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The coat protein of the MS2 self-assembles into virus-like particles (VLPs) with a
diameter of 26 nm. These VLPs are devoid of the phage genome yet are
efficiently recognized by the immune system, eliciting robust humoral and
cellular immune responses. The structural characteristics of VLPs position
them as a promising platform for the development of vaccines and diagnostic
tools. Through genetic engineering, antigenic peptides up to 91 amino acids in
length can be densely displayed at the N-terminal B-hairpin (AB loop) of the coat
protein. Moreover, the fusion of an exogenous sequence with the 19-nucleotide
pac site enables the selective incorporation of heterologous RNA into the VLPs.
This feature has facilitated the broad application of VLPs in mRNA vaccine
development. In this review, we provide a comprehensive overview of the
advancements in MS2 phage coat protein VLP-based vaccine research, with a
particular focus on their versatile applications in viral, parasite, chlamydial, and
cancer immunotherapy. This work aims to serve as a valuable reference for the
continued development of vaccines utilizing MS2 phage coat protein VLPs.
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Highlights

* MS2 VLPs self-assemble into stable icosahedral nanostructures.

+ Antigens can be displayed at the AB loop without disrupting assembly.
* RNA cargo can be selectively encapsulated for mRNA vaccine use.

* MS2 VLPs induce strong humoral and cellular immune responses.

» Applicable to viral, bacterial, and cancer vaccine development.
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1 Introduction

Infectious diseases remain a persistent and evolving threat to
global health, with profound implications for both human
populations and livestock systems (1, 2). The recent emergence
and re-emergence of viral pathogens, including Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), Dengue
virus, and Ebola virus, have placed extraordinary pressure on
healthcare infrastructures worldwide and triggered widespread
socioeconomic disruption (3-5). Alongside these challenges, the
continued spread of animal infectious diseases, including foot-and-
mouth disease and avian influenza, continues to compromise
livestock production and food security worldwide (6, 7).
Compounding these issues, the rise of malignant tumors and
antimicrobial-resistant bacteria has further increased the
complexity of disease prevention and control (8-10).

Inactivated and live attenuated vaccines have been widely
deployed to control infectious diseases (6, 11, 12). However, their
limited responsiveness to antigenic variability and immune evasion
mechanisms poses a major barrier to the development of vaccines
against fast-evolving viruses (13, 14). These challenges underscore
the urgent need for next-generation vaccines that are not only
highly efficacious but also amenable to rapid deployment and broad
accessibility during infectious disease outbreaks (15-17). The design
of effective vaccines is deeply informed by the structural and
immunological properties of viruses. Structural characteristics
such as nanoscale dimensions, ordered symmetry, and repetitive
antigenic arrays are key determinants in how the immune system
recognizes and responds to viral pathogens (18). Mimicking these
characteristics, VLPs, self-assembled from viral structural proteins,
have emerged as a robust platform for antigen presentation (18, 19).

VLPs recapitulate the external architecture of native viruses but
lack genetic material, thereby ensuring safety while inducing strong
humoral and cellular immune responses (20, 21). Bacteriophage-
based VLP systems provide several distinct advantages over other
platforms, including robust self-assembly, genetic tractability, cost-
efficiency, and suitability for high-yield, large-scale production (22).
Notably, the MS2, an icosahedral single-stranded RNA (ssRNA)
virus of the Leviviridae family, has been widely explored as a
modular scaffold for vaccine design (22-24). The CP of MS2
spontaneously forms icosahedral nanoparticles consisting of 180
monomers, preserving the native capsid architecture with high
fidelity (25). Structural studies have demonstrated that its N-
terminal B-hairpin, known as the AB loop, can tolerate the
insertion of heterologous peptides up to 91 amino acids without
disrupting particle assembly (26). The targeted genetic modification
of the AB loop has facilitated the presentation of heterologous
epitopes, thereby advancing the development of vaccine candidates
targeting a wide array of pathogens, including viruses, bacteria,
parasites, and malignant cells (22-24). Furthermore, the dimeric
form of the MS2 CP exhibits high-affinity binding to stem-loop
RNA structures called pac sites, which directs the encapsidation of
RNA cargo with sequence specificity (27). This property offers a
unique opportunity to leverage the MS2 platform for mRNA
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vaccine delivery, expanding its utility beyond peptide-based
immunization (28).

MS2 VLPs have gained increasing attention as a versatile and
promising platform for vaccine development. This review highlights
recent progress in the design and biomedical application of MS2
VLP-based vaccines, with an emphasis on their roles in infectious
disease prevention and cancer immunotherapy across human and
veterinary medicine. These insights may provide a conceptual and
technological basis for the rational design of next-generation
vaccine platforms.

2 Advantages of bacteriophage VLPs

VLPs are nanoscale protein assemblies that structurally
resemble native viruses. They are typically formed through the
self-assembly of viral capsid proteins, although non-viral proteins
with similar architectural properties can also serve as building
blocks (20, 21, 29). This assembly process is governed by non-
covalent interactions—such as hydrophobic forces, hydrogen
bonding, and electrostatic attraction—which enable the
spontaneous formation of stable, highly ordered particles (29).
VLPs can be engineered to present antigenic proteins on their
surface with defined spatial orientation and stoichiometry, thereby
promoting efficient and targeted immune activation (19, 29).
Diverse VLP platforms have been developed using self-assembling
proteins derived from bacteriophages, plant and animal viruses, as
well as synthetic scaffolds such as ferritin, small heat shock proteins,
and E2 acyltransferase (29). These systems have demonstrated
considerable potential for enhancing immune responses and for
the prophylactic or therapeutic targeting of a broad range of
infectious diseases (30).

Among these VLP platforms, bacteriophage-derived proteins
are particularly promising due to their natural self-assembly
properties, structural controllability, rapid production timelines,
and cost-effectiveness (22). Phage VLPs exhibit excellent
biocompatibility and stability, efficiently presenting antigens and
stimulating immune responses without the need for additional
adjuvants (22, 30). For instance, the T4 phage capsid, composed
of 870 copies of small outer capsid proteins (Soc) and 155 copies of
highly immunogenic outer capsid proteins (Hoc), can display up to
860 copies of the HIV - 1 gp4l envelope protein (30, 31). This
density is 60 — 120 times greater than that observed on the surface of
natural HIV virions. Similarly, capsid proteins from QB, MS2, and A
phages have been shown to self-assemble into nanoparticles with
the theoretical capacity to present over 180 antigenic epitopes (30),
though this capacity is often influenced by the physical limits of
insertion tolerance and particle stability, which remain areas of
active investigation.

The immunological benefits of phage-derived VLPs arise not
only from their high antigen density but also from their favorable
biophysical properties. Nanoparticles in the range of 20 to 200nm
fall within the optimal size window for efficient uptake by antigen-
presenting cells (APCs), thereby enhancing antigen internalization,
processing, and presentation to T cells (29, 30, 32). The virus-like
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morphology of phage VLPs, including features such as shape,
surface charge and hydrophobicity, further facilitates recognition
by the innate immune system and promotes downstream adaptive
responses (Figure 1) (30). Critically, the repetitive and high-density
display of antigens on VLP surfaces promotes efficient cross-linking
of B cell receptors, leading to robust B cell activation and strong
humoral immune responses (33). Moreover, during the phage lysis
of its host bacteria, lipopolysaccharides may be carried on the
surface, which strongly activates TLR4 and bolsters adaptive
immune responses (34). While these properties are frequently
cited as key advantages, the relative contribution of each to
overall immunogenicity remains to be quantitatively defined, and
systematic comparisons across different VLP platforms are
still lacking.

While bacteriophage VLPs often generate robust immune
responses even in the absence of added adjuvants, co-
administration with adjuvants has been shown to significantly
amplify their immunogenicity (35). Nonetheless, despite these
advantages, challenges remain. These include structural constraints
on antigen insertion sites, batch-to-batch reproducibility in large-
scale production, and control over unintended immune activation,
which warrant continued refinement of VLP design strategies.
Overall, both viral and non-viral VLPs offer versatile platforms for
vaccine development, particularly in the context of infectious disease
prevention, cancer immunotherapy, and the exploration of novel
immunostimulatory designs (Figure 1). The MS2, a classic example
of VLPs platform, has gained increasing attention in recent years for
its potential in innovative vaccine development (23, 26, 28).
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3 MS2 bacteriophage: evolving from
bacterial therapy to a versatile vaccine
platform

MS2 is an icosahedral RNA bacteriophage with a triangulation
number of T = 3, and its crystallographic structure has been resolved
at a 2.8 A resolution (22-24). The genome of bacteriophage MS2
consists of a positive-sense single-stranded RNA molecule of 3569
nucleotides, encoding four proteins: the major coat protein, the
maturation protein (A-protein), the replicase (an RNA polymerase
essential for genome replication), and the lysis protein (Figure 2A)
(36). It primarily infects Escherichia coli and other members of the
Enterobacteriaceae family (37). During natural infection, capsid
assembly is initiated through CP dimerization and specific binding
to a characteristic RNA hairpin structure, termed the pac site, within
the viral genome (27). Remarkably, when the cp gene is expressed
independently in bacterial or yeast systems, CP monomers can
spontaneously self-assemble into VLPs that are morphologically
similar to native virions but lack genomic RNA and other
structural components (Figure 2B) (23, 26, 28).

Structural studies have revealed that the assembly mechanism
of MS2 VLPs is dependent on conformational dynamics of the
unstructured FG loop, which connects the F and G B-strands within
each CP monomer (24, 36, 38). This dynamic region enables CP to
adopt three distinct conformations, designated A, B, and C (24, 38).
These conformations subsequently form asymmetric A/B dimers or
symmetric C/C dimers (24, 38). Ultimately, 90 CP dimers
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Adaptive immune activation induced by phage VLP-based vaccines. Following vaccination, phage VLP-based vaccines are captured by APCs, such as
dendritic cells. These vaccines are processed and presented via MHC-I and MHC-II pathways, which are critical for the activation of CD8+ and CD4
+ T cells, respectively. To induce a humoral immune response, B cells interact with CD4+ T helper (TH) cells. Through B cell receptors, B cells
internalize the VLP-based vaccine, and subsequent interaction with CD4+ TH cells stimulates plasma cells to secrete a sufficient quantity of IgG
antibodies, while also generating B memory cells. For cellular immunity, immature CD8+ cytotoxic T lymphocytes (CTLs) proliferate and differentiate
into effector CTLs and specific memory CTLs. Effector CD4+ TH cells aid in CTL activation through the secretion of cytokines.
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Structure of phage MS2 and its basis for vaccine development. (A) The genome of phage MS2 encodes four essential proteins: the capsid protein
(CP, the major protein), the maturation protein (protein A), the replicase (RNA polymerase, necessary for genome replication), and the lysis protein.
(B) The capsid protein of phage MS2 can self-assemble into VLPs, providing a foundation for vaccine development. (C) The AB loop region of the
MS2 capsid protein can be substituted with antigenic peptide sequences, enabling the display of specific antigens. (D) Integrating the pac site into

the target mRNA allows for efficient encapsulation of the mRNA.

