plates were then blocked with 5% nonfat dry milk or BSA in PBS-T for 
one hour at room temperature and washed with PBS-T. 

For VLP-based blockade assays, VLPs were diluted to 2 μg/mL in 5% 
nonfat dry milk or BSA in PBS-T. Serum samples were serially diluted 4- 
fold in 5% nonfat dry milk or BSA in PBS-T and added to 96-well vinyl U- 
bottom plates. A 100 μL volume of VLPs was added to 100 μL of each 
serum dilution, reducing final VLP concentrations to 1 μg/mL. Following 
incubation for one hour at 4 ◦C while rocking, 100 μL of the antibody- 
VLP mixtures were added in duplicate to PGM-coated wells and incu-
bated for an additional hour at 4 ◦C with rocking. Plates were washed 
four times with PBS-T. Bound VLPs were measured with detecting an-
tibodies and HRP-conjugated secondary antibodies as described above, 
taking care that the detecting sera originated from an animal species 
different from the blocking sera or monoclonal antibody being tested. 

For luciferase-based blockade assays, Rluc-VP1 lysates were diluted to 
2 × 106 RLU/mL in 5% nonfat dry milk or BSA in PBS-T. Sera and HBGA- 
blocking monoclonal antibodies were diluted and added to 96-well plates 
as described above. A 100 μL volume of Rluc-VP1 lysate was added to 100 
μL of each serum dilution, and the antibody-Rluc-VP1 mixtures were 
incubated for one hour at 4 ◦C while rocking. Antibody-antigen mixtures 
were added in duplicate to PGM-coated plates and incubated for an 
additional hour at 4 ◦C as before. Plates were washed four times with PBS- 
T, and PGM-bound Rluc-VP1 protein was detected by a GloMax lumin-
ometer following machine-injection of 50 μL native coelenterazine sub-
strate, a two second delay, and a five second integration time. 

The 50 % blocking titer (BT50) was defined as the serum dilution at 
which the O.D. or RLU value was 50 % of that of the appropriate control. 
Blockade assays performed with hyperimmune sera were compared to 
pre-immune serum-treated controls, whereas blockade assays 

performed with monoclonal antibodies were compared to untreated 
controls. A BT50 value of <80 was assigned to samples that did not show 
a 50 % decrease in comparison to the control at the lowest serum dilu-
tion tested (1:80). Graphs were generated using GraphPad Prism 7.0 and 
BT50 values were determined using the nonlinear fit – one site logIC50 
binding curve analysis (top constraint = 0, bottom constraint = 100). 

3. Results 

3.1. Expression of Rluc-VP1 fusion proteins in transfected cells 

A panel of Rluc-VP1 fusion proteins was constructed by Gateway 
cloning for use in the luciferase-based HBGA blocking assay, designated 
here as LIPS-Blockade. Renilla luciferase (Rluc) was fused to the N-ter-
minus of HuNoV major capsid proteins and to the negative control 
protein, JUN, a component of the transcription factor AP-1 which was 
not predicted to bind HBGA. Western blot analysis was used to verify the 
expression of Rluc antigens following transfection into HEK293 T cells. 
Probing with an anti-renilla luciferase monoclonal antibody revealed 
proteins of 95− 110 kDa (Fig. 1A), corresponding to the expected total 
molecular mass of fusion proteins: ~36 kDa (Rluc) and ~60− 75 kDa 
(HuNoV VP1). Probing the same lysates with hyperimmune guinea pig 
sera raised against HuNoV VLPs confirmed the fusion of Rluc to HuNoV 
VP1 (Fig. 1B). Serum raised against the GI.1 NV strain solely reacted 
with the GI.1 NV Rluc-VP1. Serum raised against the GII.4 MD145 strain 
recognized both GII.4 Rluc-VP1 fusion proteins from GII.4 MD145 and 
GII.4 Sydney2012. Anti-MNV serum recognized MNV Rluc-VP1 only. 

