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A B S T R A C T

Respiratory infectious diseases are among the leading causes of morbidity and mortality worldwide, particularly 
affecting children, older adults, and immunocompromised individuals. Traditional vaccine development ap
proaches face limitations in addressing the rapid mutation and immune evasion mechanisms of respiratory 
pathogens. In recent years, structure-based protein vaccine design has emerged as a critical direction in vaccine 
research. This strategy utilizes the three-dimensional structural information of key pathogenic antigens, com
bined with reverse vaccinology, computational biology, and protein engineering to optimize antigen design and 
enhance immunogenicity. This review summarizes recent progress in structure-based protein vaccine develop
ment for major respiratory pathogens, including influenza viruses, respiratory syncytial virus (RSV), and coro
naviruses such as SARS-CoV-2. We highlight innovative vaccine platforms, including antigen optimization 
strategies, nanoparticle-based vaccines, and novel adjuvant development. Additionally, we discuss the major 
challenges in vaccine development—such as antigenic variability, immune durability, and large-scale manu
facturing—and propose future directions for research and application.

1. Introduction

Over the past few decades, respiratory infectious diseases have 
remained a major threat to global public health [1], particularly those 
attributable to influenza viruses, respiratory syncytial virus (RSV), and 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). These 
viruses disproportionately affect vulnerable populations such as chil
dren, the elderly, and individuals with weakened immune systems, 
resulting in elevated rates of hospitalization and mortality [2]. Since its 
emergence in late 2019, SARS-CoV-2 has exhibited rapid global trans
mission, causing a global pandemic. It is transmitted via droplets, direct 
contact, and aerosols [3], and can involve multiple organ systems, 
including the pulmonary, cardiovascular, neurological, and gastroin
testinal systems [4]. In contrast, influenza viruses undergo frequent 
antigenic variation, resulting in seasonal epidemics and considerable 
challenges for vaccine development. Although current influenza 

vaccines reduce infection rates and the severity of complications [5,6], 
their protective efficacy remains suboptimal due to antigenic drift and 
shift [7]. Meanwhile, RSV remains a leading cause of severe respiratory 
illness to infants and the elderly. Despite the availability of monoclonal 
antibodies for high-risk infants,a safe and broadly effective vaccine is 
still lacking [8,9]. Studies suggest that coinfection with SARS-CoV-2, 
influenza, and RSV can exacerbate illness severity and increase hospi
talization and ICU admission rates [10,11].

Among various vaccine development strategies, protein subunit 
vaccines are attracting growing interest for their distinct advantages. 
Compared with inactivated, live-attenuated, and mRNA-based vaccines, 
protein vaccines utilize purified and structurally optimized antigen 
components [12, 13],significantly reducing the risks of genetic reversion 
[14] or adverse immune responses,This makes them particularly suit
able for high-risk populations such as infants, the elderly, and immu
nocompromised patients. Protein vaccines also demonstrate superior 
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stability and reduced reliance on cold-chain infrastructure [14,15], 
facilitating distribution and administration in resource-limited settings. 
Furthermore, through rational antigen design and adjuvant pairing, 
protein vaccines can precisely modulate both humoral and cellular im
mune responses. [16],The use of nanoparticle platforms further aug
ments immunogenicity, cross-protection, and immune durability. 
Structure-based design of protein vaccines has emerged as a pivotal 
approach, leveraging structural biology, computational tools [17], and 
protein engineering to optimize antigen conformation, improve epitope 
exposure, and promote broad-spectrum immunity [6]. Recent innova
tions—such as nanoparticle-based delivery systems [18,19], optimized 
adjuvants, and new vaccine platforms—hold promise for improving 
vaccine durability, cross-protective efficacy, and scalable production 
[20]thereby providing a strong foundation for the advancement of res
piratory virus vaccine development.

This strategy leverages three-dimensional structural information of 
key pathogen antigens combined with reverse vaccinology and 
computational optimization to design stable and more immunogenic 
antigens that enhance vaccine protective efficacy [21] Prefusion 
stabilization—by limiting S2 folding and S1 shedding—preserves 
native-like epitope landscapes and improves neutralizing antibody re
sponses. For coronaviruses, Pallesen et al. and Wrapp et al. first reported 
that introducing double-proline substitutions in the S2 hinge region 
could maintain the spike protein in its prefusion conformation, thereby 
preserving critical neutralizing epitopes and enhancing immunogenicity 
[22, 23], In RSV vaccine research, McLellan et al. and Krarup et al. 
pioneered the structural determination and stabilization of prefusion F 
proteins (such as DS-Cav1), which markedly increased neutralizing 
antibody responses [24,25]. In addition, innovations in antigen-display 
platforms, such as nanoparticle vaccines and virus-like particles (VLPs), 
offer new solutions to enhance antigen stability, optimize B-cell recog
nition, and improve antibody responses [26,27]. In particular, 
structure-guided approaches have shown three main pathways to 
counteract rapidly evolving pathogens: (i) conserved-site focu
sing—masking immunodominant yet highly variable epitopes while 
preferentially exposing conserved regions such as the HA stem or S2 
subunit; (ii) mosaic/multivalent display—co-presenting antigens from 
multiple strains on ordered arrays such as I53–50 or mi3 nanoparticles 
to broaden lineage coverage; and (iii) consensus/lineage cover
age—using deep-sequence information to predesign antigens that opti
mize cross-reactivity and drift tolerance.”

In addition,the optimization and application of vaccine adjuvants is 
also a crucial approach to enhance the immunological efficacy of protein 
vaccines. While traditional aluminum salt adjuvants can boost antibody 
responses, they have limitations in terms of cellular immunity [28–30]; 
In contrast, mature non-aluminum-based adjuvants (such as MF59, 
AS01, and AS03) have achieved broader and more durable immune 
responses by promoting antigen presentation and the activation of im
mune cells. In recent years,combination adjuvants [30] and nano
particle delivery systems further expand the immunogenic potential of 
protein vaccines, providing a systematic framework for addressing viral 
variation.

Against this backdrop,this review will explore structure-based design 
of protein vaccines, with an emphasis on recent advances in antigen 
optimization strategies, the application of nanoparticle vaccines, and 
the optimization of adjuvants. At the same time, It will also highlight key 
challenges in vaccine development, such as immune durability, breadth 
of protection, and scalability, and discussing potential future directions 
for advancing respiratory virus vaccine strategies.

