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Abstract
Noroviruses (NoVs) are important pathogens causing epidemic acute gastroenteritis that affects
millions of people worldwide. The protruding (P) domain of the NoV capsid protein, the surface
antigen of NoV, forms a 24-mer subviral particle called the P particle that is an excellent candidate
vaccine against NoVs. The P particles are easily produced in Escherichia coli, highly stable and
highly immunogenic. Each P domain has three surface loops that can be used for foreign antigen
presentation, making the P particles a useful platform for vaccine development against other
infectious diseases. This article summarizes the discovery, structure, development and applications
of the P particles as a vaccine against NoVs, as well as a vaccine platform against rotavirus,
influenza virus and possibly other pathogens in the future.
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The application of recombinant technology to produce subunit vaccines based on virus-like
particles (VLPs) and other subviral particles has led to a new direction in modern medicine.
Such laboratory-made nanoparticles assemble spontaneously when the viral capsid proteins
or portions of the viral capsid proteins are expressed through an in vitro expression system.
These particles are usually multivalent complexes retaining the antigenic structures of the
native virions, and are therefore an attractive candidate subunit vaccine. Because of the lack
of a viral genome, these subviral particles are noninfectious and therefore safe as vaccines.
Successful examples of subunit vaccines include four US FDA-approved VLP vaccines:
Recombivax HB® (Merck, NJ, USA) and Energix-B® (GlaxoSmithKline, London, UK)
against hepatitis B virus and Gardasil® (Merck) and Cervarix® (GlaxoSmithKline) against
human papilloma virus. In addition, many other subunit vaccines, including the norovirus
(NoV) VLP vaccine [1,2], are under extensive development. Thus, subunit vaccines, through
recombinant technology, represents an innovative vaccine strategy complementary to the
conventional vaccine approaches.
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NoV subviral particles
NoVs are single-stranded, positive-sense RNA viruses in the calicivirus family. Structurally,
the NoV genome is encapsulated by a protein capsid that is formed by a single major
structural protein (VP1). Human NoVs cannot be effectively cultivated in cell cultures or
infect small animals and therefore a subunit vaccine is a choice for NoVs. NoV VLPs
(Figure 1A) assemble spontaneously when the capsid protein is produced in a eukaryotic
expression system including insect cells through recombinant baculovi-ruses [3,4],
mammalian cells via a Venezuelan equine encephalitis replicon [5] or plasmid [6], yeast [7]
and several transgenic plants [8,9]. However, VLP production was unsuccessful in a
prokaryotic expression system [10].

While the VLP-based NoV vaccine has been extensively investigated, including successful
Phase I and II clinical trials on baculovirus-derived VLPs [1,11,12], another type of NoV
subviral particles, the protruding (P) particles (Figure 1C), has been developed that could be
an alternative or second generation vaccine against NoVs. The NoV capsid protein contains
two major domains, the shell (S) and the P domains, linked by a short hinge (Figure 1F)
[13]. The P particles are formed by the P domain and revealed the same antigenic types as
VLPs [14,15]. They are highly immunogenic and very stable and most importantly, they can
be efficiently produced in Escherichia coli. In fact, the laboratory-made P particle has been
developed through several artificial modifications for higher yield and stability in the E. coli
expression system (see below). A further feature of the P particle is the usefulness of its
three surface loops for presentation of foreign antigens for immune enhancement [16,17].
Thus, P particles can be applied not only as a vaccine for NoVs, but also as a platform for
novel vaccine development against other viral and bacterial pathogens.

This article summarizes the discovery and subsequent research on the potential applications
of the P particles as a candidate vaccine against NoVs as well as a vaccine platform for
multiple presentations of different foreign antigens as vaccines against different infectious
pathogens. Examples on the presentation of the rotavirus spike protein VP8* and the
influenza viral M2e epitope are given. Principles of P particle formation and stability via
intermolecular interactions, and factors to enhance these interactions are also discussed. The
knowledge gained from the NoV P domain and P particles will help our understanding of
analog proteins of other virus and bacterial pathogens for potentially similar applications.

Discovery of NoV P particles
The NoV P particle was first discovered in a study to characterize the interaction between
the human NoV capsid and the host histo-blood group antigens (HBGAs), the attachment
factors of NoVs [18-23]. The S and P domains of NoV capsid were found to be structurally
and functionally independent. Expression of the S domain alone in insect cells through a
recombinant baculovirus formed smaller thin-layer S particles with a smooth surface (~27
nm) (Figure 1B) [24,25]. The S particle structurally corresponds to the interior shell of the
NoV capsid and does not bind to HBGAs [24,25].

