
282

PROBLEMS OF VIROLOGY (VOPROSY VIRUSOLOGII). 2025; 70(3)
https://doi.org/10.36233/0507-4088-316

ORIGINAL RESEARCHES

ORIGINAL STUDY ARTICLE
DOI: https://doi.org/10.36233/0507-4088-316
© LAPIN V.A., NOVIKOV D.V., KASHNIKOV A.Yu., EPIFANOVA N.V., NOVIKOVA N.A., MOKHONOVA E.V., MELENTIEV D.A., TSYGANOVA M.I.,  
ZAITSEV D.E., NOVIKOV V.V., 2025

Recombinant VP1 protein of norovirus GII.4  
(Caliciviridae: Norovirus) is capable to induse the production  
of cross-reacting antibodies 
Vladislav A. Lapin , Dmitry V. Novikov, Alexander Yu. Kashnikov, Natalia V. Epifanova, 
Nadezhda A. Novikova, Ekaterina V. Mokhonova, Dmitry A. Melentev,  
Maria I. Tsyganova, Dmitry E. Zaitsev, Viktor V. Novikov

Academician I.N. Blokhina Nizhny Novgorod Scientific Research Institute of Epidemiology and Microbiology of the Federal Service 
for Supervision of Consumer Rights Protection and Human Welfare (Rospotrebnadzor), 603950, Nizhny Novgorod, Russia

Abstract
Introduction. Norovirus (NoV) is one of the main causes of acute gastroenteritis. Currently, there is no vaccine to 
prevent norovirus infection. Vaccines under development are based on the capsid protein VP1, which is capable 
of forming virus-like particles.
The aim of the work was to analyze the immunogenic properties of the recombinant VP1 protein of NoV GII.4.
Materials and methods. In the blood serum of animals immunized with the recombinant VP1 protein obtained 
by the authors, titers and avidity of total antibodies and IgM antibodies against NoV VP1 were determined using 
enzyme immunoassay. The ability of the obtained antibodies to interact with NoV of different genotypes was 
assessed using immunoelectron microscopy.
Results. The recombinant VP1 protein induced high titer antibody production in animals. Total antibodies against 
VP1 had a high avidity, reaching 100%, which suggests that they have viral neutralizing activity. IgM antibodies had 
low avidity. Immunoelectron microscopy showed that IgG antibodies against VP1 protein of genotype GII.4 interact 
with wild-type NoV of genotype GII.7 and GII.17.
Conclusion. The obtained recombinant protein induces a sufficiently strong immune response with the formation 
of high avidity polyclonal cross-reacting antibodies, which allows us to consider it as an antigen component of a 
NoV vaccine candidate. 
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Резюме
Введение. Норовирусы (НВ) являются одной из основных причин острого гастроэнтерита. В настоящее 
время отсутствует лицензированная вакцина против норовирусной инфекции. Разрабатываемые вакцины 
основаны на капсидном белке VP1, способном к формированию вирусоподобных частиц. 
Целью настоящей работы стала характеристика иммуногенных свойств рекомбинантного VP1 НВ и оценка 
перекрестной реактивности антител против него с различными геновариантами НВ.
Материалы и методы. В сыворотке крови животных, иммунизированных полученным авторами рекомби-
нантным белком VP1, c помощью иммуноферментного анализа определяли титры и авидность суммарных 
антител и антител класса М (IgM) против VP1 HB. Способность полученных антител взаимодействовать  
с НВ разных генотипов оценивали с помощью иммуноэлектронной микроскопии. 
Результаты. Рекомбинантный белок VP1 индуцировал образование у животных антител в высоких титрах. 
Суммарные антитела против VP1 имели высокую авидность, достигающую 100%, что предполагает нали-
чие у них вируснейтрализующей активности. Антитела класса IgM обладали низкой авидностью. Методом 
иммуноэлектронной микроскопиии показано, что IgG-антитела против VP1 генотипа GII.4 взаимодействуют 
с НВ генотипа GII.7 и GII.17.
Заключение. Полученный рекомбинантный белок индуцирует сильный иммунный ответ с формированием 
высокоавидных поликлональных перекрестно-реагирующих антител, что позволяет рассматривать его как 
антигенный компонент прототипа кандидатной вакцины против НВ человека. 
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Introduction

