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Abstract Global public health faces substantial challenges from malignant tumors and infectious dis-

eases. Vaccination provides an approach for treating and preventing these diseases. Oral vaccinations are

particularly advantageous in disease treatment and prevention due to their non-invasive nature, high pa-

tient compliance, convenience, cost-effectiveness, and capacity to stimulate comprehensive and adaptive

immune responses. However, the overwhelming majority of oral vaccines remain in experimental devel-

opment, struggling with clinical and commercial translation due to their suboptimal efficacy. Thus,

enhancing scientists’ understanding of the interaction between vaccines and gastrointestinal immune

system, creating antigen delivery systems suitable for the gut mucosal environment, developing more
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Gastrointestinal immune

system

potent antigenic epitopes, and using personalized combination therapies are critical for advancing the

next generation of oral vaccines. This article explores the fundamental principles and applications of cur-

rent oral anti-tumor and anti-infective vaccines and discusses considerations necessary for designing

future oral vaccines.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The gastrointestinal tract (GIT) plays a pivotal role in the immune

system, acting as the primary barrier between the human body and

the external environment1. This crucial barrier is commonly

referred to as the intestinal mucosal barrier. Within this region, a

diverse array of tissues and cells collaboratively safeguard the

host’s health, vigilantly defending against the invasion of harmful

pathogens and toxic substances. Given that the GIT serves as the

body’s largest immune organ, encompassing roughly 70% of its

immune cells2, there is a growing interest in harnessing its po-

tential for developing oral vaccines3.

Over the past few centuries, researchers have explored the

possibility of delivering vaccines via the oral route. In the late

18th century to early 19th century, British physician Edward

Jenner achieved a significant milestone in vaccine history by

successfully developing the smallpox vaccine4. Although this

vaccine was not administered orally, it served as the cornerstone

for subsequent exploitation of oral vaccines. During the 20th

century, scientists shifted their attention towards the application of

oral vaccination to combat diseases. However, this journey was

fraught with diverse obstacles, primarily due to technological

constraints and a lack of immunological knowledge. A turning

point was reached when Albert Sabin pioneered the development

of an oral polio vaccine, which received approval in 1961. This

breakthrough set the stage for the evolution of oral vaccine

technologies5-7. As research advanced into the latter part of the

20th century and the dawn of the 21st century, scientists deepened

their understanding of the intestinal immune system and the

design principles of oral vaccines. The approval of oral rotavirus

vaccine in 1998 marked a more mature technical platform for oral

vaccine development8. In recent years, the rapid development of

related disciplines has propelled oral vaccine research forward,

leading to notable successes in vaccine applications2,9.

Oral vaccines can be categorized into two primary types based

on their intended purposes. The first type includes oral vaccines

designed to prevent diseases caused by pathogens (e.g., fungi,

bacteria, and viruses). These vaccines are formulated to introduce

pathogen antigens and adjuvants into the human body to activate

innate and adaptive immune responses. Currently, the approved

oral vaccines for preventive purpose primarily target pathogen of

contagion, such as poliovirus, adenovirus, and Bacillus anthracis.

Additionally, a plethora of oral vaccines, including those against

pathogens like hepatitis B virus, influenza virus, respiratory syn-

cytial virus, and SARS-CoV-2, are currently in clinical trials

(Table 1). The second category is therapeutic oral vaccines,

designed to treat malignant diseases, especially targeting tumors

with poor prognoses. These vaccines aim to introduce the tumor-

associated antigen (TAA) and adjuvant into the body to leverage

the intestinal immune system, initiating a strong immune response

that targets and eliminates tumor cells. Nowadays, the majority of

oral tumor vaccines remain in the experimental stage rather than

in clinical trials, primarily targeting malignancies, such as colo-

rectal cancer (CRC)10, breast cancer11, melanoma12, and fibro-

sarcoma13. Furthermore, oral vaccines can be comprehensively

compared based on their vaccination objectives, dosing fre-

quencies, immune response types, and target populations, sum-

marized in Table 2.

Recently, oral vaccines have attracted burgeoning interest. The

expanding knowledge of mucosal immunology, coupled with the

swift advancements of genetic engineering, immunology, and

pharmaceutics, has accelerated the development of oral vaccines.

This review delineates the contemporary advancements in oral

vaccines for oncological and infectious diseases from both ther-

apeutic and prophylactic standpoints and looks forward to these

research challenges and future directions.

2. Intestinal immune microenvironment

The GIT is vital in the mucosal immune system, as it is one of the

body’s major immunological organs. Hence, identifying the role

and function of pertinent cells and lymphoid tissues in the

gastrointestinal environment is crucial for exploiting oral vaccines

(Fig. 1).

2.1. Intestinal mucosal immune system

2.1.1. Enterocytes

Enterocytes, known as intestinal absorptive cells, are simple

columnar epithelial cells that line the inner surface of the small

and large intestines. They have roughly 3000 microvilli on their

apical surface14. These microvilli significantly increase the surface

area of enterocytes, which are crucial for nutrient absorption from

the intestinal lumen15. Tight junctions act as linking units, con-

necting enterocytes with other intestinal cells in a wall-like

arrangement and controlling substance permeation. Their highly

differentiated structures support nutrient absorption and mucus

secretion. The intestinal epithelial layer is an effective barrier for

the intestinal mucosa, which prevents harmful substances, patho-

gens, and toxins from entering the circulatory system16. At the

same time, they also play a role in recognizing and responding to

antigens within the gut17,18.

2.1.2. Goblet cells

Goblet cells, characterized by their cup-shaped and oval appear-

ance, are situated within the epithelial cell layer beneath the intes-

tinal mucosa. They typically feature smooth cell surfaces and

abundant intracellular mucin granules. One of their essential func-

tions is the production and secretion of mucus, which lubricates the

intestinal surface, reduces friction within the GIT, and prevents the

invasion of harmful bacteria and other microorganisms16,19. In
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Table 1 Oral vaccines available on the market or currently undergoing clinical trials.

Vaccine name Number Pathogen Indication Status

Reassortant rotavirus vaccine,

live, oral, pentavalent

(vero cell)

SJ20180002 Rotavirus Used to prevent acute

gastroenteritis

NMPA approved

Reassortant rotavirus vaccine,

live, oral, trivalent (vero

cell)

S20230022 Rotavirus Used to prevent acute

gastroenteritis

NMPA approved

Rotavirus vaccine, live, oral S20010002 Rotavirus Used to prevent acute

gastroenteritis

NMPA approved

Human rotavirus, live

attenuated

EMEA/H/C/

000639

Rotavirus Prevention of rotavirus

infections

EMA approved

Rotavirus vaccine, live, oral,

pentavalent

BL 125122 Rotavirus For the prevention of

rotavirus gastroenteritis

caused by the types G1, G2,

G3, G4, and G9 for use in

infants 6 weeks—32 weeks of

age

FDA approved

Poliomyelitis (live) vaccine

type I type III (human

diploid cell), oral

S20180013 Poliovirus Used to prevent polio NMPA approved

Poliomyelitis (live) vaccine

type I type III (human

diploid cell), oral

S20171001 Poliovirus Used to prevent polio NMPA approved

Poliomyelitis vaccine, live,

human diploid cell, oral

S20130001 Poliovirus Used to prevent polio NMPA approved

Oral polio vaccine NCT02580201 Poliovirus Used to prevent polio Phase 4

Freeze-dried oral bivalent live

vaccine of flexneri 2a-

sonnei

S20030058 Salmonella,

Shigella

To prevent dysentery NMPA approved

Cholera vaccine, live

attenuated, oral

EMEA-001490-

PIP01-13-M02

Vibrio cholerae Prevention of cholera EMA approved

Rabies vaccine for foxes and

raccoon dogs, live, oral

EMEA/V/C/

004387

Rabies virus For the active immunization

of foxes and raccoon dogs

against rabies to prevent

infection and mortality

EMA approved

Adenovirus type 4 and type 7

vaccine, live, oral

BL125296 Adenovirus

Type 4 and type 7

Prevention of febrile acute

respiratory disease

FDA approved

Typhoid vaccine live oral

ty21a

103,123 Salmonella typhi For immunization of adults

and children older than 6

years of age against disease

caused by Salmonella typhi

FDA approved

Oral shigellosis vaccine E-2012-016 Shigella For bacillary dysentery and

intestinal fever

FDA approved

Adenovirus type 4 and type 7

vaccine, live, oral

BL 125296 Adenovirus Indicated for active

immunization for the

prevention of febrile acute

respiratory disease caused by

adenovirus type 4 and type 7

FDA approved

Typhoid-plague bivalent

vaccine

E-2011-007 Yersinia pestis,

Salmonella typhi

Used to prevent plague and

typhoid

FDA approved

A novel anthrax vaccine

candidate

E-2003-032 Bacillus anthracis For the prevention of anthrax FDA approved

Oral cholera vaccine NCT03373669 Vibrio cholerae Used to prevent Vibrio

cholerae infection

Phase 4

Live enterovirus vaccine and

type 1 diabetes

NCT02961595 Enterovirus

(poliovirus)

To explore the relationship

between enterovirus and type

I diabetes

Phase 1

Ad4-H5-VTN vaccination-

tonsillar route

NCT01443936 H5N1 influenza Used to prevent influenza

infection

Phase 1

H. pylori vaccine NCT02302170 H. pylori Used to prevent H. pylori

infection

Phase 3

VXA-G1.1-NN oral vaccine NCT03125473 Norovirus Prevent gastroenteritis caused

by norovirus

Phase 1

VXA-BYW.10 oral vaccine NCT02547792 Influenza B Used to prevent influenza B Phase 1
(continued on next page)
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addition, goblet cells play a pivotal role in the regulating the in-

testinal immune system. They contribute to immune responses via

nonspecific endocytic activities and goblet cell-associated antigen

passages. Consequently, they are instrumental in counteracting the

invasion of exogenous bacteria and the intrinsic intestinal micro-

biota and modulating immune functionality20.

2.1.3. Microfold cells

Microfold cells, or M cells, are specialized epithelial cells located

primarily in the gut-associated lymphoid tissues21. They possess

unique structural characteristics that enable them to fulfill their

specialized functions. Compared to the surrounding intestinal

epithelial cells, M cells are typically flatter and irregularly shaped,

and they have a smoother cell surface. This shape allows them to

form microfolds or cell invaginations in the mucosa, which pro-

vides a large surface area for increased contact with antigens and

pathogens on the mucosal surface. From a functional perspective,

M cells are the primary cells for monitoring, capturing, and

delivering antigens within the intestinal lumen22. They can capture

antigens and deliver them to antigen-presenting cells (APCs), such

as dendritic cells (DCs) and macrophages, initiating immune re-

sponses. In the context of beneficial microorganisms residing in

the intestines for an extended period, M cells play a role in

recognizing and initiating immune tolerance, ensuring the normal

function of the intestinal immune system23.