When the P domain is expressed in E. coli, it forms three different P domain complexes: the
24-mer P particle (~20 nm) (Figure 1C) [14,15,26,27]; the 12-mer small P particle (~14 nm)
(Figure 1D) [28]; and the P dimer (~6 nm) (Figure 1E) [25,29-34]. Native mass
spectrometry (MS) showed that the 24-mer P particles can be disassociated in reducing
conditions into P dimers that can reassemble into the 12-mer small P particles and two
further P domain complexes, the 18-mer and the 36-mer P particles [35]. The structures of
the latter two complexes, however, remain unknown. Thus, these P domain complexes are
interchangeable, with the P dimer as the building block. In contrast to the S particle, all three
P domain complexes revealed binding function to HBGAs, indicating that the P domain is
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the HBGA-binding domain. These P complexes have been extensively used as tools for the
study of NoV–host interaction [14-16,25-28,36-38].

Among the three P complexes, the 24-mer P particles have been extensively studied and
several applications of the P particles have been proposed based on its high stability, easy
production in the E. coli system and its capability to accommodate foreign antigens
[15-17,26,27]. Most importantly, its large size and multivalent nature make it highly
immunogenic, and thus, an excellent vaccine candidate and a versatile vaccine platform for
foreign antigen presentation for enhanced immune response [16,17,39].

The structure of NoV P particles
Stable P particles can be produced through expression of the P domain with an end-linked
cysteine-containing tag (Figure 2B) [15]. 3D structure reconstruction of the P particle by
electron cryomicroscopy revealed an octahedral symmetry with the P dimer as the basic unit
[14]. The P particle appears spherical, having a center cavity and 12 P dimer spikes
protruding outward (Figure 2B). The orientation of the arch-like P dimer in the P particle is
similar to that in the NoV VLP, in which the P2 subdomain constitutes the top or the head,
while the P1 subdomain builds the base or the leg of the P dimer spike [14]. As a result, the
P particles and their parental VLPs share similar surface antigenic structure (Figure 2E) and
HBGA-binding properties, which have been confirmed by ELISA and HBGA-binding
assays [14,36].

The structure of the P particles also explains the role of the end-linked cysteine-containing
tag at the P1 subdomain for stabilizing the P particle formation through the inter-P dimer
disulfide bonds (Figure 2C). The presence and role of these disulfide bonds have been
proven by an instability of the P particles in a strong reducing condition [35]. In addition,
fitting of the crystal structure of the P domain into the 3D structure of the P particle allows
three surface loops on the outermost surface of each protrusion of the P particles to be
defined (Figure 2D & 3) [14,16,39]. These exposed loops have been shown to be capable of
accommodating foreign small-to-large antigens without affecting the formation of the
chimeric P particles [16,17,39]. Thus, this detailed structure information laid a solid
foundation for research design and application of the P particles.

Factors affecting P particle formation & stability
There are multiple intermolecular interactions occurring in the P1 regions of P dimers that
may be the driving forces of the P particle formation (Figure 2B & C) [13]. Therefore,
modifications at the ends of the P protein, the P1 subdomain, strongly affected the efficiency
and stability of the P particle formation. While the full-length P domains were able to form
both P dimer and P particle in vitro, which were dynamically interchangeable [15],
expression of the P domain with an eight amino-acid hinge formed P dimers only (Figure 2A
& B) [25]. However, when a cysteine-containing tag (CCT) was added to the N- or C-
terminus of the P domain, it efficiently formed stable P particles [14,15,26]. The most
commonly used CCTs are CNGRC and CDCRGDCFC (RGD4C), although a number of
other CCTs have also been demonstrated to be effective [15]. In fact, an addition of a CCT
to the end of the P domain can compensate the negative effect from the hinge, resulting in
stable P particles. A further factor that positively affects the P particle formation is the C-
terminal arginine-cluster (R-cluster) of the P protein. A deletion of the R-cluster completely
prevented the P particle formation [38], even with the presence of a CCT. These data
suggest that additional inter-P dimer interactions at the P1 regions are critical for P particle
formation and stability. The role of the CCTs in P particle formation may be to increase the
interaction among P domain subunits through intermolecular disulfide bonds within a P
particle [14,15]. The addition of a non-cysteine-containing sequence, such as the hinge,
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apparently weakens such interactions. However, the role of the R-cluster in the P particle
formation remains unclear. These factors should be considered for high efficient production
of the P particles.

