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Abstract
For decades, vaccines have been a key tool against microbial infections. However, the high cost of 
production and purification renders vaccines largely inaccessible to many developing countries. The 
limitations of conventional vaccines can be overcome by edible vaccines. To produce an oral vaccine, 
favourable vectors, such as plants and probiotics, are used. Recent studies have revealed the 
immunomodulatory effects of probiotics. To improve the efficacy of these vaccines, several adjuvant 
approaches have been employed. Postbiotics can be used as promising therapy for preventing infections 
and enhancing the host immune system due to their unique biochemical and microbial-derived properties. 
In this review, we discuss the feasibility of postbiotics as adjuvants for oral vaccines, highlighting their 
mechanisms of action, safety profile, and potential to enhance both mucosal and systemic immune 
responses.
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Introduction
The immune system protects the body against various infections and stimuli. The immune system monitors 
molecules as they move throughout the body to detect and eliminate harmful compounds and pathogens 
[1]. Infectious diseases claim the lives of about 11 million individuals annually, and 50% of pathogens 
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account for infecting the mucosal membrane [2]. The mucosa of the respiratory, gastrointestinal, and 
urinogenital tracts are the primary entrance points for microbial infections (such as human 
immunodeficiency virus, hepatitis, and influenza). As a result, secretory immunoglobulin A (IgA) generated 
by oral immunization can successfully prevent a wide range of infectious illnesses by creating a defensive 
network [3–5]. In the recent decade, numerous investigations have attempted to develop novel vaccines 
that can target viruses and bacteria at different stages. As a result, it is critical to develop new cost-effective 
vaccines with fewer side effects than those already available. The intestine, considered the longest immune 
organ, is home to 70–80% of the immune cells in the body [6]. Due to stimulation of immune responses via 
the mucosal surface, mucosal delivery is an appropriate technique of vaccination [7]. Hence, the new 
alternative approach of “edible vaccine”, referring to the consumption of plant parts or pro- and post-
biotics, comes into the picture [8]. The concept of “edible vaccine” was introduced by “Charles Arntzen” 
back in 1990 [9]. In the current review, postbiotics are defined primarily as immunomodulatory adjuvants 
rather than antigen-delivery systems or standalone immunogens. Unlike engineered probiotics, which can 
act as vectors or carriers, postbiotics enhance oral vaccine (OV) responses indirectly by improving the gut 
environment and stimulating mucosal immunity. So, the aim of this review is to discuss the evolution of 
vaccines, mechanisms of action of OVs, factors influencing the OV efficacy, various vectors for edible 
vaccines, as well as possible future research and application of postbiotics as the next generation of OVs 
adjuvant.

Evolution of vaccines
Live-attenuated vaccines

These vaccines include a type of the living virus that has been weakened, thus it does not cause severe 
disease in people with healthy immune systems. Attenuated viruses are not able to replicate enough to 
cause illness but can protect people against future infection [10, 11]. These vaccines, as the closest models 
of natural infections, are suitable for training the immune system response against particular viruses. Live 
attenuated vaccines for certain viruses are relatively easily produced. This type of vaccine could become 
virulent for immunocompromised individuals, such as those with cancer or other immune system diseases. 
Live attenuated vaccines commonly have to be protected from light and refrigerated. This makes it hard to 
ship the vaccines overseas, particularly to places with no refrigeration [12].

Inactivated vaccines

Another technique of vaccine manufacturing is the inactivation of the pathogen by chemical treatment or by 
heat. Keeping the epitope structure on the epitope antigen during the inactivation method is critical. 
Chemical inactivation with formaldehyde has been more successful. For instance, formaldehyde 
inactivation is used to produce the Salk polio vaccine. Killed or inactivated pathogens do not replicate; the 
probability of those becoming virulent and causing a disease is zero [13]. Nearly a century ago, researchers 
reduced the toxicity of diphtheria toxin by formalin [14]. Furthermore, Ramon et al. [15] demonstrated the 
possibility of inactivating the toxins while keeping their structure intact. The influenza inactivated vaccine 
was the first vaccine that had been inactivated [16].

Toxoid vaccines

Toxoid vaccines have been sufficiently attenuated and can trigger a humoral immune response. Toxoid 
vaccines don’t give the recipient long-term immunity; therefore, like other kinds of vaccines may need a 
booster to provide ongoing defense against diseases.

Biosynthetic vaccines

Biosynthetic vaccines like the hepatitis B vaccine include man-made substances that are identical to 
fragments of the bacteria or virus. Biosynthetic vaccines induce a strong immune response targeting the 
key part of the bacterial and/or virus. These types of vaccines can safely be administered to 
immunocompromised individuals and those with chronic conditions [17, 18].
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DNA vaccines

The encoded protein in the DNA vaccine is in its native form and has no denaturation or alteration. Thus, 
the immune response is similar to the antigen expressed by the pathogen. There are human trials underway 
with various DNA vaccines, like those for malaria, herpesvirus, and influenza. Currently, there is no human 
vaccine in use for defending against parasites; however, investigators are hopeful for the immunity of DNA 
vaccines against parasitic diseases [19].

Recombinant vaccines

These types of vaccines use attenuated microorganisms as vectors. A gene encoding the main antigen of a 
virulent microorganism can be introduced into an attenuated virus or bacterium. Upon the introduction of 
the modified virus to body, the immunogen is expressed, making an immune response against the 
immunogen that is derived. Human adenoviruses have been recognized as possible carriers for 
recombinant vaccines, mostly against diseases like acquired immune deficiency syndrome [19].