(comprising 60 A/B-type and 30 C/C-type dimers) organize into a
complete icosahedral VLP (24, 27, 36). This unique dimer
distribution pattern effectively compensates for the absence of the
maturation protein by enhancing capsid stability through structural
complementarity. Building upon these findings, the CP of MS2
serves as an effective nanoscale scaffold for the high-density display
of antigenic peptides (Figure 2C).

Among its most notable features, the N-terminal f-hairpin
structure (the AB loop) demonstrates considerable insertional
flexibility, tolerating foreign peptide sequences—including viral
and non-viral antigens—up to 91 amino acids in length (26).
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Although high insertion tolerance facilitates the development of
immunogen-rich VLPs, structural perturbations induced by large
inserts may compromise native symmetry and particle integrity, a
challenge that has been addressed through rational engineering
approaches. Thus, while the AB loop presents a valuable insertion
site, its use requires careful consideration of structural and
functional trade-offs.

In addition to surface presentation, MS2 VLPs can encapsidate
exogenous RNA through engineered pac site interactions. The 19-
nucleotide pac motif retains its CP-binding capability when fused to
heterologous transcripts, enabling selective packaging into MS2-
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derived VLPs (39). This discovery led to the development of pac
site-based RNA protection strategies against RNase degradation
(Figure 2D). However, nonspecific encapsidation of host RNA
remains a critical limitation, particularly for therapeutic
applications. To address this, co-expression strategies have been
explored. For example, a single-plasmid system encoding CP,
maturation protein, and pac-tagged target RNA within a single
transcriptional unit was shown to improve packaging specificity by
aligning RNA: CP stoichiometry (40). A dual-plasmid strategy
further enhanced RNA loading by separately expressing pac-
tagged RNA and structural proteins, allowing independent
modulation of plasmid copy numbers and antibiotic selection (41).

Importantly, sequence engineering of the pac motif, particularly
the C5 variant in which the fifth uridine is substituted with cytidine,
has been shown to increase the binding affinity between CP and
target RNA by approximately 6- to 50-fold, thereby enabling the
encapsidation of transcripts up to 2248 nucleotides in length (42).
In response to the metabolic burden associated with the dual-
plasmid system, a single-plasmid dual-expression system was
engineered (43). This system employed a modular cloning
approach, where the CP/maturation protein and the target RNA,
containing triple pac sites, were strategically positioned at separate
loci. As a result, efficient packaging of RNA cargos up to 3 kb was
achieved, thereby significantly increasing the payload capacity of
the system. These optimizations substantially expanded the payload
potential of the MS2 system, although the impact of pac site
multiplicity and sequence context on packaging fidelity remains
an area for further study.

Together, these structural and functional attributes establish
MS2 as a modular VLP platform, capable of both high-density
antigen display and programmable RNA encapsidation. While the
system has proven versatile in preclinical applications, continued
refinement will be essential to overcome structural constraints and
improve precision in molecular cargo selection. In the following
sections, we systematically review the application strategies and
recent advances in the use of MS2 coat protein nanoparticles for
vaccine development.

4 Applications of MS2 virus-like
particles in vaccines against viral
infections

4.1 Human immunodeficiency virus

The self-assembled VLPs formed by the MS2 CP offer several
advantages for peptide display. However, studies have shown that
peptide insertion, even within surface-exposed loops, can interfere
with proper protein folding and VLP assembly. For example,
insertion of peptides derived from the V3 loop of HIV gp120 and
the ECL2 loop of the HIV co-receptor CCR5 into MS2 CP disrupted
capsid formation (44). Notably, engineering the CP as a single-
chain dimer, by genetically linking two CP monomers, mitigated
these folding defects and enabled the successful display of V3 and
ECL2 peptides on the surface of MS2 VLPs. Immunization of mice

Frontiers in Immunology

10.3389/fimmu.2025.1651594

with these constructs induced specific IgG antibodies against the
displayed peptides, which were also capable of recognizing the full-
length VP3 protein.

More recently, the HIV - 1 FP8 epitope, which is critical for
VRC34.01 neutralization, was targeted by inserting the FP8
sequence into MS2 CP dimers, generating MS2-FP8 VLPs (45).
As a comparator, synthetic FP8 peptides bearing a free cysteine
were chemically conjugated to QB VLPs using the crosslinker
SMPH, generating QB-FP8 conjugate particles. Both MS2-FP8
and QP-FP8 VLPs bound VRC34.01 with high affinity,
confirming the preservation of critical FP8 conformational
epitopes. Although MS2-FP8 induced lower antibody titers than
QB-FP8, antibodies from both platforms recognized full-length
BG505 DS-SOSIP trimers. The observed differences are likely due
to variations in antigen density, with MS2 displaying approximately
90 copies of FP8 per particle, compared to over 200 copies on Q.
Importantly, a heterologous prime-boost regimen (MS2-FP8 prime,
QB-FP8 boost, BG505 DS-SOSIP boost) elicited superior HIV - 1
neutralizing antibody responses compared to homologous
immunization strategies. Alternating VLP platforms likely reduces
anti-carrier interference, providing a valuable strategy for
optimizing vaccine efficacy.

In addition to enhanced peptide tolerance, single-chain dimer
MS2 VLPs retain the capacity to encapsidate their own mRNA,
supporting applications in RNA vaccine development. Since
prokaryotic mRNA lacks the 5 cap and 3’ polyA tail essential for
eukaryotic translation, adapting MS2 VLPs for functional mRNA
delivery remains challenging. A yeast-based system was established
to produce MS2 VLPs encapsidating human growth hormone
mRNA, achieving efficient translation both in vitro and in
mammalian cells (46). Building on this strategy, MS2 VLPs
encapsidating gag mRNA (1544 nt) were developed as RNA
vaccine candidates against HIV - 1, successfully inducing antigen-
specific humoral responses in mice (46). The conserved
characteristics of Gag proteins suggest that these vaccines could
be promising tools for viral control.

4.2 Human papillomavirus

HPYV is a double-stranded DNA virus that primarily infects the
skin and mucosal epithelia, with sexual contact being the primary
mode of transmission (47). The virus is classified into high-risk and
low-risk categories, with high-risk genotypes being significantly
correlated with the onset and progression of cervical cancer (48).
Its capsid is composed of two structural proteins, L1 and L2, with L1
serving as the primary scaffold of the capsid architecture (49, 50).
When expressed exogenously, L1 self-assembles into VLPs that
closely mimic the native virions (51). These L1-based VLPs form
the basis of current HPV vaccines, such as Cervarix, Gardasil-4, and
Gardasil-9, which have proven effective in inducing high-titer
neutralizing antibodies (52). However, the protective efficacy of
these vaccines is largely confined to the HPV types included in the
vaccine, with limited cross-protection, especially in
immunocompromised individuals. As a result, there has been
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growing interest in targeting the minor capsid protein L2, which
contains highly conserved epitopes that could provide broader
protection across diverse HPV types (50).

It has been demonstrated that the N-terminal 170 amino acids
of L2 are particularly potent in inducing neutralizing antibodies that
remain conserved across different HPV types (53). These antibodies
not only inhibit homologous HPV infections in animal models but
also exhibit cross-neutralization against heterologous HPV strains,
suggesting that L2 could play a crucial role in mediating broad-
spectrum immune protection. The N-terminal region of the MS2
CP was modified by inserting four L2-derived peptides from
HPV16 (aa 20 - 29, aa 17 - 31, aa 14 - 40, and aa 14 - 65),
resulting in the formation of self-assembling MS2-derived
nanoparticles (54). Three of these constructs successfully self-
assembled into particles and exhibited strong immunogenicity,
inducing high-titer antibodies against L2 in immunized mice.
Cross-reactivity assays revealed that the antibodies generated by
these MS2-L2 nanoparticles had a broader range of recognition
across multiple HPV isolates compared to existing vaccines.
Notably, MS2-L2 (17 - 31) construc conferred complete
protection against high-dose HPV16 infection in mice and
effectively neutralized multiple HPV pseudoviruses. Spray-drying
of MS2-L2 (17 - 31) formulation into a dry powder was found to
enhance their thermostability, permitting storage at room
temperature for up to 34 months (55, 56). Despite extended
storage, the particles retained their protective efficacy against
HPV16 infection in immunized mice.

In addition to displaying single epitopes, other studies have
utilized the MS2 VLPs platform to present multiple L2 epitopes
from different HPV types, aiming to expand the immune coverage
of these vaccines. Successful insertion of L2 tandem peptides from
HPV16 and HPV31, along with consensus L2 sequences from 19
high-risk and 4 low-risk HPV types, into the N-terminal of MS2 CP
resulted in the generation of five distinct chimeric nanoparticles
(57). Immunization with these multi-epitope constructs induced
strong IgG responses in mice, particularly against HPV16, HPV31,
and the consensus L2 (69 - 86) peptide, confirming that displaying
multiple epitopes does not diminish the immunogenicity of
individual peptides. It has been demonstrated that MS2 - 31/16L2
and mixed MS2-L2 nanoparticles provided protection against six
HPV types, with efficacy comparable to Gardasil-9. These results
suggest that MS2-based multi-epitope nanoparticles represent a
promising strategy for developing HPV vaccines with enhanced
cross-protection.

Building upon the expanded protection offered by multi-
epitope constructs, additional research has explored the potential
of MS2-L2 nanoparticles in vaccine formulation (58). In a mouse
model, immunization with MS2-L2 nanoparticles, combined with
mucosal adjuvants such as cholera toxin and monophosphoryl lipid
A, induced high-titer serum IgG responses and provided broad
protection against 11 HPV types in cervical and oral pseudovirus
challenge experiments. This approach covered approximately 95%
of cervical cancer-causing and 99% of head and neck cancer-causing
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HPV types, with protection against certain strains (HPV35 and
HPV 39) even superior to Gardasil-9. Furthermore, mixed MS2-L2
nanoparticles were formulated into a powder vaccine using spray-
drying technology, which significantly improved the vaccine’s
thermal stability and allowed for storage at room temperature for
up to 60 days without adjuvants (59). This development represents
an important step toward creating HPV vaccines with enhanced
accessibility, particularly for global distribution.