2.1.4. Peyer’s patches (PPs)

PPs are composed of multiple lymphoid follicles, typically located

beneath M cells. Each lymphoid follicle consists of various lym-

phocytes, including DCs, macrophages, B cells, and T cells. The

amount of B lymphocytes, especially immunoglobulin A+ (IgA+)

B lymphocytes, is much higher than that of T lymphocytes. The

lymphocytes within PPs can connect with other lymphoid tissues

and lymph nodes via the lymphatic vessels, forming part of the

lymphatic system21. PPs are indispensable for the initiation of

intestinal mucosal immunity. When M cells recognize and capture

pathogens, they are directly transmitted to the underlying PPs

through endocytosis. Within the PPs, APCs process and present

the pathogens and initiate an immune response in the intestinal

mucosa24.

2.1.5. Isolated lymphoid follicles (ILFs)

ILFs are lymphoid tissues similar to the PPs located within the

intestinal mucosa25, which also possess similar immune functions

as PPs. Unlike PPs, they exist independently, disperse widely, and

have a small quantity. Therefore, their impact on intestinal

Table 1 (continued )

Vaccine name Number Pathogen Indication Status

infection

Salmonella typhi-vectored

pneumonia vaccine

NCT01033409 Streptococcus Used to prevent pneumonia

caused by Streptococcus

Phase 1

VXA-RSV-f tablets NCT02830932 Respiratory

syncytial virus

An important pathogen for

preventing bronchiolitis and

pneumonia caused by

respiratory syncytial virus

Phase 1

WRSs2 and WRSs3 vaccine NCT01336699 Shigella For bacillary dysentery and

intestinal fever

Phase 1

ETEC/rCTB vaccine NCT02556996 E. coli Prevention and treatment of

diarrhea

Phase 3

HIV-1 peptide vaccine,

microparticulate

monovalent

NCT00000798 Human

immunodeficiency

virus

Used to prevent HIV Phase 1

Adenovirus anthrax vector

candidate vaccines

NCT01979406 Bacillus anthracis For the prevention of anthrax Phase 1

COVID-19 oral vaccine

consisting of Bacillus

Subtilis spores

NCT05239923 SARS-CoV-2 Used to prevent COVID-19

Pneumonia

Not applicable

VXA-CoV2-1 NCT04563702 SARS-CoV-2 Used to prevent COVID-19

Pneumonia

Phase 1

BCG vaccine NCT00396370 Mycobacterium

tuberculosis

For the prevention of

Tuberculosis

Phase 1

Data sourced from the U.S. Food and Drug Administration (FDA), European Medicines Agency (EMA), National Medical Products Administration

(NMPA), and ClinicalTrials.gov, obtained through a search for “oral vaccine”. Only a minor number of vaccines with the same type are listed. For

an expanded understanding of oral vaccine information, it is advisable to consult resources, such as the FDA, EMA, NMPA, and ClinicalTrials.gov

databases.

Table 2 The distinction between preventive oral vaccines and therapeutic oral vaccines.

Index Preventive oral vaccine Therapeutic oral vaccine

Goal Prevention of infectious diseases Treating existing diseases

Vaccination time Before the onset of the diseases After the onset of the diseases

Type of immune response Humoral, cellular, and mucosal immunity Mainly for cellular immunity

Vaccination scale Mass vaccination Vaccination of specific populations
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mucosal immunity is relatively minor26,27. Furthermore, mature

ILFs encompass germinal centers (GCs), with these lymphoid

formations being encapsulated by a follicle-associated epithelium

that includes M cells. Studies have elucidated the distribution of

ILFs within the intestines of various species, including mice,

rats28, guinea pigs29, rabbits30, and humans31, highlighting their

ubiquitous presence across different mammalian systems.

2.1.6. Mesenteric lymph nodes (MLNs)

MLNs are distributed throughout the abdominal mesentery of

various gut regions, such as the duodenum, jejunum, ileum, and

colon. Like other lymph nodes, MLNs consist of lymphatic fol-

licles containing DCs, macrophages, B cells, and T cells. Through

their lymphatic vessels, MLNs form a comprehensive lymphatic

network along with PPs, ILFs, and other lymphoid tissues, helping

the body to initiate a rapid immune response when pathogenic

microorganisms invade32. Moreover, the mucosal immune system

is perpetually confronted with immune challenges stemming from

an array of gut microbiota and dietary antigens. Smith’s studies

suggest that MLNs are pivotal sites for developing intestinal im-

mune tolerance. MLNs adeptly regulate the mucosal immune

system’s immune responses to dietary antigens and commensal

bacteria in the GIT, thereby fostering immune tolerance towards

dietary antigens and orchestrating the immune equilibrium of gut

microbes33.

3. Advantages and challenges of oral vaccines

Oral vaccines hold immense potential for the prevention and

treatment of various diseases. Understanding the differences

between oral route and other vaccination routes is crucial for the

development of oral vaccines.

3.1. Advantages of oral vaccines

Orally administered vaccines offer a non-invasive strategy for the

treatment and prevention of cancers and infectious diseases. This

strategy holds pivotal potential for fighting tumors and curbing the

spread of infectious diseases. Firstly, oral vaccines notably

diminish the pain and distress linked to vaccination, eliminating

the need for needles and syringes. This characteristic is notably

favorable for children, who often exhibit a pronounced fear and

aversion to vaccination procedures involving needles34. Secondly,

these vaccines significantly lessen the risk of cross-contamination,

since they circumvent the need for skin punctures or any blood

contact, thus averting potential infections that could originate

from unsanitary conditions and repeated use of medical in-

struments35. Thirdly, the logistics of storing and transporting these

vaccines are generally more straightforward and more manage-

able, as they sidestep the rigorous cold chain requirements for

injectable vaccines. This can potentially streamline the vaccine

deployment process, reduce the production expense, and simplify

the usage steps36.

Furthermore, oral vaccines offer the distinct advantage of self-

administration, rendering them ideal for use at home or in com-

munity, eliminating the necessity for professionally trained

healthcare nurses. This advantage can broaden vaccine accessi-

bility, especially in the regions constrained by limited resources

and geographical remoteness. These vaccines significantly miti-

gate the production of medical waste, as they abstain from uti-

lizing needles and syringes, alleviating the pressure on waste

Figure 1 Schematic illustration of intestinal immune microenvironment. The intestinal immune microenvironment mainly comprises lymphoid

tissues, such as MLNs, PPs, and ILFs, along with lymphocytes (e.g., T cells, macrophages, and DCs). Pathogenic microorganisms in the intestine

are apprehended and processed by APCs via multiple pathways and transported to the MLNs, initiating the host’s adaptive immune responses.

This figure was created with BioRender (https://biorender.com).
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management systems and curtailing environmental pollution risks.

Lastly, they prompt cellular and humoral immune reactions

through the intestinal immune system and adeptly initiate mucosal

immune responses, a tissue region inefficiently stimulated by

injectable vaccines37-39.

3.2. Challenges to oral vaccines

The GIT is a complex system encompassing diverse cells, mi-

crobial communities, and biochemical factors that significantly

challenge the development of oral vaccines40,41. Firstly, the harsh

gastrointestinal environment, characterized by gastric acid and

digestive enzymes, might compromise the vaccines, leading to

their structural damage and inactivation42, which prevents the

vaccines from effectively awakening the immune responses.

Secondly, the mucosal barrier might impede the effective ab-

sorption of vaccines, preventing their internalization by APCs and

reducing their bioavailability9,43. Moreover, the intestinal micro-

biota can potentially engage in adverse interactions with vaccines.

This includes scenarios where intestinal microbes compete for

receptor-binding sites with vaccine components and degrade

vaccine ingredients, consequently diminishing vaccine

efficacy44,45.

Concurrently, the development of oral vaccines also confronts

a distinct challenge of potential gut immune tolerance. The gut,

the primary interface for the body’s interaction with external

substances, is routinely exposed to various food and microbial

antigens. Under normal circumstances, the gut’s immune system is

inclined towards a state known as “oral immune tolerance” to

maintain immune equilibrium and avert hyperactive responses to

these typical benign antigens. This systemic non-responsiveness is

primarily facilitated by the interplay between regulatory T cells

(Tregs) and DCs, mitigating deleterious inflammatory reactions to

food antigens and symbiotic bacteria46. Nonetheless, this antigen-

specific hypo-responsiveness could undermine the efficacy of oral

vaccines, as they require the induction of a sufficient immune

response for protection47. Hence, the design of oral vaccines ne-

cessitates a meticulous approach to circumventing the gut’s

inherent immune tolerance mechanism, ensuring the vaccine’s

capacity to stimulate the gut immune system.

In conclusion, a comprehensive understanding of the advan-

tages and disadvantages of different vaccination routes (Table 3),

along with addressing the current challenges faced by oral vac-

cines, is crucial for their applications in cancer treatment and

infectious disease prevention.

4. Oral vaccine adjuvants

The primary purpose of oral vaccine adjuvants is to enhance the

immune responses to antigens within the intestinal mucosal im-

mune system. Adjuvants, such as double-mutant heat-labile toxin

(DMLT) and multi-mutant cholera toxin (MMCT), can signifi-

cantly boost the production of specific IgA antibodies by targeting

specific receptors in the GIT, providing strong immune protection.

Adjuvants like liposomes can protect vaccine antigens from

gastrointestinal degradation and prolong antigen release in the

GIT, thus improving antigen utilization and immune efficacy.

However, some adjuvants (e.g., cholera toxin and the heat-labile

enterotoxin of E. coli), effective as oral vaccine adjuvants, have

toxicity issues that limit their clinical application. Traditional

injectable adjuvants, including aluminum hydroxide, complete

Freund’s adjuvant, and incomplete Freund’s adjuvant, cause

limited immune effects when used in oral vaccines48,49. Therefore,

there is a need to develop adjuvants with the ability to stably pass

through the GIT and boost mucosal immunity. Several promising

oral mucosal adjuvants have been identified, such as modified

bacterial enterotoxins, small molecule immune modulators,

biodegradable polymers, and synthetic toll-like receptor (TLR)

agonists and their derivatives.

Various oral adjuvant candidates have been categorized into

biologically derived adjuvants, non-biologically derived adju-

vants, and their composites, based on their physicochemical

properties. For instance, oral liposomes or water/oil/water emul-

sions loaded with the TLR2 adjuvant (Pam2Cys) and tumor an-

tigen peptides significantly activated T cells and reduced tumor

volume in tumor-bearing mice50. mesoporous silica nanoparticles

(MSNs) modified with yeast ß-glucan, which possess immune-

stimulating activity and M cell-targeting capability, increased

the survival time of tumor-bearing mice when administered

orally51. Furthermore, the combination of whole-cell Helicobacter

pylori (H. pylori) vaccines with the MMCT elevated the levels of

H. pylori-specific IgG and intestinal mucosal IgA52. The co-

administration of Thymosin α1 with classical swine fever virus

antigens orally effectively protected pigs from virus challenge via

Table 3 Comparison of the advantages and drawbacks of various vaccines via different administration routes.

Vaccination route Advantage Disadvantage Primary immune response

Intramuscular injection Rapid absorption; easy to

control dosage; widely used

Can cause pain; requires

professional administration;

high cost

Humoral immunity and

cellular immunity

Subcutaneous injection Long-lasting immunity;

suitable for various vaccines;

fewer side effects

May cause local reactions;

requires professional

administration; slow

absorption

Humoral immunity and

cellular immunity

Inhalation Painless; needle-free; rapid

local immune responses; easy

for mass vaccination

Dosage control is difficulty;

may cause respiratory

discomfort; high technical

requirements

Humoral immunity, cellular

immunity, and mucosal

immunity

Oral administration Painless; convenient to take;

suitable for mass vaccination

May be degraded by

gastrointestinal contents;

lower bioavailability; not

suitable for all vaccines

Humoral immunity, cellular

immunity, and mucosal

immunity
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the oral route53. Overall, the development of composite adjuvants

that integrate both biologically and non-biologically derived ma-

terials represents a potent strategy to improve the immune efficacy

of oral vaccines. In addition, several excellent reviews have

elaborated in detail on the development and selection of oral

vaccine adjuvants54-57.