OVs
Comparison of injected and OVs

Injectable vaccines, aqueous products, usually are prone to extreme temperatures, yet the solid-dose 
formats, capsules and/or tablets, are fairly stable with less storage, handling, and transport requirements. 
In addition, the lyophilized form of injectable vaccines shall be reconstituted before use, thus limiting their 
application. Moreover, injectables may expose the recipient to contamination while requiring strict 
containment measures and disposal. Nevertheless, capsules, caplets, and tablets are easily transported. The 
administration of solid-doses of vaccines does not need professional skills, and can be used at home for self-
administration [20]. Oral/edible vaccines offer numerous advantages compared with other vaccines. They 
are cheap, easy to utilize, and have the ability to stimulate local immunity in the intestinal mucosa [21]. 
Long-term follow-up studies have demonstrated that multiple vaccinations are generally safe and capable 
of inducing durable antibody responses over several years. Such real-world evidence supports the 
persistence of immunological memory and highlights the potential for sustained efficacy of OVs [22].

Mechanism of action of OVs

Routes for delivered antigens through the intestine are illustrated in Figure 1. These vaccines can access 
three parts of the immune system; (1) the lamina propria [that dendritic cells (DCs) and lymphocytes are 
distributed through the lymphatic drainage channels], (2) the Peyer’s patches (extremely structured 
lymphoid follicles specific for inducing of immune system responses) [12]; and (3) mesenteric lymph nodes 
[23]; the same lymphatics can also feed into the peripheral systemic blood circulation through the thoracic 
duct [24]. Recently, studies have revealed that antigens can be taken up by enterocytes by a phagocytic 
process [25]. The physicochemical properties of the antigen can control the route taken in the body. Water-
soluble tiny particles can diffuse across the semipermeable membranes of blood microcapillaries, while 
large and lipidic compounds will be retained in the lymphatics and drain into the mesenteric lymph nodes 
[20].

Oral vaccination efficiency
The evidence presented in this section demonstrates that factors such as gut microbiota composition, 
nutritional status, and mucosal immune regulation play a central role in determining the performance of 
OVs. By shaping antigen uptake, modulating intestinal immunity, and influencing tolerance or 
inflammation, these host and environmental determinants directly affect the magnitude and durability of 
vaccine-induced protection. Therefore, understanding how these variables interact within the gut 
microenvironment is essential for improving the design, efficacy, and consistency of oral vaccination 
strategies [26, 27]. General OVs are typically administered in multiple doses as liquid formulations to 
achieve effective immunity. For example, oral rotavirus vaccines are given in 2–3 doses starting at 6–15 
weeks of age, with subsequent doses 4–10 weeks apart. Oral cholera vaccines usually require 2 doses 
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Figure 1. Three primary pathways by which orally administered vaccine antigens are delivered through the intestine to 
stimulate the body’s immune system. (1) Mesenteric lymph nodes: Antigens or antigen-loaded immune cells migrate to the 
mesenteric lymph nodes, a key site for orchestrating adaptive immune responses and promoting systemic immunity. (2) Lamina 
propria: Antigens cross the intestinal epithelial barrier and enter the lamina propria, where they are captured by antigen-
presenting cells (APCs), initiating local immune responses. (3) Peyer’s patches: Specialized lymphoid structures in the intestinal 
mucosa, Peyer’s patches directly sample antigens from the gut lumen via M cells, facilitating the induction of mucosal and 
systemic immune responses.

spaced 1–6 weeks apart, with a possible booster after 6 months for high-risk areas, while oral polio 
vaccines (OPV) are given at birth and at 6, 10, and 14 weeks, sometimes with additional supplemental doses 
during campaigns. Oral typhoid vaccines generally involve a single primary dose, with a booster after three 
years in some regions. Timing between doses is critical, and schedules may vary depending on the vaccine 
type, manufacturer, and regional guidelines [28, 29]. Below, we will discuss the factors that influence OV 
efficiency, such as microbiota and diet, which affect oral vaccination directly and indirectly through 
different mechanisms of action.

Role of the microbiota

The gut microbiota is intricately associated with the immune system; so it is possible that immune 
responses to all types of vaccines are modified depending on microbial communities [30]. It has been 
revealed that a lack of mucosal bacteria is linked with a reduction of antiviral T-cell responses [31]. 
Moreover, skin-resident DCs respond to skin microbes [32]. Toll-like receptor (TLR) sensing of bacterial 
compounds can also contribute to antibody responses. For example, research on the influenza vaccine 
exposes that interactions between host TLR and bacterial flagellin can trigger macrophages to enhance the 
production of factors like interleukin-6 (IL-6), a proliferation-inducing ligand (APRIL), and tumor necrosis 
factor alpha (TNF-α), thereby resulting in increased plasma cell differentiation [33]. A study on oral typhoid 
vaccination has demonstrated that intestinal microbial diversity affects vaccine responses. Greater 
commensal richness and variety showed higher interferon gamma (IFNγ) induction by cluster of 
differentiation 8 (CD8+) T cells [34]. This results in greater antibody production, as T cell-derived IFN-γ 
induces IgG2a class [35]. In vaccinated Bengali infants, the frequency of Actinobacteria was positively 
related to strong T cell responses to OPV, while the presence of Pseudomonadales, Enterobacterales, and 
Clostridiales was negatively associated with the vaccine responses [36]. The probable effect of intestinal 
microbiota on OVs is not limited to enteric pathogens [37]. The ensuing cross-talk between the microbiota 
and mucosal immune cells is vital to the progress of the intestinal immune system [38]. In addition to these 
effects on the immune system, the microbiota appears to ease the uptake and replication of enteric viruses 
[39]. Several studies have shown that augmenting the infant microbiota with probiotic supplements has the 
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ability to enhance OV efficacy [40]. However, daily administration of supplements of Lactobacillus 
rhamnosus GG during a placebo-controlled trial provoked an improvement in Rotarix immunogenicity. The 
gut microbiota plays a critical role in shaping both innate and adaptive immune responses. These 
modulatory effects are particularly relevant for OVs, as a healthy and balanced microbiota can enhance 
antigen uptake, promote mucosal IgA production, and improve the efficacy of vaccine vectors delivered via 
the gastrointestinal tract [41].