NoV P particle as a vaccine candidate
The P particle is composed of 12 P dimers that represent the surface antigenic structures of
NoVs and contain all elements for viral receptor interaction and immune responses of the
virus (Figure 2D) [14-16]. With the optimal conditions described above, a yield of 20 mg
soluble P protein per liter of bacteria culture can be easily obtained, in which >90% of the P
proteins form stable P particles [15]. A yield of 7.5 mg P particle per liter of yeast Pichia
was also gained [14]. Highly purified P particles can be obtained by fast performance liquid
chromatography using a size exclusion and/or an anion-exchange column [14,16,21] that can
be easily scaled up for a large yield. Recent expression of the P particle in E. coli without
using any purification tags has been successful through hydrophobic and anion-exchange
chromatography [Richardson C, Jiang X, Unpublished data], providing an even simpler
approach for larger production of the P particle vaccine. In addition, P particles are stable at
a wide range of storage temperatures from cryogenic freezing to ambient temperatures and
can be lyophilized [Tan M, Jiang X, Unpublished data]. Native MS with solution phase
perturbation indicated that the P particles were stable in different ionic strengths and pHs
[35]. Furthermore, native MS with gas phase perturbations, including collision induced
dissociation and tandem MS (MS/MS), confirmed the high stability of the P particles. These
features allow the P particles to be easily stored and transported, which are particularly
important for distribution of the future P particle vaccine to low-income developing
countries and remote areas where the NoV vaccine is in high demand.

The P particle is highly immunogenic. Immunization of mice with the P particles in a dose
range of 15–50 μg per mouse for three-to-four times, intranasally without an adjuvant or
subcutaneously with an adjuvant, resulted in high antibody responses against NoV VLPs
[14,16,17,36]. The NoV-specific antibody titers induced by the P particles were comparable
with that induced by NoV VLPs, which were significantly higher than that induced by the P
dimers [14,16]. After immunization with the P particle, the mouse sera were able to block
the interaction of NoV VLP with HBGA receptors, a blocking assay that correlated with the
antibody protection against NoV infection and illness [40]. Therefore, the NoV P particle is
a promising subunit vaccine against human NoVs. However, in a recent study, Tamminen et
al. reported a weaker immune response induced by the P particles than that by VLPs [41]. In
this study, the P protein was produced using an end-fused His tag without cysteines, which
is unlikely to have a high efficiency of P particle formation [31]. Thus, when a new
approach is employed to produce the NoV P particle, a simple gel-filtration analysis would
be necessary to verify the P particle formation before further immunogenicity experiments
are performed [42].

NoV P particle as a vaccine platform for antigen presentation
There are three surface loops on the distal end of each P domain, corresponding to the
outermost surface of the P particle (Figure 3). These loops have been shown to be good sites
for foreign antigen insertion for improved immune responses of the inserted antigens
[16,17,39]. While all three surface loops have been shown to be capable for foreign antigen
insertion and presentation [39], loop 2 has been extensively studied (Figure 3). Following
these studies, several basic findings have been made: a foreign antigen, ranging from small
peptides with a few amino acids to a large protein with up to 238 amino acids (green
fluorescence proteins), can be inserted into the P particle without disruption of the P particle
formation [16,17,39]; the success of an antigen insertion and presentation by the P particle
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appears to be protein-sequence dependent, but not dependent on the size of the antigen.
Although a general rule remains lacking, an insertion of a hydrophilic antigen appeared to
have a higher success rate than the insertion of a hydrophobic antigen; simultaneous
insertion of different epitopes to more than one loop was feasible. Using VLPs as a vaccine
platform has also been reported in several viruses, including flock house virus [43], human
hepatitis B virus [44-46] and cowpea mosaic virus [47,48]. The NoV P particle represents
another vaccine platform for diverse foreign antigen presentation for novel vaccine
development.

P particle-based bivalent vaccine development
Two P particle-based bivalent vaccine candidates against NoVs and rotaviruses, as well as
NoVs and influenza viruses, have been developed and examined by preclinical animal trials.
Both vaccines demonstrated strong immune responses and protection against infection of
corresponding pathogens, providing a new concept of a dual vaccine against two infectious
diseases.