Two HBGA binding pockets are located at the interface of two VP1 
monomers and require dimerization to properly form the pockets and 
bind HBGAs. Monoclonal antibody D8 has been mapped to the GI.1 NV 
VP1 dimeric interface and demonstrates efficient HBGA blocking ac-
tivity (Chen, Sosnovtsev et al. 2013). To determine whether dimeric 
forms of VP1 were produced in the transfected cell lysates, we tested D8 
in the LIPS assay conducted at room temperature (25℃) and 4℃ 
(Fig. 1C). D8 was able to recognize GI.1 NV Rluc-VP at both tempera-
tures, with optimal binding at 4℃, consistent with the presence of 
dimerized Rluc-VP1. 

3.2. HBGA binding of HuNoV VLPs and Rluc-VP1 fusion proteins 

The utility of Rluc-VP1 antigens in an HBGA blockade assay was 
investigated by measuring their levels of binding to pig gastric mucin 
(PGM). PGM contains HBGA-like molecules and has been shown to bind 
a wide range of HuNoV VLPs (Tian, Brandl et al. 2005). Homologous 
VLPs were tested for PGM binding alongside the luciferase-tagged VP1 
proteins. Both VLPs (Fig. 2A) and Rluc-VP1 lysates (Fig. 2B) were able to 
bind PGM in a dose-dependent manner and failed to bind BSA at even 
the highest concentrations tested. While MNV has been shown to bind 
carbohydrate moieties such as sialic acid, it has failed to bind any syn-
thetic HBGAs (Taube, Perry et al. 2009; Donaldson, Lindesmith et al. 
2010). The observed minimal binding of MNV Rluc-VP1 to PGM sup-
ported this trend, as any binding to PGM-coated wells was likely due to 
low amounts of sialic acid being present in the PGM. The VLP control 
2117 was derived from a vesivirus, a distant member of the family 
Caliciviridae. The 2117 VLPs and the Rluc control, Rluc-JUN, did not 
bind BSA or PGM. Taken together with the D8 monoclonal binding ob-
servations, these data indicate that the HuNoV Rluc-VP1 proteins are in 
a dimeric conformation and that the HBGA binding pockets maintain 
PGM binding capacity. Therefore, the Rluc-VP1 proteins can serve as 
antigens in the HBGA blockade assay. 

3.3. Determination of anti-HuNoV antibody titer in hyperimmune animal 
sera 

The titer of anti-HuNoV antibodies in sera from rabbits and guinea 
pigs immunized with GI.1 NV and GII.4 MD145 VLPs were determined 
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Fig. 1. Expression of Rluc fusion proteins. A) Gateway cloning was used to fuse renilla luciferase (Rluc) to the N-terminus of HuNoV VP1 or the negative control 
protein, JUN. B) Western blots of HEK293 T lysates transfected with Rluc-JUN and HuNoV Rluc-VP1 constructs were probed with an anti-Rluc monoclonal antibody 
and hyperimmune guinea pig sera raised against GI.1 NV, GII.4 MD145, and GV.1 MNV VLPs. GAPDH acted as the loading control. C) A LIPS assay was performed 
using the D8 monoclonal antibody which recognized a conformational epitope that spans the dimer interface of two GI.1 NV VP1 proteins. The assay was performed 
with GI.1 NV and GII.4 MD145 Rluc-VP1 at 4 ◦C and room temperature (25 ◦C). The dotted line represents RLU readings for input Rluc-VP1. Cutoff values were 
calculated based off of the average of the negative control readings (D8 treated-JUN Rluc-VP1, bold line) plus three standard deviations (dashed line). 