5. Mechanism of oral vaccine-mediated immune responses

Intramuscular injection, as the most common vaccination route,

primarily involves directly injecting vaccines (adjuvants and an-

tigens) into the muscle. APCs in the muscle capture the vaccines

and migrate to the lymph nodes, where they present the antigens to

lymphocytes. This process activates strong humoral and cellular

immune responses, enabling rapid immune responses when the

body encounters pathogens carrying the same antigenic signals58.

Intramuscular vaccines can bypass the digestive barriers, requiring

relatively low antigen stability, but they are less effective in

inducing mucosal immune responses. In contrast, oral vaccines are

able to activate intestinal immune responses via the intricate in-

teractions between vaccines and the intestinal immune sys-

tem35,59,60. The mechanisms underlying the immune responses

elicited by anti-tumor and anti-infective vaccines within the or-

ganism might vary significantly. Elucidating the distinct mecha-

nisms of these immune responses holds substantial implications

for the design and construction of oral vaccines.

5.1. Anti-tumor mechanism of oral vaccines

The working mechanism of oral tumor vaccines revolves around

effectively initiating the body’s immune responses. The activation

of the immune system by oral tumor vaccines primarily encom-

passes efficient delivery of vaccines within the GIT, antigen pre-

sentation, T-cell activation, and tumor cell killing. Firstly, oral

tumor vaccines must traverse the gastrointestinal barrier and be

internalized and presented by APCs2. This poses significant

challenges for the selection of vaccine delivery vectors, and

several excellent reviews have detailed the selection of vaccine

delivery platforms54,55,61. Secondly, delivering tumor vaccines to

gut-associated lymphoid organs, such as MLNs and PPs, and

subsequent stimulating T cells are critical steps51. The specific

binding of T-cell receptors (TCRs) to major histocompatibility

complex (MHC) molecules on the surface of APCs, particularly

DCs, in these lymphoid tissues triggers T-cell activation. This

binding sets off a chain of signals from the TCR—MHC com-

plexes that alter the gene expression profiles and induce T cells

from the rest state to the activated and proliferative states. How-

ever, the signaling cascade from the TCR—MHC complex alone

cannot fully activate T lymphocytes. They also require concurrent

co-stimulation from molecules (e.g., CD80, CD86, OX40L, and

CD40) on the surface of APCs. Additionally, cytokines like Type I

interferons, interleukin-2 (IL-2), and interleukin-12 (IL-12) play a

significant role in T-cell activation62.

In summary, the activation of T lymphocytes, especially

cytotoxic lymphocytes (CTLs), is effectively achieved through the

combined action of TCR-MHC binding, co-stimulatory mole-

cules, and various cytokines. Indeed, the specific and efficient

recognition of tumor cells by CTLs is pivotal for their effective

destruction. Once activated by the neoantigens presented by

APCs, CTLs precisely accumulate in the tumor tissues. Mean-

while, the interactions between TCR on the CTL surface and

MHC molecules on the tumor cell surface, in conjunction with

co-stimulatory molecules (e.g., CD80, CD86, and CTLA4), and

the combined action of granzymes and perforins, initiate the

specific killing of tumor cells63. Moreover, oral immunization can

induce a robust mucosal immune response. IgA, as a unique

product of mucosal immunity, may induce a more potent

antibody-dependent cell-mediated cytotoxicity (ADCC) compared

to immunoglobulin G (IgG) through its specific binding with

tumor cells64, potentially enhancing the cytotoxic action of neu-

trophils against tumor cells65 (Fig. 2).

5.2. Anti-infective mechanism of oral vaccines

In contrast to oral tumor vaccines, oral anti-infective vaccines are

primarily designed to safeguard the body against the onslaught of

pathogens. The principle of oral anti-infective vaccines is to train

the body to produce adaptive immunity against infectious patho-

gens. Acting as a “drill instructor”, oral anti-infective vaccines

orchestrate the immune system training. This “immune training”

process predominantly encompasses the following components:

efficient vaccine delivery66, antigen capture and presentation by

APCs, activation of T lymphocytes, and the establishment of

immune memory67.

Like oral tumor vaccines, oral anti-infective vaccines require

effective antigen delivery to the gut mucosa and internalization by

intestinal cells, particularly M cells. Subsequently, these antigens,

conveyed via M cells, reach lymphatic structures, such as PPs,

where APCs within the lymphoid follicles process and present

them to T and B lymphocytes in the GCs68. B lymphocytes un-

dergo rapid proliferation and differentiation into the plasma and

memory cells, producing antibodies (e.g., IgG, IgA, and IgM),

countering potential extracellular infections. Concurrently, T

lymphocytes facilitate the activation and proliferation of CTLs

and memory cells, countering potential intracellular infections.

During this phase, immature APCs evolve into mature forms, as

indicated by the increased expression of surface molecules like

CD40, CD80, CD86, and MHC69. Eventually, these immune and

co-stimulatory signals are conveyed to the MLNs via the intestinal

lymphatic vessels, dramatically amplifying the immune responses

and effectively mobilizing the body’s defense against specific

pathogens through the association between blood vessels and

lymphatics throughout the body and mucosal tissue (lung mucosa,

intestinal mucosa, and vaginal mucosa, Fig. 3).

6. Application of oral vaccines

Nowadays, oral vaccines have been constrained in clinical practice

and clinical trials. Besides a handful of oral preventive vaccines,

either marketed or having concluded clinical evaluations, the

realm of oral therapeutic vaccines targeting tumors remains

notably underserved (Table 1). Here, we explore the application of

oral vaccines with a dual focus on tumor treatment and infectious

disease prevention.

6.1. Tumor therapy

The malignancy of tumors poses an increasingly severe threat to

human health, burdening not only individual patients and their

families but also creating significant societal pressure70. Oral

tumor vaccines hold substantial importance for treating malignant
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tumors. The representative oral tumor vaccines are summarized in

Table 471-73,51,74-76,12,77,43,50,78-79,10,80-82,38,83,11,84-86,38,87-91,13.

The clinically available treatment modalities against cancer

mainly include surgery, chemotherapy, radiation therapy, and new

approaches (e.g., gene therapy, targeted biological agents, and

chimeric antigen receptor T-cell therapy (CRA-T))92-96. Each of

these strategies offers distinct advantages, yet it also comes with

its own set of drawbacks. For instance, surgery may not eradicate

all tumor cells and induce potential surgical risks97. Treatments

like chemotherapy and radiation can inadvertently damage healthy

cells, triggering unwanted adverse effects on the hosts98. While

hormone therapy is primarily used for hormone receptor-positive

cancers, it can lead to adverse impacts related to hormonal

changes99. Groundbreaking techniques like gene therapy and

CAR-T cell therapy offer a beacon of hope for treating certain

cancers but may potentially harbor unknown long-term risks and

significant costs93,100. Compared to the treatment modalities

mentioned above, oral tumor vaccines represent a non-invasive

therapeutic approach with enormous potential for anti-tumor ap-

plications. (i) These vaccines effectively circumvent the acute

trauma and subsequent inflammation induced by invasive surgical

procedures. (ii) They present a notable advantage as they do not

involve chemotherapy and radiation therapy, thereby avoiding

relevant toxic effects, such as typical cell damage, bone marrow

suppression, and immune system impairment, which potentially

increase the risk of secondary cancers. (iii) They reduce the

psychological stress and anxiety that patients might otherwise

experience during cancer treatment. (iv) They distinguish them-

selves from targeted therapies by not relying on complex bio-

markers and genetic testing. This not only streamlines the

treatment process but also reduces the overall treatment cost.

Additionally, the vaccine components can inhibit the expression

levels of PD-L1 and TGF-ß1 in the tumor tissues, enhancing the

overall immunotherapeutic efficacy101. (v) They offer numerous

benefits, including ease of massive production, low technological

barriers, and high biosafety. These benefits are instrumental in

circumventing the challenges associated with the previously

mentioned therapies, characterized by their high expenses, intri-

cate technicalities, and risk of adverse effects2,38,80,102.

6.1.1. Oral vaccination strategies against CRC

CRC ranks third in global cancer diagnoses and stands as the

second leading cause of cancer-related deaths, according to

GLOBOCAN 2023103. Although various CRC treatments are

available, oral vaccines are gaining traction due to their high pa-

tient acceptability and the potential to stimulate local mucosal

immune responses2,43,50,78,79.

Liposomes and oil emulsions with superior manufacturing and

therapeutic benefits have been extensively employed to the de-

livery of various therapeutics. These delivery systems enhance the

therapeutic efficacy and stability of the encapsulated agents, of-

fering a versatile platform for drug and gene delivery104-106.

Naciute and his team50 formulated a single long peptide antigen

by merging AH1 (an antigen peptide of CT-26 colorectal adeno-

carcinoma) with a chimeric tetanus—diphtheria toxoid CD4+ T

cell helper peptide. Subsequently, they encapsulated this com-

bined antigen in liposomes or a water/oil/water emulsion, and the

formulations were administered with the immune adjuvant

(Pam2Cys) via the oral route. The results demonstrated that this

emulsion-based oral vaccine showcased promising results. There

were significant increases in the amounts of CD4+ T, CD8+ T, and

B cells within the MLNs of tumor-bearing mice. This vaccine

Figure 2 Anti-tumor mechanism of oral vaccination. After oral administration, vaccines traverse the gastrointestinal barriers, where they are

internalized by M cells, facilitating access to the PPs. Within the PPs, the vaccines elicit a humoral immune response, promoting plasma cells to

secrete anti-tumor IgA. This IgA navigates through lymphatic pathways to the tumor site, where it specifically binds to tumor antigens, initiating

ADCC. Concurrently, APCs at the PPs uptake and process the vaccine, presenting its “immune signal” to the MLNs via lymphatic routes. In the

MLNs, the “immune signal” undergoes further amplification, presented to immune cells, including CD4+ T cells and CTLs, facilitating CTL-

mediated specific recognition and destruction of tumor cells. This figure was created with BioRender (https://biorender.com).
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stimulated the production of CD44+CD122+ memory CD8+ T

cells and CD62L—CD44+ cells in the spleen, ultimately effec-

tively suppressing tumor growth.

