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Abstract 

The mucosal immune system represents a critical defense mechanism, safeguarding the body from an array of exter-
nal pathogens. As the body’s first line of immune protection, it plays an essential role in initiating both innate 
and adaptive immune responses. Through intricate networks of immune cells and complex molecular pathways, 
mucosal immunity orchestrates a robust defense not only at the local level but also activates systemic immune 
responses to ensure comprehensive protection. Consequently, the mucosal immune system has garnered immense 
interest in the field of vaccine development, given its potential to foster durable and effective immunization. Despite 
the profound promise of mucosal immunity, the development of mucosal vaccines faces significant challenges, 
particularly with existing technological platforms that primarily rely on live attenuated or inactivated vaccines. 
However, emerging innovative platforms, including subunit vaccines, viral vector vaccines, and the groundbreaking 
application of mRNA vaccines, are offering new perspectives, vastly improving the scope and efficacy of mucosal 
immunization. As mucosal immunity research continues to evolve, rapid advancements in biotechnology and immu-
nology provide promising strategies to enhance immune responses and overcome inherent limitations. This review 
delves into the latest progress in oral, nasal, and other forms of mucosal vaccines, analyzing the intricate relationship 
between mucosal immune characteristics and vaccine design. Emphasis is placed on the pivotal role of advanced 
adjuvants and delivery systems in maximizing vaccine efficacy. This review addresses current challenges, highlights 
future research opportunities, and aims to provide a comprehensive framework for advancing the field of mucosal 
immunity and vaccine development. 
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Introduction
Mucosal immunity refers to the immune responses that 
occur at the surfaces of various mucosal tissues in the 
body. It is a vital component of the body’s defense system, 

encompassing immune responses in regions such as the 
gastrointestinal, respiratory, and urogenital tracts. This 
immune system is composed of innate immune com-
ponents, immune cells (such as innate lymphoid cells 
[ILCs], tissue-resident memory T cells), and antibodies, 
primarily immunoglobulin A (IgA). These elements work 
synergistically to maintain the integrity of the mucosal 
barrier and effectively defend against pathogen inva-
sion [1, 2]. Mucosal immunity not only triggers immune 
responses in local and distant mucosal sites but also can 
generate systemic reactions to suppress further invasion 
by primary pathogens [3, 4].
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With the outbreak of the COVID-19 pandemic, the 
significance of mucosal immunity has been further 
emphasized, driven by a deeper understanding of its 
underlying mechanisms. In addition to the respiratory 
mucosa, mucosal immunity in the gastrointestinal and 
urogenital tracts is also facing challenges from emerg-
ing infections [5, 6]. Mucus, peristalsis, gastric acid, bile, 
and antimicrobial peptides constitute the innate mucosal 
immune strategies, while adaptive mucosal immune 
responses include antigen-specific antibodies and cell-
mediated reactions [4, 7]. Among the factors related to 
mucosal immunity, inducing antigen-specific IgA is a 
key consideration, as IgA is the predominant antibody 
in many mucosal sites. IgA molecules form polymers by 
binding to pathogens, thereby enhancing their ability 
to clear the pathogens. This mechanism helps improve 
the efficiency of mucosal immune responses and plays a 
crucial role in preventing pathogens from invading host 
tissues. Recently, the importance of dimeric IgA in neu-
tralizing respiratory viruses, including SARS-CoV-2, has 
been highlighted [8]. Highly active IgA protects against 
intestinal pathogens through agglutination and a recently 
described process known as "chain growth" [9]. In addi-
tion to IgA, it is important to highlight that tissue-resi-
dent T cells are a subset of crucial mucosal effector cells 
with memory characteristics [10], which remain in non-
lymphoid tissues for extended periods. These cells are 
found in almost all tissues, and upon encountering a 
pathogen for the second time, they quickly exert effector 
functions, thereby limiting the progression of the disease 
[11]. When mucosal surfaces are directly immunized, 
rather than through systemic pathways, both approaches 
can trigger a more robust and lasting immune response 
[12, 13].

The ideal mucosal vaccine should be capable of eliciting 
a sustained and effective local mucosal immune as well as 
a systemic immune response, thereby strengthening the 
body’s overall immunity. Over the past decade, global sci-
entific and pharmaceutical communities have focused on 
developing vaccines against various pathogens, especially 
respiratory and gastrointestinal pathogens. In design-
ing mucosal vaccines or evaluating their necessity, it is 
crucial to recognize that the key to controlling pandem-
ics lies in both reducing disease severity and effectively 
interrupting virus transmission [14]. While most recent 
advancements have been in injectable vaccines, these 
traditional vaccines offer a certain degree of preventive 
efficacy. However, they often fall short in preventing viral 
transmission, as they may not significantly reduce viral 
shedding at the site of infection/entry [7]. Mucosal vac-
cines, which elicit robust immune responses at mucosal 
surfaces such as the respiratory and gastrointestinal 
tracts, provide a promising approach to preventing 

pathogen transmission [2, 13, 15]. Furthermore, mucosal 
vaccines are typically administered orally or nasally, mak-
ing vaccination more convenient and improving patient 
acceptance, especially among vulnerable populations 
such as children and the elderly, while avoiding the dis-
comfort associated with injections [5, 13, 16].

With the growing global attention on pathogens adher-
ing to mucosal surfaces, respiratory pathogens remain 
one of the leading causes of death worldwide, with lower 
respiratory tract infections ranking as the fourth leading 
cause of death globally. Approximately 2.4 million peo-
ple die annually from lower respiratory tract infections, 
with pathogens such as Streptococcus pneumoniae, Res-
piratory Syncytial Virus (RSV), Haemophilus influenzae 
type B, and influenza viruses, particularly posing a high 
risk of mortality for children under five and the elderly 
[17]. Although vaccines have been developed for patho-
gens such as Streptococcus pneumoniae, Mycobacte-
rium tuberculosis, Bordetella pertussis, influenza virus, 
typhoid, hepatitis B, and Human Papillomavirus (HPV), 
they are all mainly administered via injection. However, 
vaccine development against these pathogens is increas-
ingly focused on mucosal vaccines to enhance local 
immune responses [18–23].

Existing mucosal vaccines rely on the use of attenu-
ated or inactivated pathogens, limiting their applicability 
in responding to emerging pathogens. To date, the FDA 
has approved only nine mucosal vaccines for human use, 
eight of which are oral vaccines (Table 1), with just one 
being administered intranasally (FluMist by MedIm-
mune/Sanofi Pasteur). [12, 24]. Additionally, vaccine sta-
bility, optimization of delivery systems, and persistence of 
immune responses remain critical challenges in mucosal 
vaccine development. A deeper exploration of mucosal 
immune mechanisms and the functions of associated 
immune cells can provide essential theoretical founda-
tions for vaccine design, accelerating their adoption in 
global public health. This review systematically analyzes 
the mechanisms underlying mucosal immunity and cur-
rent technological platforms for mucosal vaccines, and 
discusses future directions in developing next-generation 
mucosal vaccines. Ultimately, this work aims to enhance 
public understanding of mucosal immunity and to high-
light its potential impact on global health.

Mucosal immunity and its effector cells 
and molecules
To understand how mucosal vaccines can be optimized, 
it is crucial to first examine the cellular and molecular 
components that constitute mucosal immunity. This sec-
tion systematically delineates the core effector cells and 
critical molecular immune mechanisms of the mucosal 
immune system, including the physical and chemical 
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barriers serving as the first line of defense, the trained 
immunity mechanism enhancing immune defenses upon 
repeated pathogen exposure, key processes in adaptive 
immune responses, and the functional characteristics 
of essential effector antibodies (such as IgA) and tissue-
resident memory lymphocytes (TRM). A comprehensive 
understanding of these fundamental mechanisms deep-
ens our insight into how mucosal immunity effectively 
counters pathogen invasion and provides a solid theo-
retical foundation and conceptual framework for design-
ing and optimizing mucosal vaccines capable of eliciting 
durable protection.

First line of defense: physical and chemical barrier 
and the training of mucosal innate immunity
The mucosal surface area is approximately 200 times 
greater than that of the skin. The mucosa serves as the 
first line of defense of the host immune system against 
pathogen and allergen invasion and is distributed across 
various essential organs, and is categorized into two dis-
tinct types. Type I mucosa is predominantly found in the 
respiratory tract and most of the gastrointestinal tract, 
while type II mucosa encompasses the oral cavity and 
the urogenital tract [1, 12, 25]. The innate immune sys-
tem consists of physical, chemical, and biological factors 

Table 1  FDA approved mucosal vaccine

Data from website of Vaccines Licensed for Use in the United States (https://​www.​fda.​gov/​vacci​nes-​blood-​biolo​gics/​vacci​nes/​vacci​nes-​licen​sed-​use-​united-​states)

Infection Vaccine Composition Technological platform Mucosal Route Approval Year

Vibrio cholerae Dukoral heat and formal-
dehydeinactivated 
O1 serogroups 
(Inaba + Ogawa) + CTB

Inactivated Oral-aqueous 1997

Euvichol, Shanchol heat and formal-
dehydeinactivated 
O1 serogroups 
(Inaba + Ogawa) + 0139

Inactivated Oral-aqueous 2011

Vaxchora Live attenuated 01 
serogroup (Inaba): ctxA 
attenuation

Live attenuated Oral-aqueous 2015

Poliovirus Biopolio (bOPV) culture passage attenu-
ated polioviruses 1 and 3 
serotypes (5′ non-coding 
region attenuation)

Live attenuated Oral-aqueous 1961

mOPV and tOPV culture passage attenu-
ated polioviruses 1, 2, 
and 3 serotypes (5′ non-
coding region attenu-
ation)

Live attenuated Oral-aqueous 1961

Influenza A and influenza 
B viruses

FluMist/Fluenz quadrivalent antigens 
from circulating strains 
incorporated into live 
attenuated, cold-adapted 
donor influenza vector

Live attenuated/reas-
sortant

Nasal-spray 2003

Salmonella typhimurium Typhi Vivotif Live attenuated Ty21a 
strain
Mutagenesis in LPS 
synthesis and Vi polysac-
charide genes

Live attenuated/reas-
sortant

Oral-capsule 2013

Rotavirus Rotateq pentavalent-five human–
bovine reassortant rota-
viruses (expression of G1, 
G2, G3, G4, G5 with P7 
and G6 with P1A)

Live reassortant Oral-aqueous 2006

Rotarix monovalent-culture 
passage attenuated (G1 
with P1A expression)

Live attenuated Oral-aqueous 2008

Febrile acute respiratory 
diseases

Adenovirus Type 4 and 7 
Vaccine (Barr Labs)
(approved only in new 
military recruits 
in the US)

Live-attenuated adenovi-
rus type 4 and type 7

Live attenuated adenovi-
rus vaccine

Oral–Enteric-coated 
tablet

2011

https://www.fda.gov/vaccines-blood-biologics/vaccines/vaccines-licensed-use-united-states
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located at epithelial, subepithelial, and epithelial surface 
levels. Physical factors include the epithelial tight junc-
tions (such as tight junction proteins and adhesion pro-
teins) encased in secreted mucus, forming a physical 
barrier. Additionally, ciliated cells in the respiratory epi-
thelium play a pivotal role in clearing mucus by expelling 
pathogens and particles from the mucosal surfaces. Simi-
larly, the peristalsis of the intestinal mucosa, along with 
the continuous renewal and repair of epithelial cells in 
the gastrointestinal tract, significantly reduces the risk of 
pathogen invasion [26, 27].