Fig. 2. Norovirus VLPs and Rluc-VP1 fusion 
proteins bound PGM specifically. A) Clear 
maxisorp plates coated with 100 μg/mL of 
either BSA or PGM were treated with serially 
diluted concentrations of HuNoV and 2117 
(Vesivirus) VLPs. PGM-bound VLPs were detec-
ted by corresponding hyperimmune sera. Mea-
surements are represented as average O.D., and 
error bars represent standard error of the mean. 
The dashed line represents average O.D. for 
background signal. B) Plates coated with 100 
μg/mL of PGM or BSA were treated with serially 
diluted concentrations HuNoV Rluc-VP1 and 
Rluc-JUN. PGM-bound Rluc proteins were 
detected by reading luciferase activity of wells 
following several washes on a GloMax lumin-
ometer. Measurements are represented as 
average bound RLU versus average input RLU/ 
100 μL. Assays were performed at 4 ◦C.   
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using both traditional ELISAs and LIPS assays (Table 2). In both assays, 
sera had the highest recognition when screened with homotypic anti-
gens. The anti-GII.4 MD145 guinea pig serum recognized the antigeni-
cally similar GII.4 Sydney2012 VLPs and Rluc-VP1 proteins more 
efficiently than the anti-GII.4 MD145 rabbit serum. Both anti-GI.1 NV 
sera showed low reactivity against GII.4 Sydney2012 antigens. 

The original LIPS paper reported titers measured by LIPS were either 
equal or marginally higher than titers measured by ELISA (Tin, Yuan 
et al. 2017). In our study, most titers measured by LIPS were equal to 
titers measured by ELISA. The exception to this trend were titers 
measured against the heterologous antigens, GII.4 Sydney2012 VLPs 
and Rluc-VP1 proteins. GII.4 Sydney2012 LIPS titers were roughly 
4− 10-fold higher than ELISA titers. This increased titer may result from 
increased availability of shared epitopes on the Rluc-VP1 fusion proteins 
compared to fully formed VLPs. Taken together, these data support 
previous observations (Tin, Yuan et al. 2017) that the LIPS assay can 
detect antibodies that recognize shared and cross-reactive epitopes be-
tween different genotypes, but less so between different genogroups. 

3.4. Detection of HBGA blocking activity in hyperimmune animal sera 

To assess whether the Rluc-VP1 proteins could be used to detect 
HBGA blocking activity, the titers of HBGA blocking antibodies in hy-
perimmune sera were determined using both the standard HBGA 
blocking assay and the LIPS-Blockade assay. The amount of PGM-bound 
antigen that was detected following preincubation with serum was 
plotted as a percentage relative to pre-immune sera-treated controls. For 
both the standard VLP-based blocking assay and the luciferase-based 
approach (Fig. 3A and B, respectively), homotypic hyperimmune sera 
demonstrated the most efficient blocking activity. Rabbit anti-GI.1 NV 
serum blocked GI.1 NV antigen binding in both assays, whereas the 
guinea pig anti-GI.1 NV serum failed to block at least 50 % of antigen 
binding in either assay. Both guinea pig and rabbit sera raised against 
GII.4 MD145 blocked MD145 VLP and Rluc-VP1 binding to PGM. 
However, only guinea pig anti-GII.4 MD145 serum demonstrated 
blocking activity when tested against the closely related GII.4 Syd-
ney2012 antigens. In all cases, the blocking activity observed in the 
standard VLP-based blocking assay was also detected in the luciferase- 
based assay. 

BT50 values were calculated using nonlinear fit IC50 curves 
(Fig. 3C). The luciferase-based HBGA blockade assay determined BT50 
values for polyclonal sera that were roughly 2-fold higher than the 
standard assay. Contrary to this trend, almost identical BT50 s of GII.4 
Sydney2012-specific monoclonal antibodies G2 and G5 were obtained in 
both assays. GII.4-2012-G2, which blocks GII.4 Sydney2012 at an 
uncharacterized blockade epitope (Lindesmith, Brewer-Jensen et al. 
2017), achieved a BT50 of 80 ng/mL in the LIPS-Blockade assay, 
compared to 90 ng/mL in the VLP-based blockade assay. Similarly, 
GII.4-2012-G5, which blocks the well-characterized Epitope A unique to 
GII.4 Sydney2012, achieved a BT50 of 64 ng/mL and 75 ng/mL using 
GII.4 Sydney2012 VLPs and Rluc-VP1, respectively. These data 

demonstrated that both HBGA blocking assays can be used to determine 
blocking antibody titers for hyperimmune sera as well as monoclonal 
antibodies. 