Noroviruses (NoV) are the second leading cause of 
acute gastroenteritis, second only to rotavirus. In countries 
where mass vaccination against rotavirus infection is 
carried out, the share of NoV in the etiological structure 
of acute intestinal infections is increasing while the 
incidence of rotavirus gastroenteritis is on the decline. 
As a result, norovirus infection is gradually becoming 
the leading cause of acute gastroenteritis [1]. The virus is 
highly contagious; the infectious dose is 18–2800 viral 
particles [2]. About 700 million cases of NoV infection 
and more than 200 thousand deaths are registered annually 

in the world. To date, there is no licensed vaccine for the 
prevention of norovirus infection in any country in the 
world [3]. In 2024, the World Health Organization included 
norovirus infection in the list of priority infections for which 
a vaccine needs to be developed in the near future [4]. NoV 
belongs to a group of non-enveloped viruses belonging to 
the Caliciviridae family, Norovirus genus. The virus genome 
is a single-stranded RNA of positive polarity, which encodes 
non-structural proteins (ORF1), the major structural protein 
VP1 (ORF2) and the minor capsid protein VP2 (ORF3). 
The viral capsid has icosahedral symmetry and consists 
of 180 copies of the VP1 protein, which are complemented 
by one or two copies of the minor VP2 protein [5].
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Ten NoV genetic groups and several dozen genotypes 
have been identified, differing in the amino acid sequences 
of the VP1 protein. Representatives of 5 genogroups (GI, 
GII, GIV, GVIII and GIX) are pathogenic for humans.  
The most common and clinically significant is NoV 
genotype GII.4, responsible for 70–80% of norovirus 
outbreaks worldwide in the last three decades [6]. 

NoV VP1 is capable of forming virus-like particles 
(VLPs) that are morphologically indistinguishable from 
the natural virus but do not contain nucleic acid. This 
allows such VLPs to be used as safe vaccine components. 
VP1 consists of two domains – S and P. The S-domain 
(shell) is responsible for the self-assembly of the capsid 
and is located inside the viral particle. The P-domain 
(protruding) is located on the surface, additionally 
stabilizes the virion structure and is represented by 
two subdomains – P1 and P2, which carry antigenic 
sites and are responsible for the binding of the virus 
to the structures of the host organism (human blood 
group antigens HBGA). Along with full-length VP1, its 
constituent domains are also capable of forming VLPs of 
different sizes [7–9]. 

Several vaccine options are being developed for the 
prevention of human norovirus infection. Most of them 
are based on the use of VP1 and VLPs formed by this 
protein or its P-domain, which enhance the immune 
response to VP1 [10]. However, there are many gaps 
in the knowledge of natural immunity to human NoV, 
which complicates the development of vaccines. The 
ability to induce immunity to a wide range of frequently 
circulating genotypes and protect against future emerging 
strains determines the effectiveness of the vaccine. At the 
same time, the possibility of cross-immunity to different 
genetic groups or genotypes within one NoV genetic 
group remains poorly understood [11].

Previously, we obtained recombinant NoV VP1 
genotype GII.4, circulating in the territory of the Central 
part of Russia. Its capability of forming VLPs, as well as 
its properties were briefly described [12].

The aim of this study was to characterize the 
immunogenic properties of recombinant NoV VP1 and 
assess the cross-reactivity of antibodies against it with 
different NoV genetic variants.

Materials and methods
Expression, purification and renaturation of recombi-

nant NoV VP1 genotype GII.4 were carried out accord-
ing to the methods described earlier [12]. For immuniza-
tion, 8-week-old female BALB/c mice weighing 16–18 g 
were used. The animals were kept in vivarium conditions 
in accordance with the interstate standards GOST 33216-
2014 and GOST 33215-2014. Biomaterial for the study 
was taken from mice in compliance with the principles 
of humanity set out in the directives of the Europe-
an Community (86/609/EC). The studies were carried 
out in accordance with the bioethical and ethical prin-
ciples established by the Declaration of Helsinki (ad-
opted in June 1964 and revised in October 2013). The 
animals were divided into 3 groups of 10 individuals: 
the 1st group received 0.5 ml of saline intraperitoneally; 