Biochemical factors encompass the microbiota present 
in the lumen and antimicrobial peptides, which collec-
tively act as biological and biochemical barriers. Healthy 
microbiota can inhibit pathogen survival through com-
petitive exclusion, secreting antimicrobial substances 
such as lactic acid, acetic acid, and antimicrobial pep-
tides, among others. Moreover, normal microbiota pro-
motes the development and function of the immune 
system, activates immune responses, and helps maintain 
the stability of the mucosal surfaces. Mucus contains 
various antimicrobial components, such as antimicro-
bial peptides, lysozyme, and lactoferrin. These substances 
exhibit broad-spectrum antimicrobial activity and are 
capable of directly inhibiting or eliminating pathogenic 
microorganisms. Specifically, antimicrobial peptides 
(AMPs) are a class of chemical factors produced by epi-
thelial and immune cells. This group includes human 
β-defensins (HBDs) and secretory leukocyte protease 
inhibitors (SLPIs), which are upregulated during infec-
tions and exhibit potent antimicrobial properties [28–31]. 
Antimicrobial peptides (AMPs) activate inflammatory 
responses and regulate immune reactions by recognizing 
pathogen-associated molecular patterns (PAMPs) and 
damage-associated molecular patterns (DAMPs) [11, 32].

Furthermore, epithelial cells in the gastrointestinal 
tract and other mucosal sites secrete digestive enzymes 
and antibodies (such as IgA), which play a significant role 
in immune defense [12, 25, 33, 34]. When pathogens and 
microbial molecules breach the body’s two natural barri-
ers—physical and biochemical barriers—innate immune 
cells present in the subepithelial tissues, including mac-
rophages, mast cells, natural killer (NK) cells, and innate 
lymphoid cells, respond rapidly to initiate a defensive 
reaction [11]. These immune cells recognize and com-
bat the invading pathogens through phagocytosis or 
Pattern Recognition Receptors (PRRs). For instance, 
macrophages can recognize pathogen-associated molec-
ular patterns (PAMPs) through receptors such as TLRs, 
NOD-like receptors (NLRs), and RIG-I-like receptors 
(RLRs) on their surface. Upon binding of these recep-
tors with pathogenic material, macrophages can detect 
and respond to pathogen invasion [35]. Subsequently, 

macrophages ingest pathogens via phagocytosis and 
degrade them through enzymes within lysosomes. More-
over, macrophages activate associated signaling pathways 
and secrete a range of cytokines, such as tumor necro-
sis factor-alpha (TNF-α), interleukin-1 (IL-1), and inter-
feron-gamma (IFN-γ). These cytokines not only directly 
kill pathogens but also recruit additional immune cells, 
further enhancing the local inflammatory response 
and immune defense mechanisms [36]. Additionally, 
mast cells can recognize antigens or microbial patho-
gens through their high-affinity immunoglobulin E (IgE) 
receptors (FcεRI). When pathogens or allergens bind to 
the IgE on mast cells, the cells undergo degranulation, 
releasing a series of bioactive substances, including his-
tamine, leukotrienes, and prostaglandins. This degranu-
lation process triggers local vasodilation and increased 
vascular permeability, thereby facilitating the infiltration 
of immune cells and enhancing pathogen clearance [37].

Trained immunity
Trained immunity refers to the enhanced immune 
response capacity of the innate immune system follow-
ing repeated exposure to pathogens, mediated by adap-
tive changes [38]. This phenomenon broadly impacts 
the entire mucosal immune system, including the res-
piratory, gastrointestinal, and urogenital tracts, as well 
as other local mucosal barriers, contributing to improved 
immune defense functions [39]. Trained immunity is 
characterized by heightened innate immune respon-
siveness to subsequent infections caused by unrelated 
pathogens, thus providing broad protection against het-
erologous infections [40]. Research has demonstrated 
that trained immunity differs significantly from immune 
tolerance. While immune cells in trained immunity 
undergo a programmed"activation"process that enhances 
their effector functions, tolerance involves programmed 
alterations that suppress immune cell activity. Central to 
the development of trained immunity are coordinated 
metabolic and epigenetic mechanisms. During the ini-
tial immune challenge, PRRs engage and activate several 
metabolic pathways, particularly glycolysis, the tricarbo-
xylic acid (TCA) cycle, and fatty acid metabolism. The 
products of these metabolic pathways induce epigenetic 
changes in chromatin, influencing gene regions critical to 
innate immune responses [41].

Furthermore, trained immunity is antigen-independent 
and can persist for periods ranging from six months to 
five years [18, 40, 42]. It can be gradually activated and 
strengthened through vaccination (e.g., Bacillus Cal-
mette-Guérin [BCG], oral polio vaccine [OPV], small-
pox, measles, mumps, and rubella [MMR] vaccines), 
β-glucan components, or microbial infections (e.g., Can-
dida albicans, hepatitis B virus) [42–46]. Notably, trained 
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immunity can also be induced by non-microbial sources, 
as documented in other studies, though these details are 
beyond the scope of the current discussion [18]. Among 
these, the role of BCG-induced trained immunity is well-
established. Upon entering the body, BCG activates PRRs 
in the innate immune system, particularly those from the 
Toll-like receptor (TLR) family, significantly inducing the 
production of pro-inflammatory cytokines such as IL-6, 
IL-1β, and tumor necrosis factor (TNF) [47]. These pro-
inflammatory cytokines then stimulate antigen epitopes, 
promoting subsequent adaptive immune responses 
[48, 49]. As a result, multiple studies have reported that 
BCG successfully induces long-term trained immunity 
against various pathogens, including COVID-19, thereby 
enhancing mucosal defense and providing protection 
against respiratory infections [50–52]. In summary, 
trained immunity provides an effective immune defense 
mechanism by enhancing immune memory and local 
defense capabilities of the mucosal immune system. With 
a more comprehensive understanding of the underlying 
mechanisms of trained immunity, future vaccine devel-
opment and immunological interventions can be more 
precisely tailored, better harnessing this mechanism to 
offer robust immune protection for the prevention and 
treatment of infectious diseases. With trained immu-
nity enhancing innate immune responses, the adaptive 
immune system plays a crucial role in long-term defense.

Adaptive immune response mechanism of mucosal 
immunity
Mucosa-associated lymphoid tissue (MALT) refers to 
lymphoid tissues located near the mucosal surfaces of 
the body, such as those in the respiratory, gastrointesti-
nal, and urogenital tracts. It is functionally divided into 
inductive sites and effector sites [53]. The inductive sites 
are responsible for activating antigen-specific T and B 
cell responses, while the effector sites, such as the lam-
ina propria and epithelium, execute the actual defense 
functions of immune responses [54]. The coordinated 
activity of this immune network is essential for the effi-
cacy of mucosal immunity and the maintenance of over-
all health. The characteristics of the inductive sites vary 
between species and across different mucosal tissues 
[55, 56]. Mucosal immune induction sites, composed of 
mucosa-associated lymphoid tissue (MALT), include gut-
associated lymphoid tissue (GALT) and nasopharynx-
associated lymphoid tissue (NALT). GALT, located in 
the gastrointestinal tract (e.g., Peyer’s patches, appendix, 
mesenteric lymph nodes), initiates intestinal immune 
responses, while NALT, found in the nasopharynx (e.g., 
palatine and pharyngeal tonsils), is essential for defense 
against respiratory pathogens. These sites are primar-
ily composed of dendritic cells, macrophages, innate 

lymphoid cells, mucosa-associated invariant T cells, 
intraepithelial T cells, regulatory T cells (Treg), plasma 
cells secreting IgA, as well as memory B and T cells that 
migrate to effector sites to initiate immune responses 
[57].

The initiation of adaptive mucosal immune responses 
begins with antigen presentation (Fig.  1). M cells, spe-
cialized epithelial cells, play a pivotal role in this process. 
Located in the epithelial layer, M cells efficiently absorb 
antigens from the external environment and transport 
them to underlying immune cells, such as dendritic cells 
(DCs) and macrophages. These cells, as primary antigen-
presenting cells, recognize and ingest pathogens. After 
activation and maturation, they present antigens to naïve 
T cells. Due to the unique properties of M cells, which do 
not secrete mucus or glycocalyx and possess high endo-
cytic activity, they can efficiently capture and transport 
pathogens. Concurrently, epithelial cells secrete pro-
inflammatory cytokines, further stimulating the immune 
cells, thereby enhancing the immune response [7]. 

Upon activation, T cells undergo clonal expansion and 
differentiate into various subsets, including Th1, Th2, 
Th17, and Treg cells [58]. Each subset secretes distinct 
cytokines that regulate immune responses. For exam-
ple, Th17 cells secrete interleukin-17 (IL-17), which 
upregulates the expression of polymeric immunoglobu-
lin receptors (pIgR) on mucosal epithelial cells, thereby 
promoting the production of secretory IgA (S-IgA). This 
process is crucial for enhancing vaccine-induced protec-
tive mucosal immunity [1]. T cells also activate B cells 
through the regulation of transcription factors and the 
secretion of lineage-specific cytokines. Upon activation, 
B cells differentiate into plasma cells and begin producing 
immunoglobulins, such as IgA and IgG. Among these, 
IgA plays a central role in mucosal immunity. Mucosal 
IgA binds to pIgR on mucosal epithelial cells, facilitat-
ing the transport of antibodies to the mucosal surface, 
thereby forming a mucosal barrier that effectively pre-
vents pathogen adhesion and invasion [59].

On the other hand, most extra-intestinal immune 
responses can also induce a systemic IgG response 
through the migration of IgG-producing B cells, activat-
ing DCs, and facilitating the migration from the mucosa 
to the bone marrow, lymph nodes, and spleen [60]. Cyto-
toxic T lymphocyte (CTL) responses can also be induced 
at mucosal sites to clear mucosal microbes [58]. Although 
mucosal immune responses are typically compartmental-
ized, there is a crosstalk between different mucosal sites. 
As a result, vaccines administered at a single mucosal site 
can promote immune responses at distant mucosal loca-
tions. Understanding the nature of signals that regulate 
this homing process in the human environment is cru-
cial for designing novel mucosal vaccines. These vaccines 
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Fig. 1  The Mechanism of Mucosal Immunity. The mucosal immune system comprises key cells and molecular components involved in mucosal 
immune responses. At the inductive site, antigens are captured by M cells and presented to dendritic cells (DCs), which then activate naive T cells, 
including CD8+ cytotoxic T lymphocytes (CTLs), Th1, Th2, Th17, and regulatory T cells (Tregs). These activated T cells, along with B cells, contribute 
to local immune responses at the effector site in mucosa-associated lymphoid tissues (MALT), leading to the production of secretory IgA (S-IgA) 
and antimicrobial peptides, such as defensins. Plasma cells within the mucosa play a crucial role in the production and multimerization of IgA. 
Additionally, systemic immune responses are activated, with plasma cells migrating to the effector site to produce IgG, which is transported 
across epithelial cells via the pIgR receptor. The role of memory T cells (TRM cells) and the interactions between innate and adaptive immunity are 
also highlighted, emphasizing the complexity of mucosal immune regulation in defending against pathogens
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could potentially target mucosal sites far from the site of 
vaccination [61].

IgA and other mucosal antibodies
The production of IgA plays a crucial role in mucosal 
immunity, particularly in defending against pathogen 
invasion. IgA class-switch recombination occurs via two 
mechanisms: T cell-dependent (TD) and T cell-inde-
pendent (TI). The TD pathway requires CD40/CD40L 
signaling to induce the generation of high-affinity IgA 
antibodies [62]. In contrast, the TI pathway is mediated 
by innate lymphoid cells (ILCs) and plasmacytoid den-
dritic cells (pDCs), which secrete B cell-activating factor 
(BAFF) and a proliferation-inducing ligand (APRIL) to 
promote IgA responses against commensal microbiota 
[63, 64]. Human B cells produce two IgA subclasses, IgA1 
and IgA2, which share similar receptor-binding affinities 
but differ in structural configuration [65]. IgA1 is pre-
dominantly distributed in the bloodstream and certain 
mucosal tissues, while IgA2 is enriched in microbe-dense 
environments such as the distal intestine and the urogen-
ital tract [12, 66].