Listeria monocytogenes, a Gram-positive facultative intracel-

lular bacterium, can reside within the cytoplasm of cells while

having the extraordinary potential to trigger anti-tumor immunity

against tumor-specific antigens107,108. Pan et al.78 established

mouse tumor models using three tumor cell lines: CT-26 cells

(CRC), Renca cells (kidney cancer), and B16-F10 cells (mela-

noma), all of which express the influenza nucleoprotein. They

constructed a Listeria strain (Lm-nucleoprotein) to express and

secrete the nucleoprotein antigen. After orally administering the

Lm-nucleoprotein vaccine to the tumor-bearing mice, tumor

regression was observed. The results indicated that oral adminis-

tration of Lm-nucleoprotein elicited a potent anti-nucleoprotein

immune response in mice. This was directly correlated with a

survival rate of 60% in Renca-nucleoprotein tumor-bearing mice

and 50% in CT-26-nucleoprotein tumor-bearing mice. Addition-

ally, there was a significant reduction in the tumor growth trend in

B16-F10-nucleoprotein tumor-bearing mice, coupled with an

approximately 70% increase in survival rate. These findings

suggest that this oral Lm-nucleoprotein vaccine holds promise as

an effective strategy for cancer immunotherapy.

Constructing a synchronized lysis circuit (SLC) in clinically

relevant bacteria, which controls the lysis and release of intra-

cellular cargos when the bacterial population reaches a threshold

density, is a genetic circuit strategy in synthetic biology. This

strategy has attracted attention for combating infectious diseases

and tumors109-111. Zhang and colleagues43 used SLC technology

to engineer a bacterium capable of expressing a unique protein

complex (BMC) in conjunction with a TAA (AH1-A5). This

genetically modified bacterial vaccine, BMCH-AH1-A5, was

encapsulated in a hydrogel for oral administration, followed by

close monitoring of the anti-tumor outcomes. Experimental results

revealed a significant activation of CD3+ T lymphocytes in the

MLNs, accounting for 69.2%, with CD3+CD4+ T cells at 33.5%

and CD3+CD8+ T cells at 18.7%. Significantly, the percentage of

CD3+CD8+ T cells was 3.9-fold higher than that of the control

group, underscoring the CTL immune response to the AH1-A5

antigen induced by oral BMCH-AH1-A5 vaccine. To further

substantiate the immune activation efficacy of the oral BMCH-

AH1-A5 vaccine, the levels of TNF-α and IFN-γ were measured

Figure 3 Anti-infection mechanism of oral vaccination. After oral ingestion, vaccines are transported to the gut, where M cells uptake and

deliver them to the PPs. Within the GCs of PPs, DCs and other APCs process and present the vaccines to B cells. Upon receiving the vaccine’s

“immune signal”, B cells proliferate and differentiate into plasma cells and memory B cells. Plasma cells produce secretory antibodies (e.g.,

sIgA), which specifically bind to mucosal pathogens, exposing and eliminating these pathogens. After oral vaccination and the subsequent

intracellular pathogen infection, the host’s immune system is swiftly activated by memory T cells. T cells proliferate, differentiating into

numerous CTLs, which circulate throughout the body, rapidly identifying and inducing lysis or apoptosis of infected cells through TCR—MHC

pathways and Fas/FasL interactions. This figure was created with BioRender (https://biorender.com).
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during the treatment phase. On Day 14, the serum TNF-α con-

centrations for the AH1-A5 and BMCH-AH1-A5 groups were

273.7 and 253.0 pg/mL, respectively. By Day 21, both TNF-α and

IFN-γ maintained elevated levels, suggesting that the oral BMCH-

AH1-A5 vaccine successfully stimulated the production of anti-

tumor-associated cytokines. The above results showed that

tumor growth was significantly retarded, and the survival time was

prolonged in mice vaccinated with the BMCH-AH1-A5 vaccine

via the oral route.

6.1.2. Oral vaccination strategies against breast cancer

While there have been significant advancements in breast cancer

treatment over recent decades, this disease claims the lives of over

40,000 women each year in the US. Globally, approximately one

in three patients with breast cancer succumbs to the illness112,113.

Cancer patients often possess a heightened presence of Tregs

and a distinct subset of CD4+ T cells. These cells play a pivotal

role in suppressing the ability of CTLs to recognize and eradicate

tumor cells114,115. Mulla and his team83 developed oral vaccine

microparticles (OVs) encapsulating breast tumor antigens. To

further enhance the anti-breast tumor efficacy of OVs, they

combined with a Treg inhibitor, cyclophosphamide, devising a

strategy for breast cancer treatment termed OCy. This therapeutic

strategy aims to deplete Tregs and activate CTLs. The results

demonstrated that OCy effectively reduced the amount of Tregs to

about one-fifth of that in the negative control group. It also

initiated a robust CTL response, with the number of activated

CD8+ T cells being four times higher than that of the negative

control group. Furthermore, OCy induced a potent immune

memory for tumor cells, with the generated memory T cells

Table 4 Examples of oral vaccines against various cancers.

Vaccine name Tumor model Oral delivery system Ref.

rLM-E7 Cervical cancer Listeria monocytogenes 71

OVA/RGD/PEOP T Lymphocytic tumor Mimicking-bacteria-membrane (MBM) nano-vesicle

(RGD-PEOP)

72

Longum 420 Bladder cancer Bifidobacterium 73

Len/OVA/yMSN Liver cancer Saccharomyces-inspired mesoporous silicon

nanoparticle (NP) (yMSN)

51

WGP-OVA Melanoma Whole glucan particle, WGP 74

pUb-M, pUb-H Melanoma Attenuated strain of Salmonella typhimurium 75

TL-NE (MHS) Melanoma Tomato lectin-modified nanoemulsion 76

Tat-gp100 Melanoma Multi-faceted blending-by-blending nanogels 12

pNSspH-HBx Melanoma Live attenuated

Salmonella

77

BMCH-AH1-A5 CRC Chitosan-sodium alginate microcapsules 43

E-Vac/L-Vac CRC Liposomes or water/oil/water double emulsions 50

Lm-NP CRC/Renal carcinomas Recombinant Listeria monocytogenes 78

Bac L-Vac/Bac E-Vac CRC Bacteria biohybrid-based vaccine delivery systems 79

NZ-SPK1-L-68V-DT/NZ-

SPKM19-L-68V-DT/NZ-

SPK1-L-WT/

NZSPKM19-L-WT

CRC Lactococcus lactis 10

Longum 420 Oral cancer Recombinant Bifidobacterium 80

Vaccine + Cy + GM-CSF Prostate cancer Microparticles 81

WCL prostate cancer vaccine Prostate cancer HPMCAS and Eudragit FS 30D in a ratio of 1:1:1 as

delivery system

82

— Ovarian cancer HPMCAS and Eudragit® FS 30D were dissolved in an

alkaline solution as delivery system

38

Oral vaccine microparticles Breast cancer Delivery systems were prepared by spray drying an

aqueous suspension containing EC, trehalose,

HPMCAS, and AAL.

83

mEndoglin Breast cancer Double attenuated

Salmonella typhimurium

11

A.C.NPs-legumain Breast cancer Alginic acid-coated chitosan NPs (A.C.NPs) 84

pUb-Fra-1 pIL-18 Breast cancer Attenuated Salmonella typhimurium 85

AAV6-neu Breast cancer Adeno-associated virus vectors 86

T07 Oral vaccine Breast cancer Delivery system was prepared by ß-cyclodextrin, ethyl

cellulose, trehalose, HPMCAS, and targeting agent

AAL

38

Longum 420 Renal cell carcinoma Bifidobacterium 87

— Gastric cancer Attenuated Salmonella typhimurium 88

Δpml2pGK20 Fibrosarcoma Attenuated Listeria monocytogenes

Δmpl2 mutant

89

SL7207 pCMVß Fibrosarcoma Salmonella typhimurium 90

— Fibrosarcoma Salmonella type III secretion system 91

SB824 (pHR241) Fibrosarcoma Salmonella type III secretion system 13

‒, not applicable.
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approximately twice more than that in the negative control group.

Notably, OCy significantly inhibited tumor growth in tumor-

bearing mice, with a survival rate of 60%—70% for these mice,

markedly higher than other treatment groups. This innovative

approach underscores the potential of OCy in treating breast

cancer. It highlights the profound impact of strategically

combining immune modulators with vaccine platforms to combat

cancer more effectively.

In normal tissues, the formation of new blood vessels, or

angiogenesis, is tightly regulated. However, this process can

become dysregulated within tumors, leading to continuous

angiogenesis that supplies tumors with oxygen and nutri-

ents116,117. Lee and colleagues11 devised a DNA vaccine targeting

the endoglin gene to combat breast cancer. Endoglin is highly

expressed in tumor vasculature, a critical regulator of tumor

angiogenesis. Consequently, they employed attenuated Salmonella

to deliver DNA plasmids encoding the endoglin gene, evaluating

the vaccine’s efficacy (mEndoglin) through oral immunization.

The study revealed that the mEndoglin vaccine significantly

activated DCs and CD8+ T cells, effectively initiating the cellular

immune response. Compared to other control groups with a sur-

vival time of 27 days, the mEndoglin vaccine effectively extended

the survival of mice with pulmonary metastases to 50 days. The

lung weight of mice in the mEndoglin vaccine group was about

200 mg, half of that detected in the control group. They further

found that the tumor vascular growth of mice receiving oral

administration of the mEndoglin vaccine was effectively inhibited,

approximately 2/5 that of the empty vector group.

The adeno-associated virus (AAV), a member of the parvo-

viridae family, can infect a diverse range of human and nonhuman

cells without being linked to any known diseases. This favorable

safety profile positions AAV as a compelling vector for therapeutic

gene transfer studies118,119. The neuroepithelial cell transforming

gene 1 (NEU) encodes a receptor for neurotrophic growth factors

and plays a crucial role in cell signaling and proliferation. Mu-

tations or abnormal expression of the NEU gene are associated

with the onset and progression of various tumors, particularly

breast cancer. Functional abnormalities in the NEU gene can lead

to excessive cell proliferation and transformation into malignant

tumor cells. Hence, the NEU gene is a significant target in cancer

research and a potential target for developing anti-tumor thera-

peutic methods120,121. Steel and his co-workers86 developed an

AAV vector carrying the NEU gene for breast cancer treatment.

They evaluated the anti-tumor effect of the AAV-neu vaccine

through both oral administration and intramuscular injection. The

findings revealed that mice orally immunized with AAV 5-neu or

AAV 6-neu achieved a significant survival advantage compared to

those treated with phosphate-buffered saline (PBS). Moreover, the

mouse survival rate was correlated with oral vaccine dosages. In

tumor cell challenge experiments, all mice immunized with 1012

viral genome (VG) of AAV 6-neu, and 80% of those immunized

with 1012 VG of AAV 5-neu survived beyond 100 days. In

contrast, the survival rates for mice vaccinated with 1011 VG of

AAV 6-neu and AAV 5-neu were only 50% and 10%, respectively.

Subsequently, they reached the cytotoxic capabilities of sple-

nocytes from mice intramuscularly and orally immunized with

AAV 5-neu and AAV 6-neu against tumor cells. The results

indicated that mice orally immunized with AAV 6-neu generated a

more potent CTL immune response than the intramuscularly

injected AAV 5-neu immunized groups. Similar outcomes were

observed in the detection of the splenic secretion of IFN-γ. To

assess the long-term protective effects of the AAV-neu vaccine,

the researchers re-challenged the surviving mice with tumor cells

120 days post-immunization. It was found that 60% of the mice

orally vaccinated with AAV 5-neu survived up to 300 days post-

rechallenge, while all mice in the AAV 6-neu group survived up

to this time point. When the remaining surviving mice in the AAV

6-neu group were re-challenged with tumor cells after 320 days,

80% survived up to 420 days. The oral vaccine using AAV as a

vector demonstrated exceptional performance in combating breast

cancer, providing valuable insights for subsequent tumor vaccine

research86.