Group 2 – 10 μg VP1 in 0.5 ml of saline; Group 3 – 10 μg 
VP1 in 0.5 ml of saline with the addition of 100 μg of alu-
minum hydroxide. Animals were immunized twice with 
an interval of 2 weeks. Blood was collected and serum 
was obtained 3 weeks after the second immunization.  
Determination of antibodies to NoV VP1 in the blood se-
rum of immunized mice was performed using solid-phase 
enzyme immunoassay. VP1 was adsorbed into the wells 
of the plates at a concentration of 1 μg/mL for 18 hours 
at a temperature of 4 °C. The plates were washed three 
times with phosphate-buffered saline containing 0.1% 
Tween-20 (PBS-T). 1 μL of blood serum was diluted 
with PBS-T containing 10% clarified Escherichia co-
li Rosetta 2 (DE3) cell lysate in 2-step solutions and 
added to the wells of the plates in a volume of 100 μL, 
followed by incubation for 1 h at 37 °C. Then the wells 
of the plates were washed with PBS-T and 100 μL of a 
solution of horseradish root peroxidase-conjugated rab-
bit antibodies against the total fraction of mouse immu-
noglobulins (IMTEK, Russia) or against immunoglob-
ulins class M (IgM) (Elabscience, China) were added, 
incubated for 1 h at 37 °C and washed with PBS-T.  
The reaction was visualized by adding 100 μL of a solu-
tion of 0.04% tetramethylbenzidine containing 0.002 hy-
drogen peroxide at pH 5.0. The plate was left in a dark 
place for 10 min. 50 μL of 1N H2SO4 were added to each 
well and the optical density (OD) was measured in du-
al-wavelength mode, at a main wavelength of 450 nm 
and at a reference wavelength of 620 nm in an Infinite 
M200 Pro microplate reader (TECAN, Austria) with Ma-
gellan 7.2 software (TECAN, Austria). Blood serum from 
mice that received 0.5 mL of saline intraperitoneally was 
used as a negative control. All tests were performed three 
times each. An OD value exceeding the average value 
of the negative control multiplied by 3 was considered a 
positive reaction. 

To determine the antibody avidity, blood serum sam-
ples were tested in duplicate by the enzyme immunoassay 
with the modifications described below. Before adding the 
conjugate, 100 μL of 8 M urea in PBS-T were added to 
one of the two wells of each sample, incubated for 3 min, 
washed 5 times, and analyzed as described above. The 
avidity index was calculated as the ratio of the OD value 
in the wells with 8 M urea to the OD value in the wells 
without urea obtained for one blood serum, expressed as 
a percentage.

To perform immunoelectron microscopy, guinea pig 
antibodies to NoV VP1 were obtained. Guinea pigs 
were immunized subcutaneously twice with an interval 
of 2 weeks. 500 μg of recombinant NoV VP1 mixed 
with 5 mg of aluminum hydroxide were administered. 
Twenty-one days after the booster immunization, blood 
was collected and the total immunoglobulin fraction was 
isolated by salting out with 33% ammonium sulfate, 
followed by dialysis of the precipitate against distilled 
water; 50 μl of the isolated antibodies were adsorbed 
for 60 min on copper grids for electron microscopy (EM) 
coated with parlodium padding. The grids were washed 
with distilled water and placed on drops of coprofiltrates 
containing NoV of the genotypes GII.4, GII.7, GII.17, 



285

ВОПРОСЫ ВИРУСОЛОГИИ. 2025; 70(3)
https://doi.org/10.36233/0507-4088-316

ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ

GI.3 or Echovirus 30 as a negative control. The mixture 
was incubated for 60 min at 37 °C, stained with an aque-
ous solution of 2% uranyl acetate (pH 4.5) and analyzed 
for the presence of viral particles using an HT7700 mi-
croscope (Hitachi, Japan). The study used the coprofil-
trates stored in the research collection of the I.N. Blokhi-
na Nizhny Novgorod Research Institute of Epidemiology 
and Microbiology with the presence of viruses confirmed 
by electron microscopy and polymerase chain reaction 
with reverse transcription.

Statistical data processing was performed using Prism 
software (GraphPad Software) and Microsoft Excel. 
Differences were considered statistically significant at 
p ≤ 0.05.

Results 
All immunized animals had antibodies against the NoV 

VP1 protein in different titers in their blood serum. In 
mice injected with physiological saline, antibodies against 
VP1 were not detected. IgM antibody titers on the 21st 
day after double immunization of mice with recombinant 
VP1 ranged from 1 : 256 to 1 : 1024. The arithmetic 
mean titer was 1 : 474 (Fig. 1). In mice immunized with 
VP1 mixed with aluminum hydroxide, the antibody titer 
was 2 times higher, but the differences were not statistically 
significant. Even higher antibody titers were obtained 
when analyzing their total fraction. Fig. 2 shows that the 
average titer of total antibodies was 1 : 1869. In certain 
samples, the titer values   reached 1 : 8000. Immunization 
of animals with recombinant protein with the addition of 
an adjuvant further increased the antibody titers. In this 
case, they fluctuated in animals from 1 : 512 to 1 : 32,768.  