Secretory IgA (S-IgA) in mucosal regions and IgG in 
the circulatory system are the primary effector molecules 
at mucosal sites. In the upper respiratory tract and other 
mucosal surfaces, S-IgA is the dominant immunoglobu-
lin, typically present at levels approximately three times 
higher than IgG, playing a pivotal role in preventing 
infections at mucosal sites [38]. Unlike the respiratory 
mucosa, S-IgA in the intestine is primarily produced by 
GALT, specifically Peyer’s patches (PP). PP serves as the 
main precursor for IgA-producing plasma cells, secreting 
approximately 3  g of S-IgA into the intestinal lumen of 
an adult per day [67]. In effector sites such as the lamina 
propria, IgA secreted by plasma cells binds to the poly-
meric immunoglobulin receptor (pIgR) on the basolat-
eral side of epithelial cells for transport to the mucosal 
surface. During this transport process, the extracellular 
part of pIgR is cleaved, forming the secretory compo-
nent (SC), which subsequently constitutes secretory IgA 
(S-IgA) [68]. S-IgA predominantly exists as a dimer in 
mucosal secretions and exhibits higher affinity and neu-
tralizing capacity than both IgG and monomeric IgA. It 
effectively prevents pathogen adhesion, colonization, 
and invasion at mucosal surfaces, thereby preserving the 
integrity of the mucosal barrier [69]. The multiple anti-
gen-binding sites of S-IgA may contribute to its efficient 
protective capabilities [8, 9, 38, 70, 71]. Furthermore, 
S-IgA has inherent proteolytic resistance, ensuring its 
stability in mucosal secretions rich in proteases [4].

Clinical studies indicate that in respiratory viral infec-
tions such as influenza and SARS-CoV-2, the spe-
cific S-IgA levels rise rapidly between 7 and 15  days 

post-infection and remain stable over the following 
months (typically 3 to 9 months) [72, 73]. Research also 
shows that antigen-specific S-IgA is closely associated 
with the prevention of respiratory viral infections [73–
75]. For example, a study by Sho et al. highlighted that the 
anti-spike protein (S protein) S-IgA response in SARS-
CoV-2-infected individuals significantly reduced the risk 
of viral transmission and viral shedding in the respiratory 
tract, indicating a strong correlation between early IgA 
response and viral clearance [76]. Based on these find-
ings, the role of S-IgA in mucosal immunity has been 
further clarified. It not only blocks pathogen invasion but 
also promotes local immune defense by maintaining the 
homeostasis of the mucosal microenvironment. There-
fore, developing mucosal vaccines that effectively induce 
antigen-specific S-IgA responses has become a key strat-
egy for preventing mucosal infectious diseases, including 
respiratory viral infections.

Tissue resident memory lymphocytes
In addition to IgA serving as a key humoral effector mol-
ecule in the mucosal immune system, certain memory 
lymphocytes also play critical roles in mucosal immunity. 
Tissue-resident memory B cells (BRM cells) act as a long-
term source of local IgA responses; they reside and per-
sist within mucosa-associated lymphoid tissues (MALT) 
or local barrier tissues and, upon re-exposure to antigen, 
rapidly differentiate into IgA-secreting plasma cells, ena-
bling a swift and antigen-specific antibody response[77]. 
Moreover, IgA antibodies and TRM cells represent the key 
humoral and cellular effector mechanisms, respectively, 
within the mucosal immune system, and offer highly 
complementary functional value in vaccine design. S-IgA 
is primarily localized at mucosal surfaces, where it effec-
tively prevents pathogen adhesion and invasion through 
neutralization and polymeric exclusion mechanisms 
[77]. In contrast, TRM cells reside in subepithelial tissues 
and are capable of rapidly initiating cytotoxic or helper 
immune responses upon pathogen breach of the initial 
barrier, thereby eliminating infected cells [78]. Together, 
these two components form a dual-layered local defense 
strategy of “blockade and clearance” at mucosal sites.

In mucosal vaccine strategies, a key challenge lies in 
coordinating the induction of both IgA secretion and 
TRM cell establishment through the optimization of 
adjuvant combinations, vaccine platforms, and delivery 
routes [12]. For example, intranasal administration of 
live-attenuated viral vaccines effectively stimulates TRM 
responses [24], while oral adjuvanted subunit vaccines 
are more suitable for inducing durable IgA production 
[79]. Therefore, harnessing the synergistic mechanisms 
of IgA and TRM cells is fundamental to achieving broad, 
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potent, and long-lasting protection in mucosal vaccine 
design.

Tissue-resident memory cells (TRM), comprising both 
T and B lymphocytes, persist stably within non-lymphoid 
barrier tissues such as the skin, lungs, and intestines, 
as well as non-barrier tissues including the brain and 
liver. These cells function as immune sentinels, capable 
of rapidly initiating localized immune responses upon 
secondary pathogen invasion at their respective tissue 
sites, thereby mediating swift and antigen-specific recall 
immunity [80].

Tissue‑resident memory T cells
TRM cells are able to persist in local tissues, particularly at 
epithelial barriers such as the skin [81], lungs, and intes-
tines. Their tissue retention is enhanced by the expression 
of CD69 and CD103, which regulate sphingosine-1-phos-
phate receptor 1 (S1PR1) and interact with epithelial 
E-cadherin, thereby promoting their residency within the 
tissue microenvironment [82, 83]. Studies show that TRM 
cells express various tissue-homing chemokine receptors, 
which help them localize to specific tissue sites. CXCR6, 
the chemokine receptor for CXCL16, is highly expressed 
on human TRM cells in the lungs, liver, and lymphoid tis-
sues [11]. Mouse studies indicate that CXCR6 is essential 
for recruiting CD8+ TRM cells to mucosal epithelia [84]. 
CXCR3, a receptor for chemokines CXCL9, CXCL10, 
and CXCL11, is also expressed on a portion of lung TRM 
cells [85]. The expression of these chemokine receptors 
enables TRM cells to persist long-term in local tissues 
and rapidly exert effector functions upon encountering 
the same pathogen, limiting disease progression. Stud-
ies show that the number of TRM cells in the airways is 
negatively correlated with the severity of respiratory viral 
infections. In an experiment involving respiratory syncy-
tial virus (RSV) infection, volunteers with higher levels 
of TRM cells in their bronchoalveolar lavage fluid exhib-
ited milder symptoms [86]. Additionally, CD8+ TRM cells 
in the nasal cavity effectively prevent the spread of the 
virus to the lungs, significantly reducing the severity of 
pulmonary disease [87]. These findings further validate 
the crucial role of TRM cells in protecting the respiratory 
tract from pathogen invasion and highlight their active 
defensive role in antiviral immunity. In addition, Effective 
tumor immune surveillance and elimination depend on 
tumor-specific CD8+ T cells [88], which offers another 
important connection to mucosal vaccine efficacy.

CD4+ tissue-resident memory T cells (CD4+ TRM cells) 
have a broader distribution in tissues compared to CD8+ 
TRM cells and play a key role in supporting the establish-
ment of immune responses of tissue-resident memory 
B cells and CD8+ TRM cells [89]. In murine lung mod-
els, CD4⁺ TRM cells enhance local immune responses by 

secreting interferon-gamma (IFN-γ), thereby promot-
ing the formation of both CD8⁺ TRM cells and memory 
B cells, which act synergistically in antiviral defense 
[90, 91]. Recent studies have shown that human duo-
denal CD4+ T cell compartments are rich in multifunc-
tional TH1 cell populations that survive for at least one 
year. Intranasal vaccine studies have shown that suc-
cessful induction of CD4+ TRM cells in animals can pre-
vent pneumococcal colonization, influenza attacks, and 
SARS-CoV infection [53, 92, 93].

Although TRM cells, particularly CD8+ in the lungs, are 
crucial for defending against respiratory viral infections, 
these cells typically have a relatively short lifespan, which 
may impair responses to subsequent infections [94]. One 
possible explanation is that lung TRM cells may migrate to 
the mediastinal lymph nodes via a process known as "ret-
rograde migration". Some solutions have shown potential 
to promote the long-term maintenance of lung TRM cells, 
including using systemic booster vaccines to increase 
circulating effector memory T cells or using viral vector 
vaccines to extend antigen retention time in the lungs 
[95].

Tissue‑resident memory B cells
Memory B cells (BRM cells) rapidly differentiate into anti-
body-secreting cells, such as plasma cells, upon antigen 
re-exposure, producing antibodies to prevent reinfec-
tion by pathogens. Similar to TRM cells, BRM cells reside 
in mucosal tissues and enhance local secondary immune 
responses through their interaction with antigen-pre-
senting cells and T cells [96, 97]. For example, in the case 
of influenza virus reinfection, local immunity can quickly 
generate inducible bronchus-associated lymphoid tis-
sue (iBALT), supporting the maturation and selection 
of B cells, leading to the generation of BRM cells and the 
establishment of resident memory T follicular helper 
cells (TFH) [98]. CXCR3+ and CCR6+ virus-specific 
B cells are generated after influenza and SARS-CoV-2 
infections. CXCR3+ BRM cells rapidly respond during 
reinfection in the lungs by migrating to the infection site 
through chemotaxis, providing strong local immune pro-
tection [99]. Furthermore, adoptive transfer studies have 
shown that compared to memory B cells isolated from 
the spleen, lung BRM cells reduce viral titers in the lower 
respiratory tract [100]. In addition to antigen-specific 
BRM cells, bystander BRM populations provide secondary 
functions by retaining and presenting exogenous antigens 
in the form of immune complexes [80, 101, 102]. Future 
research needs to further explore the functions and for-
mation mechanisms of tissue-resident cells. Based on 
these mechanisms, better strategies should be developed 
to induce more tissue-resident cells through mucosal 
vaccines, thereby enhancing the efficacy of the vaccines.
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Mucosa‑associated lymphoid tissue
Following the discussion on key effector cells and molec-
ular mechanisms of mucosal immunity, this section fur-
ther explores the tissue-specific immune architecture and 
functional characteristics of mucosa-associated lymphoid 
tissues (MALT) across different mucosal sites, including 
the respiratory, gastrointestinal, and urogenital tracts. 
These specialized immune tissues not only play criti-
cal roles in local pathogen defense but also offer unique 
targeting characteristics for vaccine antigen delivery and 
immune induction. By elucidating the immunological 
functions specific to these tissues, this section provides 
a robust histological and immunological theoretical basis 
for developing customized vaccine delivery strategies tai-
lored to diverse mucosal sites.

Respiratory mucosal immunity
The epithelial cells of the respiratory tract are regarded 
as the primary defense barrier against invasive viral 
infections [103]. The airway mucosal surface is coated 
with various fluids, including mucus, antimicrobial pep-
tides (AMPs), and enzymes, which play essential roles 
in innate immunity by capturing and eliminating invad-
ing pathogens and particulate matter. Notably, the res-
piratory mucosa is covered by a thick mucus layer, which 
serves as an additional protective measure. Mucus is pri-
marily composed of O-glycosylated mucins, which are 
classified into gel-forming mucins (such as MUC5AC 
and MUC5B) and transmembrane mucins (includ-
ing MUC1, MUC4, and MUC16). Gel-forming mucins 
effectively facilitate pathogen clearance from the airways 
through ciliary movement. MUC1 is the most abundant, 
with MUC1 and MUC4 present in both the upper and 
lower respiratory tracts, whereas MUC16 is exclusively 
expressed in the lower respiratory tract. These mucins 
serve not only as a physical barrier but also as decoy 
receptors to trap pathogens. Additionally, the shedding of 
their extracellular domains promotes pathogen detach-
ment from the epithelial surface into the lumen, thereby 
enhancing mucociliary clearance [104]. In addition to the 
mucus layer, several key immune cell populations con-
tribute significantly to respiratory mucosal immunity.