Role of nutrition

Diet is perhaps the primary factor dictating the variety and composition/function of the gut microbiota 
[42]. A high fiber diet can help maintain a healthy gut microbiota [43]. Equally, disorders in the nutritional 
status of individuals are associated with impaired immune responses [44]. Malnutrition in children results 
in lower seroconversion rates of OVs [45]. Undoubtedly, nutrient deficits are related to the loss of OV 
efficacy. In the following sub-sections, we will discuss nutrition factors that influence the immune system 
and vaccine efficacy. Adequate nutrition is essential for the proper development and function of the 
immune system. In the context of OVs, optimal nutritional status can enhance antigen-specific immune 
responses, support mucosal barrier integrity, and improve the effectiveness of vaccine vectors, thereby 
increasing the likelihood of successful immunization [46].

Vitamin A

Vitamin A is a fat-soluble alicyclic ring-containing category of unsaturated monohydric alcohols [47]. Green 
and Mellandy, back in 1928, discovered that vitamin A might boost organisms’ anti-inflammatory 
responses, coining the term “anti-inflammation vitamin” [48]. Retinol, retinal, and retinoic acid (RA) are all 
forms of vitamin A, with RA having the most biological action [49]. RA is a key regulator of CD4+ and CD8+ T 
cell intestinal homing in the intestinal lamina propria [50]. Although most data suggest that RA suppresses 
the formation of inflammatory cells and produces or extends regulatory T cells (Tregs) at pharmacological 
levels, current research suggests that RA may also reinforce T cell activation and T helper cell responses at 
low doses [51, 52]. Carotenoid-rich diet-fed rabbits had higher serum levels of IgG, IgM, and IgA, boosting 
the humoral immunity of the animals [53]. Further research in rats found a link between a lack of vitamin A 
in the diet and an increase in the number of DCs, as well as dramatically elevated expression of IL-12 and 
TLR2 in the intestinal mucosa. Rats with lower levels of secretory IgA had lower immunological function, 
implying that vitamin A is involved in the manufacture of immunoglobulins and has a vital effect on 
humoral immunity [54]. According to a study, RA effectively synergized with DC-derived IL-6 or IL-5 from 
gut-associated lymphoid tissues (GALT) to increase IgA production. Vitamin A plays a key role in 
maintaining mucosal integrity and supporting immune cell differentiation. These functions are particularly 
important for OVs, as sufficient vitamin A levels can enhance antigen uptake in the gut, promote IgA 
production, and improve both mucosal and systemic immune responses to vaccine vectors [55].

Vitamin D

Immune cells, like DCs and macrophages, as well as T and B cells, express the vitamin D receptor and 1-
hydroxylase. Recent studies have demonstrated a strong association between vitamin D deficiency and an 
increased incidence of inflammatory autoimmune diseases such as rheumatoid arthritis and multiple 
sclerosis [56, 57]. It has been established that monocytes, DCs, macrophages, T and B cells express vitamin 
D and vitamin D-activating enzyme. Vitamin D is crucial for modulating immune responses, including the 
activation of DCs and T-cell differentiation. In the context of OVs, adequate vitamin D levels can enhance 
mucosal immune responses and support the effectiveness of vaccine vectors by promoting balanced 
antigen-specific immunity [58].

Zinc

The immune system response is sensitive to changes in zinc levels. Zinc deficiency causes the pro-
inflammatory cytokines IL-1, IL-6, and TNF to be produced in higher amounts. Zinc significantly affects the 
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immune system through Th lymphocytes. The lymphocytes are divided into two types: Th1 and Th2. Zinc 
deficiency in the cell disrupts the balance between Th1 and Th2, favoring Th2. Th1 and Th2 cells execute 
various functions; thus, the optimum balance must be maintained for a normal immune response [59–61]. 
As a result, zinc deficiency reduces the amount of T and B cells, making the body more susceptible to 
infections and weakening its defenses. Zinc is essential for the development and function of immune cells, 
including T and B lymphocytes, and for maintaining intestinal barrier integrity. These effects are highly 
relevant for OVs, as adequate zinc levels can enhance antigen uptake, improve mucosal immune responses, 
and increase the overall efficacy of vaccine vectors delivered via the gastrointestinal tract [62, 63].

Vectors of OVs
Various OV carriers appropriate for the gut environment and their characteristics have been studied. 
Below, we will discuss their benefits and limitations.