3.5. Comparison of HBGA blockade antibody profiles detected by Rluc- 
VP1 proteins and by VLPs 

To determine whether antibodies measured in the luciferase-based 
HBGA blocking assay were similar to those quantified in the standard 
VLP-based assay, a competitive HBGA blocking assay was performed. As 
outlined in Fig. 4A, sera or antibodies of interest were incubated with 
either homotypic or heterotypic VLPs (1.). Antibody-VLP mixtures were 
then added to clear PGM-coated plates to adsorb unblocked VLPs to the 
PGM (2.); VLPs whose HBGA binding remained intact following anti-
body treatment would preferentially bind PGM rather than remain in 
solution and potentially compete with Rluc-VP1 for binding in the final 
ligand binding step. The unbound antibodies were subsequently added 
to Rluc-VP1 lysate (3.), incubated for an hour at 4 ◦C, and added to fresh 
white plates coated with PGM (4.). Plates were washed (5.) and changes 
in HBGA blockade titer were measured (6.). Positive competition was 
defined as VLP pretreatment that significantly reduced blockade titers 
against Rluc-VP1 compared to the “No VLP” control. 

VLP competition was only detectable when homotypic VLPs and 
Rluc-VP1 antigens were used to assess competitive blocking activity. 
When anti-GII.4 MD145 guinea pig serum was incubated with the panel 
of VLPs, only GII.4 MD145 VLPs removed a significant population of 
blocking antibodies reactive against GII.4 MD145 Rluc-VP1 (Fig. 4B). 
Preincubation with homologous GII.4 MD145 VLPs resulted in a 6.5-fold 
reduction in the BT50 titer (i.e., a lower dilution of serum), therefore 
higher levels of serum antibody were required to block 50 % of the 
binding. Preincubation with GI.1 NV and GII.4 Sydney2012 VLPs had no 
effect on the BT50 compared to the untreated control, which also pro-
vided evidence that nonblocked VLPs were effectively removed from the 
solution in Step 2 and did not compete with Rluc-VP1 for the final PGM 
binding step. Preincubation of the GII.4 Sydney2012 monoclonal anti-
body, GII.4-2012-G5, with the panel of VLPs yielded similar competitive 
blocking patterns (Fig. 4C). Preincubation with homologous GII.4 Syd-
ney2012 VLPs yielded a BT50 value 6.8-fold higher than the untreated 
control (i.e., more monoclonal antibody was required to block 50 % of 
GII.4 Sydney2012 Rluc-VP1 binding), while preincubation with GI.1 NV 
and GII.4 MD145 VLPs did not significantly increase the BT50 value 
(Fig. 4D). These data demonstrate that both the VLP-based and 
luciferase-based HBGA blocking assays measure the same blockade 
antibody activity. 

3.6. HBGA blockade antibody responses following viral challenge and 
natural HuNoV infection 

To monitor blockade antibody titer changes after HuNoV infection, 
HuNoV-specific titers (Fig. 5A) and HBGA blockade titers (Fig. 5B) of 
chimpanzee and human sera collected pre- and post-infection were 
characterized using VLPs and Rluc-VP1 antigens. As part of an animal 
model study, chimpanzees were orally challenged with live GI.1 NV 
(Bok, Parra et al. 2011). One sampled chimpanzee gained broadly 
reactive anti-HuNoV antibodies at a titer of 1.0e4 after challenge, with 
GI.1-specific antibody titers detected at a log10 higher serum dilution. 
HBGA blockade was only detected against GI.1 NV VLPs and Rluc-VP1 
proteins, demonstrating the genogroup specificity of the 
LIPS-Blockade assay. 