In the context of innate immune responses, innate lym-
phoid cells (ILCs) play a pivotal role in immune regula-
tion within the respiratory tract [105]. Unlike circulating 
lymphocytes, ILCs do not express antigen-specific T 
cell receptors (TCRs), which allows them to respond to 
pathogens in an antigen-independent manner by detect-
ing signals and secreting cytokines [106]. Among them, 
ILC2s are rapidly activated by cytokines such as IL-33 
and IL-25, leading to the induction of type 2 immune 
responses. They secrete immunoregulatory factors such 

as IL-10 and epithelial repair mediators to maintain air-
way homeostasis. Furthermore, through the upregulation 
of MHC class II expression via PD-1 (on Th2 cells) and 
ICOS (on ILC2s and regulatory T cells), ILC2s enhance 
epithelial barrier integrity and facilitate antigen pres-
entation to CD4⁺ T cells [107, 108]. Furthermore, ILC3 
cells have been shown to play a critical role in preventing 
secondary bacterial infections during influenza infection 
[109].

Alveolar macrophages represent a crucial subset of 
resident immune cells in the lungs. They not only par-
ticipate in the early immune response by phagocytosing 
pathogens and clearing cellular debris but also contrib-
ute to immune homeostasis. These macrophages recruit 
additional immune cells by secreting pro-inflammatory 
cytokines such as IL-6 and TNF-α, while simultaneously 
producing anti-inflammatory factors such as IL-10 to 
modulate excessive immune responses, thus preventing 
immune dysregulation [110].

In the respiratory tract, mucosa-associated lymphoid 
tissue (MALT) includes the nasopharyngeal-associated 
lymphoid tissue (NALT) in the upper respiratory tract 
and the bronchus-associated lymphoid tissue (BALT) in 
the lower respiratory tract (LRT) [80]. NALT, which is 
similar to the Peyer’s patches (PP) in the small intestine, 
is often referred to as the Waldeyer’s ring of lymphoid 
tissues, primarily composed of the palatine tonsils and 
the pharyngeal tonsils. As an entry point for the upper 
respiratory tract, both the oral and nasal cavities play a 
dual role in preventing pathogen invasion and function-
ing as crucial immune organs. In the tonsils, lymphoid 
cells, mainly B cells, and myeloid cells are the most prom-
inent immune cells. The surface epithelium follows the 
contours of the follicles and extends deep into the ton-
sils, forming invaginations that significantly increase the 
surface area by up to six times. At the deepest part of 
these invaginations, a lymphoepithelial symbiosis forms 
between the epithelium and the tonsillar parenchyma. 
In this region, antigen-presenting cells (such as M cells 
and dendritic cells), along with memory B cells, are abun-
dantly expressed. Activated B cells differentiate into 
plasma cells and produce antibodies through somatic 
hypermutation to exert their effects [111, 112].

In the context of respiratory mucosal immunity, dif-
ferent vaccination routes can induce variations in the 
potency and duration of immune responses (Fig.  2). 
Intranasal administration induces antigen-specific 
mucosal immune responses through the mucosal 
imprinting and lymphocyte homing pathway, effectively 
stimulating immunity in the respiratory tract [113]. 
Therefore, intranasal mucosal vaccines are considered 
a reasonable and effective strategy for preventing trans-
missible diseases and respiratory infections, including 
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COVID-19 caused by SARS-CoV-2 [4, 114]. A distinctive 
feature of the intranasal/inhalation route is its ability to 
induce Th17 effector cells and tissue-resident memory 
(TRM) cells that produce IL-17 [115]. To date, only a 
few intranasal vaccines have been approved for clinical 
use, with the FluMist intranasal influenza vaccine being 

authorized for use in individuals aged 2 to 49 years [24]. 
In India, a similar intranasal influenza vaccine targeting 
H1N1 (Nasovac-S) has been implemented [116]. Addi-
tionally, some other promising studies have shown that 
intranasal BCG vaccines demonstrate good efficacy in 
preventing tuberculosis [117], and the BPZE1 intranasal 

Fig. 2  Human mucosal-associated lymphoid tissues and mucosal vaccination routes. The key mucosal lymphoid tissues in the human body 
include those associated with the conjunctiva (CALT), nasopharynx (NALT), respiratory tract (BALT), gastrointestinal tract (GALT), and vagina (VALT). 
Additionally, various mucosal vaccination routes, such as nasal, oral, ocular (eye drops), vaginal, rectal, and sublingual routes, can stimulate local 
immune responses in the corresponding mucosal tissues. Each route has the potential to induce both local and systemic immune responses. This 
highlights the importance of targeting mucosal immunity in different systems, such as the respiratory, digestive, reproductive, and ocular systems, 
to enhance protection against pathogens
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pertussis vaccine is capable of inducing broad and spe-
cific mucosal IgA responses [118, 119].

Additionally, oral vaccines can induce robust immune 
responses in the salivary glands, and sublingual vaccina-
tion has been shown to provoke immune responses in 
both the upper and lower respiratory tracts [113]. Given 
the reduced efficacy of current vaccines against emerg-
ing variants of respiratory pathogens, mucosal admin-
istration routes have gained particular importance due 
to their advantages in terms of convenience and patient 
acceptance.

In addition to selecting appropriate immunization 
routes, the formulation and delivery strategies of vaccines 
are equally critical. For instance, the nasal cavity features 
a large mucosal surface area and is rich in immune cells, 
making it an ideal site for non-invasive vaccine adminis-
tration via aerosol sprays[120]. Oral vaccines, however, 
face significant challenges due to gastric acid and diges-
tive enzymes, which can lead to antigen degradation. To 
overcome this, enteric-coated capsules or microparticle 
technologies can be employed to protect the antigen and 
ensure its release and absorption in the small intestine 
[121].

Gastrointestinal mucosal immunity
In intestinal pathogen infections, various forms of infec-
tion may arise. The infection may be invasive, such as in 
typhoid fever and poliomyelitis [122]; partially or locally 
invasive, as seen in Shigellosis; or strictly confined to 
the mucosa, as in cholera and enterotoxigenic Escheri-
chia coli (ETEC) infections [5]. The immune response to 
pathogens in the gastrointestinal tract primarily occurs 
within the intestinal mucosa, which is composed of a 
single layer of epithelial cells, underlying connective tis-
sue, and the underlying muscle layers. Most immune cells 
are distributed in the epithelial and lamina propria lay-
ers, forming specific immune compartments. Gut-associ-
ated lymphoid tissues (GALT) in both humans and mice 
include Peyer’s patches and isolated lymphoid follicles [5, 
123]. B cells and T cells facilitate the connection between 
inductive and effector sites through selective expression 
of integrins and chemokine receptors. For example, the 
expression of α4β7 integrin and the CCR9 receptor on 
lymphocytes in the small intestine is critical for the spe-
cific homing of these cells [124].

Importantly, the optimal route for inducing gastroin-
testinal mucosal immunity is oral administration [125]. 
However, evidence suggests that in some cases, intrana-
sal vaccination may also trigger protective humoral and T 
cell responses in the intestine [126]. Several oral vaccines 
targeting intestinal infections, such as those for poliomy-
elitis, typhoid fever, cholera, and gastroenteritis, are cur-
rently available on the market [127].

Of particular note, the intestine, as one of the most 
important digestive systems, harbors a large number of 
symbiotic microorganisms, which significantly influence 
the intestinal mucosal immune response. In recent years, 
the concept of the gut microbiome-organ axis has gained 
increasing attention. This concept describes the continu-
ous and complex signaling pathways between the host 
immune system and the gut microbiome. These interac-
tions extend beyond the local intestinal environment and 
have far-reaching effects on the host’s overall health and 
disease states through axes such as the gut-lung, gut-liver, 
gut-brain, and gut-kidney [128–130].

Studies have shown that the gut microbiota, through 
its diversity and composition, regulates the development 
and function of the host’s mucosal immune system, estab-
lishing a complex network of interactions between innate 
and adaptive immunity, which plays a critical role in 
defending against pathogen infections [131, 132]. Addi-
tionally, probiotics, as live microorganisms, have been 
shown to alleviate infections and enhance the local and 
systemic immune responses to vaccines [133]. Research 
indicates that specific probiotics not only improve the 
immune response to viral vaccines like rotavirus (RV) 
vaccines [134], but also enhance overall immune func-
tion by promoting intestinal immunity and modulating 
various subsets of helper T cells (e.g., Th1, Th2, Th17, 
and Treg cells) [135]. The microbiome not only modu-
lates local immune responses but also regulates meta-
bolic and immune homeostasis through remote signaling 
pathways. A deeper understanding of the interactions 
between the gut microbiome and the immune system will 
contribute to the development of more efficient vaccines 
and therapeutic strategies, offering new insights for sys-
temic immune regulation and the treatment of complex 
diseases.

Other mucosal immunity
Mucosal vaccines for the reproductive tract hold signifi-
cant promise in combating sexually transmitted diseases 
and local tumors, especially cervical cancer, which is the 
fourth most common cancer among women globally 
[5]. Additionally, the rising prevalence of drug-resistant 
sexually transmitted diseases is a growing concern, and 
preventive mucosal vaccine strategies may offer effective 
control measures [136]. Furthermore, using a recombi-
nant influenza virus-HIV vector, combined intranasal 
and intravaginal vaccination routes have induced HIV-
specific CD8+ tissue-resident memory (TRM) cells in the 
vaginal mucosa of mice. Vaginal immunization with a 
live-attenuated HSV-2 strain led to the generation of IFN-
γ+ CD4+ TRM cell populations, which, upon subsequent 
attack, could recruit memory B cells through the action 
of CXCL9 and CXCL10. In contrast, primary vaccination 
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did not induce a resident plasma cell population in the 
female reproductive tract [137]. This suggests that fol-
lowing systemic priming, vaginal or potentially colorec-
tal boosting vaccination could be an effective strategy 
to trigger immune responses in the reproductive tract. 
Emerging immunization routes such as sublingual and 
vaginal administration have garnered increasing atten-
tion in recent years. Particularly within the genital tract, 
vaccines delivered via sublingual or vaginal routes are 
more effective at eliciting localized immune responses, 
demonstrating promising potential for the prevention 
and control of sexually transmitted infections such as 
HIV and herpes simplex virus (HSV) [137, 138]. In these 
delivery modalities, soluble films or gel formulations are 
commonly employed to prolong antigen retention on the 
mucosal surface, thereby enhancing local immunogenic-
ity [139].

In addition to vaginal immunity, other less explored 
immune pathways include ocular and rectal routes. The 
ocular mucosa shares some common immunological 
characteristics with other mucosal surfaces. For instance, 
conjunctiva-associated lymphoid tissue (CALT) contains 
CD4+ and CD8+ T cells, mast cells, dendritic cells (DCs), 
and Langerhans cells [53]. Evidence from research sug-
gests that the ocular mucosa contains functional M cells 
capable of absorbing luminal antigens [140], which could 
serve as an effective and safe alternative immune route 
for targeting human papillomavirus (HPV) and influenza 
viruses [141]. For example, eye-drop vaccination with 
H1N1 influenza virus (A/PR/8) induced influenza-spe-
cific systemic and mucosal antibody responses, providing 
complete protection in mice against respiratory infection 
caused by A/PR/8 influenza virus [142]. Furthermore, 
due to the limited efficacy of oral vaccines in inducing 
S-IgA antibodies in the colon and distal female reproduc-
tive tract, an alternative immune route—rectal adminis-
tration—can be employed to prevent pathogens such as 
human immunodeficiency virus (HIV) from invading 
through the distal digestive tract [4]. Likewise, compared 
to more conventional routes, rectal administration offers 
unique advantages, such as avoiding the degradation of 
vaccines in the stomach, which is a common challenge 
with oral formulations [53]. Furthermore, suppositories 
can form a drug reservoir on the rectal mucosa, ena-
bling sustained antigen release. In recent years, solid 
lipid nanoparticles (SLNs) have been employed to encap-
sulate vaccines for rectal delivery, significantly enhanc-
ing immunogenicity [143]. Notably, dual-route vaccines, 
such as intranasal combined with vaginal immunization 
or intranasal combined with intramuscular immuniza-
tion, have also shown promising results in activating both 
antigen-specific mucosal and systemic immune responses 
[138, 144]. Therefore, the selection of the immune route 

becomes a crucial consideration in the design of mucosal 
vaccines.