6.1.3. Oral vaccination strategies against melanoma

Metastatic melanoma stands as a critical global public health

issue, characterized by a dismal survival rate122,123. The oral

tumor vaccine is garnering attention for its promise to enhance

treatment outcomes against metastatic melanoma, offering a

beacon of hope in the battle against this aggressive disease12,75-

77,124.

Bacterial outer membrane vesicles (OMVs) are inherently

nanoscale spherical entities (50—400 nm) originating from the

outer membrane of Gram-negative bacteria. Modifiable to express

designated antigens, OMVs are employed in vaccine development

as adjuvants, antigen carriers, and delivery platforms. The utility

of OMVs in vaccine platforms is attributed to their natural

immunostimulatory characteristics through the activation of both

innate and adaptive immune responses125,126. Additionally, their

nanometric dimensions facilitate their internalization and pro-

cessing by immune cells127. Yue et al.2 constructed an engineered

bacterial oral vaccine (ClyA-OVA-mFc-OMVs) for melanoma

treatment. This innovative vaccine seamlessly incorporates the

expression of bacterial toxin (ClyA), a specific antigen, and the Fc

fragment of mouse IgG within the C terminus of the surface

protein (mFc). The genetically modified bacteria secrete ClyA-

OVA-mFc into the intestine via the OMVs (Fig. 4A). The

in vivo study found that ClyA-OVA-mFc-OMVs markedly

augmented the population of antigen-specific T cells within the

spleens (Fig. 4B) compared with other control groups, and

enhanced the capacity of T lymphocytes to kill tumor cells

(Fig. 4C). In lung metastasis assays, ClyA-OVA-mFc-OMVs

significantly fostered the populations of IFN-γ+CD8+ T cells

and facilitated the elimination of tumor in the pulmonary tissues.

ClyA-OVA-OMVs led to a substantial reduction in tumor metas-

tasis to the lungs and achieved an inhibition rate of approximately

60% compared to the control. More importantly, ClyA-OVA-mFc-

OMVs virtually eliminated lung metastatic tumors (Fig. 4D and

E). Furthermore, pre-immunization with ClyA-OVA-mFc-OMVs

elicited a heightened response of memory T cells against tumor

cells (Fig. 4F). This investigation unequivocally establishes ClyA-

Ag-mFc-OMVs as a groundbreaking oral tumor vaccine, propel-

ling this field with an innovative paradigm.

Glycoprotein 100 (gp100) is an antigen present on the surface

of melanoma cells, playing an essential role in mediating intra-

cellular transport and regulating melanosome biogenesis. It has

been commonly used in developing vaccines targeting melanoma,

harnessing its potential to trigger a robust immune response

against melanoma cells128. In a study by Qiu and co-workers12, a

DNA plasmid expressing the gp100 gene, known as Tat-gp100,

was developed for oral immunotherapy against melanoma. They

employed a novel “mix—mix” approach to create a multidimen-

sional alginate nanogel for oral delivery of Tat-gp100, termed Alg-

Tat-gp100. In vitro results demonstrated that compared with the

negative control group, the Alg-Tat-gp100 vaccine significantly

Oral vaccines for cancers and infectious diseases 3935



enhanced the expression of co-stimulatory molecules (e.g., CD80,

CD86, and MHC-II) on the surface of bone marrow-derived DCs

(BMDCs), indicating the vaccine’s efficacy in promoting DC

maturation. In vivo studies further revealed that this Alg-Tat-

gp100 vaccine effectively stimulated the proliferation and differ-

entiation of spleen-associated T lymphocytes. The proportion of

CD3+CD4+ T cells in the Alg-Tat-gp100 group was 31.0 ± 3.4%,

higher than 27.7 ± 1.4% observed in the Tat-gp100 group.

Moreover, the activation efficiency of CD3+CD8+ T cells was

notably elevated. In a murine tumor challenge experiment, the

Alg-Tat-gp100 vaccine significantly delayed tumor growth in

tumor-bearing mice. The findings from these experiments indicate

that employing gp100 as a tumor antigen holds considerable

potential and serves as a valuable reference in the therapeutic

approach to melanoma.

Melanoma antigen (MAGE) is a typical tumor-specific antigen

(TSA) expressed in most tumors129. Heat shock protein (HSP) is a

molecular chaperone, which plays a crucial role in the processing

and expression of tumor antigens130. Staphylococcal enterotoxin

A (SEA), a traditional superantigen model, can stimulate a strong

CD4+ and CD8+ T cell pool131. Long and colleagues76 developed

an oral anti-melanoma vaccine by encapsulating the MAGE1-

HSP70/SEA (MHS) antigen within a nanoemulsion (NE). To

address the challenges of stability and bioactivity associated with

oral tumor vaccines, they coated the NE surface with tomato lectin

(TL), resulting in TL-NE (MHS). Mice orally immunized with

Figure 4 (A) Engineered E. coli was produced by transformation with a plasmid encoding ClyA (a surface protein on OMVs) fused with a tumor

antigen and Fc fragment of mouse IgG (ClyA-Ag-mFc). An Ara-inducible promoter (araBAD) was introduced to control the expression of fusion

protein. After oral administration of engineered E. coli and expression inducer (Ara), OMVs containing tumor antigens (OMV-Ag-mFcs) were

produced in the intestine. Due to the inherent characteristics of OMVs, OMV-Ag-mFcs efficiently penetrated through the intestinal epithelial barrier,

where they were internalized by DCs in the lamina propria through the interaction between mFc and FcRn. The presence of pathogen-associated

molecular patterns (PAMPs) in the OMVs induced the rapid maturation of DCs, their migration to the lymph nodes, and the subsequent completion of

tumor antigen presentation. This process resulted in the expansion of antigen-specific CTLs and memory T cells. TCR, T-cell receptor. (B) On

Day 12, following three vaccinations, splenocytes were harvested and subjected to re-challenge with OVA peptides. Flow cytometry was employed to

analyze the proportions of OVA tetramer-positive cells within the CD3+CD8+ population (n � 4). (C) The cytotoxic effect of splenocytes against

B16-OVA cells (with OVA antigen). (D) Quantitative analysis of lung metastasis (n � 5). (E) The lungs were collected on Day 65. (F) The proportions

of central memory T cells (CD3+CD8+CD44+CD62L+). Reprinted with the permission from Ref. 2. Copyright © 2022 Springer Nature.
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TL-NE (MHS) exhibited a significant induction of IFN-γ pro-

duction, approximately five times higher than the NE-immunized

mice. The typical antibodies produced by mice immunized with

TL-NE (MHS) were about four times higher than those of the NE

group. Thereafter, the researchers evaluated the impact of TL-NE

(MHS) vaccination on the survival of tumor-bearing mice via the

intramuscular injection and oral route. It was noted that intra-

muscular injection of TL-NE (MHS) extended the average sur-

vival duration of tumor-bearing mice to 34 days, while oral

vaccination with TL-NE (MHS) extended it to 62.6 days. The

preventive effect of the TL-NE (MHS) vaccination against B16-

MAGE-1 tumor metastasis was also evaluated. The findings

indicated that oral immunization with TL-NE (MHS) effectively

inhibited the metastasis of 16-MAGE-1 tumors, with the number

of transfer tumors being 5.3 ± 1.6, significantly lower than

12.7 ± 2.4 in the oral NE group and 8.7 ± 3.1 in the intramuscular

TL-NE (MHS) group. Undoubtedly, the approach of oral immu-

nization utilizing a variety of tumor antigens has proven to be

effective in treating melanoma, offering valuable insights for

advancing future melanoma therapeutic platforms.

The Type III secretion system (T3SS) is a protein delivery

system found in certain Gram-negative bacteria capable of trans-

porting bacterial effector proteins directly into host cells. This

mechanism is typically used in the pathogenic process of bacteria,

aiding them in establishing infections within the host body.

Several studies have employed T3SS-based vectors for anti-tumor

immunotherapy. By delivering antigens to immune cells through

T3SS, a strong immune response against tumors is activated132,133.

Wang et al.77 explored strategies to enhance the immunogenicity

of tumor antigens and develop more effective tumor vaccines.

They chose the hepatitis B virus x gene (HBx), expressed on

melanoma cells, as the target antigen, which was introduced into

Salmonella using two approaches based on the T3SS system. The

first approach involved cloning HBx into a eukaryotic plasmid

(PCDB), and the second approach entailed the fusion of HBx with

Salmonella-secreted protein H2 (SspH2). Mice were orally

vaccinated with these two vaccine strains, and their immune re-

sponses against melanoma were evaluated.

Initially, the secreted levels of lactate dehydrogenase (LDH)

from spleen cells of mice orally immunized with the PCDB-HBX

vaccine and pNSspH-HBx vaccine were measured to evaluate the

vaccine’s capability to induce a CTL immune response. The ob-

tained results revealed that mice with oral vaccination of the

PCDB-HBX vaccine produced a more considerable amount of

LDH than that of the pNSspH-HBx vaccine at the same dilution

ratio, indicating a robust induced CTL immune response from the

PCDB-HBX vaccine. The LDH results were verified by the levels

of IFN-γ secreted by spleen lymphocytes, confirming the superior

CTL immune response induced by the PCDB-HBX vaccine.

Regarding the tangible outcomes of tumor suppression, the per-

formance of the two vaccine strategies exhibited no notable

disparity. This suggests that while the PCDB-HBx approach ap-

pears more potent from a cellular immunological standpoint, both

methodologies equally manifest their efficacy in curbing tumor

growth.

6.1.4. Oral vaccination strategies against fibrosarcoma

Fibrosarcoma is a non-rhabdomyosarcoma soft tissue sarcoma,

with an incidence of about 5 per million in children under one year

of age134. Characterized by aggressive local invasion, it generally

presents a favorable overall prognosis. A significant 80% of

fibrosarcoma occurs within the first two years of life, leading

many studies to refer to fibrosarcoma in children aged 2 to 3 as

infantile fibrosarcoma135,136. The potential of orally administered

tumor vaccines for preventing and treating fibrosarcoma is sub-

stantial, offering a promising avenue for enhancing patient

outcomes13,90,91,137.

ß-Galactosidase (ß-gal) has a relatively large molecular weight

and multiple epitopes, which is recognized by the body as an

exogenous protein, effectively stimulating an immune response.

Thus, it has been frequently used in developing vaccine anti-

gens138. Medina and colleagues137 employed recombinant DNA

technology to construct a ß-gal plasmid and utilized Salmonella as

a delivery carrier to prepare oral vaccines, SL7207 [pAH97] and

SL7207 [pLS1000]. Subsequently, they assessed the anti-

fibrosarcoma immunological effects of these oral vaccines. It

was detected that mice orally immunized with SL7207 [pAH97]

and SL7207 [pLS1000] produced anti-ß-gal specific IgG anti-

bodies approximately 6 and 8 times higher than the control group,

and these immunized mice had a level of anti-ß-gal specific IgM

antibodies 2-fold higher than the control mice. Specific lysis as-

says revealed that both oral vaccines could induce splenic lym-

phocytes to specifically lyse tumor cells, with SL7207 [pLS1000]

showing a slightly superior effect to SL7207 [pAH97]. Further

tumor cell challenge results indicated that 54% and 85% of mice

immunized with SL7207 [pAH97] and SL7207 [pLS1000]

remained tumor-free post—challenge, compared to only 20% in

the control group. Importantly, tumor formation in the vaccinated

mice was significantly inhibited compared to the control group.