Genetically modified plants

Genetically modified plants are formed by introducing the anticipated gene into a plant to make the 
encoded protein. OVs against several diseases like cholera, measles, and hepatitis are formed in plants, 
namely tobacco, banana, potato, etc. [64]. Tobacco, formerly used as a model plant, is perennial and has 
many benefits, such as fast growth, and has been widely used as an edible vaccine candidate [65]. A main 
drawback of using the potato as a vector is that it needs to be cooked before use, denaturing the antigen 
[66]. Maize or rice are staple foods in most of the countries. The main reason why they are appealing as a 
candidate edible vaccine vector is that they can be kept without chilling for a longer period [67].

Genetically modified lactic acid bacteria

There has been interest in developing recombinant lactic acid bacteria (LAB) as the next class of OV vectors 
due to their stability at room temperature, natural acid and bile resistance, and endogenous activation of 
immune responses. LABs are generally recognized as safe (GRAS) and have long been used in food 
fermentation. Furthermore, they can improve the health of consumers when consumed in an adequate 
amount [68]. It is important to distinguish between LAB engineered as vaccine vectors and LAB or 
postbiotics functioning as immunostimulants. LAB vaccine vectors are genetically modified strains that 
express or deliver specific antigens and therefore act as part of the antigen-presentation pathway to induce 
targeted immune responses. In contrast, non-engineered LAB and postbiotics do not provide antigen 
specificity; instead, they enhance immunity through indirect mechanisms such as epithelial barrier 
reinforcement, cytokine modulation, and activation of mucosal immune cells. Thus, LAB vectors contribute 
directly to antigen presentation, whereas LAB and postbiotics primarily serve as immunostimulatory 
adjuvants that amplify or shape the host response to an external antigen [69]. General effects of LAB in the 
intestinal tract are recognized to include alteration of the intestinal microbiota, enhanced barrier function, 
and the modulation of the host immune system [70]. For decades, the use of probiotics as an OV vector has 
been developed against different viral and bacterial pathogens and toxins [71]. The typical LABs’ 
interactions with the mucosal immune system are shown in Figure 2. LABs can stimulate innate immune 
response via peptidoglycan and lipoteichoic acid that activate TLR2, nucleotide-binding oligomerization 
domain NOD-like receptor (NLR) family, and C-type lectin receptors [72, 73].

The immunomodulatory effects of LABs are noted in Table 1. In addition, some LABs can bind to the 
mucosal epithelium or microfold (M) cells, resulting in mucosal colonization. LABs can interact with APCs 
like DCs and induce IgG. The mechanism of immune cell activation and the cause of immune responses are 
extremely dependent on the LAB strain. For instance, murine DCs can have different responses reliant on 
the strain of LAB [73–77].

Genetically modified LAB, particularly Lactococcus lactis and various Lactobacillus species, have 
become attractive platforms for mucosal vaccine delivery due to their GRAS status, safety, and intrinsic 
immunomodulatory properties [93]. Modern vaccine engineering strategies allow LAB to express, secrete, 
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Figure 2. Mechanism of action of probiotics in modulating the immune system. (1) Mucus binding: Probiotics adhere to the 
intestinal mucus layer, promoting colonization and competitive exclusion of pathogens. (2) Induction of epithelial defenses: 
Probiotics enhance the integrity of the intestinal barrier and stimulate the production of antimicrobial peptides. (3) Uptake 
through microfold (M) cells: Probiotics and their components are sampled by M cells in the gut-associated lymphoid tissue, 
facilitating antigen presentation. (4) Stimulation of humoral responses: Probiotics trigger B cells to produce immunoglobulins, 
such as secretory IgA, contributing to mucosal immunity. (5) Transport to lymphoid tissues: Antigens and probiotic components 
are delivered to lymphoid organs, promoting immune cell activation. (6) Activation of macrophages and dendritic cells: These 
antigen-presenting cells are stimulated to initiate adaptive immune responses. (7) Induction of effector immune responses: 
Probiotics enhance T cell-mediated responses and the secretion of pro-inflammatory cytokines, supporting pathogen clearance 
and immune regulation. LAB: lactic acid bacteria; DCs: dendritic cells; Tregs: regulatory T cells.

Table 1. Immunomodulatory effects of lactic acid bacteria.

LAB Strain Type of study Immunomodulation mechanism References

L. casei In-vitro ↑IL-10 and TGF-β [74]
L. crispatus In-vitro ↑IL-10 and TGF-β [75]
L. rhamnosus GG In-vitro ↓INF-γ [76]
L. casei Ex-vivo ↓IL-1α, IL-6, IL-8 [77]
L. reuteri LMG In-vitro ↑TLR2 expression and IL-10 [78]
L. rhamnosus

B. longum

B. lactic

In-vitro ↑IL-10
↓IL-1β and IL-6

[79]

L. bulgaricus

S. thermophilus

RCT ↑serum IFN-γ [80]

L. bulgaricus

S. thermophilus

RCT ↑CD4/CD8 ratio
↑IFN-γ production

[81]

B. lactis

L. rhamnosus

RCT ↑Phagocytic activity
↑NK cell activity

[82, 83]

L. acidophilus In-vivo ↑IL-17, IL-23, TGFβ1 and TNF-α [84]
L. reuteri In-vivo ↑IL-1β, IL-6 [85]
L. rhamnosus In-vivo ↑IL-10/TNF-α ratio [86]
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Table 1. Immunomodulatory effects of lactic acid bacteria. (continued)

LAB Strain Type of study Immunomodulation mechanism References

B. breve

L. acidophilus

L. casei

S. thermophilus

In-vivo ↓IL-6 and TNF-α [87]

L. acidophilus In-vivo ↑Treg and IL-10
↓IL-17

[88]