A bivalent vaccine against NoV & rotavirus
Rotavirus is another important cause of acute gastroenteritis in children. The proposed
bivalent vaccine against NoV and rotavirus was a chimeric P particle containing one of the
major neutralization antigens (VP8*) of rotavirus. The VP8* protein (159 amino acids) was
inserted into loop 2 of the P protein by a molecular cloning approach [16,39]. The resulting
chimeric P proteins formed a new type of P particle with the VP8* anchored on the
outermost surfaces of the chimeric P particle, which is larger than wild-type P particles
(Figure 4). Evidence of surface presentation of the VP8* by the P particle was obtained
through structural reconstruction of electron cryomicroscopy followed by insertion of the
crystal structure of rotavirus VP8* into the extended density map of the chimeric P particle
(Figure 4) [16].

Immunization of the P particle–VP8* chimeric vaccine to mice resulted in significantly
higher VP8*-specific antibody responses compared with that induced by the free VP8* [16].
The resulting mouse sera also showed significantly higher neutralization titers against
homologous rotavirus replication in cell cultures than that of the sera induced by the free
VP8*. A challenge study further demonstrated that the chimeric vaccine provided mice
approximately 90% protection against infection of a murine rotavirus (EDIM strain), which
was measured by the reduction of viral shedding in stools of the animals [16]. Heterotypic
immune responses to rotavirus VP8* presented by the P particle were also studied, which
showed a modest increase of cross-neutralization antibodies against rotavirus infection in
cell cultures by plaque reduction assays between DS1 (P[4]) and Wa (P[8]) compared with
those induced by the VP8* alone [16]. Since P[4] and P[8] rotaviruses cause the vast
majority of epidemics, a combined chimeric P particle vaccine containing VP8* derived
from both virus types would probably have broader protection. Importantly, the chimeric P
particles also induced high titers of the NoV-specific antibody which was able to block the
binding of NoV VLP to HBGA receptors; this is believed to be associated with the
protection against NoV infection and illness [40]. Therefore, the P particle–VP8* chimera
appeared to be a promising dual vaccine against both NoV and rotavirus.

A bivalent vaccine against NoV & influenza virus
The proposed bivalent vaccine against the NoV and influenza virus was a chimeric P
particle that contains the short peptide epitope M2e (23 amino acids) of the influenza virus
[17]. Influenza remains a globally important disease with significant morbidity and
mortality, causing more than 20,000 hospitalizations in the USA and 500,000 deaths
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worldwide each year [49,50]. M2e is the ectodomain of the M2 protein of the influenza virus
that functions as an ion channel and is abundantly expressed in the infected cells [51,52].
The sequence of M2e is highly conserved among most influenza A strains [53,54], making it
an attractive target for a universal vaccine.

The M2e epitope was also inserted into loop 2 of the P particle and the resulting P particle–
M2e chimera induced significantly higher titers of the M2e-specific antibody in mice than
that induced by the free M2e peptide, even when five-times the amount of peptide was used
[17]. Animal challenge studies showed that the P particle–M2e chimera provided 100%
protection to mice against lethal challenge of a mouse-adapted influenza virus (PR8 strain;
H1N1), which was significantly higher than that provided by the free M2e epitope (12.5%).
The responses of antibody subclasses to the chimeric vaccine were also studied. IgG1 titer
was high, similar to that of the total IgG, suggesting that the chimeric vaccine induced a
strong Th2-type response and that IgG1 may play an important role in the protective
immunity. As expected, the chimeric vaccine also induced high antibody response to the P
particle platform and the antibody strongly inhibited binding of NoV VLP to viral receptors.
These data supported the notion that the P particle–M2e chimera is a promising dual vaccine
against both the NoV and influenza virus.

Conclusion & future perspective
Using recombinant technology, a novel subviral particle of the NoV, the P particle, has been
constructed. This P particle has shown to be promising as a candidate vaccine against NoVs
and as an innovative platform for vaccine development against other viral and bacterial
pathogens. Two P particle-based bivalent vaccines have been proved to be promising
vaccines against NoV/rotavirus and NoV/influenza virus. The fact that both chimeric P
particle vaccines induced specific antibody and immune protection indicates that the P
particle is able to present both linear and conformational epitopes of the antigens. In fact, the
well-fitting of the crystal structure of rotavirus VP8* in the chimeric P particle provided
direct evidence of structural preservation of the antigen on the chimeric P particle (Figure 4)
[16]. For future studies, further evaluation of these dual vaccines in humans would be
necessary. In addition, it would be significant to systematically evaluate the capability and
capacity of the three surface loops of the P particle. Based on these outcomes, P particle-
based multivalent vaccines with multiple insertions of different antigens should be explored,
including complex insertions of antigen and other immune stimulus factors, such as a
universal T-cell epitope, for further improved immune responses. Furthermore, the nature of
the immune response induced by the P particle and the effect of adjuvants in immunization
with the P particle in comparison with VLPs need to be studied. Finally, while not discussed
in this article, other possible applications of the P particle platform should also be evaluated.
For example, the P particle platform can be used to produce antibodies specific to disease
biomarkers for diagnosis, and/or as carriers for target-directed drug delivery.
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Executive summary

Norovirus protruding particle

▪ Norovirus (NoV) protruding (P) particle is composed of 24 P monomers
forming 12 P dimers in an octahedral symmetry. The P particle contains the
major antigenic structures and host receptor interacting elements of NoV.