Four adult volunteers were previously challenged with Cin-1, a GII.4 
strain most closely related to outbreak strain Farmington Hills 2002 
(accession number JQ965810) (Frenck, Bernstein et al. 2012). Sera was 
collected at Day 0 and Day 30 post-challenge. Post-challenge sera from 
these patients (Pt) contained 1–2 log10 higher antibody titers against 
each VLP or Rluc-construct, except Pt5 who had modest increases 
(4− 10-fold) in titer against GI.1 NV and GII.4 MD145 (Fig. 5A). Each 

Table 2 
Highest endpoint titers of animal hyperimmune sera evaluated by ELISA (VLPs) 
or LIPS (Rluc-VP1).  

Test sera* Antigen  

GI.1 NV GII.4 MD145 GII.4 Sydney2012  

ELISA LIPS ELISA LIPS ELISA LIPS 

NV GP sera 1.0e4 1.0e4 <160 <160 <160 <160 
NV RB sera 1.0e5 1.0e5 2.5e3 2.5e3 2.5e3 1.0e4 
MD145 GP sera 1.0e4 1.0e4 1.0e5 1.0e5 1.0e5 1.0e6 
MD145 RB sera 1.0e4 1.0e4 1.0e5 1.0e5 1.0e4 1.0e5  

* Assays were performed in duplicate and values were averaged as described 
in text to determine the highest serum dilution that resulted in O.D. (for ELISA) 
and RLU values (for LIPS) of the negative control sera + 3 standard deviations. 
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Fig. 3. Hyperimmune animal sera blocked antigen binding to PGM. HuNoV VLPs (A) and Rluc-VP1 proteins (B) were preincubated with serially diluted pre-immune 
and hyperimmune anti-HuNoV animal sera before being added to plates coated with PGM. Unbound antigen was washed from the plates, and bound antigen was 
detected either via HRP (VLPs) or luciferase activity (Rluc-VP1 proteins). Graphs report O.D. and RLU values relative to pre-immune controls, with error bars 
representing SEM. C) HBGA BT50 values were calculated using nonlinear fit – one site logIC50 curve equations with top and bottom constraints 0 and 100, 
respectively. Values for polyclonal sera were determined relative to pre-immune-treated controls to account for nonspecific blocking. Values for monoclonal anti-
bodies were determined relative to untreated controls. Values for 95 % confidence intervals are reported in parentheses. Sera and monoclonal antibodies that failed to 
achieve measurable BT50 values are denoted with <80 and <1ug/mL, respectively. 
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Fig. 4. VLPs compete with homotypic Rluc-VP1 for blockade antibodies. A) Illustration of competitive HBGA blockade assay. 1. Homotypic or heterotypic VLPs were 
preincubated with serially diluted sera in vinyl 96-well plates for an hour. 2. VLP-antibody mixtures were added to clear maxisorp plates coated with PGM and 
incubated for an hour. The HBGAs bound (trapped) non-blocked VLPs, theoretically leaving the remaining unbound antibody in the solution. 3. The “unbound” 
solution was pipetted from the clear maxisorp plates, mixed with Rluc-VP1 proteins in vinyl 96-well plates, and incubated for an hour at 4 ◦C. 4. Rluc-VP1-antibody 
mixtures were added to fresh white plates coated with PGM and incubated for an hour at 4 ◦C. 5. White plates were washed with PBS-T, and substrate was added. 6. 
Luminescence was read by luminometer. If Rluc-VP1 blocking was reduced following VLP pretreatment, marked by an increase in RLUs detected in PGM-coated 
wells, then VLP competition had taken place. B,C) Rluc-VP1 binding percentages were graphed and determined relative to pre-immune sera-treated controls 
(GII.4 MD145 guinea pig serum) or untreated controls (GII.4 Sydney2012 monoclonal antibody). Error bars represent SEM. D) HBGA BT50 values were calculated 
using nonlinear fit – one site logIC50 curve equations with top and bottom constraints 0 and 100, respectively. Values for 95 % confidence intervals are reported in 
parentheses. 
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pre-challenge serum contained no detectable levels of HBGA blockade 
against VLPs (Fig. 5B). Pre-challenge sera screened with GII.4 MD145 
Rluc-VP1 proteins demonstrated low levels of HBGA blockade, possibly 
reflecting low levels of immunity from previous GII.4 exposures that the 
VLP-based assay could not detect (Fig. 5B). Post-challenge sera from all 
patients contained 1–2.2 log10 higher BT50 s against GII.4 MD145 VLPs 
and Rluc-VP1 proteins. Patients 3 and 5 interestingly gained some 
limited cross-blockade activity against the later circulating GII.4 strain, 
Sydney2012. No sera demonstrated HBGA blockade against GI.1 NV 
VLPs or Rluc-VP1 proteins. 