L. fermentum In-vivo ↑IL-10

↓TNF-α, IFN-γ, IL-1β, IL-6, and IL-12

[89]

L. plantarum In-vivo ↓TNF-α and IL-6 [90]
L. plantarum In-vivo ↓IL-1β, IL-6, IL-8, TNF-α and IFN-γ [91]
E. durans In-vivo ↑Treg and IL-10 [92]
↑: increased; ↓: decreased; TNF-α: tumor necrosis factor alpha; NK: natural killer.

or display antigens in ways that enhance uptake by mucosal immune tissues. Plasmid-based expression 
remains one of the most widely used approaches, employing strong promoters such as P170, PnisA (used in 
the nisin-controlled expression system), or constitutive promoters like Phelp to achieve robust intracellular 
antigen production. The NICE system, in particular, enables precise induction of antigen expression during 
fermentation, improving protein yields while minimizing the metabolic burden on the host strain [94]. 
Chromosomal integration strategies provide an alternative with greater genetic stability and improved 
biosafety, eliminating the need for antibiotic selection markers. Stable integration into loci such as upp, 
thyA, or neutral chromosomal regions in L. lactis has been shown to maintain antigen expression during 
gastrointestinal transit, which is essential for consistent mucosal delivery [95, 96]. Another key 
advancement is the surface display of antigenic proteins using anchoring domains such as LPXTG (for 
sortase-mediated covalent attachment), or LysM repeats (for non-covalent binding). Surface-anchored 
antigens are more efficiently recognized by intestinal DCs and M cells, leading to improved stimulation of 
the GALT and enhanced mucosal IgA responses [97]. Secretion-based systems also represent a critical 
component of LAB-based vaccine technology. Signal peptides such as Usp45 from L. lactis have been 
extensively employed to direct heterologous proteins into the extracellular environment [98]. Usp45-
mediated secretion is one of the most efficient systems currently available for LAB and has been utilized to 
deliver cytokines, viral antigens, and bacterial toxins in mucosal immunization models [99]. Other secretion 
leaders, including SlpA from L. acidophilus, further expand the repertoire of antigens and enzymes that can 
be released into the culture medium or intestinal lumen [100]. Although whole-cell vaccine vectors such as 
probiotics and plant-based systems offer powerful platforms for oral antigen delivery, increasing evidence 
shows that many of their immunological benefits are mediated by the bioactive molecules they produce 
rather than by the living organisms themselves. This provides a natural transition toward postbiotics, non-
viable microbial components and metabolites that retain these immunomodulatory properties while 
offering improved safety, stability, and mechanistic precision [101]. In the following section, we discuss 
these postbiotic components in greater detail and highlight their relevance as emerging OV adjuvants.

Postbiotics
Definition and safety aspect

The term postbiotics refers to all products obtained from non-viable probiotic microorganisms, lysates, cell 
walls, fractions, secretions, and metabolites that, when received in adequate amounts, show health benefits 
[102–109]. They exhibit strong antibiofilm activity, helping to disrupt and prevent the formation of harmful 
microbial biofilms that contribute to chronic infections [110–113]. Certain postbiotic compounds, including 
organic acids and specific enzymatic metabolites, can also aid in the detoxification and removal of 
mycotoxins and pesticide residues [114, 115], thereby enhancing food safety and reducing toxic exposure. 
Postbiotics also could be synthesized in a laboratory through different kinds of methods, such as high 
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pressure, ionizing radiation, thermal treatment, and sonication [116, 117]. Due to the related safety aspect, 
numerous clinical studies have been done to validate the metabolism and absorption of postbiotics. A 
handful of randomized controlled trials (RCTs) have assessed the side effects of probiotics metabolite 
(postbiotics), including vomiting, diarrhea, and nausea in individuals consuming Lactobacillus acidophilus, 
but no side effects were revealed in the remaining RCTs [118, 119].

Mechanism of action of postbiotics

A key step in generating resistance to viral disease is to modulate the immune system [120, 121]. Studies 
have demonstrated that probiotic metabolites regulate the immune system in a variety of ways (Figure 3), 
particularly when it comes to seasonal and highly pathogenic influenza virus infections.

Figure 3. Postbiotics could induce activation of dendritic cells, afterward, its mediated differentiation of naïve T cells 
into Tregs, which would control the extreme T cell response. Furthermore, postbiotics could stimulate the production of 
cytokines via macrophages that might induce homeostasis through the reduction of pro-inflammatory cytokines.

The mechanism of immunomodulation by healthy gut microbiota is extremely associated with their 
derived postbiotics [122–124]. Some immunomodulatory effects of postbiotics are shown in Table 2.

Table 2. Immunomodulatory effects of cell-free supernatant (postbiotics) derived from probiotic strains.