4.3 Influenza virus

Vaccination with seasonal influenza vaccines or natural infection
predominantly induces immune responses directed against the
globular head domain of the viral hemagglutinin (HA) protein (60,
61). However, this immunodominant region is highly susceptible to
antigenic drift, enabling viral immune evasion and necessitating
frequent reformulation of vaccines (61). To address these
limitations, MS2 VLPs have been engineered as modular antigen
presentation platforms (62). By incorporating an AviTag sequence
into the capsid protein of MS2, site-specific biotinylation was
achieved, enabling high-affinity biotin-streptavidin interactions for
the directional display of HA antigens. Two MS2-based constructs
were developed: one displaying HA in its conventional orientation
with the immunodominant head domain exposed, and another in an
inverted configuration, where HA was anchored via an anti-head Fab
fragment to expose the conserved stem domain. Immunogenicity
studies demonstrated that the inverted nanoparticles elicited anti-
stem antibody titers that were 5- to 10-fold higher than those induced
by conventional constructs. Moreover, antibodies generated by the
inverted nanoparticles exhibited broader cross-reactivity and
conferred significantly enhanced protection in the context of high-
dose viral challenge. This orientation-based antigen display strategy
effectively mitigates the structural shielding of conserved epitopes by
the HA head and offers a promising avenue for the development of
broadly protective influenza vaccines, as well as vaccines targeting
other variable pathogens.

To investigate the potential of MS2 VLPs to elicit durable
immune responses, a candidate influenza vaccine, PRSHA-MS2,
was developed using an MS2-based VLP platform. These particles,
approximately 67 nm in diameter, display the HA antigen from the
A/Puerto Rico/8/1934 (PR8) strain in a conventional outward-
facing orientation at high surface density. Immunogenicity was
evaluated in a ferret model, where a single intramuscular dose of
PR8HA-MS?2 formulated with either AddaVax or Quil-A adjuvant
elicited robust neutralizing antibody responses within three weeks,
with geometric mean titers ranging from 853 to 942 substantially
higher than those observed in the unadjuvanted group and placebo
controls. Upon homologous viral challenge, vaccinated animals
exhibited significantly reduced viral replication in the nasal
mucosa and a shortened viral shedding duration of only three
days. Long-term serological analysis showed that neutralizing
antibody titers in adjuvanted groups remained stable for over 3.5
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years (20 - 183 weeks), and were further boosted following
secondary immunization, indicating a strong and sustained
memory response.

4.4 Severe acute respiratory syndrome
coronavirus 2

SARS-CoV-2 is a highly contagious coronavirus that causes
severe respiratory illness, multi-organ damage, and even death,
particularly threatening immunocompromised individuals (63). The
spike (S) protein on the surface of SARS-CoV-2 is responsible for
receptor recognition and membrane fusion, with the receptor-
binding domain on the S protein being a critical vaccine target that
can trigger the production of neutralizing antibodies (64). Given the
inherent advantages of VLPs in antigen presentation, a study utilized
gene fusion to insert an AviTag site onto the surface of MS2 dimers
(65). This allowed high-density streptavidin-mediated conjugation of
prefusion-stabilized S proteins, yielding MS2-based constructs
termed S2Pro and S6Pro, each approximately 30 - 50 nm in
diameter (65). These constructs were shown to have retained the
proper conformation of the S protein as well as its binding capacity to
the ACE2 receptor, as revealed by further characterization. In animal
experiments, hamsters developed high-titer neutralizing antibodies
after a single dose of immunization, and no live virus was detected in
lung tissues after challenge infection, demonstrating excellent
protective efficacy.

Recognizing the limitations of targeting variable epitopes, a
parallel approach utilized MS2 virus-like particles to construct a
vaccine directed against the conserved S2 subunit of the coronavirus
spike protein (66). The S2 subunit is less prone to antigenic drift
compared to the highly variable S1 region and is therefore an
attractive candidate for universal coronavirus vaccine development.
Using a similar AviTag-streptavidin system, biotinylated S2
subunits were conjugated onto MS2 VLPs, yielding particles
approximately 43 nm in diameter that displayed ~30 copies of S2
per particle. Dynamic light scattering and cryo-electron microscopy
confirmed the structural stability of the particles and preservation of
the native antigenic conformation of the S2 protein. In Syrian
hamsters and BALB/c mice, both single- and triple-dose
immunization regimens with S2-decorated nanoparticles
formulated with AS03 and poly(I:C) adjuvants elicited strong,
durable, and cross-reactive IgG responses against a broad panel of
coronaviruses, including SARS-CoV-2 (ancestral and Beta, Delta,
Omicron variants), SARS-CoV-1, pangolin CoV (Pg-CoV), and
endemic human coronaviruses such as HKU1 and OC43. Upon
challenge, immunized animals exhibited significant reductions in
viral loads in the respiratory tract, including a >6,000-fold decrease
in Omicron BA.1 lung titers and complete inhibition of Pg-CoV
replication. Mechanistically, the multivalent display of the
conserved S2 antigen enhanced B cell receptor cross-linking and
circumvented the immune evasion challenges associated with
mutations in the S1 domain, particularly within the RBD. Further
optimization revealed that while a three-dose regimen maximized
antibody titers and protective efficacy, even a single dose was
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sufficient to fully suppress replication of adapted viral strains in
murine models. Collectively, these findings underscore the
versatility and promise of MS2 VLPs as a modular platform for
developing next-generation pan-coronavirus vaccines that target
conserved structural epitopes.

4.5 Zika virus

ZIKV is primarily transmitted by mosquitoes and poses
significant risks to pregnant women, as it can lead to severe birth
defects such as microcephaly and neurological complications,
including Guillain-Barrée syndrome (67). The ZIKV envelope
protein has been shown to contain several potential B-cell
epitopes, with key regions located at residues 241 - 259,
294 - 315, 317 - 327, 346 - 361, 377 - 388, and 421 - 437 (68-
71). These findings provide a promising foundation for the
development of peptide vaccines targeting ZIKV infection.

To explore this, MS2 VLPs were used as a carrier for displaying
the B-cell epitope (amino acids 377 - 388) from the ZIKV envelope
protein at the N-terminus of the MS2 CP through gene insertion
(72). This led to the successful construction of MS2-Zika-E377-388
nanoparticles. Transmission electron microscopy and ELISA assays
confirmed correct assembly and efficient epitope presentation. In
mouse immunization studies, MS2-Zika-E377-388 nanoparticles
induced specific IgG antibodies against ZIKV, with a geometric
mean titer of approximately 10°. However, their neutralizing
activity against ZIKV was relatively weak when administered
alone. In contrast, QB VLPs, which displayed the epitope via
chemical conjugation and had a higher epitope copy number (180
copies), exhibited stronger immunogenicity.

Additionally, combining MS2-Zika-E377-388 nanoparticles
with QB VLPs displaying different epitopes slightly enhanced the
neutralizing response, although overall protection remained
limited. These results suggest that MS2 VLPs could serve as a
potential platform for ZIKV vaccine development, but further
optimization of epitope presentation strategies or combination
with other platforms is necessary to improve immunogenic efficacy.

4.6 Foot and mouth disease

FMD is a highly contagious viral disease caused by the foot-and-
mouth disease virus (FMDV), which poses a significant threat to
livestock such as cattle, pigs, and sheep, leading to high mortality in
young animals and reduced productivity in adults (73). Traditional
inactivated vaccines have played a crucial role in controlling
outbreaks, but they have notable limitations, including the risk of
virus leakage during production, poor heat stability, and a short
duration of protection (74). Therefore, there is a pressing need to
develop safer, more stable, and highly effective vaccines.

In response to these challenges, a novel vaccine candidate was
developed using the MS2 VLPs platform, which was engineered to
display EP141 - 160, a key neutralizing epitope derived from the
VP1 capsid protein of FMDV (75). The sequence encoding this
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epitope was precisely inserted into the AB-loop region of the MS2
CP. After immunization of mice, the vaccine induced high titers of
specific IgG antibodies, comparable to those produced by
traditional inactivated vaccines. Further challenge experiments in
guinea pigs and pigs demonstrated that the CP-EP141-160
nanoparticles effectively induced the production of neutralizing
antibodies and provided clinical protection in 65% of guinea pigs
and 60% of pigs.

Subsequent research focused on another B cell epitope, amino
acids 131 - 160, from the FMDV VP1 protein, which includes the
critical G-H loop and its flanking sequences (76). The recombinant
nanoparticles vaccine showed significantly higher levels of IgG
antibodies and better cellular immune responses than traditional
peptides and commercial vaccines (77). Structural analysis
indicated that the nanoparticles retained a circular conformation,
enhancing both B cell and T cell activation. However, the study did
not include challenge protection experiments, and the practical
application of this vaccine remains to be further investigated.

5 Plasmodium Falciparum

Malaria, an endemic disease in tropical and subtropical regions, is
transmitted by vectors and caused by protozoan parasites of the
genus Plasmodium (78). Fever, chills, and headache are the most
frequently observed symptoms in infected individuals, and the
disease is known for its substantial mortality rate. Although
antimalarial drugs such as artemisinin derivatives remain the
mainstay of treatment, vaccines are also recognized as a critical
strategy for malaria control (78, 79). RTS,S/AS01 and R21/Matrix-
M, the vaccines currently approved for malaria, have been deployed
in several countries and regions worldwide (80). However, their
protective efficacy remains suboptimal. Liver stage antigen-1
(LSA - 1), a ~200 kDa polypeptide expressed on the surface of P.
falciparum schizonts during the liver stage, contains non-repetitive
regions at its N- and C-termini encoding 14 — 24 amino acid peptides
capable of eliciting IL - 10, TNF-c, IFN-y, and CD8" T cell responses.
Based on this, the Thl epitope located within the N-terminal non-
repetitive region was fused to the MS2 CP to generate a chimeric
phage-like particle, and its immunogenicity was evaluated in BALB/c
mice (81). Comparative studies showed that native MS2 VLPs
predominantly induced humoral and cellular immune responses
skewed toward a Th2 cytokine profile, whereas the Thl peptide-
bearing chimeric particles elicited a primarily Thl-type immune
response following immunization.

In a separate study targeting the blood-stage invasion process,
researchers focused on RHS5, a highly conserved adhesin essential
for P. falciparum red blood cell invasion. A monoclonal antibody
capable of fully inhibiting RH5-mediated entry was employed in an
affinity screening of a random peptide library displayed on MS2-
based nanoparticles (82). The peptides (SAIKKPVT) identified
through this process were then used as immunogens to produce
specific antisera, which were subsequently evaluated for their ability
to block parasite invasion. Immunization with MS2-derived
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particles displaying this peptide elicited potent anti-RH5 antibody
responses, and the resulting antisera inhibited erythrocyte invasion
by over 90% in vitro. These findings support the utility of RNA
phage capsid display systems for epitope screening and validate
MS2 coat protein-based nanoparticles as a versatile platform for
peptide-based malaria vaccine development.