The outcomes of this trial suggest that ß-gal represents a TAA

with significant therapeutic potential in oncology.

Effector CD8+ T cells are significant in anti-tumor immu-

nity139. Roider et al.13 explored the application of Salmonella-

induced effector CD8+ T cells as an intervention for treating

invasive fibrosarcoma. To this end, they engineered Salmonella to

express p60 and employed it as a TAA for therapeutic immuni-

zation. Experimental findings showed that this approach induced a

substantial population of p60-specific CD8+ T cells, representing

approximately 26.4%. To elucidate the relationship between p60-

specific CD8+ T cells and tumor regression, they analyzed the

distribution of these cells in the blood and tumor tissues using co-

staining with CD62L and CD127. It was observed that the fre-

quency of p60-specific effector and memory CD8+ T cells in both

blood and fibrosarcoma tissues correlated positively with the dy-

namics of tumor regression. The therapeutic efficacy of this

approach was evident, with 71%—80% of intravenously immu-

nized mice and 50%—52% of orally immunized mice exhibiting

complete tumor regression by Day 14, underscoring the effective

treatment of invasive fibrosarcoma.

Researchers, including Paglia and colleagues89, evaluated the

anti-tumor effect of an oral vaccine utilizing an attenuated Listeria

monocytogenes (ΔmpM mutant) as a carrier against murine

fibrosarcoma. They transfected plasmids encoding the TAA (ß-

gal) or its immunodominant CTL epitopes into Listeria mono-

cytogenes strains for anti-fibrosarcoma therapy. The findings

revealed that mice exhibited significant immune protection against

tumor challenges after oral vaccination. Specifically, 55%—64%

of the vaccinated mice showed no tumor growth post—challenge.

When the tumor antigen was switched from ß-gal to CTL domi-

nant epitope, the immune protection rate against tumor challenge

was 43%. Compared to the non-vaccinated control group, the

tumor volume in vaccinated mice was notably reduced.
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Furthermore, the researchers identified that post-vaccination, mice

generated specific antibodies capable of recognizing ß-gal epitope

and produced CTLs that killed tumor cells expressing ß-gal.

Additionally, the vaccinated mice manifested a long-term memory

immune response, offering adequate protection against the injec-

ted tumor cells and achieving desirable treatment outcomes

against invasive fibrosarcoma.

6.1.5. Oral vaccination strategies against other cancers

Liver cancer is a malignant tumor that severely impacts global

public health, and it is characterized by an exceptionally high

mortality rate140. Due to its subtle early symptoms, many patients

are already in the advanced stages by the time of diagnosis,

leading to increased treatment complexity and a poor prog-

nosis141. Saccharomyces-glucan, a type of ß-1,3-D-glucan derived

from the fungal cell wall, exhibits stability against strong gastric

acid and digestive enzymes. This compound explicitly targets

C-type lectin domain family 7 member A (dectin-1) receptors,

abundantly present on the surface of intestinal M cells, macro-

phages, and DCs. This interaction initiates a cascade of immune

responses, which are mediated by TLRs on immunocytes, stimu-

lating innate and adaptive immune defenses142,143.

Mao and colleagues51 designed a yeast-glucan-based nano-

vaccine (Len/OVA/yMSN) for liver cancer treatment via the oral

route and targeting the lymph and tumor sites (Fig. 5A). The re-

sults indicated that Len/OVA/yMSNs could be specifically

recognized and internalized by M cells (Fig. 5B), subsequently

being presented by macrophages and DCs. Moreover, Len/OVA/

yMSNs promoted macrophage migration and induced the polari-

zation of M1-type macrophages in the tumor microenvironment

(Fig. 5C and D), thereby enhancing the anti-tumor immune effect.

Compared to the control group, Len/OVA/yMSNs significantly

inhibited tumor growth with an inhibition rate of 89.5% and

suppressed tumor re-challenge by inducing specific anti-tumor

immune memory. Further studies suggested that Len/OVA/

yMSNs increased the infiltration of CD8+ T cells by 39.1%,

which was 4.9 times more than those in the negative control group

(Fig. 5E). Overall, this study provides a new strategy for oral

tumor vaccines, showcasing the potential anti-tumor effects of this

vaccine based on yeast-glucan and its ability to induce long-term

immune responses.

Gastric cancer stands as a predominant malignancy that

severely undermines global public health, which is marked by an

alarmingly high mortality rate. The insidious onset, character-

ized by inconspicuous early symptoms, often leads to a late-

stage diagnosis144,145. The MG7 antigen (MG7-Ag) is highly

overexpressed on the surface of gastric tumor cells, and it has

been recognized as a crucial biomarker for the early detection

and treatment of gastric cancer. This antigen, associated with

gastric cancer, is identified as an exogenous protein by the body,

capable of effectively stimulating specific immune responses146.

Recently, researchers developed an oral MG7-Ag-encoding

DNA vaccine to combat gastric cancer. Initially, they designed

PCR primers containing MG7-Ag mimic epitopes and universal

auxiliary T cell epitopes. Through PCR amplification, a fusion

gene of these two epitopes was obtained. This fusion gene was

cloned into the pcDNA3 plasmid and transfected into the

attenuated Salmonella strain SL3261, and mice were orally

immunized with this transfected strain. The experimental results

revealed a significant increase, about 2.8 times compared to the

control group, in the MG7-Ag antibody titer in the serum of the

vaccinated mice. However, no statistical difference was observed

among the three groups in the in vitro splenocyte proliferation

experiment. Within 14 days after the tumor cell challenge,

approximately 28% of mice in the MG7-Ag-vaccinated group

did not develop tumors, while all mice in the control group did88.

These results demonstrate that applying MG7-Ag as an antigen

in oral immunotherapy for gastric cancer yields specific thera-

peutic efficacies, yet it necessitates ongoing enhancements for

optimal effectiveness.

Lymphoma, a malignant tumor in the lymphatic system,

including lymph nodes, spleens, and other immune tissues, is

categorized mainly into Hodgkin’s and non-Hodgkin’s lym-

phoma147,148. This malignancy not only poses a severe threat to

the physiological health of patients but also impacts their psy-

chological well-being and quality of life, bringing substantial

economic and emotional burdens to the patients and their families.

The pervasive and detrimental effects of lymphoma underscore the

urgency for advanced research and innovative therapeutic strate-

gies to alleviate the multifaceted challenges faced by lymphoma

patients149.

Cell membrane-derived biomimetic platforms have ushered in

a new era in the design of cancer vaccines, offering targeted de-

livery, antigen presentation, precise recognition, and immune

stimulation150. A diverse array of membrane vesicles, including

those from immune cells, blood cells, bacteria, and cancer cells,

have been harnessed to develop innovative vaccine designs151.

Through oral administration, Liu and his team72 sought to elicit a

robust anti-lymphoma immune response. In their innovative

approach, they engineered nanovesicles, designated RGD-

modified polymersomes (RGD-PEOPs), that paralleled bacterial

membrane structural and functional attributes. These nanovesicles

encapsulated the model antigen OVA, forming a vaccine formu-

lation (OVA/RGD-PEOP) to evaluate its anti-tumor efficacy. The

experimental findings demonstrated that OVA/RGD-PEOPs

induced a robust antibody-mediated immune response. On Day

28 following oral administration, the IgG1 titers against OVA/

RGD-PEOPs were 5.8 and 1.8 times higher compared to the

groups treated with OVAs and OVA/PEOPs, respectively; simi-

larly, the IgG2a titers were 6.0 and 2.2 times higher in compari-

son. Moreover, OVA/RGD-PEOPs effectively increased the

amounts of CD3+CD8+ T cells within the spleens and tumor sites.

The infiltration percentage of CD3+CD8+ T cells in the tumor

tissues reached 20 ± 7%, which was double that of the control

group (10 ± 1%). Additionally, the IFN-γ and IL-4 levels of the

OVA/RGD-PEOP group were 2.0 and 2.3 times higher than those

in the control group, respectively. Tumor growth in mice treated

with OVA/RGD-PEOPs was significantly inhibited, corroborating

the above results.

Drawing on their understanding of gut microenvironment and

tumor immunology, scientists have successfully developed oral

vaccines for treating various cancers in preclinical studies through

the application of gene engineering and nanomedicine technolo-

gies. These studies have laid a solid research foundation for

subsequent researchers to overcome the clinical challenges asso-

ciated with oral tumor vaccines.

6.2. Prevention of infectious diseases

In today’s globalized world, infectious diseases can rapidly cross

national borders. An epidemic in one country can quickly escalate

into a global crisis, as evidenced by the 2009 H1N1 influenza
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pandemic and the 2020 COVID-19 pandemic152,153. Understand-

ing the research advancements in oral vaccines for preventing

infectious diseases is essential in combating the infringement of

contagious diseases in human society. The current preclinical,

clinical, and market results of oral anti-infective vaccinations are

summarized in Tables 1 and 5154− 176.

6.2.1. Oral vaccination strategies against infectious viruses

Viral infection has wreaked havoc globally, leading to significant

mortality and morbidity and imposing a heavy burden on public

health systems and the global economy177,178. From historical

smallpox to the modern COVID-19 pandemic, viral infectious

diseases continuously threaten human well-being, causing

Figure 5 (A) Schematic illustration of the construction and therapeutic outcomes of Len/OVA/yMSN. (B) Diagrammatic representation

depicting the establishment of the M-cell model and co-localization. (C) Relative quantification of the ratio of M1-type and M2-type macrophages

induced by yMSN, secretion levels of cytokines (NO, IL-12, and TNF-α), and the cell-killing rate of macrophages carrying Len/OVA/yMSN to

Hepa1-6 tumor cells (n � 3) (1. Saline; 2. MSN; 3. Len/OVA/MSN; 4. Len/OVA/yMSN). (D) Schematic depiction illustrating the innate immune

responses triggered in macrophages by yMSN. (E) Immunofluorescence images of the tumors showing the polarization of the infiltration of OVA-

specific CD8+ T cells (1. saline; 2. Len; 3. Len/yMSN; 4. Len/OVA/MSN; 5. Len/OVA/yMSN; 6. OVA/yMSN; 7. Len/yMSN ± OVA/yMSN).

Reprinted with the permission from Ref. 51. Copyright © 2022 Elsevier Ltd.
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extensive social and economic issues, including strained health-

care resources, economic activity disruption, and global supply

chain breakdowns179. This highlights the urgent need for more

robust public health measures and accelerated vaccine research

and development180. Indeed, oral vaccines against infectious dis-

eases have garnered notable interest in the scientific community

owing to their distinct benefits.