The arithmetic mean titer was 1 : 13,158. The geometric 
mean titers characterizing the intensity of population 
immunity were 1 : 1024 and 1 : 9410, respectively.

The specificity of both total antibodies against 
recombinant VP1 and IgM antibodies was assessed. In 
a competitive reaction, when antibodies against VP1 
were preincubated with recombinant VP1 in increasing 
concentrations, it was shown that mouse antibodies 
were neutralized by the recombinant protein by 95% at 
a protein concentration exceeding 4.5 × 10−4 mg/ml 
(Fig. 3). The neutralization curves of total antibodies and 
IgM antibodies produced by mice after immunization 
in the absence and presence of the used adjuvant are 
shown in Fig. 3.

When determining the avidity of antibodies against 
VP1, it was shown that total antibodies against VP1 
obtained after immunization of mice without adjuvant 
had an avidity index of 55.22%. The use of adjuvant 
led to an increase in the avidity index of antibodies 
to 83.99%. An avidity index that is near 100% indicates 
a high probability of the production of virus-neutralizing 
antibodies by animals. IgM antibodies against VP1 had a 
much lower avidity index, amounting to 9.08% in mice 
immunized with VP1 with adjuvant. The avidity index 
of IgM antibodies after immunization with recombinant 
VP1 without adjuvant was 8.11%.

The possibility of cross-reactions of serum antibodies 
against VP1 with NoV of different genotypes was 
studied using solid-phase immunoelectron microscopy. 
Viruses isolated from the feces of patients with norovirus 
gastroenteritis and enterovirus meningitis collected in 
the territory of the Russian Federation were used. EM 

Fig. 1. IgM antibody titers in mice immunized with recombinant 
VP1 protein in the absence (a) and presence (b) of aluminium 

hydroxide. 
* – statistically significant differences (p < 0.05).

Рис. 1. Титры IgM-антител у мышей, иммунизированных 
рекомбинантным VP1 в отсутствие (а) и в присутствии (б) 

гидроокиси алюминия. 
* – статистически значимые различия (p < 0,05).

Fig. 2. Titers of total antibodies in mice immunized with recombi-
nant VP1 protein in the absence (a) and presence (b) of aluminium 

hydroxide.
* – statistically significant differences (p < 0.05).

Рис. 2. Титры суммарных антител у мышей, иммунизирован-
ных рекомбинантным VP1 в отсутствие (а) и в присутствии (б) 

гидроокиси алюминия.
* – статистически значимые различия (p < 0,05).
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grids were sensitized with antibodies against NoV VP1 
genotype GII.4 and tested for interaction with NoV 
of other genotypes. EM showed the presence of viral 
particles with a diameter of 40–50 nm when applying 
coprofiltrates containing NoV of genotypes GII.4, GII.7, 
GII.17, but not GI.3, to grids coated with immunoglobulins 
(Fig. 5). A coprofiltrate containing Echovirus 30 was used 
as a control for binding specificity; no viral particles were 
detected in it using grids coated with immunoglobulins 
against NoV VP1. The obtained results indicate the 
binding of serum polyclonal IgG against VP1 genotype 
GII.4 with NoV genotypes GII.7, GII.17, but not with 
NoV genotype GI.3, i.e. NoV genogroup GI. 

Discussion
The NoV VP1 protein contains several antigenic deter-

minants (epitopes) that determine its immunogenic prop-
erties. The S-domain is formed by the N-terminal residues 
from amino acids 1 to 225. Residues from 50 to 225 are 
folded into an 8-chain antiparallel β-structure, character-
istic of the capsid proteins of many viruses. The poly-
peptide chain starting from the 225th amino acid forms 
the P1 and P2 subdomains. Using monoclonal antibodies, 
a fairly conservative region constructed from 60 amino 
acids and containing B-cell antigenic determinants was 
found in the N-terminal part of the S-domain of NoV VP1 
genogroup II [13, 14]. Several cross-reactive antibodies 
targeting the conserved region of the P-domain have also 
been described and characterized [15–20]. Among them, 
antibodies that react with both linear and conformational 
epitopes were found [16]. It was shown that neutralizing 
antibodies can be formed into some of the identified epi-

topes, which is important for the implementation of the 
antiviral B-cell response [21, 22]. Five antigenic regions 
constructed from variable B-cell epitopes and localized 
in the structure of the P2 subdomain on its outer surface 
were identified [23]. This region of the P2 subdomain is 
characterized by a high mutation rate, which is probably 
the result of selective pressure from the host immunity 
and contains epitopes that induce the formation of neu-
tralizing antibodies [24].