6 Chlamydia trachomatis

Chlamydia trachomatis (Ct) exhibits multiple serotypes
primarily determined by variations in the amino acid sequences
of the major outer membrane protein (MOMP) on the surface of
the elementary body (83). Conserved epitopes within variable
domain 4 (VD4) of MOMP are recognized as critical targets for
inducing broad-spectrum neutralizing antibodies (84). Efforts to
develop vaccines targeting MOMP have been hindered by the
limited immunogenicity of recombinant proteins and the
challenges in extracting native proteins. While an engineered
extVD4 multivalent vaccine, combined with the CAF01 adjuvant,
has demonstrated some cross-protection against Ct serotypes D, E,
F, and G, the complexity of the antigenic structure highlights the
necessity of accurately mimicking the natural epitope
conformation (84).

To enhance vaccine efficacy, the MS2 VLPs platform has been
employed to develop vaccines targeting the core neutralizing
epitope (TTLNPTIAG) in MOMP-VD4 (85). Two strategies were
applied to identify potential immunogens: The first involved affinity
selection using the broadly neutralizing E4 monoclonal antibody,
leading to the isolation of a peptide-presenting construct
(HMVGSTKWTN). Although this construct elicited antibodies
that weakly recognized the Ct elementary body, competitive
binding assays indicated preferential recognition of the native
VD4 epitope. The second strategy utilized site-directed insertion,
expressing the TTLNPTIAG peptide and its C-terminal mutant
TTLNPTIAGA on the exposed loop of the MS2 CP. Both resulting
MS2-based constructs elicited VD4-specific IgG responses in mice,
with the native sequence construct (MS2-VD4.A) providing
superior protection in a vaginal challenge model.

Together, these findings support the potential of MS2-based
nanoparticles as a modular platform for presenting conformational
Ct epitopes and advancing peptide-based vaccine strategies with
both broad-spectrum coverage and structural fidelity.

7 Applications of MS2 virus-like
particles in cancer immunotherapy

7.1 Prostate cancer
Prostate acid phosphatase (PAP) is a widely expressed antigen
in prostate tissue (86). Studies have demonstrated that PAP,

whether in the form of a protein, peptide, or DNA, can elicit a

specific cellular immune response against prostate cancer and even
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promote tumor regression (86-88). Moreover, prior research has
highlighted the potential of granulocyte-macrophage colony-
stimulating factor (GM-CSF) as an effective adjuvant, with proven
applications in the development of prostate cancer vaccines (89).
Based on these findings, an expression vector was designed to
incorporate human or mouse-derived PAP alongside mouse GM-
CSF mRNA (90). The target mRNA is specifically packaged into
MS2 CP via the pac site, yielding MS2 VLP-mRNA vaccines that are
resistant to nuclease degradation. Functional validation confirmed
that this packaging approach protected the mRNA from
degradation for at least 18 hours, facilitated macrophage uptake,
and supported efficient expression of heterologous proteins such as
GFP. In animal models, the vaccine elicited robust humoral and
cellular immune responses, including activation of CD4" T cells,
cytotoxic T lymphocytes (CTLs), and a mixed Th1/Th2 response,
along with enhanced maturation of dendritic cells. Notably, the
proportion of regulatory T cells remained stable, indicating that
antigen-specific immunity was achieved without perturbing
immune homeostasis. In prophylactic models, the vaccine
provided complete protection against tumor formation in mice,
and in therapeutic models, it significantly delayed prostate tumor
growth, outperforming traditional PAP DNA vaccines and single-
antigen strategies. Additionally, human PAP vaccines exhibited
stronger immunogenicity than mouse PAP vaccines, suggesting
that heterologous mRNA more effectively breaks immune tolerance.

7.2 Breast cancer

Breast Cancer (BC) is one of the leading causes of cancer-related
mortality in women (91). Given the pivotal role of breast cancer
stem cells (BCSCs) in BC recurrence and metastasis, a novel
vaccine, AX09, has been developed based on the MS2 VLPs
platform (92). This vaccine targets the third extracellular domain
(ECD3) of the glutamate/cysteine transporter subunit (xCT), which
is highly expressed on BCSCs (93). The resulting nanoparticles
demonstrated excellent thermal stability and long-term storage
properties. Immunization studies in mice showed that AX09
induced high titers of functional anti-xCT antibodies across
various genetic backgrounds (BALB/c, C57BL/6, CD - 1). These
antibodies eftectively bound both linear and native conformations
of the xCT-ECD3 epitope, and specifically recognized xCT
expressed on tumor cell surfaces, without causing toxicity in
normal brain tissue. Functional studies revealed that AXO09-
induced antibodies inhibited tumor spheroid formation, self-
renewal, cysteine uptake, and cell migration, while significantly
increasing intracellular reactive oxygen species levels, indicating
effective blockade of xCT function. Additionally, AX09 significantly
reduced lung metastasis and delayed primary tumor growth across
various BC models, including TUBO cell intravenous injection, 4T1
spontaneous metastasis, BALB-neuT transgenic breast cancer, and
human-derived MDA-MB-231 xenograft models. Immune
infiltration analysis showed an increase in CD4" and CD8" T cell
populations, suggesting an improvement in the tumor
immune microenvironment.
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7.3 Epithelial ovarian cancer

Epithelial ovarian cancer (OvCa) remains the deadliest
gynecological malignancy (94). A study combined the MS2 VLPs
platform with deep sequencing technology (Ion Torrent) to
establish a novel screening method for identifying autoantibody
responses to tumor-associated antigens (TAAs) in the plasma of
ovarian cancer patients, positioning TAAs as potential targets for
diagnostic and/or immunotherapy strategies (95).

The study employed a random MS2 VLPs library to perform
two rounds of affinity screening on plasma IgG from five patients
with advanced ovarian cancer. Deep sequencing analysis of the
populations, followed by bioinformatics comparison, identified a
candidate peptide, DISGTNTSRA, which exhibited sequence
homology with CA125 (MUCI6), a widely recognized ovarian
cancer biomarker. It was also confirmed that MS2-DISGTNTSRA
particles induced cross-reactive anti-CA125 antibodies following
mouse immunization. Further analysis of plasma samples revealed
that patients with elevated levels of anti-DISGTNTSRA or anti-
CA125 antibodies typically had better survival prognosis. Although
the correlation between antibody levels and overall survival did not
reach statistical significance, patients with normal CA125 levels or
positive anti-CA125 antibodies had significantly longer
median survival.

7.4 Ovalbumin -based tumor model

The inherent instability and low delivery efficiency of mRNA
remain major barriers to the widespread application of mRNA
vaccines (96). To address these challenges, a dual-promoter plasmid
was designed to clone the coding sequences for MS2 VLPs and EGFP
or EGFP-OVA, both carrying the pac site, into the pACYCDuet-1
vector (97). Further validation through RT-PCR and nuclease
digestion assays confirmed the efficient encapsulation and protective
properties of EGFP and EGFP-OVA mRNA. Stability assays showed
that MS2 VLPs could be stored at 4 °C for at least three months
without degradation. Cellular studies revealed that EGFP mRNA-
loaded VLPs were efficiently internalized by dendritic cells, where they
drove the expression of the antigen protein, demonstrating
exceptional intracellular delivery and translation efficiency. In an
OVA-based tumor model, MS2 VLPs encapsulating OVA mRNA
significantly inhibited tumor growth. This effect was accompanied by a
reduction in myeloid-derived suppressor cells, enhanced antigen-
specific CD8" T cell responses, and sustained humoral immunity.
Additionally, when combined with alum adjuvant, the vaccine further
enhanced T cell activation and prolonged antigen presentation.

8 Contraceptive human chorionic
gonadotropin vaccine

Human Chorionic Gonadotropin (hCG) is a critical hormone for
maintaining pregnancy and is considered a promising target for
contraceptive vaccines (98). An ideal anti-hCG vaccine should

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1651594
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

possess high antigenic specificity to prevent cross-reactivity with
structurally related hormones, including luteinizing hormone (LH),
follicle-stimulating hormone (FSH), and thyroid-stimulating hormone
(TSH) (99). It must also elicit a sustained immune response sufficient
for efficacy without inducing irreversible infertility.

To achieve this, recombinant nanoparticles were developed
using the PP7 phage platform, displaying a 10-mer peptide
sequence with a 5-amino acid overlap from the C-terminal region
of the hCG B-subunit (99). Additionally, the MS2 VLP platform was
employed to construct a random peptide library, addressing the
limitations of linear epitope presentation and complementing it
with conformational epitopes. Affinity screening using the
functional neutralizing antibody cPiPP successfully identified
high-affinity peptides with specific binding. Immunological
evaluation showed that particles displaying peptides 116 - 125,
126 - 135, and 131 - 140 successfully induced neutralizing
antibodies in mice, significantly inhibiting hCG-induced uterine
development, indicating they targeted functional neutralizing
epitopes. In contrast, overlapping peptides such as 121 - 130 and
136 - 145 generated binding antibodies but lacked neutralizing
activity, underscoring the importance of both sequence continuity
and spatial conformation in neutralizing epitopes. This study
combines linear peptide insertion with conformational epitope
screening, using both PP7 and MS2 VLP platforms to accurately
identify and validate neutralizing epitopes of hCG. This will
contribute to the development of hormone-free, reversible
contraceptive vaccines.

9 Concluding remarks

MS2 VLPs represent a promising and versatile platform for
vaccine development, owing to their structural stability, efficient
antigen presentation, and cost-effective production (22). Their
capacity to display multiple epitopes in a highly biocompatible
format makes them well-suited for both traditional infectious
disease vaccines and emerging therapeutic applications, such as
cancer immunotherapy (22-24, 26). Despite these advantages,
several critical challenges must still be addressed before MS2 VLPs
can be translated from preclinical research to clinical implementation.

A major hurdle is the rapid and stable replacement of antigenic
proteins on the VLP surface. Traditional genetic fusion techniques
often face limitations in flexibility and structural integrity (23, 26,
29). However, recent advancements in bio-orthogonal conjugation
technologies, such as the SpyTag/SpyCatcher covalent binding
system, enable modular antigen exchange while preserving
particle stability (100, 101). This breakthrough opens the door to
developing reprogrammable vaccine platforms capable of swift
deployment against emerging infectious threats. Moreover, precise
control over the stoichiometry of co-displayed antigens is essential
for the development of multivalent or combination vaccines, which
remains a key area for further research.