Probiotic strain Derived postbiotics Type of 
study

Immunomodulation mechanism References

Bifidobacterium Peptides & 
proteines

In-vitro ↑TNF-α, ↓IL-10 [125]

Lactobacillus plantarum Peptides & 
proteines

In-vitro ↑IL-10, ↓IL-12 [126, 127]

Bifidobacterium longum Peptides & 
proteines

In-silico ↑Th17, Th22 responses [128]

Bacteroides fragilis Peptides & 
proteines

In-silico ↑Th17, Th22 responses [128]

Bifidobacterium animalis 
subsp. lactis

Exopolysaccharides Ex-vivo ↑IL10 [129]

Bifidobacterium animalis 
subsp. lactis

Exopolysaccharides In-vivo ↑Treg response [130]

Lactobacillus reuteri Exopolysaccharides In-vitro Anti-inflammatory [131]
Bifidobacterium adolescentis Exopolysaccharides In-vitro/In-

vivo
Treg/Th17 response modulation [132]
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Table 2. Immunomodulatory effects of cell-free supernatant (postbiotics) derived from probiotic strains. (continued)

Probiotic strain Derived postbiotics Type of 
study

Immunomodulation mechanism References

Bifidobacterium longum Exopolysaccharides In-vivo Inflammatory cytokine modulation, mucosal 
barrier reinforcement

[133]

Bifidobacterium bifidum Cell wall extract In-vitro Treg differentiation [134]
Lactobacillus plantarum Cell wall extract In-vitro Immunostimulatory [135]
Lactobacillus plantarum Teichoic acids In-vitro/In-

vivo
IL10 production modulation [136]

Lactobacillus plantarum Lipoteichoic acids In-vitro Suppression of LPS-mediated inflammation [137]
Lactobacillus rhamnosus Lipoteichoic acids In-vitro Proinflammatory, TLR-2/6 ligand [138]
Lactobacillus rhamnosus Lipoteichoic acids In-vitro/In-

vivo
Radiotherapy protection [139]

Lactobacillus paracasei Lipoteichoic acids In-vivo ↓Leaky gut and inflammation [140]
↑: increased; ↓: decreased; TNF-α: tumor necrosis factor alpha.

Postbiotics have potent antiviral properties against a variety of infections, especially viruses that cause 
respiratory illnesses [141, 142]. These molecules are used to prevent influenza A and respiratory syncytial 
virus infections by decreasing infectious symptoms, diminishing the duration of infection, lowering viral 
levels in the lungs or nasal washings, and boosting immune activity [143–145]. Lactobacillus plantarum 
L137, Lactobacillus plantarum 06CC2, and Lactobacillus gasseri TMC0356 soluble postbiotics can be used as 
possible antiviral agents in pharmaceutical products to treat virus infections [146]. Recently, it was 
postulated that gut dysbiosis in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) patients 
could be defined as a cytokine storm, explaining the proinflammatory status of the gut. This could be due to 
a decrease in bacterial metabolite synthesis [147]. Postbiotics’ anti-inflammatory attributes can reduce the 
severity of SARS-CoV-2 via decreasing the gut inflammation, activating Tregs, and reducing systemic 
inflammation by enhancing the gut barrier, thus preventing SARS-CoV-2 from spreading to other organs. To 
reduce cytokine storms, postbiotics also block several proinflammatory signaling pathways [148]. 
Balzaretti et al. [149] reported the immunostimulant properties of L. paracasei DG-derived 
exopolysaccharide by improving the gene expression of the proinflammatory cytokines, TNF-α and IL-6, 
and particularly that of the chemokines IL-8 and CCL20, in the human monocytic cell line Tamm-Horsfall 
protein 1(THP-1). Postbiotics exert a broad spectrum of immunomodulatory and anti-inflammatory 
activities through well-characterized molecular and cellular mechanisms. These effects are largely 
mediated through interactions with pattern-recognition receptors (PRRs), including TLRs and NLRs, which 
sense microbe-associated molecular patterns (MAMPs) derived from bacterial cell walls, metabolites, or 
secreted peptides. Components such as peptidoglycans, lipoteichoic acids, EPS, and short-chain fatty acids 
(SCFA) can bind to TLR2, TLR4, and NOD2, triggering downstream signaling through MyD88, NF-κB, and 
MAPK pathways. Activation of these pathways leads to balanced cytokine responses, including increased 
production of IL-10, IL-6, TGF-β, and IL-22, alongside controlled suppression of pro-inflammatory cytokines 
such as TNF-α and IL-1β [150, 151]. These immunomodulatory effects support enhanced IgA class 
switching in Peyer’s patches, improved antigen presentation by intestinal DCs, and modulation of 
Th1/Th2/Th17 differentiation, which collectively enhance mucosal immune responsiveness to orally 
delivered vaccines. Several postbiotic-derived metabolites also regulate antiviral and antibacterial 
immunity through cellular mechanisms. SCFAs such as acetate and butyrate enhance epithelial barrier 
integrity by upregulating tight junction proteins (ZO-1, occludin, claudins) via GPR41 and GPR43 signaling 
[152]. Indole derivatives generated by tryptophan metabolism act on the aryl hydrocarbon receptor (AhR), 
stimulating IL-22 secretion and supporting mucosal epithelial repair [153]. Cell-wall fragments from 
Lactobacillus and Bifidobacterium have been shown to increase DC maturation and M-cell transcytosis 
efficiency, improving the uptake of co-administered antigens. Additionally, bacterial extracellular vesicles 
(BEVs) can trigger type-I interferon responses via cGAS–STING and RIG-I pathways, offering synergistic 
adjuvant activity in OV formulations [154]. Although postbiotics are not antigen-specific vaccines, several 
experimental studies have explored their use as oral adjuvants in vaccine formulations and have reported 
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indicative dosage ranges. In murine models, orally administered postbiotic preparations typically range 
between 10–200 mg/kg/day, depending on molecular composition and concentration of bioactive 
metabolites. For instance, heat-killed L. rhamnosus GG or its cell-wall fractions have been administered at 
108–109 cell equivalents/day to enhance mucosal IgA responses [155]. SCFA-rich postbiotic extracts are 
commonly tested in the range of 50–150 mg/kg and have demonstrated increased antigen-specific IgA and 
balanced Th1/Th2 responses when co-administered with oral viral antigens [156–158]. Determining an 
appropriate treatment dose for postbiotics in humans requires a structured and evidence-based 
translational approach that moves systematically from preclinical data to clinical application. The first 
essential step is to establish the effective dose range in animal models by evaluating dose–response curves, 
pharmacodynamic markers (e.g., mucosal IgA levels, cytokine profiles, DC activation), and safety outcomes. 
The NOAEL (No-Observed-Adverse-Effect Level) identified in animals can then be converted into a human 
equivalent dose (HED) using standard allometric scaling based on body surface area. This approach is 
widely recommended by regulatory agencies such as the FDA for biologically active compounds [159]. The 
HED is then typically reduced by a safety factor (commonly 10-fold for novel immunomodulatory agents) to 
calculate a conservative and ethically acceptable starting dose for early human trials. Currently, no 
standardized clinical dosing guidelines exist for oral postbiotic vaccine adjuvants, and dose-response 
evaluations remain one of the major research gaps that require future preclinical and human trials.