Influenza viruses pose a global threat to human health, leading

to unpredictable yet recurrent pandemics. This virus has been

responsible for four significant pandemics over the past cen-

tury181,182. Inspired by the lipid-specific absorption pathway, Lu

and his team169 fabricated a biomimetic intestinal lymphatic de-

livery system based on large-pore mesoporous silica NPs (LMSN),

whose surface was further functionalized with dioleoyl phospha-

tidylethanolamine (PEG-DP) (Fig. 6A). The resultant

TGLMSN@PEG-DPs possessed strong mucosal permeability and

lymphatic tissue-targeting capabilities. Their transport levels in

the duodenum, jejunum, and ileum were 4.7, 3.9, and 4.5 times

higher than those of TGLMSNs, respectively. Four hours post-

administration, the lymphatic tissue-targeting ability of

TGLMSN@PEG-DPs was evidenced by the apparent fluorescence

signals in the MLNs (Fig. 6B). Moreover, compared to other

control groups, TGLMSN@PEG-DPs significantly promoted the

expression levels of CD40, CD80, CD86, MHC, and other mol-

ecules in BMDCs, suggesting their potential as a vaccine adjuvant

to activate immune cells (Fig. 6C). Oral administration of

TGLMSN@PEG-DPs carrying influenza antigen elicited strong

specific mucosal IgA responses in the intestine, nasal cavity, lung,

and vagina, and high hemagglutination inhibition (HI) antibody

titers were also detected in the blood (Fig. 6D). This biomimetic

delivery system undoubtedly provides a new insight into oral anti-

influenza vaccines.

Inspired by the challenges of oral antigens being easily

degraded in the GIT and not efficiently taken up by M cells,

Shastri and colleagues183 developed an oral influenza vaccine

based on enteric-coated microparticles (MP F1 and MP F2). They

detected that the levels of serum IgG antibody produced by a low

dose of MP F1 (5 μg antigen) were comparable to those of MP F2

(5 μg antigen). However, the immunological response was

significantly amplified with a higher dose of MP F2 (20 μg anti-

gen), producing IgG antibody levels approximately twice of that

of MP F1 (20 μg antigen). Moreover, influenza virus challenge

tests revealed that both MP F formulations offered protection

against homologous and heterologous influenza viruses, with

protection rates of 50% for MP F1 and 80% for MP F2. These

results indicate that a reasonable antigen dose and adjuvant design

will benefit the development of oral influenza vaccines.

Hepatitis viruses represent a significant contributor to the

global health dilemma, with hepatitis B virus (HBV) and hepatitis

C virus (HCV) being particularly noteworthy culprits. An esti-

mated 296 million individuals globally are afflicted with chronic

HBV, while around 170 million are chronically infected with

Table 5 Examples of oral ant-infectious vaccines.

Vaccine name Infectious disease model Oral delivery system Ref.

CaP-Chi-Alg@OVA — Chitosan- and alginate-coated CaP NPs 154

OVA@Al-MOFs/YCs — A biomimetically mineralized aluminum-

based metal—organic framework (Al-MOF)

system

155

FS30D/PLGA/ProtAg + TLRL — PLGA NPs were coated with methacrylate-

based polymer Eudragit FS30D21

156

GP-OVA — ß-glucan particles (GP) 157

OVA + MPLA + PLGA NPs — Monophosphoryl lipid A (MPLA) were

incorporated in polymeric NPs based on

PLGA

158

NTD + RBD + S2 SARS-CoV-2 Salmonella type III secretion system 159

Pjwnl432 in VLP HIV Virus-like particles 160

SHO4/SHO8 Edwardsiellosis Starch hydrogel 161

— Haemorrhagic septicemia virus/

Streptococcus parauberis

Chitosan-PLGA 162

pPG612-T7g10-VP2/LP Infectious bursal disease virus Lactobacillus plantarum strains 163

rLpPG-2-FaeG ETEC rLpPG-2-LTAK63-co-LTB or rLpPG-2-

LTAK63-fu-LTB

164

EDIII-1-4 Dengue virus Lettuce chloroplasts 165

CS/p146 NPs Hepatitis E virus Chitosan NPs 166

Lettuce-E1E2 Hepatitis C virus Lettuce 167

GRA4 Toxoplasma Tobacco plants 168

SV/TGLMSN Influenza virus MSNs 169

Eno1P Candidiasis Saccharomyces cerevisiae cells 170

Lp-pPG-Malt Aeromonas hydrophila Recombinant Lactobacillus plantarum 171

EBY100/pYD1 H. pylori Saccharomyces cerevisiae 172

Mix-Ag + adjuvants H. pylori HP55/PLGA 173

GP5 Porcine reproductive and respiratory

syndrome virus

Transgenic banana 174

BmpB-CKS9-WSC-PLGA MPs Brachyspira hyodysenteriae Porous PLGA microparticles coated with M

cell homing peptide-coupled chitosan

175

OV Mycoplasma hyopneumoniae Nanostructured mesoporous silica (SBA-15) 176

‒, not applicable.
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HCV184-186. Kong and colleagues187 explored the feasibility of

oral immunization using transgenic plants expressing hepatitis B

surface antigen (HBsAg). Initially, they prepared recombinant

HBsAg using a yeast expression system, and the obtained antigen

was orally administered to mice in combination with mucosal

adjuvant (cholera toxin, CT), delivered once a week for two

consecutive weeks. A control mouse group received a combination

of PBS and CT. Six weeks post-administration, mice were given a

vaccination of yeast-derived HBsAg as a booster immunization.

The results revealed that mice receiving oral HBsAg presented an

immediate secondary antibody response, with a response peak of

175 mIU/mL, while no HBsAg-specific antibody was detected in

the control group. This study demonstrates that oral administration

of HBsAg expressed in transgenic potatoes causes a lasting im-

mune memory response in mice. Upon receiving the yeast-derived

HBsAg vaccine, only the mice with oral administration of HBsAg

transgenic potatoes exhibited a strong secondary antibody

response. This suggested that the immune response elicited by the

oral vaccine is an authentic immunological memory response

rather than just a primary response caused by the injected HBsAg.

Figure 6 Schematic illustration of the construction procedure of the influenza split vaccine bionic delivery platform (SV/TGLMSN@PEG-DP).

(B) Fluorescent microscopy images of NPs in the MLN tissue sections after oral administration for 4 h. Scale bars, 100 μm. Si element contents in

MLNs after oral administration of LMSNs and TGLMSN@PEG-DPs at different time points (n � 3). (C) Flow cytometric examination for the

expression levels of BMDC maturation markers (CD40, CD80, CD86, and MHC II). (D) Specific mucosal IgA levels in nasal wash, lung wash,

and vaginal wash. Serum HI titers were detected by HI assay using 4 hemagglutinating units of the HINI influenza virus strain. Reprinted with the

permission from Ref. 169. Copyright © 2023 Elsevier Ltd.
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Thus, the study underscored that oral plant-derived HBsAg could

induce an immune response in mice and generate a sustained

immune memory response.

Clarke and colleagues167 developed another innovative

approach using Agrobacterium-mediated transient expression

technology to produce hepatitis C virus dimeric antigens (HCV

E1E2 and HCV E1E2ΔN6) in an edible form of lettuce. The

immunogenicity of HCV E1E2 and HCV E1E2ΔN6 was subse-

quently assessed. Mice orally vaccinated with HCV E1E2 and

HCV E1E2ΔN6 heterodimers generated low HCV IgM anti-

bodies, with no detectable HCV IgG antibodies. Interestingly,

HCV IgA antibodies were identified in the feces of mice orally

vaccinated with HCV E1E2ΔN6 heterodimers. On the contrary,

mice inoculated with HCV E1E2 and HCV E1E2ΔN6 hetero-

dimers by intramuscular injection produced a strong antibody

immune response. Drawing upon the elucidated data, the dimer

exhibited pronounced immunogenicity, evoking a robust immune

response via the intramuscular injection. Nevertheless, the lettuce

antigen demonstrated susceptibility to the rigorous conditions of

the gastrointestinal milieu, culminating in its degradation and,

consequently, the thwarting of the anticipated oral vaccine-

mediated immune responses61.

Since the declaration of COVID-19 as a global pandemic by

the World Health Organization on March 11, 2020, the virus has

infected over 300 million individuals worldwide and has been

responsible for millions of deaths. This situation has posed a

significant threat to global public health infrastructure. Immuni-

zation remains the most effective strategy for curtailing the

transmission of COVID-19188. Langel et al.189 developed an oral

adenovirus type 5 vector-loaded vaccine expressing the SARS-

CoV-2 spike protein (Oral r-Ad-S). They demonstrated that

administrating this vaccine via oral or intranasal routes (IN r-Ad-

S) in hamsters induced high titers of IgG and IgA. Upon chal-

lenging these vaccinated hamsters with SARS-CoV-2, a significant

reduction in viral RNA and viral load was observed in the nasal

and lung tissues of the Oral r-Ad-S and IN r-Ad-S groups, in

compared with the oral PBS group. Histopathological examination

of the lungs revealed a marked decrease in pathology in the Oral r-

Ad-S and IN r-Ad-S groups, with lung pathology scores of less

than or equal to 1, in contrast to a score of 4 in the Mock group

and 2 in the IM r-Ad-S group. Subsequently, they established a

model of SARS-CoV-2 infection post-mucosal vaccination using a

relatively high dose of virus and exposed these animals to naive

animals within a containment chamber. It was found that mucosal

vaccination significantly reduced the transmission of SARS-CoV-

2 from the vaccinated hamsters to the unvaccinated hamsters. The

data presented herein suggest that mucosal immunization repre-

sents a viable strategy for mitigating SARS-CoV-2 disease and its

airborne transmission.

6.2.2. Oral vaccination strategies against infectious bacteria

Bacterial infections have contributed significantly to the global

health burden, and their negative impact on human health has

become increasingly pronounced in recent years. Annually, in-

fections result in the death of 13.7 million individuals worldwide,

with 7.7 million of these fatalities associated with 33 specific

bacterial pathogens and 11 infectious syndromes. These deaths

account for 13.6% of the total global mortality and 56.2% of

sepsis-related deaths190. Considering this data and the prevailing

circumstances, bacterial infections pose a grave threat to global

health. This highlights the urgent need for more robust public

health measures and accelerated the development of vaccines to

prevent bacterial infections191-193. Indeed, oral vaccines to prevent

bacterial infection have garnered notable interest in the scientific

community owing to its distinct set of benefits.

H. pylori is a spiral-shaped bacterium that infects over half of

the world’s population. In most hosts, H. pylori infection leads to

asymptomatic chronic gastritis, which is closely associated with

the progression of peptic ulcers and gastric cancer194,195.

Currently, vaccination is considered an economically viable

alternative to control the prevalence of H. pylori196. Cen et al.172

successfully cloned H. pylori’s UreB and VacA genes into plasmid

pYD1 and electroporated them into the brewing yeast EBY100.

They utilized EBY100/pYD1-UreB, EBY100/pYD1-VacA, and

EBY100/pYD1-UreB + EBY100/pYD1-VacA as oral vaccines. It

was found that these vaccines effectively activated the body’s

immune responses, generating specific IgG and IgA antibodies,

with antibody levels increasing over time gradually. In contrast, no

significant antibody levels were observed in the control group.

Thereafter, they conducted a H. pylori challenge test, where mice

receiving oral vaccine showed a substantial reduction in H. pylori

colonization after infection, with the bacterial colonization effi-

ciency being about 1/10 of that in the control group.