In parallel, RNA-based vaccines are transforming the field of
vaccinology by offering unmatched speed, safety, and flexibility
(102, 103). Unlike DNA-based or viral vector vaccines, RNA
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vaccines do not integrate into the host genome and are non-
infectious, significantly reducing long-term genetic risks (103).
Upon cytoplasmic delivery, RNA vaccines enable the direct
translation of encoded antigens, demonstrating excellent
biocompatibility (102, 103). However, their clinical application is
hindered by poor stability during storage and inefficient delivery in
vivo (96). MS2 VLPs offer a potential solution by acting as “armored
RNA” carriers (27, 90). Their ability to specifically package and
protect exogenous RNAs, including mRNA, enhances RNA
stability, shields it from degradation, and improves cellular uptake
and translation. This approach could extend to other RNA-based
therapeutics, such as siRNA or circular RNA, providing a unified
platform for gene-based immunotherapy.

MS2-based RNA encapsidation holds significant promise for
therapeutic applications, but achieving precise control over RNA
cargo remains a key challenge. Pac site tagging enables selective
packaging by the MS2 coat protein, but substantial co-packaging of
host (E. coli) RNA has been observed, particularly with longer
recombinant transcripts (40). As the RNA length increases, the
proportion of host RNA incorporated also rises. To address this, a
single-plasmid system was developed where pac-tagged target RNA
is co-transcribed with MS2 coat protein and maturase. This system
optimizes the stoichiometry between components, reducing
nonspecific encapsidation (23, 40). Despite this advancement,
further refinements have focused on enhancing the affinity
between pac sites and the MS2 coat protein. For instance, the C5
variant, in which the fifth uridine is replaced with cytidine, has been
shown to improve target RNA selectivity (42). Moreover, adding an
extra copy of the pac sequence into the single-plasmid system
further increases RNA packaging efficiency (104). Although pac
sites play an important role in RNA packaging, recent findings
suggest that selective RNA incorporation into VLPs results from
cooperative interactions among multiple coat proteins and stem-
loop structures distributed across the RNA molecule (105). This
work provides valuable insights and opens new avenues for further
exploration, suggesting that improving RNA packaging fidelity may
involve additional, yet-to-be-identified elements that modulate the
process. Furthermore, transitioning from in vivo expression systems
to controlled in vitro assembly, using purified RNA and coat
proteins, offers enhanced control over particle composition (106).
This approach eliminates host RNA contamination, thus improving
the homogeneity and therapeutic reliability of MS2-based
VLP platforms.

Such progress in RNA cargo fidelity forms the foundation for
the clinical translation of MS2 VLPs. To fully unlock their potential,
however, additional development is needed in scalable
biomanufacturing, product standardization, and rigorous quality
control protocols (18). Efficient expression systems, high-
throughput purification workflows, and reproducible RNA
encapsulation strategies will be key enablers for large-scale
deployment. Moreover, integration of computational tools such as
artificial intelligence, systems immunology, and bioinformatics
could greatly accelerate antigen design, optimize immune
response predictions, and enable tailored vaccine development for
broader global populations (107).
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In this context, MS2 VLPs represent a structurally stable, safe, and
cost-effective modular platform capable of supporting diverse
biomedical applications. The synergy between SpyTag/SpyCatcher
conjugation and pac site-mediated RNA encapsulation enables
programmable construction of antigen-RNA co-delivery systems. In
our previous work, we demonstrated that live attenuated bacterial
vectors are not only effective in protein antigen delivery but also
competent in transporting VLPs assembled in vivo (108-110). These
findings suggest that hybrid strategies such as combining MS2 VLPs
with bacterial carriers could offer enhanced delivery efficiency and
adaptability. As the field moves toward multivalent, rapidly deployable
vaccine platforms, MS2-based technologies are well positioned to
contribute meaningfully to next-generation vaccinology and global
infectious disease prevention.

Author contributions

GZ: Writing - original draft, Writing - review & editing. ZL:
Data curation, Investigation, Visualization, Writing - original draft.
77: Data curation, Investigation, Visualization, Writing — original
draft. SC: Conceptualization, Formal Analysis, Investigation,
Supervision, Writing - original draft. YL: Funding acquisition,
Resources, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by the National Natural Science Foundation of China (grant

References

1. Jones KE, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, et al. Global
trends in emerging infectious diseases. Nature. (2008) 451:990-3. doi: 10.1038/
nature06536

2. Nii-Trebi NI. Emerging and neglected infectious diseases: insights, advances, and
challenges. BioMed Res Int. (2017) 2017:5245021. doi: 10.1155/2017/5245021

3. ZhaoF, Zai X, Zhang Z, Xu J, Chen W. Challenges and developments in universal
vaccine design against SARS-CoV-2 variants. NPJ Vaccines. (2022) 7:167. doi: 10.1038/
541541-022-00597-4

4. Ware-Gilmore F, Rodriguez DM, Ryft Mph K, Torres JM, Velez MP, Torres-Toro
CT, et al. Dengue outbreak and response-Puerto Rico, 2024. MMWR Morb Mortal
Wkly Rep. (2025) 74:54-60. doi: 10.15585/mmwr.mm7405al

5. Jombart T, Zeng W, Yao M, Cori A, Ahuka-Mundeke S, Samaha H, et al.
Contrasting the impact and cost-effectiveness of successive intervention strategies in
response to Ebola in the Democratic Republic of the Congo, 2018-2020. BMJ Glob
Health. (2025) 10. doi: 10.1136/bmjgh-2024-015822

6. Vu HLX, McVey DS. Recent progress on gene-deleted live-attenuated African
swine fever virus vaccines. NPJ Vaccines. (2024) 9:60. doi: 10.1038/s41541-024-00845-9

7. Martins RP, Marc D, Germon P, Trapp S, Caballero-Posadas I. Influenza A virus
in dairy cattle: infection biology and potential mammary gland-targeted vaccines. NPJ
Vaccines. (2025) 10:8. doi: 10.1038/s41541-025-01063-7

8. Wang S, Zheng Y, Yang F, Zhu L, Zhu X-Q, Wang Z-F, et al. The molecular
biology of pancreatic adenocarcinoma: translational challenges and clinical
perspectives. Signal Transduction Targeted Ther. (2021) 6:249. doi: 10.1038/s41392-
021-00659-4

9. Yeo D, Giardina C, Saxena P, Rasko JEJ. The next wave of cellular
immunotherapies in pancreatic cancer. Mol Ther Oncolytics. (2022) 24:561-76.
doi: 10.1016/j.0mt0.2022.01.010

Frontiers in Immunology

11

10.3389/fimmu.2025.1651594

numbers 32372957). The funding bodies have not been involved
in the design of the study as well as the collection, analysis, and
interpretation of the data and manuscript writing.

Conflict of interest

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

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

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

10. Darby EM, Trampari E, Siasat P, Gaya MS, Alav I, Webber MA, et al. Molecular
mechanisms of antibiotic resistance revisited. Nat Rev Microbiol. (2023) 21:280-95.
doi: 10.1038/541579-022-00820-y

11. FuY, MaR, Zhao Z, Mo Z, Ying Z, Li], et al. Poliovirus shedding after sequential
immunization of Sabin-strain inactivated polio vaccines and oral attenuated polio
vaccines. NPJ Vaccines. (2025) 10:81. doi: 10.1038/s41541-025-01134-9

12. Graaf-Rau A, Schmies K, Breithaupt A, Ciminski K, Zimmer G, Summerfield A,
et al. Reassortment incompetent live attenuated and replicon influenza vaccines
provide improved protection against influenza in piglets. NPJ Vaccines. (2024) 9:127.
doi: 10.1038/s41541-024-00916-x

13. Branda F, Massimo C, Scarpa F. Features of the SARS-CoV-2KP.3 variant
mutations. Infect Dis. (2024) 56:894-6. doi: 10.1080/23744235.2024.2385500

14. Buchan SA, Chung H, Brown KA, Austin PC, Fell DB, Gubbay JB, et al
Estimated effectiveness of COVID-19 vaccines against omicron or delta

symptomatic infection and severe outcomes. JAMA network Open. (2022) 5:
€2232760. doi: 10.1001/jamanetworkopen.2022.32760

15. Huang CQ, Vishwanath S, Carnell GW, Chan ACY, Heeney JL. Immune
imprinting and next-generation coronavirus vaccines. Nat Microbiol. (2023) 8:1971-
85. doi: 10.1038/s41564-023-01505-9

16. O’Leary K. The next generation of COVID-19 vaccines. Nat Med. (2022)
28:2450-0. doi: 10.1038/s41591-022-02147-w

17. Sherry L, Bahar MW, Porta C, Fox H, Grehan K, Nasta V, et al. Recombinant
expression systems for production of stabilised virus-like particles as next-generation
polio vaccines. Nat Commun. (2025) 16:831. doi: 10.1038/s41467-025-56118-z

18. Nooraei S, Bahrulolum H, Hoseini ZS, Katalani C, Hajizade A, Easton AJ, et al.
Virus-like particles: preparation, immunogenicity and their roles as nanovaccines and
drug nanocarriers. ] nanobiotechnology. (2021) 19:59. doi: 10.1186/s12951-021-00806-7

frontiersin.org


https://doi.org/10.1038/nature06536
https://doi.org/10.1038/nature06536
https://doi.org/10.1155/2017/5245021
https://doi.org/10.1038/s41541-022-00597-4
https://doi.org/10.1038/s41541-022-00597-4
https://doi.org/10.15585/mmwr.mm7405a1
https://doi.org/10.1136/bmjgh-2024-015822
https://doi.org/10.1038/s41541-024-00845-9
https://doi.org/10.1038/s41541-025-01063-7
https://doi.org/10.1038/s41392-021-00659-4
https://doi.org/10.1038/s41392-021-00659-4
https://doi.org/10.1016/j.omto.2022.01.010
https://doi.org/10.1038/s41579-022-00820-y
https://doi.org/10.1038/s41541-025-01134-9
https://doi.org/10.1038/s41541-024-00916-x
https://doi.org/10.1080/23744235.2024.2385500
https://doi.org/10.1001/jamanetworkopen.2022.32760
https://doi.org/10.1038/s41564-023-01505-9
https://doi.org/10.1038/s41591-022-02147-w
https://doi.org/10.1038/s41467-025-56118-z
https://doi.org/10.1186/s12951-021-00806-7
https://doi.org/10.3389/fimmu.2025.1651594
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

19. Chung YH, Cai H, Steinmetz NF. Viral nanoparticles for drug delivery, imaging,
immunotherapy, and theranostic applications. Advanced Drug delivery Rev. (2020)
156:214-35. doi: 10.1016/j.addr.2020.06.024

20. Mohsen MO, Gomes AC, Vogel M, Bachmann MF. Interaction of viral capsid-
derived virus-like particles (VLPs) with the innate immune system. Vaccines. (2018) 6.
doi: 10.3390/vaccines6030037

21. Silva AL, Peres C, Conniot J, Matos Al, Moura L, Carreira B, et al. Nanoparticle
impact on innate immune cell pattern-recognition receptors and inflammasomes
activation. Semin Immunol. (2017) 34:3-24. doi: 10.1016/j.smim.2017.09.003