Finally, serum samples from a naturally infected patient under 
treatment at Erasmus Medical Center (EMC003) were collected prior to 
infection (Day -3) and several weeks following infection (Day 46). 
Sequencing analysis revealed they were infected with the HuNoV strain 
GII.4 New Orleans 2009 [GII.P4] (accession number MT929247) (van 
Beek et al., 2016). Three days prior to HuNoV exposure, the patient’s 
anti-HuNoV recognizing titers were low (<103) against all strains 

(Fig. 5A). At 46 days post-infection, a 1–2 log10 boost in antibody titer 
was observed against all antigens, with the largest increase observed for 
antibodies that recognized related GII.4 strains. The anti-GII.4 MD145 
antibodies present in the patient’s pre-infection serum demonstrated 
some HBGA blockade activity against both Rluc-VP1 and VLPs, though 
the blocking antibodies were low in titer (Fig. 5B). No other blockade 
patterns were observed for the sera collected at Day -3. Following the 
boost in humoral immunity post-infection at Day 46, the HBGA BT50 
against GII.4 MD145 increased 7-fold. Additionally, the infection with a 
GII.4 New Orleans 2009 strain gave rise to antibodies that could block 
the later-circulating GII.4 Sydney2012 strains, both VLPs and Rluc-VP1 
proteins. Neither serum was able to block GI.1 NV VLPs or Rluc-VP1 
proteins. 

Taken together, these data indicate that the Rluc-VP1 system can 
detect and profile the specificity of a serologic response following nat-
ural infection, and that the newly developed LIPS-Blockade assay can 
serve to characterize the HBGA blocking activity of these antibodies. 

Fig. 5. Changes in anti-HuNoV and HBGA blocking antibody titers were detected in complex sera using VLPs and Rluc-VP1 antigens. Serially diluted patient sera 
collected pre- and post- challenge/infection were preincubated with GI.1 NV, GII.4 MD145, and GII.4 Sydney2012 VLPs and Rluc-VP1 proteins. Antigen-antibody 
mixtures were then applied to plates coated with either protein A/G (A) or PGM (B) to determine HuNoV recognizing antibody titer and HBGA blocking anti-
body titer, respectively. A) Average O.D. and RLU were determined and plotted relative to negative, pre-immune-treated controls. Cutoff values were calculated 
based off negative control readings plus three standard deviations. Reported titers are the last positive serum dilution above this negative control cutoff. B) Graphs 
report BT50 values of HBGA blockade curves generated using the nonlinear fit – one site logIC50 analysis. Lowest serum dilution (1:80) is represented by the dashed 
vertical line. Bars represent 95 % confidence intervals of BT50 s. 
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4. Discussion 

A LIPS-Blockade assay was established for the detection of poten-
tially protective anti-HuNoV antibodies in polyclonal sera. Our aim was 
to develop an assay that was readily scalable, allowed for the rapid 
generation of novel antigens, and not dependent on the availability of 
VLPs. In addition, the assay would need to perform comparably to the 
gold standard VLP-based HBGA blocking assay. 