Zhang and colleagues197 developed an oral nanovaccine

composed of poly-L-arginine (R12), recombinant Urease B sub-

unit (rUreB), and a hydrophilic PEG derivative (PEGSuc),

designated as R12/rUreB/PEGSuc, and aimed at preventing H.

pylori infection. Animal studies indicated that the R12/rUreB/

PEGSuc nanovaccines significantly elevated the levels of IgG,

IgG1, and IgG2a in mice and enhanced the quantities of splenic

CD8+ T cells producing IFN-γ and CD4+ T cells secreting IL-4,

in compared with the groups receiving the treatment of rUreB

alone or R12/rUreB combination. After that, challenge trials with

H. pylori revealed that the R12/rUreB/PEGSuc vaccine resulted in

a 1.6 log10 reduction in the bacterial load, in contrast to a colo-

nization count of 5.9 log10 in the control group, 5.6 log10 with

rUreB, and 5.1 log10 with R12/rUreB. Furthermore, the inflam-

matory scores of gastric tissues indicated that mice vaccinated

with R12/rUreB/PEGSuc exhibited an average inflammatory score

of 0.2, approximately 1/12 of the control group (average score of

2.5). These observations demonstrate that oral vaccines can pro-

tect mice from H. pylori infection.

Acute infectious diarrhea stands as the second most prevalent

cause of death for children in developing countries, surpassed only

by acute respiratory diseases, which accounts for approximately

20% of all mortalities within this demographic198. Enterotoxigenic

E. coli (ETEC) emerges as one of the primary pathogens

responsible for these acute diarrheal conditions, underscoring the

pressing need to develop a more efficacious vaccine to combat

ETEC infections199. To protect mice from ETEC infection through

oral immunization, Yu and colleagues164 tackled this challenge by

constructing a recombinant Lactobacillus casei vaccine expressing

multivalent enterotoxins. Initially, they divided the mice into four

groups (rLpPG-2, rLpPG-2-FaeG, rLpPG-2-FaeG + rLpPG-2-

LTAK63-fu-LTB, and rLpPG-2-FaeG + rLpPG-2-LTAK63-co-

LTB), and each group receiving these recombinant lactobacillus

vaccines with the same dosage of antigens. Following immuni-

zation, they collected serum, fecal, and mucosal samples, assessed

the levels of FaeG-specific antibodies, and evaluated the extent of

lymphocyte proliferation before subjecting them to an ETEC

challenge test. The findings revealed that compared to the

monovalent vaccine (rLpPG-2-FaeG), multivalent vaccines

(rLpPG-2-FaeG + rLpPG-2-LTAK63-fu-LTB and rLpPG-2-

FaeG + rLpPG-2-LTAK63-co-LTB) were able to induce higher
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levels of FaeG-specific antibodies (IgG and IgA), more effectively

stimulate spleen T lymphocyte proliferation, and provide 100%

protection against ETEC challenge. On the contrary, under the

same condition, the monovalent vaccine (rLpPG-2-FaeG) only

offered an 80% protection rate. This study lays significant theo-

retical and experimental groundwork for developing oral vaccines

to prevent intestinal infections.

In addition to oral vaccines developed to combat the above

mentioned human bacterial threats, academic research has also

delved into oral vaccines targeting other bacterial strains. For

instance, oral vaccines have been explored to counteract bacteria

severely impeding the economic growth of the fisheries and

aquaculture industries, such as Edwardsiella161, Vibrio anguilla-

rum200, Mycoplasma hyopneumoniae176, Aeromonas hydro-

phila171,201, and Aeromonas salmonicida202.

6.2.3. Oral vaccination strategies against other infectious

microorganisms

The parasitic protozoan Toxoplasma gondii causes toxoplasmosis,

which can infect most mammals and birds. In the realm of human

medicine, Toxoplasma gondii leads to complications in pregnant

women and individuals with compromised immune systems.

Similarly, this parasite results in complications in veterinary

medicine in animals with weakened immunity. Given these chal-

lenges, developing an effective vaccine against Toxoplasma gondii

holds significant importance203,204. Del and colleagues168

embarked on a quest to develop an oral vaccine to prevent toxo-

plasmosis. Chloroplast engineering technology was employed to

introduce the Toxoplasma gondii GRA4 antigen gene into tobacco

chloroplasts. Subsequently, the obtained GRA4 vaccine was used

to immunize mice via the oral route, and its immunogenicity and

protective efficacies were assessed. The results suggested that the

oral GRA4 vaccine effectively induced the production of GRA4-

specific antibodies (IgG and IgA), with the highest IgG titer

reaching 1000 and the maximal IgA concentration in the intestinal

lavage fluid being 32.6 ± 2.5 ng/mL. Furthermore, this vaccine

significantly promoted the expression levels of relevant cytokines

in the mice, including IFN-γ, IL-4, and IL-10. Notably, the

number of brain cysts in the vaccinated mice was substantially

lower than in the control and PBS groups, indicating the vaccine’s

effective defense against the Toxoplasma gondii challenge. These

experiments demonstrate that an oral vaccine can elicit toxo-

plasma-specific antibodies and cellular immune responses, pro-

tecting against toxoplasma infection.

Candida is a common fungal, manifesting in various forms

depending on the affected body area. It can cause infections like

oral thrush, vaginal candidiasis, and invasive candidiasis, which

affects the bloodstream or internal organs like the kidney, heart,

and brain205,206. Shibasaki and colleagues170 opted for Candida

albicans’ Eno1p protein as a model antigen, employing cell sur-

face display technology to express Eno1p on the exterior of

Saccharomyces cerevisiae (S. cerevisiae). This technique used

a-agglutinin protein on the surface of S. cerevisiae to anchor the

target antigenic protein, exposing heterologous proteins externally.

The cell surface display method of S. cerevisiae has been widely

applied to express red sea bream iridovirus antigens. Subse-

quently, they investigated the variations of anti-Candida antibody

levels and the survival of mice subjected to lethal doses of

Candida infection by oral administration, intranasal administra-

tion, and subcutaneous injection of the Eno1p yeast vaccine. It

was found that oral and intranasal administration significantly

elevated anti-Eno1p antibody titers (maximum titer of 5.2 × 104)

and prolonged the survival of Candida-infected mice (60% sur-

vival). These results suggest that oral vaccines generated using

yeast molecular display systems are convenient for preventing

infectious diseases. This system offers rapid, convenient advan-

tages, enabling quicker provision of antigenic proteins without

requiring an antigen purification process like that required for E.

coli-produced recombinant proteins.

7. Future directions

Aside from the classical oral vaccines presented in Table 1, most

oral vaccine research remains in the preclinical stage rather than in

clinical trials. The successful development of oral vaccines for

diseases, such as poliovirus and rotavirus, is attributed to their

primary mode of invasion and infection through the GIT. Oral

administration of these vaccines can mimic the natural infection

process of these viruses, more effectively stimulating the intestinal

mucosal immune response and the body’s innate immune

response, resulting in enhanced protection207. Viruses like influ-

enza and COVID-19 primarily infect the host through the respi-

ratory tract, where mucosal immunity plays a crucial role. Given

that the GIT houses the largest number of immune cells in the

body, oral vaccination holds the potential to elicit a strong

mucosal immune response208. Therefore, among the various oral

tumor vaccines, those targeting cancers originating in the gut are

more likely to achieve clinical breakthroughs209.

Developing more effective oral vaccines remains a formidable

challenge, yet their immense potential in combating cancers and in-

fectious diseases continues to captivate scientists2,9,210,211. A multi-

faceted understanding of this approach is imperative to pave the way

for more efficacious oral vaccines. First and foremost, a profound

knowledge of the interaction mechanism between the intestinal

mucosal immune system and vaccines is crucial212. This interaction

encompasses a series of intricate biological processes. Vaccines aim

to induce immune memory and protective immune responses, with

the intestinal mucosal immune system playing a pivotal role in this

endeavor213. Researchers have to delve deeper into the interplay

between the intestinal mucosal immune system and oral vaccines to

design and construct more effective vaccines214.

Developing antigens with multiple epitopes for oral vaccines is

essential. An epitope represents a specific region on an antigen

molecule that can be recognized by the immune system and bind

to antibodies or T-cell receptors. Designing antigens with multiple

epitopes can enhance the potency and breadth of oral vaccines,

which is critical for preventing the immune escape of tumor cells

and frequently mutating viruses, such as influenza virus and

SARS-CoV-2215. It alleviates the immunological resistance that

can manifest with oral vaccines216. Cutting-edge advancements in

antigen prediction platforms and genetic engineering technology

have propelled the development of multi-epitope antigens217,218.

Notably, the strategic development of an antigen delivery platform

tailored for oral vaccines is crucial. An optimal delivery system

should exhibit enhanced mucosal penetration, targeted delivery to

intestinal cells, notably M cells, and a specific affinity towards

APCs. For antigens characterized by suboptimal immunogenicity,

the delivery platform should bolster their immunogenicity,

ameliorate the challenges associated with antigen internalization

and cross-presentation, and promote APC maturation55,219.

Achieving this necessitates a synergistic endeavor between

immunology and pharmaceutics experts.

Currently, the approved adjuvants are only used for injectable

vaccines (e.g., CpG, Freund’s adjuvant, Alum, AS01, AS03,
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AS04, and LNP)220. There is no adjuvant specifically approved for

oral vaccines221. Only DMLT has undergone phase I/II clinical

trials (NCT02531802)222,223, while most other oral adjuvants are

still in the experimental stages. This significantly limits the

widespread application of oral vaccines in cancer treatment and

infectious disease prevention. Therefore, the development of oral

vaccine adjuvants is urgently needed. An ideal oral vaccine

adjuvant should have part or all of the following characteristics. (i)

It can enhance the immunogenicity of antigens and effectively

promote the body’s adaptive immune responses224. (ii) It pos-

sesses carrier properties that facilitate its safe passage through the

GIT. (iii) It is able to effectively target and activate intestinal

APCs, which are typically tolerant and less reactive, making it

challenging to elicit strong mucosal immune responses225. Last

but not least, the development of composite adjuvants combining

biological and non-biological materials is an effective strategy to

enhance the immune efficacy of oral vaccines.

For oral tumor vaccines, the design of personalized vaccines

predicated on an individual’s tumor genomic profile and immu-

nological response patterns is pivotal. Vaccines tailored to incor-

porate patient-specific tumor antigens can significantly augment

the immune system’s capacity to identify and assail tumor cells.

Meanwhile, integrating oral tumor vaccines with bespoke thera-

peutic strategies, including surgical excision, immune checkpoint

inhibitors, and adoptive cellular immunotherapy, may potentiate

the overall therapeutic impact of oral tumor vaccines226,227. In the

end, upon the successful resolution of the predominant challenges

inherent in oral vaccines, the future of vaccine exploitation en-

deavors is anticipated to prioritize oral vaccination strategies,

thereby broadening their application in the prevention of global

pandemics (e.g., influenza, COVID-19, HIV, and hepatitis B) and

the therapeutic management of malignancies (e.g., CRC, gastric

cancer, and breast cancer). Vaccine research and clinical appli-

cation necessitate a collaborative effort involving corporations,

governments, research institutions, and regulatory bodies.

Although the development of oral vaccines presents significant

challenges, it represents a revolutionary field with broad appli-

cation prospects.
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