2. Structure-based design of protein vaccines

2.1. Antigen optimization strategy

The immunogenicity of protein vaccines largely depends on the 
structural refinement of antigens to ensure their efficient recognition by 

the immune system and the induction of a robust immune response [31]. 
Traditional protein vaccines typically use full-length or subunit anti
gens, but this approach has inherent limitations. In some pathogens, key 
epitopes are immunologically concealed—shielded by native folding or 
extensive glycosylation—making it difficult to elicit potent neutralizing 
antibodies, as exemplified by glycan shielding on HIV-1 Env and influ
enza hemagglutinin [32]. Moreover, certain pathogens, such as influ
enza viruses and coronaviruses, frequently undergo antigenic drift and 
shift following infection, thereby diminishing the protection conferred 
by vaccine-induced immunity. Consequently, a central challenge in 
protein vaccine development lies in optimizing the three-dimensional 
structure of antigens so that they not only mimic the native conforma
tion of the pathogen but also expose key epitopes, thus inducing a robust 
and durable immune response.

In recent years, antigen optimization strategies based on structural 
biology have made significant breakthroughs, with three-dimensional 
conformational stabilization emerging as a central technique. For 
instance, during the development of SARS-CoV-2 vaccines, researchers 
discovered that the spike (S) protein in its pre-fusion conformation is 
substantially more immunogenic and capable of eliciting potent 
neutralizing antibodies. In contrast, the post-fusion conformation results 
in structural rearrangements that mask key epitopes, thereby reducing 
immunogenicity. By introducing stabilizing mutations such as the 
double-proline (2 P) substitutions into the S2 hinge region [22], the pre- 
to post-fusion conformational transition can be restricted and S1 shed
ding minimized, thereby preserving the native-like prefusion epitope 
landscape and immunogenicity; this approach was subsequently 
extended to multi-site stabilization exemplified by HexaPro (6 P) [33], 
and has since been validated and widely implemented across both 
mRNA and recombinant protein vaccine platforms.This strategy has 
been successfully applied to various vaccines,(such as BNT162b2 [34], 
mRNA-1273 [35]).

It is noteworthy that the elucidation of spike/fusion glycoprotein 
structures and the stabilization of their prefusion conformations were 
not isolated discoveries of the COVID-19 era but rather rapid extensions 
of a series of landmark studies. Pallesen et al. [22] established the 
principle of “prefusion conformation–targeted” design in coronavirus 
spike research, and Wrapp et al. [23] subsequently resolved the pre
fusion structure of the SARS-CoV-2 spike by cryo-electron microscopy 
and demonstrated that the 2 P stabilization preserves key neutralizing 
epitopes in their native presentation, thereby directly facilitating the 
rapid translation of 2 P/6P-engineered antigens into mRNA and re
combinant protein vaccines. A similar structure-guided paradigm has 
also achieved breakthroughs in other respiratory virus vaccines: the 
DS-Cav1 prefusion F protein design proposed by McLellan et al. [36] for 
RSV not only markedly enhanced neutralizing antibody responses but 
also reduced the risk of enhanced respiratory disease (ERD) historically 
associated with non-ideal antigen conformations, providing a model of 
both safety and efficacy for prefusion antigens. The influenza vaccine 
field has likewise benefited from structural guidance, with hemagglu
tinin (HA) stem-focused immunogen design and mosaic or multivalent 
HA displays on ferritin/self-assembling nanoparticles (such as I53–50 or 
mi3) demonstrating in multiple animal and early clinical studies 
expanded lineage coverage and the promotion of high-affinity memory 
B-cell maturation, thereby improving cross-neutralization of influenza A 
and B viruses [26], while structural studies on influenza C are also under 
way. Collectively, these landmark investigations constitute a transfer
able design paradigm of “native-like prefusion conformation preserva
tion → structure-based epitope engineering → high-density, ordered 
nanoparticle display,” providing a robust theoretical and practical 
framework for combating highly variable respiratory pathogens [37].

In China, the Recombinant SARS-CoV-2 Vaccine (CHO Cell), mar
keted as “LiKang V-01” and developed under the leadership of Acade
mician Gao Fu, employs a dimeric receptor-binding domain (RBD) 
strategy. It was approved for emergency use by the National Medical 
Products Administration (NMPA) in 2022 and has completed Phase III 
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clinical trials across multiple countries, demonstrating favorable safety 
profiles and broad-spectrum protection against circulating variants 
[38]. By linking two RBD units into a stable dimeric configuration, the 
vaccine enhances the conformational stability of the antigen and its 
recognition by B cells, thereby amplifying neutralizing antibody re
sponses [38]. In the case of RSV vaccines, early structure-based work by 
McLellan et al. identified and stabilized the prefusion conformation of 
the RSV fusion (F) protein (DS-Cav1), which showed markedly improved 
immunogenicity in animal models [25,38]. This prefusion F antigen 
design underpins the recent FDA-approved vaccines developed by GSK 
(RSVPreF3) and Pfizer (RSVpreF), which incorporate stabilized pre
fusion F proteins to elicit strong neutralizing responses and demon
strated significant efficacy in high-risk populations, including the 
elderly and pregnant women for infant protection [39,40].

In addition to optimizing three-dimensional structures, enhancing 
antigen display platforms has become a critical focus in protein vaccine 
development. Traditional protein vaccines typically present antigens as 
monomers or dimers; however, these conformations may not efficiently 
stimulate B cell recognition or induce a strong immune response. To 
overcome this challenge, researchers have developed nanoparticle- 
based antigen display technologies, which enable antigens to be pre
sented in a highly ordered and multivalent configuration. For instance, 
the I53–50 nanoparticle platform can efficiently display viral trimeric 
antigens, such as the influenza virus HA trimer [41]or SARS-CoV-2 RBD 
[42,43], thereby significantly enhancing B cell recognition and 
improving antibody affinity and potency. Furthermore, ferritin-based 
nanoparticles (ferritin NPs) have been widely utilized in the develop
ment of vaccines for influenza [44,45], RSV, and coronaviruses. These 
self-assembling nanoparticles uniformly display antigens on their sur
face, mimicking the natural form of viral particles and enhancing the 
immune system’s recognition and response.