Studies have indicated that the immunization route not 
only influences the tissue-specific distribution of effec-
tor and memory cells but also plays a role in the toler-
ance to particular antigens. Stray and colleagues showed 
that intrauterine administration of UV-inactivated Chla-
mydia trachomatis (Ct), but not intranasally, triggered 
the induction of regulatory T cells, which increased the 
mice’s susceptibility to subsequent Ct infections [145]. 
However, this induced tolerance was reversible when 
UV-inactivated Ct was combined with a novel charge-
switching synthetic adjuvant particle (cSAP), which spe-
cifically targets immunogenic CD11b+CD103+ dendritic 
cells (DCs) in the uterine mucosa. Remarkably, mucosal 
delivery of the cSAP-UV-Ct formulation was the only 
route that led to the activation of effector T cells, which 
in turn facilitated the rapid recruitment of resident mem-
ory T cells (TRM) to the uterine mucosa, a response not 
observed following subcutaneous administration of the 
same formulation [53, 145].

Technological platforms for the development 
of mucosal vaccines
The immunological characteristics of various mucosal 
sites provide critical guidance for vaccine design. Accord-
ingly, selecting an appropriate vaccine platform is funda-
mental to achieving effective mucosal protection.

Vaccines are among the most effective tools for com-
bating infectious diseases, making the rapid development 
of mucosal vaccines crucial for public health. Under-
standing the advantages and limitations of different 
mucosal vaccine platforms is of paramount importance 
in advancing vaccine research and development [52]. 
(Table 2). Although several effective mucosal vaccines are 
currently in use, the majority of these are live attenuated 
or inactivated whole-body vaccines, primarily targeting 
enteric pathogens. This highlights the need for further 
exploration into alternative mucosal vaccine strategies to 
address a broader range of pathogens, particularly those 
that affect other mucosal surfaces such as the respiratory 
and urogenital tracts [24]. Despite significant advance-
ments in injectable vaccines, including adjuvanted subu-
nit antigens, RNA, and DNA vaccines, these innovations 
have not yet translated into licensed mucosal vaccines on 
a large scale [2]. (Fig. 3).

Attenuated live vaccines
The live attenuated vaccines are made from weakened 
versions of infectious pathogens, produced through 
physical, chemical, or biological methods. These vaccines 
contain antigens that closely resemble those found in 
actual infections [156]. Approved live attenuated vaccines 



Page 13 of 31Zhang et al. Molecular Biomedicine            (2025) 6:57 	

include oral poliovirus live attenuated vaccines (OPV), 
bOPV, mOPV, tOPV, live attenuated typhoid Salmonella 
vaccines, Rotarix (live attenuated monovalent human 
rotavirus vaccine), and RotaTeq (pentavalent recombi-
nant rotavirus vaccine). Live attenuated vaccines offer 
several immunological advantages for mucosal vaccina-
tion. Unlike antigen-only formulations, live attenuated 

vaccines simulate the viral delivery to mucosal sites, 
which is crucial for overcoming epithelial barriers [157].

However, a major drawback of live attenuated vaccines 
is that since the pathogen is live, there is a possibility of 
reversion to the wild-type strain, or secondary muta-
tions may transform the attenuated vaccine strain into a 
more infectious and virulent form, making it unsuitable 
for individuals with weakened immune systems [5, 146]. 

Fig. 3  Main vaccine platforms under development for mucosal immunization. The main mucosal vaccine platforms include Attenuated/
Inactivated Vaccines (top left), Subunit Protein Vaccines (bottom left), Viral Vector Vaccines (top right), and Nucleic Acid Vaccines (bottom right). Each 
section highlights the key features of these platforms. Each platform has distinct strengths and challenges in the context of mucosal immunity, 
with ongoing research focused on optimizing vaccine effectiveness and delivery
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For example, intranasal live attenuated influenza vaccines 
have been linked to rare episodes of acute asthma exacer-
bations [156]. Issues have also been observed with paren-
teral live attenuated influenza vaccines, though they are 
now generally considered safe for asthma patients. Com-
mon side effects of oral cholera vaccines include fatigue, 
headaches, and gastrointestinal symptoms [158, 159]. 
The incidence of vaccine-associated paralytic poliomyeli-
tis is 4.7 cases per million newborns [160]. Additionally, 
for intranasal live attenuated vaccines, there is a potential 
risk of entering the central nervous system through the 
olfactory bulb, leading to side effects such as encephali-
tis, although this has not yet been confirmed [161]. Thus, 
the urgent need for safer mucosal vaccines, such as inac-
tivated vaccines, subunit vaccines, and nucleic acid vac-
cines, is apparent.

Inactivated vaccines
Inactivated whole-pathogen vaccines are made by heat-
ing or chemically inactivating the pathogens (e.g., inac-
tivated poliovirus (Salk) and hepatitis A), making them 
non-infectious and generally safe. It has been observed 
that inactivated vaccines induce a weaker short-term 
immune response, necessitating booster doses for full 
protection [162]. Inactivated vaccines are typically more 
stable and require simpler storage conditions [156]. They 
can also be lyophilized and stored at ambient tempera-
tures for extended periods without compromising stabil-
ity or efficacy, as seen with inactivated whole-cell cholera 
vaccines containing the B subunit of cholera toxin [163].

Researchers have developed intranasal mucosal immu-
nization vaccines designed to induce localized immune 
responses in the respiratory tract via the nasal route, aim-
ing to prevent viral entry and transmission. Significant 
progress has been made in injectable inactivated vaccines 
targeting the novel coronavirus (SARS-CoV-2) [157, 164]. 
However, the complexity of mucosal immunity and the 
presence of mucosal barriers pose challenges to the appli-
cation of inactivated vaccines through mucosal routes. 
Studies indicate that limited antigen exposure may 
lead to poor immunogenicity, especially for highly con-
served epitopes. These epitopes typically induce broader 
immune responses, and most immune reactions in nature 
are subdominant. For example, the hemagglutinin stalk 
domain of the influenza virus or the envelope proteins 
and fusion peptides of type 1 viral fusion proteins exhibit 
such characteristics [57, 165–167]. To address these chal-
lenges, adjuvants can be incorporated into inactivated 
vaccines to enhance efficacy by stimulating immune 
responses or modulating antigen presentation. However, 
this approach carries potential risks, including increased 
reactogenicity and inflammation.

A significant advantage of inactivated vaccines vac-
cine platforms and other non-replicating vaccine plat-
forms is that anti-vector immunity does not become an 
obstacle when using the same platform for multiple vac-
cines [168], unlike viral vector vaccines (e.g., adenovirus 
or vaccinia virus vector vaccines), making it challenging 
to use the same viral vector for multiple disease anti-
gens [169, 170]. For inactivated mucosal vaccines, cur-
rent research is focused on improving vaccine delivery 
efficiency, enhancing immunogenicity, and overcoming 
mucosal barriers. In the future, with advancements in 
bioengineering and immunological research, inactivated 
mucosal vaccines are expected to play a larger role in 
preventing a range of diseases transmitted via mucosal 
routes.

Subunit vaccines
One particularly effective approach to mucosal immu-
nity involves the use of subunit vaccines combined with 
appropriate adjuvants and delivery systems to induce 
immune responses via mucosal routes, such as nasal 
sprays or oral administration. Similar to inactivated 
whole pathogen vaccines, purified or recombinant subu-
nit vaccines do not contain live components of the path-
ogen but are composed solely of antigenic parts of the 
pathogen. This distinction makes subunit vaccines differ-
ent from whole-cell vaccines [162]. Subunit vaccines are 
generally considered safe in terms of toxicity and reac-
togenicity because they contain purified or recombinant 
antigens rather than entire cells [149].

A notable advantage of subunit vaccines is that they 
can be designed to target highly conserved antigenic 
parts of the pathogen, enabling the development of var-
iant-resistant vaccines and offering protection against a 
broad class of pathogens. This feature is especially use-
ful for rapidly mutating pathogens, such as those infect-
ing individuals (e.g., HIV) or those that cross populations 
(e.g., coronaviruses). Another advantage is that subunit 
vaccines target known immune targets on the pathogen, 
such as viral envelope proteins or pathogenic microbial 
toxins, thereby providing protective immunity. For exam-
ple, viral envelope proteins involved in viral particle bind-
ing and host cell entry, or microbial toxins responsible for 
disease pathogenesis [156]. Subunit vaccines also have 
several highly successful examples, such as the hepatitis B 
virus (HBV) vaccine. Additionally, during the COVID-19 
pandemic, Shifa Pharmed in Iran developed the COVIran 
Barakat vaccine, which received emergency use authori-
zation in Iran [171]. Despite these successes, subunit vac-
cines generally suffer from poor immunogenicity and face 
challenges during delivery, such as the mucosal barrier 
and immunosuppressive microenvironments. Therefore, 
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novel adjuvants and improved delivery systems are often 
required to enhance their protective potential.

First, the addition of substances with good adhesive 
properties, such as chitosan, engineered grains (e.g., 
MucoRice) [172], or starch-based microspheres (e.g., 
Spherex), can effectively promote the attachment of 
the drug to the mucosal surface, thereby prolonging its 
action time and improving its absorption rate. Addition-
ally, some polymers, such as Carbopol and sodium algi-
nate, or cationic nanogels, also possess good adhesion 
and biocompatibility, making them suitable for mucosal 
delivery [173, 174]. The use of immune stimulants is also 
a key strategy, particularly adjuvants that can activate 
the immune system and enhance the immune response 
to vaccines or therapeutic drugs. At the same time, the 
addition of innate receptor agonists can further modu-
late immune responses, providing more effective protec-
tion. Moreover, the application of permeation enhancers, 
such as bacterial toxins (e.g., cholera toxin [CT] and heat-
labile enterotoxin [LT]), can increase the permeability of 
the mucosal barrier, thereby enhancing drug absorption 
[6]. Specific details will be discussed further in the subse-
quent section.

Viral vector vaccines
Viral vector vaccines use genetically modified, harmless 
viruses as carriers to deliver genetic information (DNA 
or RNA) encoding the antigen into human cells, simulat-
ing the natural process of viral infection to stimulate the 
desired immune response [170]. As one of the promis-
ing strategies for mucosal vaccination, viral vector vac-
cines offer unique advantages over traditional vaccines. 
They not only induce strong antibody responses but also 
effectively stimulate T cell responses, which are crucial 
for the clearance of intracellular pathogens [150–152]. 
This characteristic is primarily attributed to the intracel-
lular delivery capability, multifunctionality, and inher-
ent immunogenicity of viral vectors. Furthermore, viral 
vectors such as adenovirus, modified Ankara vaccinia 
(MVA), and vesicular stomatitis virus (VSV) have been 
successfully used in the production of vaccines target-
ing pathogens such as Ebola virus [175, 176]. The basic 
principles behind using viruses to deliver "vaccine genes" 
involve several aspects. First, viral vector vaccines are 
considered safe, as they induce both innate and adaptive 
immune responses without involving fully pathogenic 
microorganisms. Secondly, due to the expression of vari-
ous pathogen-associated molecular patterns (PAMPs) 
and the activation of innate immunity, viral vectors pos-
sess inherent adjuvant properties. Additionally, viral vec-
tors can be engineered to deliver antigens to specific cells 
or tissues. They can also be modified to be either replica-
tion-competent or replication-deficient, enhancing their 

safety while reducing reactogenicity. Notably, viral vector 
vaccines can recapitulate the natural infection process 
of specific pathogens, thereby triggering classical acute 
inflammation and immune detection through the natural 
production of PAMPs, which facilitates mucosal delivery 
and the induction of both local mucosal and systemic 
immunity [177].