First, we demonstrated that the renilla-tagged capsid protein could 
bind HBGA-containing PGM. The assessment with the monoclonal 
antibody D8 provided evidence that the Rluc-VP1 fusion proteins 
maintained the capacity to dimerize and did so more efficiently at lower 
temperatures (Fig. 1C). We also observed that Rluc-VP1 proteins bound 
PGM better at 4℃, consistent with the idea that Rluc-VP1 dimerization 
is temperature sensitive (data not shown). We suspect that the decreased 
temperature stabilized the structural integrity of the HBGA binding sites 
and may have also compensated for any steric hindrance caused by the 
N-terminal addition of Rluc, thereby allowing dimerization to occur 
more readily. This choice of temperature for assay performance, how-
ever, comes with the caveat that lower temperatures favor antibodies 
binding at more surface-exposed epitopes and decreased access to more 
buried epitopes within the VLP structure (Lindesmith, Mallory et al. 
2018). Biologically relevant access to these hidden epitopes may 
therefore be better studied using VLP-based methods. 

Immunization and infection in both animals and humans led to 
stimulation of cross-genogroup anamnestic responses as measured by 
LIPS and ELISA, though homotypic recognizing titers were expectedly 
higher than cross-genotype titers. Anamnestic antibody responses have 
been linked to the presence of shared epitopes among norovirus strains, 
as has been reported in previous outbreak and challenge studies 
[reviewed in (van Loben Sels and Green, 2019).] Variations in blocking 
activity demonstrated that the LIPS-Blockade assay could readily 
distinguish between bulk antibody binding to antigen and its HBGA 
blocking activity. The blocking activity of the anti-GII.4 MD145 guinea 
pig serum against the GII.4 Sydney2012 Rluc-VP1 fusion protein 
demonstrated that the assay is also able to detect cross-reactivity with 
antigenically related strains. This limited, cross-reactive blocking was 
only observed when sera were screened with antigens of the same ge-
notype (e.g., treating GII.4 sera against related GII.4 VLPs and Rluc-VP1 
proteins). HBGA binding of the GI.1 NV Rluc-VP1 protein was not 
blocked with GI.3 sera; similarly, pretreatment of GII.4 MD145 and GII.4 
Sydney2012 Rluc-VP1 proteins with GII.2 or GII.3 sera also had no effect 
on HBGA binding (data not shown). The VLP competition assay pro-
vided further evidence that the assays maintained comparable speci-
ficity when detecting HBGA blockade antibodies. Only homotypic VLPs 
competed for blockade antibodies, thus demonstrating that both assays 
were able to quantify the same blocking antibody population. 

Because the animal sera used in Fig. 3 was generated via IM injection 
and was highly strain specific, we wanted to confirm that the LIPS- 
Blockade assay is capable of measuring HBGA blockade in complex 
sera following natural infection or oral challenge. A panel of human and 
primate sera was characterized for HuNoV-specific reactivity and HBGA 
blockade activity using the LIPS and LIPS-Blockade assays, respectively. 
Each HuNoV exposure resulted in an increase in genotype-restricted 
HBGA blocking antibodies that could be detected in the LIPS-Blockade 
assay. The chimpanzee challenged with GI.1 NV developed GI.1- 
specific HBGA blockade antibodies post-challenge. Four individuals 
challenged with a 2002 GII.4 strain (Cin-1) developed blockade anti-
bodies that recognized an earlier circulating GII.4 strain from 1987 
(MD145), with two of these responses also recognizing a future GII.4 
strain from 2012 (Sydney2012). Finally, the pre-infection serum of a 
patient naturally infected with a 2009 GII.4 strain showed the presence 
of pre-existing blockade antibodies against GII.4 MD145 that were 
boosted in their post-infection sera. After HuNoV infection, a new HBGA 
blockade antibody population was also detected in this patient that 
blocked GII.4 Sydney2012. Thus, changes in titer and the generation of 

new HBGA blockade activity can both be detected with the LIPS- 
Blockade assay. Each increase in recognizing titer and generation of 
HBGA blockade antibodies were detected by both VLP- and Rluc-VP1- 
based assays, confirming that strain-specific, serological responses in 
patients can be characterized using the Rluc-VP1 platforms. 