Building on this, antigen grafting strategies offer a novel approach 
for broad-spectrum protection in protein vaccines. Certain respiratory 
viruses, such as influenza viruses and coronaviruses, contain conserved 
domains outside of highly variable antigenic regions, like the influenza 
HA head and SARS-CoV-2 RBD. Although the immunogenicity of these 
conserved domains is generally low, they can be optimized in vaccine 
design to improve cross-protection. For example, in influenza vaccine 
development, researchers have removed the variable HA head region, 
retaining only the highly conserved HA stem region (HA-stem), and 
grafted it onto a self-assembling protein platform, thereby effectively 
inducing a broad-spectrum immune response against different influenza 
subtypes [46–48]. Similarly, the mosaic RBD nanoparticle vaccine im
proves cross-protection against SARS-CoV-2 variants by grafting RBD 
fragments from different variants onto nanoparticles [42,43,49]. These 
strategies address the issue of immune escape caused by rapid viral 
mutations, providing a safeguard for the long-term efficacy of vaccines.

As antigen optimization strategies continue to evolve,researchers 
have gradually explored more efficient vaccine delivery systems to 
enhance immunogenicity, prolong immune persistence, and broaden 
cross-protection. Among these, nanoparticle vaccines have emerged as a 
promising new platform in recent years. By mimicking the antigen 
presentation of natural viral particles, they significantly enhance 
vaccine-induced immune responses and have become a central focus in 
the research of vaccines for respiratory infectious diseases. In addition, 
the structural stability of nanoparticle vaccines provides greater 
adaptability during transportation and storage, reducing dependence on 
cold-chain logistics and offering feasibility for large-scale vaccination.

The nanoparticle vaccine platform encompasses various types, 
including self-assembling protein nanoparticles, artificially synthesized 
nanomaterial carriers, and virus-like particles (VLPs). Researchers are 
exploring ways to further optimize the physicochemical properties of 
nanoparticles to improve their biocompatibility and antigen delivery 
efficiency. Moreover, the combination of nanoparticles with novel ad
juvants has become a new trend in vaccine development, allowing for 
enhanced immune responses while reducing the required vaccine dose, 

thereby lowering production costs. Overall, with their unique advan
tages, nanoparticle vaccines are expected to become a vital direction in 
future vaccine development and play a greater role in the prevention 
and control of respiratory infectious diseases.

As traditional structure-based optimization methods continue to 
mature, AI-driven approaches are now accelerating the iterative 
advancement of antigen design. In addition to the strategies described 
above, artificial intelligence has emerged as a powerful driver of 
structure-based vaccinology, enabling faster translation of antigen 
optimization. Deep learning–based immunoinformatics tools (such as 
IEDB and VaxiJen) integrate human MHC polymorphism data to accu
rately predict the immunogenicity and cross-reactivity of B- and T-cell 
epitopes. For example, in influenza vaccine research, AI analysis of 
thousands of HA sequences has identified highly conserved neutralizing 
epitopes in the stem region, providing targets for broadly protective 
vaccine design [50]; for SARS-CoV-2, AI can predict epitope drift in 
variant RBDs and assist in designing mosaic antigens covering Omicron 
and related sublineages [51]. In structural modeling, tools such as 
AlphaFold3 and Rosetta enable high-accuracy de novo prediction of key 
antigen conformations, overcoming limitations of traditional structural 
methods; Wrapp [23]elucidated the prefusion conformation of the 
SARS-CoV-2 spike and its ACE2-binding interface, providing a basis for 
the double-proline stabilization,while McLelln [24] identified key 
conformational sites in the RSV F protein and designed the DS-Cav1 
stabilized variant. Machine-learning approaches can also analyze 
sequence–structure–function relationships to select mutations that 
enhance antigen thermal stability and expression; Pallesen [22] showed 
that optimized spike variants expressed at higher levels in CHO cells and 
elicited stronger neutralizing responses than the wild type. Collectively, 
these AI-driven tools shorten antigen-design timelines, reduce experi
mental costs, and offer a transferable framework for developing broadly 
protective vaccines against highly variable respiratory pathogens such 
as SARS-CoV-2, RSV, and Influenza.

2.2. Nanoparticle vaccine

With the continuous advancement of vaccine antigen design con
cepts, the application of nanoparticle technology in vaccine develop
ment has become increasingly widespread. In particular, in the field of 
respiratory infectious disease prevention and control, nanoparticle 
vaccines have emerged as one of the most promising vaccine platforms 
due to their excellent antigen presentation capabilities and structural 
stability. By presenting antigens in a multivalent form and arranging 
them multivalently on the surface of nanoparticles, these vaccines can 
not only more effectively activate B cells and T cells [52,53], but also 
mimic the spatial configuration of natural viral particles, significantly 
enhancing the immune system’s ability to recognize antigens. Compared 
to traditional protein vaccines, nanoparticle vaccines exhibit superior 
performance in inducing potent neutralizing antibodies, enhancing 
cross-protection [54],and promoting the formation of immune memory 
[55].

Currently, structure-based nanoparticle vaccine platforms primarily 
include three major categories: ferritin self-assembling nanoparticles, 
I53–50 composite protein nanoparticles, and mi3 mosaic-type nano
particles (Fig. 1). Each of these platforms has distinct characteristics, 
featuring either widely sourced, highly stable, and easily modifiable 
natural protein scaffolds, or artificially designed systems with sophisti
cated structural design and flexible antigen arrangement. The following 
sections will introduce the application and research progress of these 
three nanoparticle platforms in the development of vaccines against 
respiratory pathogens such as SARS-CoV-2, influenza virus, and RSV. 
The focus will be on analyzing their antigen presentation strategies, 
immune responses, as well as preclinical or clinical trial data, high
lighting their unique advantages in enhancing vaccine immunogenicity 
and broad-spectrum protection(Table 1).
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2.2.1. Ferritin nanoparticle vaccine
Ferritin is a ubiquitous iron-storage protein found in bacteria, fungi, 

plants, and animals [56,57]. Its hollow 24-mer architecture confers high 
thermal and chemical stability—ferritin assemblies remain intact up to 
~85 ◦C and resist denaturation under neutral pH—making ferritin an 
attractive platform for multivalent antigen display [58]. This property 
makes ferritin an ideal vaccine platform, capable of stably carrying 
antigens while preserving their immunogenicity [58]. Moreover, ferri
tin’s three-axis symmetry is particularly well-suited for displaying 
trimeric antigens [59], such as influenza hemagglutinin (HA), the 
SARS-CoV-2 spike protein (S), and the RSV fusion protein (F).