It is noteworthy that, due to the COVID-19 pandemic, 
there has been rapid advancement in both preclinical and 
clinical research on viral vector delivery platforms, par-
ticularly adenoviral vectors [178]. However, pre-existing 
anti-adenoviral immunity in humans may reduce the 
vaccine’s efficacy. To address this, several strategies have 
been explored, including the use of rare adenoviruses 
with lower human seroprevalence (such as HuAd), chi-
meric adenoviruses, and adenoviruses derived from non-
human species (e.g., chimpanzee-derived ChAd) [170, 
179]. These optimizations have improved vaccine immu-
nogenicity by reducing interference from host antibodies. 
Furthermore, adenoviral vector vaccines delivered via the 
respiratory mucosa have been shown to bypass interfer-
ence from pre-existing antibodies in circulation [178, 
180].

Currently, optimization strategies for vaccination focus 
on extending the interval between primary and booster 
vaccinations or using heterologous viral vector combina-
tions to circumvent pre-existing immunity, thereby fur-
ther enhancing vaccine efficacy. Different viral vectors 
exhibit significant variations in antigen expression kinet-
ics, immune response strength, and quality. For example, 
modified Ankara vaccinia (MVA) vector vaccines accel-
erate the CD8 T-cell response with a central memory 
phenotype, whereas adenovirus (AdV) vaccines allow 
for sustained antigen delivery, inducing effector memory 
T-cell responses [178, 181]. Furthermore, MVA and AdV 
vaccines show differences in the induction of type I inter-
feron (IFN) gene expression and subsequent immune 
responses, which may influence the vaccine’s immuno-
genicity and safety [182, 183]. Based on safety and robust 
immunogenicity, recombinant viral vector vaccines, such 
as the replication-deficient chimpanzee-derived adeno-
virus (ChAd) developed by the University of Oxford, 
have become attractive candidates due to their low sero-
prevalence in populations and superior immunogenicity 
compared to human adenoviruses [184]. However, it was 
unexpectedly found to be less successful in experiments 
when used as a representative adenovirus.

Despite substantial preclinical studies supporting the 
development of mucosal delivery viral vector vaccines, 
research on their immunogenicity, protective efficacy, 
and potency in humans remains limited. For example, 
MVA and HuAd5 vector vaccines delivered via deep lung 
aerosol routes have demonstrated superior performance 
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in generating mucosal immune responses. However, 
whether similar responses can induce strong mucosal 
antibody and resident B-cell memory responses to future 
pathogens requires further investigation [179, 180, 185]. 
Existing studies have found that in individuals receiv-
ing the CoronaVac (inactivated SARS-CoV-2 vaccine) as 
the primary vaccination, a booster dose of HuAd5 vec-
tor vaccine delivered via deep lung aerosol significantly 
enhanced circulating cross-neutralizing antibody levels, 
but the mechanisms underlying local mucosal immune 
responses remain incompletely understood [186]. Fur-
ther exploration of the mechanisms of viral vector vac-
cines through respiratory mucosal delivery is crucial for 
addressing globally important respiratory pathogens 
[187, 188].

Additionally, numerous viral vectors have been 
explored for the delivery of mucosal antigen genes. For 
instance, a research team from China (including Hong 
Kong University, Xiamen University, and Beijing Wantai 
Biopharmaceutical Co.) developed an innovative nasal 
vaccine, dNS1-RBD, using a live attenuated influenza 
virus with a deleted NS1 gene as a vector to express the 
receptor-binding domain (RBD) of SARS-CoV-2. This 
vaccine received emergency use approval in China in 
December 2022 [189]. Mucosal vaccines using vectors 
such as Newcastle disease virus (NDV) [190], parainflu-
enza virus (PIV) [191], and attenuated respiratory syn-
cytial virus (RSV) [192] are also in clinical trials. Other 
potential vaccine platforms, such as modified influenza 
virus vectors, Sendai virus, lentivirus [193], vesicular sto-
matitis virus (VSV), and recombinant rhesus macaque 
cytomegalovirus (RhCMV) vectors [194–196], although 
mostly still in the preclinical research phase, offer prom-
ising options for the development of future mucosal 
vaccines.

Nucleic acid vaccines (DNA/RNA)
Although nucleic acid technologies (such as DNA/
mRNA) have been widely studied since the  1990 s, it was 
not until the SARS-CoV-2 pandemic that mRNA vaccines 
were first authorized for human use. To date, no nucleic 
acid-based mucosal vaccines have been successfully used 
in humans. This is primarily due to the mucosal tolerance 
to live or whole-cell antigens, as well as the susceptibil-
ity of nucleic acids to degradation by enzymes, chemicals, 
or microbiomes. Additionally, challenges such as poor 
exposure to the mucosal layer, rapid nucleic acid deg-
radation, and low cell uptake or transfection efficiency 
persist [197]. Currently, mRNA vaccines are predomi-
nantly administered via intramuscular injection, induc-
ing robust systemic immunity. While they are effective in 
enhancing resistance to systemic infections and reducing 

the risk of severe disease, they may fall short in address-
ing mucosal infections [154].

Studies have shown that an efficient delivery system is 
crucial for the translation, immunogenicity, and efficacy 
of mucosal mRNA vaccines. To ensure that mRNA is effi-
ciently delivered to target cells in the body, researchers 
have explored various delivery strategies. These strategies 
aim to protect the mRNA from degradation by nucle-
ases, maximize the delivery of mRNA to target cells, and 
ensure its effective transportation to the cytoplasm [154]. 
Common delivery carriers include lipid-based, polymer-
based, or hybrid delivery systems, with lipid-based carri-
ers (such as lipid complexes or lipid nanoparticles, LNPs) 
being widely used due to their high efficiency [155, 198].

In the development of mucosal mRNA vaccines, it is 
necessary to design LNP delivery systems with mucosal 
adaptability. LNPs are composed of a single layer of lipid 
combined with surfactants, and their core components 
can be a combination of liquid lipids (such as LNPs), 
solid lipids (such as SNPs), or nanostructured lipid car-
riers (NLCs). By introducing modifications such as ion-
izable lipids, LNPs can better control the formulation of 
mucosal mRNA vaccines [199]. LNPs are internalized 
by antigen-presenting cells through receptor-mediated 
endocytosis. Once inside the cell, the decrease in pH 
within the endosome causes the protonation of ionizable 
lipids, promoting the fusion of the LNP membrane and 
releasing the mRNA into the cytoplasm, thereby driv-
ing a robust immune response. Compared to traditional 
liposomes, the lipid membrane of LNPs can undergo 
additional modifications on both the drug surface and 
the carrier itself, thereby improving drug delivery effi-
ciency and immune responses [199].

Based on these characteristics, LNP (lipid nanoparticle) 
systems are currently considered the most effective deliv-
ery platform. Their basic components include cationic/
ionizable lipids, cholesterol, polyethylene glycol (PEG) 
lipids, and phospholipids. The synergistic action of these 
components ensures the effective protection, uptake, 
endosomal escape, and translation of mRNA molecules, 
thereby driving robust cellular and humoral immune 
responses [155, 198, 200–202]. Furthermore, studies have 
indicated that the proposal of using exosome vehicles 
(EVs) derived from edible plants to carry mucosal mRNA 
vaccines appears to be feasible. This approach does not 
require any adjuvants, presents no safety concerns in 
experiments, and elicits a satisfactory mucosal immune 
response in both the gastrointestinal and respiratory 
tracts [154]. In addition, polymer-based and hybrid deliv-
ery systems are also widely discussed and applied, with 
several polymer biomaterials being explored, such as pol-
yamines (polyethyleneimine, PEI) [30], polyesters (poly-
hydroxyalkanoates, PHA; poly(lactic-co-glycolic acid), 
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PLGA; poly(β-amino ester), PBAE) [31]. These polymers, 
used in various stoichiometries, can control different vac-
cine properties and may be applied to the development of 
mucosal vaccines in the future.

The efficacy of mucosal vaccines largely depends on the 
use of suitable adjuvants and delivery systems. The fol-
lowing section highlights key technological strategies for 
enhancing mucosal vaccine performance.

Advanced mucosal adjuvant and delivery system
Building on the detailed exploration of various mucosal 
vaccine technology platforms and their application 
advantages and limitations, this section further intro-
duces novel mucosal adjuvants and advanced delivery 
systems that have garnered significant attention in recent 
years. These include toxin-based adjuvants, pattern rec-
ognition receptor (PRR) agonists, cytokine-based adju-
vants, and nanoparticle-based delivery carriers. These 
innovative adjuvants and delivery systems substantially 
expand the scope and potential of mucosal vaccine devel-
opment by enhancing local antigen delivery efficiency, 
immunogenicity, and durability of immune responses. 
Therefore, this comprehensive discussion provides cru-
cial technical support and theoretical guidance to over-
come the current bottlenecks in vaccine efficacy.

Adjuvants
One of the biggest bottlenecks in the development of 
mucosal vaccines is how to efficiently deliver antigens 
to the local mucosal site to induce mucosal immune 
responses. Therefore, finding safe and effective adjuvants 
and drug delivery systems has naturally become the focus 
of attention [203]. This article discusses some advanced 
mucosal adjuvants and delivery systems (Fig. 4). Gener-
ally, mucosal adjuvants serve two primary functions: first, 
they act as immune-stimulatory molecules, and second, 
they serve as delivery carriers. Mucosal adjuvants mainly 
include toxoid-like adjuvants, pattern recognition recep-
tor (PRR) agonists, cytokine-based adjuvants, and other 
mucosal adjuvants [12, 24] (Table 3).

Toxoid-like adjuvants: These include heat-labile enter-
otoxin (LT) from Escherichia coli and cholera toxin 
(CT). Due to their strong adjuvant properties and abil-
ity to induce secretory IgA (S-IgA), they are considered 
the  "gold standard"  for oral vaccination [204]. Although 
bacterial enterotoxins and their derivatives hold high 
potential as effective mucosal adjuvants, their toxicity 
limits their widespread clinical use [58]. For example, LT 
can accumulate in the olfactory bulb and other neural 
tissues, leading to the occurrence of Bell’s palsy in vac-
cinated individuals [24]. To reduce toxicity, researchers 

Fig. 4  Advanced mucosal vaccine adjuvants and delivery systems. Advanced mucosal vaccine adjuvants and delivery systems include toxoid 
adjuvants (e.g., cholera toxin), pattern recognition receptor (PRR) agonists (e.g., TLR, STING), cytokines (e.g., IL-12, IL-15), polymers (e.g., PLGA, 
chitosan), lipid-based systems (e.g., liposomes), and biomimetic nanoparticles (e.g., virus-like particles). Each category enhances immune responses 
at mucosal surfaces, thereby improving vaccine efficacy and providing robust immune protection
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have gradually developed modified versions of these 
toxins, such as double-mutant LT (dmLT) and multiple-
mutant CT (mmCT), which retain adjuvant properties 
while reducing toxicity [162, 205, 206]. Furthermore, the 
results of a Phase II clinical trial for a trivalent influenza 
vaccine containing hemagglutinin and LThαK (a detoxi-
fied derivative of E. coli heat-labile enterotoxin) have 
been reported (NCT03784885). This intranasal LThαK-
adjuvanted influenza vaccine was shown to be both effec-
tive and safe in clinical trials [207, 208]. Additionally, 
some toxin subunits or other modified or mutated toxins 
are used in licensed vaccines, such as the recombinant 
cholera toxin B subunit used in Dukoral® [209].

Apart from that, PRRs include receptors targeting 
Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), 
STING, C-type lectin receptors (CLRs), and NOD-like 
receptors (NLRs). These adjuvants activate immune 
cells through pathogen-associated molecular patterns 
(PAMPs) to produce enhanced immune responses medi-
ated by TLRs [12, 210]. Among these, TLR agonists have 
attracted significant attention as a central subgroup of 
mucosal adjuvants [211–213]. For example, a low-toxicity 
TLR4 agonist derived from LPS, monophosphorylated 
lipid A (MPL), is included in licensed adjuvants AS01, 
AS02, and AS04, and is currently undergoing preclinical 
studies and clinical evaluations as a mucosal adjuvant for 
norovirus vaccines [214, 215]. Other TLR ligands tested 
in mucosal vaccines include: TLR3-specific double-
stranded RNA analog poly I: C; TLR5-specific flagellin; 

TLR7/8 agonists such as imidazoquinolinone derivatives; 
and TLR9 agonists such as CpG oligonucleotides, all of 
which have shown potential as mucosal adjuvants [211, 
216–219].