Challenges, limitation and future perspectives
Despite substantial preclinical evidence demonstrating the immunomodulatory potential of postbiotics, 
several critical limitations currently constrain their direct translation into OV adjuvant applications. A 
major challenge is the pronounced heterogeneity of postbiotic preparations, which can vary considerably in 
molecular composition depending on the producing microbial strain, culture conditions, and downstream 
extraction or inactivation methods [160]. This variability complicates batch-to-batch reproducibility, 
hinders dose standardization, and presents obstacles for developing regulatory-compliant quality-control 
frameworks. Although postbiotics circumvent many safety concerns associated with live microorganisms, 
their molecular complexity makes it difficult to identify the specific metabolites or structural components 
responsible for immunological activity, and the absence of validated potency assays further limits 
consistent product evaluation [161]. Clinical translatability is further restricted by gaps in understanding 
how postbiotics behave under physiological conditions in the human gastrointestinal tract. Most existing 
evidence derives from murine or other animal models, which inadequately replicate human mucosal 
immunity, microbiome diversity, and metabolic processing of microbial metabolites [162]. Oral delivery 
imposes additional barriers, including degradation by gastric acidity and variable intestinal uptake, both of 
which may reduce the bioavailability and immunological efficacy of active compounds [163]. Moreover, the 
immunological effects of postbiotics are predominantly non-antigen-specific; they act as broad 
immunomodulators that enhance mucosal readiness rather than directly inducing antigen-specific adaptive 
immune responses [164]. While valuable for supporting mucosal homeostasis, this intrinsic non-specificity 
may limit their ability to generate robust and durable protective immunity when used alone. Nevertheless, 
several promising strategies exist for integrating postbiotics into next-generation OV platforms. In live 
mucosal vaccine systems based on engineered LAB or plant-derived vectors, postbiotics may be co-
formulated to enhance antigen uptake by M cells, prime DC activation pathways, and increase secretory IgA 
responses [71]. In inactivated or subunit OVs, defined postbiotic molecules such as EPS, SCFA-rich extracts, 
or purified peptidoglycan fragments can be incorporated into encapsulation platforms, including alginate 
microspheres, lipid nanoparticles, or enteric-coated carriers to improve intestinal stability and controlled 
release [165]. Furthermore, combining postbiotics with established mucosal adjuvants such as cholera 
toxin B subunit, CpG oligonucleotides, or poly(I:C) may generate synergistic immune activation by engaging 
complementary PRR pathways [166]. Advancing these integrative approaches will require rigorous 
mechanistic studies linking postbiotic molecular profiles with antigen stability, formulation compatibility, 
and predictable pharmacodynamic responses, ultimately enabling their rational inclusion in clinically 
viable OV technologies.
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Conclusion
New generations of prophylactic vaccines must be ones that can be kept and distributed easily, accepted by 
the world legislation, handled by non-medical personnel, and show strong evidence of efficiency. These are 
all fulfilled by OVs, and future initiatives designed to tackle the burden of infectious diseases, mostly in low- 
and middle-income countries, must make oral vaccination a high priority. Postbiotics, due to their unique 
characteristics, including safety profile, improving the immune system, and antimicrobial activity, can be 
used as promising tools for preventing infection and boosting the health of the host.  Future research on 
postbiotics as OV adjuvants should prioritize establishing optimal dosing strategies, as current studies vary 
widely in their reported concentrations and lack standardized pharmacokinetic/pharmacodynamic 
(PK/PD) correlations. Rigorous dose-response experiments are needed to determine the minimum 
immunologically effective dose, the ceiling dose beyond which no additional benefit occurs, and the safety 
limits for repeated oral exposure. Similarly, research should focus on formulation science, including 
encapsulation technologies, micro- or nano-delivery systems, and stabilization methods that protect 
bioactive metabolites from gastric degradation while ensuring targeted release in the small intestine or 
Peyer’s patches. Comparative studies evaluating different delivery platforms such as enteric-coated 
capsules, alginate beads, liposomes, or engineered BEVs are essential to identify which systems most 
effectively enhance mucosal antigen uptake, IgA secretion, and local immune memory. Another priority is 
understanding how postbiotics interact with existing vaccine components, including antigens, probiotic 
vectors, and mucosal adjuvants. Postbiotics may influence antigen stability, modify local cytokine 
microenvironments, or synergize with PRR-based adjuvants, but these interactions have not been 
systematically evaluated. Studies should explore how postbiotic metabolites modulate DC activation, T-cell 
polarization, and follicular helper T-cell responses when co-administered with OVs. Additionally, 
mechanistic research is needed to determine how specific postbiotic fractions, such as SCFAs, EPS, 
peptidoglycan fragments, or indole derivatives, shape mucosal immune trajectories during vaccination. 
Finally, well-designed preclinical-to-clinical translation pipelines, including standardized in vitro potency 
assays, validated biomarkers of mucosal immunogenicity, and early-phase human trials, will be critical to 
define evidence-based clinical guidelines for the safe and effective integration of postbiotics into future OV 
platforms as an adjuvant.