In SARS-CoV-2 vaccine research, ferritin nanoparticles have been 
applied to optimize antigen display. For example, one study used the 
SpyCatcher/SpyTag system to covalently attach the SARS-CoV-2 re
ceptor-binding domain (RBD) to the ferritin surface; the nanoparticle 
vaccine induced higher levels of neutralizing antibodies and stronger 
cellular immune responses than a monomeric S protein vaccine, and 
provided durable protection in a rhesus macaque model [60]. Another 
study presented the S protein trimer on ferritin nanoparticles to optimize 
antigen structure and enhance immunogenicity; the resulting SpFN 
vaccine elicited robust cellular and humoral responses in animal 

experiments and significantly reduced post-infection lung pathology 
[61]. In influenza vaccine research, ferritin nanoparticles have also 
shown marked advantages. Given the high variability of influenza vi
ruses, traditional vaccines often fail to provide long-lasting, broad pro
tection. Studies have demonstrated that by coupling influenza HA 
antigens to ferritin via self-assembly, highly effective nanoparticle 
vaccines can be produced; in animal models, these vaccines induced 
broadly neutralizing antibodies [50]. Furthermore, researchers have 
displayed the HA stem region of H1N1 on ferritin surfaces to enhance 
long-term protection against influenza. A Phase I clinical trial 
(NCT03186781) evaluating a novel (H2HA-ferritin) nanoparticle influ
enza vaccine platform reported good safety and potent neutralizing 
antibody induction, indicating broad protective potential [62]. In RSV 
vaccine research, ferritin nanoparticles have been used to display 
pre-fusion F protein variants. Studies show that multivalent antigen 
display on ferritin nanoparticles can effectively mimic native viral ar
chitecture, significantly improving vaccine immunogenicity and pro
tective efficacy [41]. For example, one study presented the RSV G 
protein S177Q mutant on ferritin nanoparticles; this vaccine induced 
stronger neutralizing antibody responses, reduced viral loads in mouse 
models, and enhanced immune memory [63]. These results demonstrate 

Fig. 1. Application of nanoparticle vaccine platforms. Illustration of ferritin, I53–50, and mi3 nanoparticles used in respiratory virus vaccines to enhance antigen 
presentation and immunogenicity through multivalent display.
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the feasibility and advantages of ferritin nanoparticles as an RSV vaccine 
platform.

2.2.2. I53-50 composite nanoparticle vaccine
The I53–50 composite nanoparticle is another widely studied nano

particle vaccine platform. This platform consists of two self-assembling 
protein subunits, I53–50A and I53–50B, which together form a stable 
icosahedral structure capable of efficiently displaying trimeric viral 
antigens [64] Compared to traditional monovalent antigen vaccines, the 
I53–50 nanoparticle allows multivalent arrangement of antigens on a 
single particle surface, thereby significantly enhancing B cell cross
linking activation and improving the potency of the antibody response 
[65]. In SARS-CoV-2 vaccine research, the RBD-I53–50 nanoparticle 
vaccine induced neutralizing antibody titers in mouse models that were 
ten times higher than those induced by monomeric antigen vaccines, 
and extended the duration of antibody responses to over three months 
[66–68], demonstrating exceptional immunogenicity. Furthermore, re
searchers utilized the SpyTag-SpyCatcher system to construct three 
different RBD nanoparticle vaccine candidates:RBD-Ferritin (24-mer), 
RBD-mi3 (60-mer), and RBD-I53–50 (120-mer) [67]. Animal studies 
showed that all three nanoparticle vaccines significantly enhanced 
antibody titers and cellular immune responses, with the I53–50 platform 
inducing the most robust immunological effects [68]. In influenza vac
cines, one study demonstrated that an I53–50-based quadrivalent 
influenza nanoparticle vaccine could elicit broader neutralizing anti
bodies than existing influenza vaccines and effectively protect animals 
against infections from different influenza virus subtypes [69]. This 
strategy offers a new approach for the future development of universal 
influenza vaccines. Another research team used a baculovirus expression 
system in insect cells to produce recombinant HA5-I53_dn5B, which was 
assembled in vitro with I53_dn5A produced in a prokaryotic expression 
system to form a nanoparticle vaccine. The study found that immuni
zation with the self-assembling nanoparticle-based HA vaccine induced 
significant levels of neutralizing antibodies in experimental animals. 
The research also showed that this nanoparticle-based HA vaccine could 
stimulate immune responses against various influenza virus subtypes, 

including H1N1 and H3N2 [70]. In the progress of RSV vaccine research, 
In the 1960s, a formalin-inactivated RSV vaccine (FI-RSV) caused 
enhanced respiratory disease (ERD) in infants, leading to increased 
hospitalization and mortality. This adverse outcome was attributed to 
the post-fusion conformation of the F protein presented by the inacti
vated vaccine, which lacked key neutralizing epitopes and instead eli
cited low-affinity, non-neutralizing antibodies together with a 
Th2-biased immune response, thereby exacerbating inflammation 
upon natural infection.Building on this historical lesson, structural 
biology studies resolved the prefusion conformation of the RSV F protein 
and enabled the design of stabilized antigens such as DS-Cav1. [71]. This 
nanoparticle platform had previously been shown to enhance the 
immunogenicity of influenza and Epstein-Barr virus (EBV) vaccines [27, 
72]. The dual-component nature of the nanoparticle scaffold enables the 
production of highly ordered, monodisperse immunogens that present 
DS-Cav1 at a controlled density [73]. Experimental results showed that 
These antigens preserve the native-like prefusion epitope landscape, 
elicit high-titer and broadly neutralizing antibodies, and shift the im
mune response toward neutralizing antibodies and Th1-type immunity, 
thereby reducing the risk of ERD. This strategy illustrates the logic of 
“structure-guided immunogen design”: by maintaining the authentic 
prefusion epitope architecture and controlling immune polarization, it is 
possible to enhance vaccine efficacy while ensuring safety.