Cytokine-based adjuvants, including IL-1, IL-4, IL-12, 
IL-15, IL-18, IL-17, type I interferons (IFN-α/β), IFN-γ, 
and IFN-λ, have been explored as potential mucosal adju-
vants. For example, IL-12 and IL-15 help induce cyto-
toxic T lymphocyte (CTL) responses and antigen-specific 
IgA antibody production at mucosal sites, while IL-1 
induces both IgA and IgG production [220, 221]. Preclin-
ical studies have shown that combining influenza subu-
nit vaccines with type I interferons as mucosal adjuvants 
significantly enhances antigen uptake by nasal mucosal 
phagocytes following intranasal immunization.

Other promising mucosal adjuvants include sapo-
nins (e.g., QS-21) [222], natural killer T (NKT) [223] cell 
activators (e.g., α-GalCer [224] and analogs KBC-007, 
KBC-009 [225]), protease-activated receptor 2 (PAR-2) 
agonists [226], and cationic nanoparticles (such as chi-
tosan, N-[1-(2,3-diethoxy)propyl]-N, N, N-methyl chlo-
ride ammonium (DOTAP), polyethyleneimine (PEI), and 
recently designed cationic cross-linked carbon dot (CCD) 
adjuvants) [227–230]. During the development of novel 
vaccine adjuvants, early-stage adjuvants were unable 
to enter clinical development due to high reactivity and 
poor tolerance. Therefore, to accelerate vaccine develop-
ment, selecting materials that have undergone clinical 
evaluation as mucosal adjuvants is crucial. For example, 

Table 3  Advanced adjuvant strategies involved in mucosal immune responses

Class Molecule/Mechanism Immune Cell Target

Toxoid-like Cholera Toxin Dendritic cells, CD4+ T cells

E. coli heat-labile toxin Dendritic cells, Macrophages

Double-mutant Labile Toxin Dendritic cells, Macrophages, M cells

Multi-mutation CT CD4+ T cells, CD8+ T cells, Dendritic cells, NK cells, 
Macrophages, B cells

Cholera Toxin A1-dimer D-domain (S. aureus) Dendritic cells, Macrophages, CD4+ T cells

LThαK CD4+ T cells, CD8+ T cells, Dendritic cells, NK cells, 
Macrophages

TLR ligands MPL–TLR4 Dendritic cells, Macrophages

CpG–TLR9 B cells, Plasma cells

Flagellin–TLR5S Dendritic cells, Macrophages

TLR7/8–Imidazoquinolinone derivatives Dendritic cell, Macrophages, NK Cells, B-cells, CD4+ T 
cells, CD8+ T cells

Cytokines IL-1, IL-4, IL-12, IL-15, IL-17, IL-18, IFN-α/β, IFN-γ, IFN-
λ, GM-CSF, RANTES

CD8+ T cells, B cells (IgA), Monocytes, Natural Killer 
cells, CD4+ and CD8+ T cells

Chitosan Mucoadhesive, improves antigen uptake Dendritic cell, Macrophages, Natural Killer cells

Saponin complexes, ISCOM, QS-21, Matrix-M Induction of humoral immunity Th1, Th2 and CD8+ T-cells

α-Galactosyl ceramide CD1 binding Dendritic cell, CD8+ T cells

VLP, Virosomes, Liposomes (IRIV) PAMP signals; Improved APC antigen uptake 
to promote

Dendritic cells, B-cells, T cells
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alum adjuvant vaccines, MF59 emulsion-adjuvanted 
influenza vaccines, emulsion-based vaccine adjuvants 
(such as AS03) combined with influenza vaccines, and 
AS04, a composite adjuvant containing MPLA adsorbed 
onto alum, have all been approved for use [3, 231–233]. 
In conclusion, the development of novel mucosal vaccine 
adjuvants with high safety, good tolerance, and strong 
immune responses remains a significant challenge.

Mucosal delivery system
Various mucosal vaccine delivery systems must over-
come multiple barriers, which can impact the effec-
tive induction of local immune responses. Therefore, 
the development of efficient delivery systems is critical. 
Currently, various excellent delivery systems have been 
designed to enhance mucosal immune efficacy [179]. An 
ideal mucosal vaccine delivery system must be safe, non-
toxic, and capable of efficiently facilitating the uptake and 
presentation of antigens. Targeting M cells and DCs is a 
potential strategy, along with overcoming the mucus bar-
rier by designing carriers that disrupt the mucus layer 
to promote antigen uptake. The carrier must also pro-
tect the antigen from enzymatic or chemical degrada-
tion to ensure safe delivery. Ultimately, vaccines should 
be designed according to the specific characteristics of 
different mucosal sites to induce specific and durable 
immune responses. Mucosal delivery systems typically 
utilize nanoparticle technology, biomaterial-based deliv-
ery, and viral vector delivery. This discussion focuses 
primarily on nanoparticle delivery systems: polymeric 
nanoparticles, lipid-based nanoparticles, and biomimetic 
nanoparticle systems [234].

Polymeric nanoparticles (PNPs): Polymeric nanoparti-
cles (PNPs) are nanocarriers composed of natural or syn-
thetic polymers. These particles can load various antigens 
via mechanisms such as covalent coupling, adsorption, 
and encapsulation, providing the advantage of easy gen-
eration and highly flexible structural modifications [235, 
236]. The molecular weight and chemical structure of the 
polymer material can be adjusted to precisely control its 
physicochemical properties, achieving the desired char-
acteristics. Synthetic polymer nanoparticles include par-
ticulate delivery agents that encapsulate antigens and can 
target specific tissues by imparting diverse physicochem-
ical properties and binding capabilities. Among these, 
PLGA (poly (lactic-co-glycolic acid)) is a widely stud-
ied polymer, with its encapsulated TLR agonists induc-
ing strong antigen-specific mucosal immune responses 
against various pathogens [237]. However, PLGA par-
ticles exhibit some limitations, such as low bioadhesion 
[238–240]. To address this issue, chitosan has been intro-
duced to enhance the mucus adhesion of PLGA particles, 
thereby improving the mucosal immunogenicity of the 

vaccine [241]. Another type of synthetic polymer nano-
particle is dendritic polymers, which consist of a central 
core surrounded by symmetrically branched nanostruc-
tures with a monodisperse structure. Due to their den-
dritic structure, these polymers form internal cavities 
and can be customized by introducing functional surface 
moieties to alter their physicochemical and biological 
properties [242]. Natural polymer nanoparticles that dis-
play bio-adhesive properties include chitosan, maltodex-
trin, alginates, hyaluronic acid, carboxymethyl cellulose, 
hydroxyethyl cellulose, and pectin [243]. Specifically, 
chitosan is a natural polysaccharide with adhesive, per-
meable, and biodegradable properties. By loosening tight 
junctions between epithelial cells, chitosan enhances the 
uptake of antigens at the mucosal surface, making it an 
ideal polymer for mucosal vaccine delivery.

Lipid-Based Nanoparticle Systems: Lipid nanoparti-
cles (LNPs) are nanoscale systems (< 1  μm) composed 
of two or more (usually four) different proportions of 
lipids. They can form various structures and are currently 
the most successful non-viral nanocarriers, suitable for 
clinical translation. LNPs offer several advantages, such 
as high encapsulation efficiency, low toxicity, enhanced 
cellular uptake, and high stability, making them a rep-
resentative and relatively mature carrier system [244]. 
Liposomes, typically spherical vesicles composed of 
biodegradable, non-toxic, and non-immunogenic lipid 
bilayers, possess a variety of physicochemical properties, 
including different sizes, lipid compositions, and charges, 
which enable rational vaccine design [245]. Moreover, 
liposomes can protect antigens from degradation in the 
harsh mucosal environment by encapsulating them in a 
hydrophilic core or complexing them with acyl chains or 
charged surfaces [245]. Importantly, by coating or modi-
fying the surface of liposomes with specific ligands and 
adjuvants, liposomes can selectively deliver antigens 
to specific organs, thereby inducing stronger immune 
responses [246, 247]. This feature enables more effective 
and selective immune responses against encapsulated 
antigens. Liposomes are commonly used in mucosal 
delivery systems, especially for intranasal immuniza-
tion, and have been shown to be effective against patho-
gens such as SARS-CoV-2, influenza, Yersinia pestis, and 
Streptococcus pneumoniae [248–250].

Biomimetic Nanoparticle (BNP) Systems: In addition, 
the integration of nanotechnology and biomimetic strat-
egies has led to the development of various nanoparti-
cle systems. BNP platforms offer multifunctionality and 
hold great potential in the delivery of mucosal vaccines 
[234]. Among these, virus-like particles (VLPs) are con-
sidered highly promising mucosal delivery systems due to 
their delivery efficacy (mimicking live viruses while lack-
ing viral genetic material) and proven safety [251]. VLPs, 
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formed by the spontaneous self-assembly of viral coat 
proteins, envelope proteins, or core proteins, are able 
to effectively penetrate mucosal barriers and trigger a 
strong immune response [252]. Because of their polymer-
like properties, VLPs are easily absorbed by antigen-pre-
senting cells (APCs), particularly dendritic cells (DCs), 
thereby enhancing interactions with nasal-associated 
lymphoid tissue (NALT) cells [253]. This property makes 
VLP-based nasal vaccines highly promising in induc-
ing both humoral and cellular immunity. For example, a 
mucosal DNA vaccine developed using phage technol-
ogy stimulates the generation of VLPs resembling SARS-
CoV-2 structures, leading to a robust immune response 
[254]. Additionally, VLP vaccines targeting influenza sub-
types offer new strategies for generating broad immune 
responses [255]. These attributes make VLPs a powerful 
tool for mucosal antigen delivery, providing new oppor-
tunities for vaccine development.

Additionally, virosomes, which are recombinant 
spherical viral-like vesicles composed of phospholipids 
from viral envelope components, are gaining attention 
as an effective mucosal antigen delivery carrier [256]. 
Unlike liposomes, virosomes possess specific viral gly-
coproteins (hemagglutinin and neuraminidase), grant-
ing them unique immune-stimulating properties and 
membrane fusion capabilities. With their proven deliv-
ery efficacy and safety, virosomes are considered capa-
ble of delivering vaccine antigens directly to host cells 
[234]. These characteristics have made their research 
focus on mucosal delivery systems. Outer membrane 
vesicles (OMVs), which are rich in outer membrane pro-
teins, inner membrane, and cytoplasmic proteins, also 
exhibit significant immune-stimulating properties and 
self-adjuvanticity, effectively inducing mucosal immune 
responses [257–260]. For instance, OMVs from Escheri-
chia coli successfully delivered malaria antigens, and 
OMVs from Neisseria meningitidis delivered the SARS-
CoV-2 spike protein. Following intranasal administration, 
these OMVs triggered robust IgA immune responses, 
demonstrating their effectiveness in mucosal immunity. 
Additionally, engineered OMVs from Salmonella typh-
imurium, Vibrio cholerae, and Enterotoxigenic Escheri-
chia coli have been used to express SARS-CoV-2 spike 
protein and have shown significant neutralizing effects 
in mouse intranasal immunization [261, 262]. All of these 
findings further support the potential and advantages of 
OMVs as mucosal vaccine carriers.