22. Tumban E. Bacteriophage virus-like particles: platforms for vaccine design.
Methods Mol Biol (Clifton NJ). (2024) 2738:411-23. doi: 10.1007/978-1-0716-3549-0

23. Naskalska A, Heddle JG. Virus-like particles derived from bacteriophage MS2 as
antigen scaffolds and RNA protective shells. Nanomedicine (London England). (2024)
19:1103-15. doi: 10.2217/nnm-2023-0362

24. Peabody DS, Peabody ], Bradfute SB, Chackerian B. RNA phage VLP-based
vaccine platforms. Pharm (Basel Switzerland). (2021) 14. doi: 10.3390/ph14080764

25. Golmohammadi R, Valegird K, Fridborg K, Liljas L. The refined structure of
bacteriophage MS2 at 2.8 A resolution. ] Mol Biol. (1993) 234:620-39. doi: 10.1006/
jmbi.1993.1616

26. Dang M, Wu LJ, Zhang SR, Zhu JR, Hu YZ, Yang CX, et al. MS2 virus-like
particles as a versatile peptide presentation platform: insights into the deterministic
abilities for accommodating heterologous peptide lengths. ACS synthetic Biol. (2023)
12:3704-15. doi: 10.1021/acssynbio.3¢00503

27. Stockley PG, Stonehouse NJ, Valegird K. Molecular mechanism of RNA phage
morphogenesis. Int ] Biochem. (1994) 26:1249-60. doi: 10.1016/0020-711X(94)90094-9

28. Fu Y, Li J. A novel delivery platform based on Bacteriophage MS2 virus-like
particles. Virus Res. (2016) 211:9-16. doi: 10.1016/j.virusres.2015.08.022

29. Sun X, Lian Y, Tian T, Cui Z. Virus-like particle encapsulation of functional
proteins: advances and applications. Theranostics. (2024) 14:7604-22. doi: 10.7150/
thno.103127

30. Tao P, Zhu ], Mahalingam M, Batra H, Rao VB. Bacteriophage T4 nanoparticles
for vaccine delivery against infectious diseases. Advanced Drug delivery Rev. (2019)
145:57-72. doi: 10.1016/j.addr.2018.06.025

31. Gao G, Wieczorek L, Peachman KK, Polonis VR, Alving CR, Rao M, et al.
Designing a soluble near full-length HIV-1 gp41 trimer. J Biol Chem. (2013) 288:234-
46. doi: 10.1074/jbc.M112.424432

32. Bachmann MF, Jennings GT. Vaccine delivery: a matter of size, geometry,
kinetics and molecular patterns. Nat Rev Immunol. (2010) 10:787-96. doi: 10.1038/
nri2868

33. Jegerlehner A, Storni T, Lipowsky G, Schmid M, Pumpens P, Bachmann MF.
Regulation of IgG antibody responses by epitope density and CD21-mediated
costimulation. Eur J Immunol. (2002) 32:3305-14. doi: 10.1002/1521-4141(200211)
32:11<3305:AID-IMMU3305>3.0.CO;2-]

34. Kianmehr Z, Soleimanjahi H, Ardestani SK, Fotouhi F, Abdoli A. Influence of
Brucella abortus lipopolysaccharide as an adjuvant on the immunogenicity of HPV-16
L1VLP vaccine in mice. Med Microbiol Immunol. (2015) 204:205-13. doi: 10.1007/
500430-014-0356-z

35. Cimica V, Galarza JM. Adjuvant formulations for virus-like particle (VLP) based
vaccines. Clin Immunol. (2017) 183:99-108. doi: 10.1016/j.clim.2017.08.004

36. Borodavka A, Tuma R, Stockley PG. Evidence that viral RNAs have evolved for
efficient, two-stage packaging. Proc Natl Acad Sci United States America. (2012)
109:15769-74. doi: 10.1073/pnas.1204357109

37. McCracken AW, Martin W], McCarthy LR, Schwab DA, Cooper BH, Helgeson
NG, et al. Evaluation of the MS-2 system for rapid identification of Enterobacteriaceae.
J Clin Microbiol. (1980) 12:684-9. doi: 10.1128/jcm.12.5.684-689.1980

38. Stockley PG, Rolfsson O, Thompson GS, Basnak G, Francese S, Stonehouse NJ,
et al. A simple, RNA-mediated allosteric switch controls the pathway to formation of a
T = 3 viral capsid. ] Mol Biol. (2007) 369:541-52. doi: 10.1016/j.jmb.2007.03.020

39. Pickett GG, Peabody DS. Encapsidation of heterologous RNAs by bacteriophage
MS2 coat protein. Nucleic Acids Res. (1993) 21:4621-6. doi: 10.1093/nar/21.19.4621

40. Pasloske BL, Walkerpeach CR, Obermoeller RD, Winkler M, DuBois DB.
Armored RNA technology for production of ribonuclease-resistant viral RNA
controls and standards. J Clin Microbiol. (1998) 36:3590-4. doi: 10.1128/
JCM.36.12.3590-3594.1998

41. Wei Y, Yang C, Wei B, Huang J, Wang L, Meng S, et al. RNase-resistant virus-
like particles containing long chimeric RNA sequences produced by two-plasmid
coexpression system. ] Clin Microbiol. (2008) 46:1734-40. doi: 10.1128/JCM.02248-07

42. Lowary PT, Uhlenbeck OC. An RNA mutation that increases the affinity of an
RNA-protein interaction. Nucleic Acids Res. (1987) 15:10483-93. doi: 10.1093/nar/
15.24.10483

43. Zhan S, Li ], Xu R, Wang L, Zhang K, Zhang R. Armored long RNA controls or
standards for branched DNA assay for detection of human immunodeficiency virus
type 1. J Clin Microbiol. (2009) 47:2571-6. doi: 10.1128/JCM.00232-09

44. Peabody DS, Manifold-Wheeler B, Medford A, Jordan SK, do Carmo Caldeira J,
Chackerian B. Immunogenic display of diverse peptides on virus-like particles of RNA
phage MS2. ] Mol Biol. (2008) 380:252-63. doi: 10.1016/j.jmb.2008.04.049

Frontiers in Immunology

12

10.3389/fimmu.2025.1651594

45. Mogus AT, Liu L, Jia M, Ajayi DT, Xu K, Kong R, et al. Virus-like particle based
vaccines elicit neutralizing antibodies against the HIV-1 fusion peptide. Vaccines
(Basel). (2020) 8:765. doi: 10.3390/vaccines8040765

46. Legendre D, Fastrez J. Production in Saccharomyces cerevisiae of MS2 virus-like
particles packaging functional heterologous mRNAs. J Biotechnol. (2005) 117:183-94.
doi: 10.1016/j.jbiotec.2005.01.010

47. Petca A, Borislavschi A, Zvanca ME, Petca RC, Sandru F, Dumitrascu MC. Non-
sexual HPV transmission and role of vaccination for a better future (Review). Exp Ther
Med. (2020) 20:186. doi: 10.3892/etm.2020.9316

48. Muoz N, Bosch FX, de Sanjosé S, Herrero R, Castellsague X, Shah KV, et al.
Epidemiologic classification of human papillomavirus types associated with cervical
cancer. New Engl ] Med. (2003) 348:518-27. doi: 10.1056/NEJMoa021641

49. Buck CB, Day PM, Trus BL. The papillomavirus major capsid protein LI.
Virology. (2013) 445:169-74. doi: 10.1016/j.virol.2013.05.038

50. Wang JW, Roden RBS. L2, the minor capsid protein of papillomavirus. Virology.
(2013) 445:175-86. doi: 10.1016/j.virol.2013.04.017

51. Kirnbauer R, Booy F, Cheng N, Lowy DR, Schiller JT. Papillomavirus L1 major
capsid protein self-assembles into virus-like particles that are highly immunogenic.
Proc Natl Acad Sci U S A. (1992) 89:12180-4. doi: 10.1073/pnas.89.24.12180

52. Schellenbacher C, Roden RBS, Kirnbauer R. Developments in L2-based human
papillomavirus (HPV) vaccines. Virus Res. (2017) 231:166-75. doi: 10.1016/
j.virusres.2016.11.020

53. Karanam B, Jagu S, Huh WK, Roden RB. Developing vaccines against minor
capsid antigen L2 to prevent papillomavirus infection. Immunol Cell Biol. (2009)
87:287-99. doi: 10.1038/icb.2009.13

54. Tumban E, Peabody J, Tyler M, Peabody DS, Chackerian B. VLPs displaying a
single L2 epitope induce broadly cross-neutralizing antibodies against human
papillomavirus. PloS One. (2012) 7:¢49751. doi: 10.1371/journal.pone.0049751

55. Peabody J, Muttil P, Chackerian B, Tumban E. Characterization of a spray-dried
candidate HPV L2-VLP vaccine stored for multiple years at room temperature.
Papillomavirus Res. (2017) 3:116-20. doi: 10.1016/j.pvr.2017.03.004

56. Tumban E, Muttil P, Escobar CAA, Peabody J, Wafula D, Peabody DS, et al.
Preclinical refinements of a broadly protective VLP-based HPV vaccine targeting the
minor capsid protein, L2. Vaccine. (2015) 33:3346-53. doi: 10.1016/
j-vaccine.2015.05.016

57. Zhai L, Peabody ], Pang Y-YS, Schiller J, Chackerian B, Tumban E. A novel
candidate HPV vaccine: MS2 phage VLP displaying a tandem HPV L2 peptide offers
similar protection in mice to Gardasil-9. Antiviral Res. (2017) 147:116-23. doi: 10.1016/
j.antiviral.2017.09.012

58. Zhai L, Yadav R, Kunda NK, Anderson D, Bruckner E, Miller EK, et al. Oral
immunization with bacteriophage MS2-L2 VLPs protects against oral and genital
infection with multiple HPV types associated with head & neck cancers and cervical
cancer. Antiviral Res. (2019) 166:56-65. doi: 10.1016/j.antiviral.2019.03.012

59. Yadav R, Zhai L, Kunda NK, Muttil P, Tumban E. Mixed bacteriophage MS2-L2
VLPs elicit long-lasting protective antibodies against HPV pseudovirus 51. Viruses.
(2021) 13. doi: 10.3390/v13061113

60. Krammer F. The human antibody response to influenza A virus infection and
vaccination. Nat Rev Immunol. (2019) 19:383-97. doi: 10.1038/s41577-019-0143-6

61. Isakova-Sivak I, Ekaterina S, Daria M, Victoria M, Polina P, Ivan §, et al.
Influenza vaccine: progress in a vaccine that elicits a broad immune response. Expert
Rev Vaccines. (2021) 20:1097-112. doi: 10.1080/14760584.2021.1964961