2.2.3. Mi3 mosaic nanoparticle vaccine
The mi3 mosaic nanoparticle is another important antigen delivery 

platform that has been widely applied in the development of coronavirus 
and influenza virus vaccines. What distinguishes the mi3 nanoparticle is 
its ability to incorporate antigens from multiple variants onto the same 
particle surface through precise design, thereby enhancing the breadth 
of vaccine protection. This strategy has proven particularly effective 
against SARS-CoV-2 variants. By integrating receptor-binding domains 
(RBDs) or spike protein antigens from different variants, mi3 nano
particle vaccines can induce broader neutralizing antibody responses 
and provide robust protection against multiple variants.In SARS-CoV-2 
vaccine research, scientists utilized the mi3 nanoparticle platform to 

Table 1 
Nanoparticle-based vaccine platforms and their immunological characteristics.

Nanoparticle 
Platform

Immunogen Proposed Mode of Action Licensed Vaccine Components Immune Effect

Ferritin-based 
nanoparticles

Influenza HA, 
SARS-CoV− 2 Spike protein, 
RSV F protein.

Self-assembly into 24-mer 
cages displaying trimeric 
antigens; 
enhances BCR crosslinking 
and antibody responses 
[105].

Vaccines against influenza, 
COVID− 19, RSV.

Induces potent neutralizing antibodies 
and robust T cell responses [105,106]; 
SpFN showed strong immunogenicity 
in phase I trials.

I53–50 Nanoparticles Influenza HA trimers, 
SARS-CoV− 2 RBD trimers, 
RSV F protein.

Artificial two-component 
icosahedral scaffold; 
presents antigens densely 
and uniformly.

Applied in multivalent influenza and 
COVID− 19 vaccines；

Inducing neutralizing antibodies and T 
cell responses significantly enhances 
immune effectiveness [107].

MI3 Nanoparticle SARS-CoV− 2 RBD, 
Influenza HA

Ultra-stable 60-mer 
displaying diverse antigens 
via SpyTag/SpyCatcher

Mosaic vaccines for SARS-CoV− 2, 
influenza.

Induces broad neutralizing antibodies 
against multiple sarbecoviruses and 
viral variants [107].

E2 nanoparticle HIV Env, 
Influenza HA, 
RSV F antigen fragments

Virus-like particle presenting 
multivalent antigens; 
enhances B cell activation

Experimental HIV, influenza, 
RSV vaccines.

Strong B cell activation and antibody 
generation in preclinical studies [108].

SpyCatcher/SpyTag 
decorated 
nanoparticles

RBD, Spike, HA, F protein, etc. Covalent attachment of 
antigens for stable, high- 
density display

Flexible system combined with 
various scaffolds (Ferritin, mi3, 
I53–50)

Improves antibody affinity, breadth, 
and durability; effective protection 
against SARS-CoV− 2 [107].

Mosaic nanoparticles Antigens from diverse strains 
(different variant RBDs or HA heads)

Co-display of diverse 
antigens on one particle to 
induce cross-protection

Universal vaccines against SARS- 
CoV− 2 variants and influenza

Enhances cross-neutralization and 
protects against heterologous infections 
in animal models [109].

Lipid Nanoparticles 
(LNPs)

mRNA encoding SARS-CoV− 2 Spike 
protein; Influenza HA; RSV F protein 
(in preclinical mRNA vaccines)

Encapsulate nucleic acids to 
protect antigens and enhance 
cellular uptake

BNT162b2 (Pfizer/BioNTech); 
mRNA− 1273 (Moderna); mRNA 
influenza/RSV vaccines (in 
development)

Robust neutralizing antibodies and T 
cell responses; rapid scalability.

Virus-Like Particles 
(VLPs)

Recombinant SARS-CoV− 2 Spike or 
RBD; RSV F pre-fusion protein; 
Influenza HA

Mimic viral geometry for 
dense, repetitive epitope 
display

NVX-CoV2373(Novavax); Ferritin/ 
mosaic HA nanoparticles; 
RSV pre-F VLPs (clinical trials)

Broadly neutralizing antibodies, cross- 
lineage protection, enhanced 
immunogenicity.
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fuse the spike protein (HexaPro) from the prototype strain and three 
variants of SARS-CoV-2 to the trimeric I53–50A, forming a tetravalent 
mosaic nanoparticle vaccine. Animal studies showed that this vaccine 
induced strong neutralizing antibody responses against multiple vari
ants and provided broad-spectrum immune protection [74,75]. Addi
tionally, researchers employed mi3 nanoparticles to present RBDs 
derived from both human and animal coronaviruses. The results indi
cated that, compared to homotypic nanoparticles, mosaic RBD nano
particles could elicit more robust cross-reactive antibodies, thereby 
enhancing protection against SARS-CoV-2 and other Sarbecoviruses, 
such as SARS-CoV-1 and bat coronaviruses [75]. Similarly, in influenza 
vaccine development, the mi3 platform has been used to display 
conserved epitopes of the influenza virus matrix protein M2 (M2e) or 
fusion antigens from multiple HA subtypes, thereby triggering 
broad-spectrum immune responses against different subtypes such as 
H1N1 and H3N2. For example, single-component self-assembling 
nanoparticles (SApNPs) displaying the M2e epitope can provide 
long-lasting cross-protection after a single immunization [76], while 
multivalent HA nanoparticle vaccines can achieve full protection against 
both influenza A and B viruses through synergistic antibody and T cell 
responses [77].

2.2.4. Lipid nanoparticles (LNPs) and virus-like particles (VLPs)
Alongside advances in antigen optimization, innovations in delivery 

and presentation platforms have become key to enhancing vaccine 
immunogenicity. Lipid nanoparticles (LNPs), composed of ionizable 
lipids, cholesterol, phospholipids and PEG-lipids, protect and deliver 
nucleic acid or protein antigens at the nanoscale, improving cellular 
uptake and antigen presentation efficiency. During the COVID-19 
pandemic, LNP-encapsulated mRNA vaccines such as BNT162b2 
(Pfizer/BioNTech) and mRNA-1273 (Moderna) were rapidly authorized 
and demonstrated high immunogenicity and large-scale manufacturing 
feasibility in clinical trials [78,79]. Virus-like particles (VLPs) mimic the 
geometry and surface conformation of viruses without containing ge
netic material, enabling highly ordered, repetitive display of antigenic 
epitopes and markedly enhancing B-cell receptor cross-linking and 
neutralizing antibody induction. Ferritin-based and mosaic HA nano
particles for influenza [27,50] have shown broad cross-protection in 
animal models, and Novavax’s RSV F protein nanoparticle vaccine 
demonstrated enhanced immunogenicity and good tolerability in phase 
II/III trials [80]. By combining efficient antigen delivery (LNPs) with 
dense, ordered epitope presentation (VLPs), these platforms are driving 
the translation of vaccines against SARS-CoV-2, RSV and influenza from 
laboratory research to clinical application.