▪ The P particle assembles spontaneously when the P protein is expressed in
Escherichia coli and a fusion of a cysteine-containing tag to the ends of the P
domain leads to the highly efficient production of the P particle.

P particle as a vaccine candidate

▪ The P particle is stable, highly immunogenic, and able to induce a
neutralizing antibody that blocks NoV virus-like particle binding to the histo-
blood group antigen receptors, and therefore it is a promising candidate
vaccine against NoV.

P particle as a vaccine platform for antigen presentation

▪ Insertion of foreign antigens into one of the three surface loops of each P
domain resulted in new chimeric P particles with enhanced immunogenicity
of the inserted antigens, providing an excellent platform for vaccine
development.

▪ The resulting chimeric P particles also maintained the major antigenic
epitopes of the P particles, allowing the production of dual vaccine against
NoV and the inserted antigens to be developed.

P particle-based bivalent vaccine development

▪ Preclinical animal trials have demonstrated the P particle–VP8* chimera as a
promising dual vaccine against rotavirus and NoV and the P particle–M2e
chimera against influenza virus and NoV.
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Figure 1. Structures of the five norovirus complexes that are formed by full-length or truncated
norovirus VP1
(A) Virus-like particle (180-mer: ~37 nm). (B) S particle (180-mer: ~27 nm). (C) P particle
(24-mer: ~20 nm). (D)Small P particle (12-mer: ~14 nm). (E) P dimer (~6 nm). (F) Linear
structure of norovirus VP1 with indications of the S (green) and the P (blue) domains that
are linked by a short hinge. Numbers are based on Norwalk virus VP1.
P: Protruding; S: Shell.
Adapted with permission from [28].
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Figure 2. Formation and structural properties of norovirus P particles
(A) The expression of the P domain with or without the hinge (left) forms a P dimer (right).
(B) While the expression of the P domain (left) forms P particles (right), an end-linked C
stabilizes the P particle formation. (C) P particle formation by P dimer. Red lines indicate
the inter-P dimer disulfide bonds. (D)Fitting of the crystal structure of the norovirus (NoV)
P domain into the density map of the P particle. P1 and P2 subdomains are indicated. (E)
The NoV P particle shares similar surface antigenic structures to NoV. The VLP (right) is
constituted by 180 VP1s with the P dimers on its outermost surfaces, while the P particle
(left) is composed of 12 P dimers with similar orientation to those of the VLP. The two
rectangles (red dashed lines) indicate the P2 region of a P dimer, representing the surface
antigenic structures of both particles.
C: Cysteine-containing tag; P: Protruding; VLP: Virus-like particle.
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Figure 3. The principle of antigen presentation by norovirus P particles
(A) The structure of a wild-type P particle reconstructed by electron cryomicroscopy. (B)
Crystal structure (cartoon model) of a protrusion of the P particle with indications of three
surface loops (white color) that were labeled with the starting and the ending amino acids.
(C) A small epitope (dot model in gray and cyan colors) is inserted into loop 2 of the P
dimer. The two P domains of the P dimer in (B) and (C) that form the protrusion of the P
particle were colored in red (P2)/green (P1) and yellow (P1)/blue (P2), respectively. (D)
Twenty four copies of the epitope (orange cube) are indicated on the outermost surface of
the chimeric P particle.
P: Protruding.
Adapted with permission from [39].
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Figure 4. Structure of the protruding particle–VP8* chimera reconstructed by electron
cryomicroscopy
(A) The wild-type P particle before the VP8* antigen is inserted. (B) The P particle–VP8*
chimera with the VP8* antigen on its outermost surface. Compared with the wild-type P
particle, the chimera shows extended protrusions with nicks in the middle, suggesting the
boundary between the P2 subdomain and the inserted VP8* antigen. The radii of the
particles are indicated by the color schemes.
P: Protruding.
Adapted with permission from [16].
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