62. Frey SJ, Carreio JM, Bielak D, Arsiwala A, Altomare CG, Varner C, et al.
Nanovaccines displaying the influenza virus hemagglutinin in an inverted orientation
elicit an enhanced stalk-directed antibody response. Advanced healthcare materials.
(2023) 12:€2202729. doi: 10.1002/adhm.202202729

63. Rabaan AA, Smajlovic S, Tombuloglu H, Cordi¢ S, Hajdarevic A, Kudic N, et al.
SARS-CoV-2 infection and multi-organ system damage: A review. Biomolecules
biomedicine. (2023) 23:37-52. doi: 10.17305/bjbms.2022.7762

64. DuL,HeY, Zhou Y, Liu S, Zheng B-J, Jiang S. The spike protein of SARS-CoV —
a target for vaccine and therapeutic development. Nat Rev Microbiol. (2009) 7:226-36.
doi: 10.1038/nrmicro2090

65. Chiba S, Frey SJ, Halfmann PJ, Kuroda M, Maemura T, Yang JE, et al
Multivalent nanoparticle-based vaccines protect hamsters against SARS-CoV-2 after
a single immunization. Commun Biol. (2021) 4:597. doi: 10.1038/s42003-021-02128-8

66. Chiba S, Maemura T, Loeffler K, Frey SJ, Gu C, Biswas A, et al. Single
immunization with an influenza hemagglutinin nanoparticle-based vaccine elicits
durable protective immunity. Bioengineering Trans Med. (2024) 9:e10689.
doi: 10.1002/btm2.10689

67. Carod-Artal FJ. Neurological complications of Zika virus infection. Expert Rev
anti-infective Ther. (2018) 16:399-410. doi: 10.1080/14787210.2018.1466702

68. Mirza MU, Rafique S, Ali A, Munir M, Ikram N, Manan A, et al. Towards
peptide vaccines against Zika virus: Immunoinformatics combined with molecular
dynamics simulations to predict antigenic epitopes of Zika viral proteins. Sci Rep.
(2016) 6:37313. doi: 10.1038/srep37313

69. Badawi MM, Osman MM, Alla AF, Ahmedani AM, Abdalla M, Gasemelseed
MM, et al. Highly conserved epitopes of Zika envelope glycoprotein may act as a novel

frontiersin.org


https://doi.org/10.1016/j.addr.2020.06.024
https://doi.org/10.3390/vaccines6030037
https://doi.org/10.1016/j.smim.2017.09.003
https://doi.org/10.1007/978-1-0716-3549-0
https://doi.org/10.2217/nnm-2023-0362
https://doi.org/10.3390/ph14080764
https://doi.org/10.1006/jmbi.1993.1616
https://doi.org/10.1006/jmbi.1993.1616
https://doi.org/10.1021/acssynbio.3c00503
https://doi.org/10.1016/0020-711X(94)90094-9
https://doi.org/10.1016/j.virusres.2015.08.022
https://doi.org/10.7150/thno.103127
https://doi.org/10.7150/thno.103127
https://doi.org/10.1016/j.addr.2018.06.025
https://doi.org/10.1074/jbc.M112.424432
https://doi.org/10.1038/nri2868
https://doi.org/10.1038/nri2868
https://doi.org/10.1002/1521-4141(200211)32:11%3C3305::AID-IMMU3305%3E3.0.CO;2-J
https://doi.org/10.1002/1521-4141(200211)32:11%3C3305::AID-IMMU3305%3E3.0.CO;2-J
https://doi.org/10.1007/s00430-014-0356-z
https://doi.org/10.1007/s00430-014-0356-z
https://doi.org/10.1016/j.clim.2017.08.004
https://doi.org/10.1073/pnas.1204357109
https://doi.org/10.1128/jcm.12.5.684-689.1980
https://doi.org/10.1016/j.jmb.2007.03.020
https://doi.org/10.1093/nar/21.19.4621
https://doi.org/10.1128/JCM.36.12.3590-3594.1998
https://doi.org/10.1128/JCM.36.12.3590-3594.1998
https://doi.org/10.1128/JCM.02248-07
https://doi.org/10.1093/nar/15.24.10483
https://doi.org/10.1093/nar/15.24.10483
https://doi.org/10.1128/JCM.00232-09
https://doi.org/10.1016/j.jmb.2008.04.049
https://doi.org/10.3390/vaccines8040765
https://doi.org/10.1016/j.jbiotec.2005.01.010
https://doi.org/10.3892/etm.2020.9316
https://doi.org/10.1056/NEJMoa021641
https://doi.org/10.1016/j.virol.2013.05.038
https://doi.org/10.1016/j.virol.2013.04.017
https://doi.org/10.1073/pnas.89.24.12180
https://doi.org/10.1016/j.virusres.2016.11.020
https://doi.org/10.1016/j.virusres.2016.11.020
https://doi.org/10.1038/icb.2009.13
https://doi.org/10.1371/journal.pone.0049751
https://doi.org/10.1016/j.pvr.2017.03.004
https://doi.org/10.1016/j.vaccine.2015.05.016
https://doi.org/10.1016/j.vaccine.2015.05.016
https://doi.org/10.1016/j.antiviral.2017.09.012
https://doi.org/10.1016/j.antiviral.2017.09.012
https://doi.org/10.1016/j.antiviral.2019.03.012
https://doi.org/10.3390/v13061113
https://doi.org/10.1038/s41577-019-0143-6
https://doi.org/10.1080/14760584.2021.1964961
https://doi.org/10.1002/adhm.202202729
https://doi.org/10.17305/bjbms.2022.7762
https://doi.org/10.1038/nrmicro2090
https://doi.org/10.1038/s42003-021-02128-8
https://doi.org/10.1002/btm2.10689
https://doi.org/10.1080/14787210.2018.1466702
https://doi.org/10.1038/srep37313
https://doi.org/10.3389/fimmu.2025.1651594
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.

peptide vaccine with high coverage: immunoinformatics approach. Am J Biomed Sci
Res. (2016) 4:46-60.

70. Dey S, Nandy A, Basak SC, Nandy P, Das S. A Bioinformatics approach to
designing a Zika virus vaccine. Comput Biol Chem. (2017) 68:143-52. doi: 10.1016/
j.compbiolchem.2017.03.002

71. Shawan MMA, AlMahmud H, Hasan MM, Parvin A, Rahman MN, Rahman SB.
In silico modeling and immunoinformatics probing disclose the epitope based
peptidevaccine against Zika virus envelope glycoprotein. Indian | Pharm Biol Res.
(2014) 2:44. doi: 10.30750/ijpbr.2.4.10

72. Basu R, Zhai L, Contreras A, Tumban E. Immunization with phage virus-like
particles displaying Zika virus potential B-cell epitopes neutralizes Zika virus infection
of monkey kidney cells. Vaccine. (2018) 36:1256-64. doi: 10.1016/j.vaccine.2018.01.056

73. Sutmoller P, Barteling SS, Olascoaga RC, Sumption K. Control and eradication
of foot-and-mouth disease. Virus Res. (2003) 91:101-44. doi: 10.1016/S0168-1702(02)
00262-9

74. de Los Santos T, Diaz-San Segundo F, Rodriguez LL. The need for improved
vaccines against foot-and-mouth disease. Curr Opin Virol. (2018) 29:16-25.
doi: 10.1016/j.coviro.2018.02.005

75. Dong YM, Zhang GG, Huang XJ, Chen L, Chen HT. Promising MS2 mediated
virus-like particle vaccine against foot-and-mouth disease. Antiviral Res. (2015)
117:39-43. doi: 10.1016/j.antiviral.2015.01.005

76. Cao Y, Lu Z, Liu Z. Foot-and-mouth disease vaccines: progress and problems.
Expert Rev Vaccines. (2016) 15:783-9. doi: 10.1586/14760584.2016.1140042

77. Wang G, Liu Y, Feng H, Chen Y, Yang S, Wei Q, et al. Immunogenicity
evaluation of MS2 phage-mediated chimeric nanoparticle displaying an
immunodominant B cell epitope of foot-and-mouth disease virus. Peer/. (2018) 6:
e4823. doi: 10.7717/peer;j.4823

78. Fikadu M, Ashenafi E. Malaria: an overview. Infection Drug Resistance. (2023)
16:3339-47. doi: 10.2147/IDR.S405668

79. Alghamdi JM, Al-Qahtani AA, Alhamlan FS, Al-Qahtani AA. Recent advances
in the treatment of malaria. Pharmaceutics. (2024) 16. doi: 10.3390/
pharmaceutics16111416

80. Moorthy V, Hamel MJ, Smith PG. Malaria vaccines for children: and now there
are two. Lancet (London England). (2024) 403:504-5. doi: 10.1016/S0140-6736(23)
02743-5

81. Heal KG, Hill HR, Stockley PG, Hollingdale MR, Taylor-Robinson AW.
Expression and immunogenicity of a liver stage malaria epitope presented as a
foreign peptide on the surface of RNA-free MS2 bacteriophage capsids. Vaccine.
(1999) 18:251-8. doi: 10.1016/50264-410X(99)00209-1

82. Ord RL, Caldeira JC, Rodriguez M, Noe A, Chackerian B, Peabody DS, et al. A
malaria vaccine candidate based on an epitope of the Plasmodium falciparum RH5
protein. Malaria J. (2014) 13:326. doi: 10.1186/1475-2875-13-326

83. Stephens R, Sanchez-Pescador R, Wagar E, Inouye C, Urdea M. Diversity of
Chlamydia trachomatis major outer membrane protein genes. J Bacteriol. (1987)
169:3879-85. doi: 10.1128/jb.169.9.3879-3885.1987

84. Olsen AW, Follmann F, Erneholm K, Rosenkrands I, Andersen P. Protection
against chlamydia trachomatis infection and upper genital tract pathological changes
by vaccine-promoted neutralizing antibodies directed to the VD4 of the major outer
membrane protein. J Infect Dis. (2015) 212:978-89. doi: 10.1093/infdis/jiv137

85. Collar AL, Linville AC, Core SB, Frietze KM. Epitope-Based Vaccines against the
Chlamydia trachomatis Major Outer Membrane Protein Variable Domain 4 Elicit
Protection in Mice. Vaccines (Basel). (2022) 10:875. doi: 10.3390/vaccines10060875

86. Kong HY, Byun J. Emerging roles of human prostatic Acid phosphatase.
Biomolecules Ther. (2013) 21:10-20. doi: 10.4062/biomolther.2012.095

87. Becker JT, Olson BM, Johnson LE, Davies JG, Dunphy EJ, McNeel DG. DNA
vaccine encoding prostatic acid phosphatase (PAP) elicits long-term T-cell responses in
patients with recurrent prostate cancer. ] Immunother. (2010) 33:639-47. doi: 10.1097/
CJ1.0b013e3181dda23e