In summary, nanoparticle vaccines have demonstrated significant 
advantages in antigen presentation, structural stability, and immuno
genicity, making them a major focus in the development of vaccines 
against SARS-CoV-2,influenza,and RSV.In the future, with continued 
advancements in antigen design and adjuvant optimization, 
nanoparticle-based platforms are expected to further enhance the 
breadth, durability, and cross-protective capabilities of vaccines, offer
ing a powerful solution to combat the ongoing challenge posed by 
rapidly mutating viruses.

3. Optimization and application of adjuvants

Due to the inherently low immunogenicity of protein vaccines, ad
juvants are often required to elicit a sufficient immune response. 
Therefore, the optimization and application of adjuvants have become 
critical steps in enhancing the efficacy of protein vaccines during their 
development. Currently approved adjuvants for human vaccines include 
MF59, water-in-oil emulsions, AS01, and CpG1018, each demonstrating 
distinct advantages in various vaccine formulations. For example, MF59 
[81] a water-in-oil emulsion, has been widely used in influenza vaccines; 
its mechanism involves enhancing the effective presentation of antigens, 
thereby promoting B cell activation and antibody production [82,83], 

which significantly boosts the overall immune response.During the 
COVID-19 (coronavirus disease 2019) pandemic,a Phase I clinical trial 
in Australia evaluating a SARS-CoV-2 subunit vaccine demonstrated that 
administration of an MF59-adjuvanted vaccine formulation elicited a 
strong immune response with good safety. The levels of neutralizing 
antibodies induced were comparable to those observed in COVI D-19 
patients, with 75 % of the participants achieving neutralizing antibody 
titers higher than those found in convalescent individuals [84]. In 
addition, a 2019 clinical trial assessing the safety and immunogenicity of 
a recombinant respiratory syncytial virus (RSV) protein vaccine in 
healthy adults showed that the MF59-adjuvanted formulation induced a 
4.55-fold increase in serum-binding antibody titers 28 days after the 
primary immunization compared to baseline levels, indicating that the 
vaccine was capable of eliciting a high-level immune response [85].

On the other hand, the AS01 adjuvant system, which combines li
posomes with a TLR4 agonist, is capable of activating innate immune 
cells while also enhancing both humoral and cellular immune responses 
[86, 87], making it a focal point in the development of RSV vaccines. 
CpG1018, a TLR9 agonist, can induce a Th1-type immune response and 
enhance protection against viral infections [66,88].While these classical 
adjuvants each play vital roles, their singular mechanisms can some
times fall short in eliciting highly effective immune responses against 
ever-evolving pathogens. Additionally, AS03 is a water-in-oil emulsion 
primarily used in influenza vaccines. Two AS03-adjuvanted H5N1 
influenza vaccines, Prepandrix and Q-Pan H5N1, have been approved 
for market use. Compared with non-adjuvanted vaccines, AS03-H1N1 
influenza virus vaccines induce stronger humoral immune responses 
[89]. The inclusion of AS03 in H5N1 influenza vaccines reduces the 
required antigen dose while inducing more robust T cell and B cell re
sponses [90]. AS03 has also been applied in the development of 
SARS-CoV-2 vaccines. Results from a Phase II clinical trial of the 
AS03-adjuvanted SARS-CoV-2 recombinant protein vaccine,CoV2 
preSdTM demonstrated that the seropositivity rate for neutralizing an
tibodies after the second dose was 95 %–100 % in healthy adults, 
regardless of prior SARS-CoV-2 infection status. A Phase III clinical trial 
is currently underway to further evaluate the vaccine’s immunogenicity 
[91].

To further enhance the immunogenicity of protein-based vaccines, in 
addition to adjuvants already approved or widely used such as MF59, 
AS01, AS03, and CpG1018, novel or investigational adju
vants—including STING agonists, ISCOMs, MA103, TLR agonists, 
Advax, and Poly(I:C)—are currently undergoing systematic evaluation. 
STING agonists activate intracellular signaling pathways, promoting the 
secretion of inflammatory and cytokine factors, thereby strengthening 
adaptive immune responses. ISCOMs,composed of saponins and phos
pholipids, are capable of stimulating both humoral and cellular immu
nity.Compared with aluminum-based adjuvants, mice immunized with a 
SARS-CoV-2 recombinant protein vaccine formulated with ISCOMs 
showed significantly higher levels of neutralizing antibodies upon ex 
vivo stimulation of splenic mononuclear cells [92]. In another study, 
mice were intranasally immunized with a fusion protein antigen 
composed of influenza virus nucleoprotein and membrane protein 
combined with ISCOMs, and subsequently challenged with H3N2 virus. 
The mice showed a 100 % survival rate, and exhibited higher levels of 
cytokine secretion from splenic cells, as well as increased levels of 
antigen-specific IgA and IgG in the local mucosa, indicating a strong 
mucosal immune response [93]. MA103 is a novel water-soluble adju
vant. In a study of a SARS-CoV-2 recombinant protein vaccine, formu
lations containing MA103 induced significantly higher titers of 
neutralizing antibodies in mice compared to those containing aluminum 
hydroxide or MF59, with antibody levels comparable to those induced 
by Moderna’s mRNA-1273 vaccine [94]. Another animal study on a 
human RSV vaccine demonstrated that MA103-based formulations 
significantly enhanced Th1-type immune responses. Following viral 
challenge, mice exhibited markedly reduced RSV titers in the lungs, 
suggesting that MA103-containing formulations can lower pulmonary 
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viral loads and alleviate histopathological damage in lung tissue [95, 
96].