Challenges and solutions in mucosal vaccine 
development
Although preceding sections systematically summarize 
the significant progress and prospects achieved in fun-
damental theory, tissue specificity, and technological 

platforms of mucosal vaccine technology, numerous 
practical challenges and bottlenecks persist in actual 
development and application, such as safety considera-
tions, uncertainties regarding vaccine efficacy, antigen 
delivery difficulties, and obstacles in clinical transla-
tion. This section focuses on these core issues, deeply 
analyzing existing technical and mechanistic barriers, 
and proposing targeted solutions, including optimiz-
ing vaccine formulations, improving delivery system 
design, exploring innovative immunological adjuvants, 
and expanding novel immunization routes. By intro-
ducing these forward-looking strategies, this section 
not only offers insights to overcome existing develop-
ment bottlenecks but also clearly outlines pathways for 
the successful transition of mucosal vaccines from basic 
research to clinical practice.

Development of mucosal vaccine platform technologies 
with high safety
Many mucosal vaccines have been developed for humans 
and animals, proving effective in blocking pathogen 
infection and transmission. Despite this, current mucosal 
vaccines still have limitations. As discussed earlier, we 
have reviewed the safety issues related to live attenu-
ated vaccines. Compared to live attenuated vaccines, 
inactivated vaccines and subunit vaccines generally offer 
higher safety, but they require the addition of adjuvants. 
Some of the adjuvants currently in use face challenges 
related to both efficiency and safety. For instance, as little 
as 5 µg of purified cholera toxin (CT) can induce severe 
diarrhea in human volunteers, while only 2.5  µg of LT 
is sufficient to cause fluid secretion [53, 263]. However, 
several mutants, created by altering active and protease 
sites, have been shown to reduce toxicity while maintain-
ing adjuvant activity [264].

Currently, the vast majority of approved mucosal vac-
cines are oral vaccines. For oral vaccines, the harsh 
gastrointestinal environment and the presence of oral 
tolerance mechanisms remain major challenges [265]. 
Additionally, attenuated live vaccines may enter the 
brain through the olfactory nerves, so it is necessary to 
evaluate the neurotropism of attenuated live viruses in 
order to develop intranasal vaccines [266, 267]. mRNA 
vaccines, which gained widespread approval during the 
COVID-19 pandemic, represent a promising platform 
for mucosal vaccine development. For mRNA-based 
mucosal vaccines, combining optimized delivery systems 
with enhanced adjuvants will be key to unlocking their 
full potential. Despite the significant promise and pro-
gress demonstrated by novel mucosal vaccine platforms, 
such as viral vectors, mRNA, and nanoparticles in pre-
clinical studies, safety remains a critical challenge.
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Preclinical animal selection
In preclinical studies, animal models, especially mice, are 
commonly used in mucosal vaccine research. Although 
many principles of mucosal immunology are effective in 
mice, the same phenomena often cannot be replicated in 
humans [268]. For instance, the mouse vaginal mucosa 
is keratinized, while the human vaginal mucosa is non-
keratinized, affecting permeability and immune response 
[269]. Additionally, there are significant differences 
between humans and mice in terms of immune system 
components (such as IgA and key innate immune recep-
tors like TLRs) [270, 271], as well as differences in the 
size, number, distribution, and composition of mucosal 
lymphoid structures (such as Peyer’s patches) across spe-
cies, which can fundamentally influence the generation 
of immune responses [272]. These factors complicate the 
translation of results from animal models to human mod-
els. Moreover, unlike the highly controlled experimental 
environments in animal models, human variability—such 
as microbiota, nutritional status, and prior immune his-
tory—has been shown to affect the efficacy of mucosal 
vaccines [4]. Therefore, understanding the vast differ-
ences in anatomy, physiology, and immunology between 
species is crucial for future mucosal vaccine developmen. 
Thus, while animal models provide valuable insights, 
translating these findings to humans requires careful 
consideration of species differences and variability in 
clinical settings.

Clinical evaluation of mucosal vaccines
Currently, there are no standardized methods to evalu-
ate mucosal vaccine efficacy in clinical trials. This is 
likely due to the complexity of mucosal immunity and the 
unique physiological structures involved, which hinder 
the assessment of mucosal immune responses. For exam-
ple, the uneven distribution and low levels of mucosal 
antibodies pose significant challenges for sampling and 
detection. Collecting bronchoalveolar lavage fluid to 
assess mucosal cell immunity is technically demanding, 
has low tolerance, and is not suitable for large-scale clini-
cal studies [53]. While methods to detect mucosal anti-
bodies, particularly in respiratory mucosal vaccines, have 
been established using non-invasive sampling techniques 
such as saliva, nasal washes, and swabs to measure IgA 
responses, the detection levels of specific mucosal anti-
bodies are relatively low. This may be due to insufficient 
sampling capacity and low sensitivity of detection meth-
ods [273]. Evaluating mucosal cellular responses presents 
an even greater challenge, with low patient acceptability. 
Although nasal scraping and flocked swabs have been 
proven reliable for studying nasal cell immune responses 
during infections [274], these methods still require fur-
ther evaluation for their applicability in clinical research. 

The lack of standardized methods for evaluating mucosal 
vaccine efficacy presents a major challenge to accurately 
assessing the effectiveness of mucosal vaccine devel-
opment. Therefore, it is critical to establish standard-
ized testing methods and sampling protocols for human 
mucosal vaccine evaluation as soon as possible.

Future applications in the field of mucosal immunity
Mucosal vaccines have not only been widely used in the 
prevention and treatment of respiratory and gastroin-
testinal pathogens but also show significant potential in 
the treatment of mucosal malignancies, providing a new 
theoretical basis for their targeted applications. While 
some tumor vaccines that are already on the market have 
shown good results in mouse models and can induce 
T-cell clustering responses in humans, their therapeutic 
efficacy remains limited. Research indicates that this may 
be due to these vaccines’ inability to effectively induce 
cytotoxic T-cell responses at mucosal sites. Given the 
potential of mucosal immune responses in tumor immu-
notherapy, enhancing mucosal immunity may improve 
the efficacy of anti-tumor vaccines in the future, particu-
larly through mechanisms such as the induction of resi-
dent memory T cells (TRM cells), leading to more effective 
local immune defenses [275, 276]. Moreover, targeting 
tumor neoantigens is an attractive strategy. However, due 
to the tumor’s and patient’s specific mutational burden 
and composition, this approach is unlikely to become a 
universal "one-size-fits-all" method [277, 278]. Thera-
peutic mucosal cancer vaccines can address these chal-
lenges by adopting personalized vaccine designs based 
on individualized medicinal approaches or by utilizing 
local antigen release for broader applications [279, 280]. 
While mucosal vaccines show great promise in infectious 
disease prevention, their role in cancer immunotherapy 
is also gaining traction, offering new possibilities for per-
sonalized treatments.

Research on host receptor mucosal immune mechanisms
In the future, mucosal vaccines will become the myste-
rious key to breaking through the boundaries of immu-
nology, ushering in an unprecedented immunological 
revolution. The future of mucosal vaccines will no longer 
be a single protective tool; they will not only effectively 
fend off the invasion of viruses, bacteria, and malignant 
tumors but will also leave permanent marks across the 
body’s immune networks, ensuring that any potential 
threats will find it difficult to break through these tightly 
guarded defenses. In summary, with the rapid advance-
ments in immunology, molecular biology, and nano-
technology, future mucosal vaccines will not only make 
breakthroughs in the prevention and treatment of tra-
ditional pathogens but will also demonstrate enormous 
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potential in tumor immunotherapy, personalized treat-
ments, and the application of new vaccine platforms.

The mechanisms that generate effective vaccine-
induced immune responses in mucosal tissues are com-
plex and may vary depending on the mucosal surface. A 
deeper understanding of the innate and adaptive immune 
mechanisms at the molecular and cellular levels, espe-
cially the regulation of adaptive mucosal protection, is 
crucial to driving the development of mucosal vaccines. 
First, we must focus on exploring the mucosal barrier 
and antigen transport mechanisms. Although M cells 
play a key role in antigen translocation, studying other 
potential transport mechanisms is essential for ensuring 
the effective delivery of mucosal vaccines [281]. Further-
more, compared to circulating IgA, mucosal IgA anti-
bodies exhibit complexity in various forms [282]. More 
research is needed to explore how these diverse immuno-
globulin isotypes can be utilized for potential preventive 
or therapeutic applications. Regarding mucosal cellular 
immune components, T cells have long been recognized 
for their importance in mucosal immunity, but there is 
still a lack of strategies to initiate appropriate helper T 
cell responses. One well-studied aspect of different T cell 
types is their targeting of pathogens with varying char-
acteristics [283]. Notably, the activation of tissue-resident 
immune cells is critical for initiating local immunity and 
promoting immune signals to migrate throughout the 
body. However, the differentiation, maintenance, and 
plasticity of tissue-resident T cells remain unclear, partly 
due to the difficulty of accessing T cells in tissues. Blood 
sampling can only capture circulating T cells, not tissue-
resident T cells [284]. Therefore, understanding how host 
factors interact with the immune system is essential for 
the future design and development of mucosal vaccines.

Conclusion and perspective
Despite remarkable successes and groundbreaking 
advancements in mucosal vaccine research, the field 
remains at a critical threshold, poised to address some 
of the most pressing global health challenges yet con-
fronted by formidable scientific and translational obsta-
cles. Mucosal surfaces, as primary pathogen entry points, 
underscore the importance of elucidating and harnessing 
mucosal immune responses to design more effective vac-
cines. While substantial progress has been achieved—
particularly in preventing infectious diseases—mucosal 
vaccines still face significant limitations in consistently 
inducing durable local and systemic immunity. Central to 
overcoming these barriers is the optimization of mucosal 
adjuvants and delivery systems, which currently lack suf-
ficient efficacy in eliciting robust and persistent mucosal 
immune responses. Enhancing mucoadhesive proper-
ties, prolonging antigen retention at mucosal sites, and 

improving antigen uptake remain essential priorities for 
future research and development.

In addition to the well-studied oral and intranasal 
routes, underutilized mucosal delivery pathways—such 
as ocular, rectal, and vaginal immunization—present 
promising but largely unexplored opportunities. These 
alternative routes offer unique immunological microen-
vironments and potentially less invasive administration 
options; however, their clinical translation is hindered 
by the absence of standardized formulations and robust 
validation in human trials. Expanding research efforts 
into these non-traditional delivery routes could diver-
sify mucosal vaccine platforms, enhance immunization 
coverage, and better address the needs of specific popu-
lations, especially those underserved by conventional 
vaccination strategies.

A critical bottleneck in the clinical development of 
mucosal vaccines is the lack of unified regulatory stand-
ards and standardized preclinical models to evaluate 
mucosal immune responses in humans. Regulatory chal-
lenges, including gaps in manufacturing quality control 
and immunogenicity assessment criteria, have delayed 
the transition from bench to bedside. Moreover, current 
animal models often fail to accurately predict human 
mucosal immunogenicity and safety, particularly regard-
ing long-term protection and local tolerance. Developing 
advanced humanized models and standardized immune 
monitoring platforms is imperative to improve the pre-
dictive power of preclinical studies, accelerate clinical tri-
als, and ensure vaccine safety and efficacy across diverse 
demographic groups.

Finally, the integration of mucosal immunology with 
emerging fields such as microbiome research and nano-
technology holds transformative potential. The com-
plex interplay between the mucosal immune system and 
host microbiota critically shapes vaccine responsiveness 
and safety profiles, offering opportunities for personal-
ized immunization strategies that account for individual 
genetic and microbial variability. Concurrently, innova-
tions in nanomaterials and adjuvants promise to enhance 
antigen delivery and targeting precision. As these mul-
tidisciplinary advances converge, mucosal vaccines are 
expected to overcome the so-called “tropical barrier” 
by delivering more effective, accessible, and affordable 
immunization solutions worldwide. Ultimately, mucosal 
vaccine technology is poised to play a pivotal role in pan-
demic preparedness, routine infectious disease control—
including influenza and respiratory syncytial virus—and 
cancer immunotherapy, thereby reshaping the global vac-
cine landscape.
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