88. Saif JM, Vadakekolathu J, Rane SS, McDonald D, Ahmad M, Mathieu M, et al.
Novel prostate acid phosphatase-based peptide vaccination strategy induces antigen-
specific T-cell responses and limits tumour growth in mice. Eur J Immunol. (2014)
44:994-1004. doi: 10.1002/¢ji.201343863

89. Potluri HK, Ng TL, Newton MA, McNeel DG. Immunotherapy: GM-CSF elicits
antibodies to tumor-associated proteins when used as a prostate cancer vaccine
adjuvant. Cancer Immunol Immunother. (2022) 71:2267-75. doi: 10.1007/s00262-
022-03150-3

Frontiers in Immunology

13

10.3389/fimmu.2025.1651594

90. LiJ, SunY, Jia T, Zhang R, Zhang K, Wang L. Messenger RNA vaccine based on
recombinant MS2 virus-like particles against prostate cancer. Int | Cancer. (2014)
134:1683-94. doi: 10.1002/ijc.v134.7

91. Tao Z, Shi A, Lu C, Song T, Zhang Z, Zhao J. Breast cancer: epidemiology and
etiology. Cell Biochem Biophysics. (2015) 72:333-8. doi: 10.1007/s12013-014-0459-6

92. Rolih V, Caldeira J, Bolli E, Salameh A, Conti L, Barutello G, et al. Development
of a VLP-based vaccine displaying an xCT extracellular domain for the treatment of
metastatic breast cancer. Cancers (Basel). (2020) 12:1492. doi: 10.3390/
cancers12061492

93. Lanzardo S, Conti L, Rooke R, Ruiu R, Accart N, Bolli E, et al. Inmunotargeting
of antigen xCT attenuates stem-like cell behavior and metastatic progression in breast
cancer. Cancer Res. (2016) 76:62-72. doi: 10.1158/0008-5472.CAN-15-1208

94. Lheureux S, Gourley C, Vergote I, Oza AM. Epithelial ovarian cancer. Lancet.
(2019) 393:1240-53. doi: 10.1016/S0140-6736(18)32552-2

95. Frietze KM, Roden RB, Lee JH, Shi Y, Peabody DS, Chackerian B. Identification
of anti-CA125 antibody responses in ovarian cancer patients by a novel deep sequence-
coupled biopanning platform. Cancer Immunol Res. (2016) 4:157-64. doi: 10.1158/
2326-6066.CIR-15-0165

96. Qin M, Du G, Sun X. Recent advances in the noninvasive delivery of mRNA.
Accounts Chem Res. (2021) 54:4262-71. doi: 10.1021/acs.accounts.1c00493

97. Su], Zhang ], Feng X, Liu ], Gao S, Liu X, et al. A universal viral capsid protein
based one step RNA synthesis and packaging system for rapid and efficient mRNA
vaccine development. Mol Ther. (2025) 33:1720-34. doi: 10.1016/j.ymthe.2025.02.037

98. Talwar GP, Gupta JC, Rulli SB, Sharma RS, Nand KN, Bandivdekar AH, et al.
Advances in development of a contraceptive vaccine against human chorionic
gonadotropin. Expert Opin Biol Ther. (2015) 15:1183-90. doi: 10.1517/
14712598.2015.1049943

99. Caldeira J, Bustos J, Peabody J, Chackerian B, Peabody DS. Epitope-specific anti-
hCG vaccines on a virus like particle platform. PloS One. (2015) 10:e0141407.
doi: 10.1371/journal.pone.0141407

100. Zakeri B, Fierer JO, Celik E, Chittock EC, Schwarz-Linek U, Moy VT, et al.
Peptide tag forming a rapid covalent bond to a protein, through engineering a bacterial
adhesin. Proc Natl Acad Sci United States America. (2012) 109:E690-697. doi: 10.1073/
pnas.1115485109

101. Keeble AH, Howarth M. Power to the protein: enhancing and combining
activities using the Spy toolbox. Chem Sci. (2020) 11:7281-91. doi: 10.1039/
D0SC01878C

102. Chaudhary N, Weissman D, Whitehead KA. mRNA vaccines for infectious
diseases: principles, delivery and clinical translation. Nat Rev Drug Discov. (2021)
20:817-38. doi: 10.1038/s41573-021-00283-5

103. Rauch S, Jasny E, Schmidt KE, Petsch B. New vaccine technologies to combat
outbreak situations. Front Immunol. (2018) 9:1963. doi: 10.3389/fimmu.2018.01963

104. Wei B, Wei Y, Zhang K, Yang C, Wang J, Xu R, et al. Construction of armored
RNA containing long-size chimeric RNA by increasing the number and affinity of the
pac site in exogenous rna and sequence coding coat protein of the MS2 bacteriophage.
Intervirology. (2008) 51:144-50. doi: 10.1159/000141707

105. Rastandeh A, Makasarashvili N, Dhaliwal HK, Baker S, Subramanian S,
Villarreal DA, et al. Measuring the selective packaging of RNA molecules by viral
coat proteins in cells. Proc Natl Acad Sci United States America. (2025) 122:
€2505190122. doi: 10.1073/pnas.2505190122

106. Ashley CE, Carnes EC, Phillips GK, Durfee PN, Buley MD, Lino CA, et al. Cell-
specific delivery of diverse cargos by bacteriophage MS2 virus-like particles. ACS nano.
(2011) 5:5729-45. doi: 10.1021/nn201397z

107. Russo G, Reche P, Pennisi M, Pappalardo F. The combination of artificial
intelligence and systems biology for intelligent vaccine design. Expert Opin Drug
Discov. (2020) 15:1267-81. doi: 10.1080/17460441.2020.1791076

108. Li YA, Feng Y, Li W, Zhang Y, Sun Y, Wang S, et al. A purely biomanufactured
system for delivering nanoparticles and STING agonists. Advanced Sci (Weinheim
Baden-Wurttemberg Germany). (2025) 2024:2408539. doi: 10.1002/advs.202408539

109. Zhang G, Han L, Zhao Y, Li Q, Wang S, Shi H. Development and evaluation of
a multi-epitope subunit vaccine against Mycoplasma synoviae infection. Int ] Biol
macromolecules. (2023) 253:126685. doi: 10.1016/j.ijbiomac.2023.126685

110. Zhou G, Tian Y, Tian J, Ma Q, Huang S, Li Q, et al. Oral Immunization with
Attenuated Salmonella Choleraesuis Expressing the P42 and P97 Antigens Protects
Mice against Mycoplasma hyopneumoniae Challenge. Microbiol Spectr. (2022) 10:
€0236122. doi: 10.1128/spectrum.02361-22

frontiersin.org


https://doi.org/10.1016/j.compbiolchem.2017.03.002
https://doi.org/10.1016/j.compbiolchem.2017.03.002
https://doi.org/10.30750/ijpbr.2.4.10
https://doi.org/10.1016/j.vaccine.2018.01.056
https://doi.org/10.1016/S0168-1702(02)00262-9
https://doi.org/10.1016/S0168-1702(02)00262-9
https://doi.org/10.1016/j.coviro.2018.02.005
https://doi.org/10.1016/j.antiviral.2015.01.005
https://doi.org/10.1586/14760584.2016.1140042
https://doi.org/10.7717/peerj.4823
https://doi.org/10.2147/IDR.S405668
https://doi.org/10.3390/pharmaceutics16111416
https://doi.org/10.3390/pharmaceutics16111416
https://doi.org/10.1016/S0140-6736(23)02743-5
https://doi.org/10.1016/S0140-6736(23)02743-5
https://doi.org/10.1016/S0264-410X(99)00209-1
https://doi.org/10.1186/1475-2875-13-326
https://doi.org/10.1128/jb.169.9.3879-3885.1987
https://doi.org/10.1093/infdis/jiv137
https://doi.org/10.3390/vaccines10060875
https://doi.org/10.4062/biomolther.2012.095
https://doi.org/10.1097/CJI.0b013e3181dda23e
https://doi.org/10.1097/CJI.0b013e3181dda23e
https://doi.org/10.1002/eji.201343863
https://doi.org/10.1007/s00262-022-03150-3
https://doi.org/10.1007/s00262-022-03150-3
https://doi.org/10.1002/ijc.v134.7
https://doi.org/10.1007/s12013-014-0459-6
https://doi.org/10.3390/cancers12061492
https://doi.org/10.3390/cancers12061492
https://doi.org/10.1158/0008-5472.CAN-15-1208
https://doi.org/10.1016/S0140-6736(18)32552-2
https://doi.org/10.1158/2326-6066.CIR-15-0165
https://doi.org/10.1158/2326-6066.CIR-15-0165
https://doi.org/10.1021/acs.accounts.1c00493
https://doi.org/10.1016/j.ymthe.2025.02.037
https://doi.org/10.1517/14712598.2015.1049943
https://doi.org/10.1517/14712598.2015.1049943
https://doi.org/10.1371/journal.pone.0141407
https://doi.org/10.1073/pnas.1115485109
https://doi.org/10.1073/pnas.1115485109
https://doi.org/10.1039/D0SC01878C
https://doi.org/10.1039/D0SC01878C
https://doi.org/10.1038/s41573-021-00283-5
https://doi.org/10.3389/fimmu.2018.01963
https://doi.org/10.1159/000141707
https://doi.org/10.1073/pnas.2505190122
https://doi.org/10.1021/nn201397z
https://doi.org/10.1080/17460441.2020.1791076
https://doi.org/10.1002/advs.202408539
https://doi.org/10.1016/j.ijbiomac.2023.126685
https://doi.org/10.1128/spectrum.02361-22
https://doi.org/10.3389/fimmu.2025.1651594
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	MS2 virus-like particles as a versatile platform for multi-disease vaccines: a review
	Highlights
	1 Introduction
	2 Advantages of bacteriophage VLPs
	3 MS2 bacteriophage: evolving from bacterial therapy to a versatile vaccine platform
	4 Applications of MS2 virus-like particles in vaccines against viral infections
	4.1 Human immunodeficiency virus
	4.2 Human papillomavirus
	4.3 Influenza virus
	4.4 Severe acute respiratory syndrome coronavirus 2
	4.5 Zika virus
	4.6 Foot and mouth disease

	5 Plasmodium Falciparum
	6 Chlamydia trachomatis
	7 Applications of MS2 virus-like particles in cancer immunotherapy
	7.1 Prostate cancer
	7.2 Breast cancer
	7.3 Epithelial ovarian cancer
	7.4 Ovalbumin -based tumor model

	8 Contraceptive human chorionic gonadotropin vaccine
	9 Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