In addition to adjuvants such as MF59, AS01, AS03, and CpG1018, 
an increasing number of adjuvants have been applied in clinical studies 
of vaccines against respiratory infectious diseases such as SARS-CoV-2, 
influenza, and RSV. For instance, Toll-like receptor (TLR) agonists are 
used to enhance vaccine-induced Th1-type immune responses. Among 
them, TLR7/8 agonists (such as imiquimod) have shown potential to 
enhance cellular immunity in RSV subunit vaccines [97]. In SARS-CoV-2 
vaccines, adjuvants like Advax™—a polysaccharide particle based on 
delta inulin—have significantly increased neutralizing antibody titers 
and T cell responses in animal models of RBD protein vaccines, while 
demonstrating good safety profiles. Advax™ has now entered clinical 
trial stages [98], Another example is Poly(I:C), a synthetic analog of 
double-stranded RNA, which has been used as an adjuvant in influenza 
and coronavirus vaccines. It mimics viral infection to activate dendritic 
cells and enhance immunogenicity [99]. Moreover, novel 
nanoparticle-based delivery systems such as lipid nanoparticles (LNPs) 
and polymeric nanoparticles (e.g.,PLGA) are increasingly being used in 
conjunction with adjuvants to improve antigen stability and trans
membrane transport efficiency [100–102]. In the field of RSV vaccines, 
adjuvant combination strategies are also being explored—for example, 
the co-administration of TLR4 agonists with cationic liposomes to 
enhance mucosal immune responses [97]. These novel adjuvants and 
delivery systems not only enhance the quality of immune responses 
induced by vaccines but also show great potential in extending immune 
durability, reducing antigen dosage, and minimizing side effects.Pre
clinical and early-phase clinical studies have demonstrated that the 
combination of these adjuvants with structurally optimized antigens and 

nanoparticle platforms can significantly improve vaccine efficacy across 
different populations.

Adjuvants are a critical component of vaccine development. 
Currently, adjuvants with single functions are no longer sufficient to 
meet the demands of next-generation vaccine development. The future 
direction of vaccine adjuvant research will focus on improving immu
nogenicity and protective efficacy through personalized design and the 
application of novel adjuvant technologies, to better address the threat 
of infectious diseases. These innovations are expected to bring new 
breakthroughs in vaccine development and application, providing more 
effective tools for the prevention and control of infectious diseases. In 
summary, investigating the characteristics and mechanisms of different 
adjuvants is conducive to developing novel combined adjuvants by 
integrating different types, which holds great potential in the develop
ment of next-generation vaccines.(Table 2)

4. Challenges and future directions

4.1. Immunological durability and broad-spectrum protection

In the development of protein vaccines, although their safety and 
mild immune responses have been widely recognized, there are still 
shortcomings in terms of immunological durability and broad-spectrum 
protection. Existing data indicate that the protective efficacy of mRNA 
vaccines significantly declines within six months after administration, 
whereas some protein vaccines, such as the Novavax product, are able to 
maintain high levels of neutralizing antibodies even eight months post- 
vaccination [14], This observation suggests that through optimization of 
antigen design and delivery systems, protein vaccines have the potential 

Table 2 
Adjuvant features and components.

Adjuvant Classification Components Proposed mode of action Component of 
(licensed vaccines)

Immune effect

Alum Aluminum Hydroxide Al(OH)₃ Forms antigen depot, 
activates APCs via 
inflammasome pathways.

Hepatitis B vaccine (Engerix- 
B), 
HPV vaccine (Cervarix), 
DTaP/Tdap vaccines.

Primarily induces Th2-type humoral 
immunity: high titers of IgG1/IgE 
antibodies, but weaker Th1 and 
CD8 + T cell responses [110].

AS04 Combination(Alum +
TLR4 agonist)

Aluminum salt 
+ MPL

TLR4 activation 
+ sustained antigen 
exposure.

Used in Cervarix®. Induces Th1/Th2 balanced immunity 
[111].

MF59 Emulsion (Oil-in-water) Squalene, Tween80, 
Span 85

Recruits APCs, enhances 
antigen uptake.

Fluad® (influenza vaccine). Enhances antibody titers, particularly 
effective in elderly populations [110].

AS03 Emulsion (Oil-in-water) Squalene, 
Vitamin E, 
Polysorbate80

Enhances innate immunity 
and cytokine response.

Pandemrix®, 
Q-Pan H5N1 (H1N1 and H5N1 
influenza vaccines).

Enhances Th1/Th2 responses and 
cross-protection [112].

LNPs (Lipid 
Nanoparticles)

Delivery system + innate 
immune stimulator

Ionizable lipids, 
PEG-lipids, 
cholesterol, 
helper lipids

Protects mRNA and 
delivers it into cells; 
also acts as an innate 
immune activator (via 
inflammasome, TLR 
pathways).

Pfizer-BioNTech (BNT162b2) 
and Moderna (mRNA− 1273) 
COVID− 19 vaccines.

Enhances antigen expression and 
innate immune priming [113].

AS01 Liposome-based 
combination

Liposomes + MPL 
+ QS− 21

Promotes strong Th1 
CD4 + T cell and antibody 
responses

Shingrix® (herpes zoster 
vaccine), 
Mosquirix® (malaria vaccine), 
RSV PreF vaccine candidates.

Enhances CD4 + T cell and antibody 
responses [111].

Matrix-M Saponin-based 
nanoparticle

Saponins, 
cholesterol, 
phospholipids.

Activates APCs, 
enhances Th1/Th2 and CTL 
responses

Novavax® COVID− 19 vaccine 
(NVX-CoV2373).

Boosts neutralizing antibody and T cell 
responses [114].

CpG1018 TLR9 agonist Synthetic CpG 
oligonucleotides

Activates DCs, induces Th1- 
biased immunity

HEPLISAV-B® (hepatitis B 
vaccine).

Improves seroconversion rates and 
reduces dose requirements [115].

STING agonists Cytosolic DNA sensor 
pathway activator

Cyclic dinucleotides. Stimulates type I IFN via 
STING pathway

Under investigation for cancer 
immunotherapy and infectious 
disease vaccines.

Shows enhanced immunogenicity in 
preclinical trials [116].

ISCOMs Immunostimulating 
Complexes

Saponins, 
cholesterol, 
phospholipids.

Enhances cross- 
presentation and CTL 
responses

Used in veterinary vaccines; 
under evaluation for human 
influenza and COVID− 19 
vaccines.

Strong mucosal and systemic immune 
responses [114].