It was previously reported that binding titers in sera were higher 
when screened with the HuNoV LIPS assay as compared to a standard 
ELISA assay (Tin, Yuan et al. 2017). We observed a similar trend with 
the luciferase based HBGA blockade assay. Polyclonal human and ani-
mal sera had BT50 values roughly twice as high when measured with 
Rluc-VP1 as opposed to VLPs. However, the differences between BT50 
values achieved by both assays was not statistically significant when 
using monoclonal antibodies (Fig. 3C). The increased BT50 s in poly-
clonal sera were possibly observed due to increased exposure of common 
epitopes on luciferase-tagged proteins compared to their VLP counter-
parts. Likely located in the shell domain, these epitopes would usually be 
buried inside of VLPs and therefore would be less accessible to antibody 
recognition in VLP-based assays (Hansman, Taylor et al. 2012; Parra, 
Abente et al. 2012; Parra, Azure et al. 2013). Antibodies that recognize 
these buried epitopes on dimeric Rluc-VP1 may possess direct HBGA 
blocking activity, they may sterically hinder HBGA binding, or they may 
work allosterically to induce conformational changes in nearby HBGA 
binding epitopes. Thus, less antibody would be required for the 
LIPS-Blockade assay to achieve the same BT50 of the VLP-based assay 
due to increased epitope availability. 

As highlighted with the previously developed HuNoV LIPS assay, the 
limitations of our current study included the possibility of conforma-
tional epitopes misfolding due to the N-terminal addition of Rluc. 
However, immunofluorescence staining and blockade of GI.1 NV and 
GII.4 Sydney2012 Rluc-VP1 with the strain-specific monoclonal anti-
bodies provided evidence that some well-established immunodominant 
epitopes such as GII.4 Epitope A remained intact (data not shown, 
Fig. 3C). Future studies are needed to assess the presentation of other 
important blockade and non-blockade epitopes encoded elsewhere on 
Rluc-VP1. The addition of VP2, a minor structural protein, may also 
influence structure and immunogenicity of Rluc-VP1 constructs and 
would be of interest to study in the future. 

There are several advantages of the LIPS-Blockade assay. Sequencing 
patient-specific strains of HuNoV and creating matching Rluc-VP1 an-
tigens can in many instances be more rapid than generating matching 
VLPs. By not relying on VP1 to self-assemble into full VLPs, the LIPS- 
Blockade assay provides a quick, personalized, and scalable platform 
for screening immunologically important antibodies. Additionally, 
mutagenesis studies to map functional domains may be simpler with 
Rluc-VP1 proteins than with VLPs, as certain mutations in the VP1 
protein may prevent proper VLP assembly. Finally, the time, technical 
demand, infrastructure requirement, and costs associated with produc-
ing Rluc-VP1 proteins are lower than those of HuNoV VLPs. Therefore, 
the LIPS-Blockade assay may be more feasible for laboratories with 
restricted time and budgetary resources or for laboratories where access 
to the required equipment (e.g. ultracentrifuge) is not possible. We 
would highlight that, while this assay is useful for certain applications 
such as large-scale screening, it may not be a suitable replacement for 
others, such as detailed study of conformational blockade epitopes 
presented by an intact virion. 

In conclusion, this study provides evidence that HuNoV Rluc-VP1 
fusion proteins can be used to rapidly assess both anti-HuNoV anti-
body titers as well as potentially protective HBGA blockade titers. 
Widespread implementation of this system therefore has the potential to 
provide invaluable insights into the immune responses to HuNoVs in 
naturally infected populations. 
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