In our studies using in silico analysis, several possible 
T-cell epitopes presented by HLA class I and II molecules 
were identified in the NoV VP1 genotype GII.4 Sydney 
[P16], circulating in Russia and reproduced by us as a re-
combinant protein, i.e. capable of activating both the cy-
totoxic T-cell response and the T-helper response. Mod-
eling of the structure and its analysis also allowed us to 
detect 2 linear and 47 conformational B-cell epitopes of 
VP1 in the absence of its allergenicity [25]. 

The presence of the indicated epitopes ensures the for-
mation of a B-cell response, which was registered in our 
study. Total antibodies, produced in high titers in response 
to immunization with recombinant VP1, had high avidity, 
which most likely suggests their virus-neutralizing proper-
ties. The use of an adjuvant brought the avidity index clos-
er to 100%. It should be noted that high immunogenicity 
is also due to the ability of VP1 to form VLPs, which we 
demonstrated earlier [12]. The expected lower titers and 
avidity of IgM antibodies, compared to total antibodies, 
formed during immunization of animals with recombinant 
VP1. This is probably due to the relatively short period of 
immunization of animals and, as a result, the insufficient 
maturity of the developed immune response. 

Fig. 3. Neutralization of mouse total antibodies (AB) and IgM AB 
by recombinant VP1 protein.

 1 – total AB after immunization without adjuvant; 2 – same with adjuvant; 
3 – IgM AB after immunization without adjuvant; 4 – same with adjuvant; 5 – 

total AB  of unimmunized mice; 6 – IgM-AB of unimmunized mice.
Рис. 3. Нейтрализация рекомбинантным VP1 мышиных сум-

марных антител (АТ) и АТ класса IgM.
 1 – суммарные АТ после иммунизации без адъюванта; 2 – то же с адъю-
вантом; 3 – IgM-АТ после иммунизации без адъюванта; 4 – то же с адъ-
ювантом; 5 – суммарные АТ неиммунизированных мышей; 6 – IgM-АТ 

неиммунизированных мышей.

Fig. 4. Comparison of avidity indices of total antibodies (1 – im-
munization with VP1 alone, 2 – VP1 together with adjuvant) and 
IgM class antibodies (3 – immunization with VP1 alone, 4 – VP1 

together with adjuvant). 
Рис. 4. Сравнение индексов авидности суммарных АТ (1 – им-
мунизация только VP1, 2 – VP1 совместно с адъювантом) и АТ 
класса IgM (3 – иммунизация только VP1, 4 – VP1 совместно с 

адъювантом). 
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To study the cross-reactions of antibodies against 
NoV VP1, surrogate models based on the interaction of 
antibodies with VLPs formed by VP1 of different NoV 
genotypes are mainly used. Recent studies have shown 
that monoclonal IgM antibodies were able to bind VLPs 
belonging to the GI (GI.1, GI.2, GI.3) and GII (GII.3, GII.4, 
GII.6, GII.13 or GII.17) genetic groups. Cross-reactivity 
of monoclonal IgA antibodies was recorded only between 
genotypes within the GII genetic group. Monoclonal IgG 
antibodies had cross-reactivity with VLPs obtained from 
VP1 of different GII genotypes and one genotype GI.3 
[26, 27]. We used an original approach to study the cross-
reactivity of antibodies against VP1 GII.4 based on the use 
of immunoelectron microscopy isolated from patients with 
norovirus gastroenteritis. The results obtained confirm 
the cross-reactivity of IgG antibodies against VP1 GII.4 
with other genotypes. However, their neutralizing activity 
remains unclear. Earlier, when studying the immune 
response to immunization with NoV VLPs, it was shown 
that both cross-reactive but non-neutralizing antibodies 
and more narrowly reactive neutralizing antibodies are 
present in human blood serum [28]. 

Conclusion
Thus, the obtained recombinant VP1, which forms 

VLPs and induces a strong immune response with the 
formation of highly avid polyclonal cross-reacting 
antibodies, can be considered as an antigen component of 
the prototype of a candidate vaccine against human NoV 
of the most common genetic group GII.
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