MA103 Novel polymer-based 
aqueous adjuvant

Water-soluble 
polymers

Enhances Th1/Th2 
response and antigen 
persistence

Preclinical studies for 
COVID− 19 and RSV vaccines

Induces high neutralizing antibody 
titers and strong Th1 responses [117].
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to further extend the duration of immune protection [103]. In the future, 
multivalent antigen design technologies are expected to integrate 
conserved antigens from different viral variants into a single vaccine 
formulation, thereby inducing a more comprehensive and long-lasting 
cross-immune response [104]. At the same time, using nanoparticle 
platforms for antigen presentation can not only enhance the stability of 
antigens but also improve B cell activation through multivalent display, 
leading to the formation of more robust immune memory [105]. Such 
strategies will contribute to improving the broad-spectrum protective 
capacity of vaccines against emerging variants and provide a solid 
foundation for the long-term prevention and control of infectious 
diseases.

4.2. Large-scale production and accessibility

Although protein vaccines have certain advantages in large-scale 
production and distribution, they still face challenges such as high 
production costs and long processing times. Currently, insect cell 
expression systems can improve antigen yields to some extent, but this 
system still requires further optimization in terms of protein purification 
and quality control to reduce production costs. Meanwhile, the storage 
and transportation of vaccines cannot be overlooked. Although protein 
vaccines are generally stable at 2–8◦C, ensuring the effective operation 
of the cold chain logistics during global distribution, especially in 
remote and resource-limited areas, remains a pressing challenge. Only 
by achieving breakthroughs in production processes, cost control, and 
logistics support can protein vaccines become more competitive and 
accessible for large-scale application.

Future research will focus on the synergistic optimization of multiple 
aspects. First, in antigen design, in-depth analysis of the virus’s high- 
resolution structure to develop more stable and immunogenic antigen 
variants will be key to enhancing the long-term protective effects of 
vaccines. Secondly, the continuous development of novel nanoparticle 
platforms and adjuvant combinations will provide more efficient anti
gen delivery and immune-enhancing solutions for protein vaccines, 
promoting broader and more durable immune memory.

On this basis, artificial intelligence (AI) is poised to exert an even 
more profound impact on antigen design, rather than being limited to 
process optimization or manufacturing. Leveraging deep learning, 
generative models and graph-based neural networks, researchers can 
mine large-scale viral genomic, antigen–antibody complex and immu
nological databases to identify conserved epitopes, predict their three- 
dimensional conformations and immunogenicity, and rapidly generate 
candidate antigen sequences. In particular, for highly mutable respira
tory pathogens such as SARS-CoV-2, influenza virus and RSV, AI can 
track antigenic drift in real time, facilitate the design of cross-protective 
multivalent or mosaic antigens, and perform in-silico simulations of B- 
and T-cell responses to pre-screen candidates, thereby markedly short
ening experimental timelines and reducing development costs. As tools 
such as AlphaFold are increasingly integrated with immune-simulation 
and molecular-docking platforms, AI is expected to enable end-to-end 
intelligent prediction and optimization of the “antigen sequence–
structure–immune response” continuum, driving next-generation pro
tein vaccines toward enhanced stability, breadth and durability, and 
providing stronger technological support for the control of respiratory 
infectious diseases.

In summary, through the comprehensive application of structural 
biology, nanotechnology, immunology, advanced production processes, 
and artificial intelligence (AI), future protein vaccines are expected to 
play a greater role in the prevention and control of respiratory infectious 
diseases, providing stronger protection for global public health safety.

5. Conclusion and outlook

Protein vaccines designed through structural approaches offer a 
promising and rational strategy for the prevention and control of 

respiratory infectious diseases. With advances in structural biology, 
immunology, and nanotechnology, antigen optimization strategies have 
been continuously refined, enabling protein vaccines to better mimic the 
native conformation of pathogens and thereby improve immunogenic 
recognition and immune activation. When integrated with nanoparticle- 
based delivery systems, these vaccines demonstrate enhanced structural 
stability and immunological efficacy. Moreover, the application of novel 
adjuvants significantly improves immune durability and broad- 
spectrum protection (Fig. 2). These innovations highlight the substan
tial potential of protein vaccines in combating respiratory pathogens 
such as SARS-CoV-2, influenza, and RSV—offering not only targeted 
protection against individual viruses but also enabling cross-protection 
against emerging variants through multivalent antigen designs and 
engineered delivery platforms.

Despite their favorable immunogenic and safety profiles, protein 
vaccines still face challenges regarding immune durability, 
manufacturing scalability, and global applicability. Although certain 
formulations sustain high levels of neutralizing antibodies post- 
vaccination, their duration of protection remains suboptimal and re
quires improvement—particularly for rapidly evolving viruses where 
frequent booster doses are impractical. While structural design targeting 
conserved antigenic regions has enhanced cross-protective potential, 
ensuring effectiveness against future variants necessitates continued 
investigation. Additionally, although protein vaccines offer logistical 
advantages over mRNA platforms in storage and transport, their rela
tively long production cycles and high costs remain obstacles. Improving 
production yield, lowering costs, and expanding manufacturing capacity 
will be critical to the feasibility of global implementation.

Looking ahead, future research should prioritize the continued 
refinement of vaccine formulations to enhance immunogenicity, dura
bility, and cross-strain efficacy. Understanding viral immune escape 
mechanisms will be essential to ensure vaccines retain efficacy in the 
face of viral evolution. Meanwhile, the development of personalized 
immunization strategies is anticipated to become a key focus of future 
research. By integrating precision medicine approaches—such as host 
immune profiling and genomic analysis—vaccines can be tailored to 
individual immunological needs, thereby maximizing their effective
ness. In this context, artificial intelligence (AI) is emerging as a trans
formative force in vaccine research and production. AI technologies are 
increasingly being used to predict antigen structures, identify immu
nogenic epitopes, and analyze multidimensional immunological data 
during preclinical and clinical studies. Moreover, AI can model and 
optimize production parameters, improving yield and quality control 
while minimizing resource consumption. At the public health level, AI 
applications extend to epidemic modeling, vaccination planning, and 
logistical optimization, significantly enhancing vaccine accessibility and 
distribution. In the coming era, the integration of AI with structural 
biology, immunology, and materials science is expected to accelerate the 
intelligent design, precision manufacturing, and global deployment of 
next-generation protein vaccines, enabling a transition from empirical 
to data-driven paradigms in vaccine development.
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