Abbreviations
APCs: antigen-presenting cells

BEVs: bacterial extracellular vesicles

DCs: dendritic cells

EPS: exopolysaccharides

GALT: gut-associated lymphoid tissues

GRAS: generally recognized as safe

HED: human equivalent dose

IgA: immunoglobulin A

LAB: lactic acid bacteria

MAMPs: microbe-associated molecular patterns

M cells: microfold cells

NLR: NOD-like receptor

OPV: oral polio vaccines

OV: oral vaccine

PK/PD: pharmacokinetic/pharmacodynamic



Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 13

PRRs: pattern-recognition receptors

RCTs: randomized controlled trials

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2

SCFA: short-chain fatty acids

TLR: toll-like receptor

Tregs: regulatory T cells

Declarations
Author contributions

JH, SV, and AAS: Investigation, Validation. RAS: Writing—original draft. AHR: Methodology, Supervision. SA 
and PGM: Writing—review & editing. MZ and NK: Visualization. All authors read and approved the 
submitted version.

Conflicts of interest

The authors have no conflicts of interest to declare.

Ethical approval

Since the present study is a review study and no animal or clinical studies have been conducted, this issue is 
not covered in the current study. However, all ethical considerations regarding the design and publication 
of this research have been observed, and its ethics code is IR.TBZMED.VCR.REC.1401.108.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

The research protocol was approved and supported by the Student Research Committee, Tabriz University 
of Medical Sciences [Grant number 69635]. The funders had no role in study design, data collection and 
analysis, decision to publish, or preparation of the manuscript.

Copyright

© The Author(s) 2026.

Publisher’s note
Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations 
and maps. All opinions expressed in this article are the personal views of the author(s) and do not 
represent the stance of the editorial team or the publisher.

References
Shojaei Jeshvaghani F, Amani J, Kazemi R, Karimi Rahjerdi A, Jafari M, Abbasi S, et al. Oral 
immunization with a plant-derived chimeric protein in mice: Toward the development of a 
multipotent edible vaccine against E. coli O157: H7 and ETEC. Immunobiology. 2019;224:262–9. 
[DOI] [PubMed]

1.     

https://dx.doi.org/10.1016/j.imbio.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30579628


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 14

Zeitlin L, Cone RA, Whaley KJ. Using monoclonal antibodies to prevent mucosal transmission of 
epidemic infectious diseases. Emerg Infect Dis. 1999;5:54–64. [DOI] [PubMed] [PMC]

2.     

Jakobsen H, Jonsdottir I. Mucosal vaccination against encapsulated respiratory bacteria--new 
potentials for conjugate vaccines? Scand J Immunol. 2003;58:119–28. [DOI] [PubMed]

3.     

Patel GB, Zhou H, Ponce A, Chen W. Mucosal and systemic immune responses by intranasal 
immunization using archaeal lipid-adjuvanted vaccines. Vaccine. 2007;25:8622–36. [DOI] [PubMed]

4.     

Wurm FM. Production of recombinant protein therapeutics in cultivated mammalian cells. Nat 
Biotechnol. 2004;22:1393–8. [DOI] [PubMed]

5.     

Furness JB, Kunze WA, Clerc N. Nutrient tasting and signaling mechanisms in the gut. II. The intestine 
as a sensory organ: neural, endocrine, and immune responses. Am J Physiol. 1999;277:G922–8. [DOI] 
[PubMed]

6.     

Holmgren J, Czerkinsky C. Mucosal immunity and vaccines. Nat Med. 2005;11:S45–53. [DOI] 
[PubMed]

7.     

Sanders ME, Merenstein DJ, Ouwehand AC, Reid G, Salminen S, Cabana MD, et al. Probiotic use in at-
risk populations. J Am Pharm Assoc (2003). 2016;56:680–6. [DOI] [PubMed]

8.     

Hirlekar R, Bhairy S. Edible vaccines: An advancement in oral immunization. Asian J Pharm Clin Res. 
2017;10:71–7. [DOI]

9.     

Plotkin SA, Farquhar JD, Katz M, Buser F. Attenuation of RA 27-3 rubella virus in WI-38 human 
diploid cells. Am J Dis Child. 1969;118:178–85. [DOI] [PubMed]

10.     

Takahashi M, Okuno Y, Otsuka T, Osame J, Takamizawa A. Development of a live attenuated varicella 
vaccine. Biken J. 1975;18:25–33. [PubMed]

11.     

Minor PD. Live attenuated vaccines: Historical successes and current challenges. Virology. 2015;
479–480:379–92. [DOI] [PubMed]

12.     

Holmgren J, Svennerholm AM, Clemens J, Sack D, Black R, Levine M. An oral B subunit-whole cell 
vaccine against cholera: from concept to successful field trial. Adv Exp Med Biol. 1987;216B:
1649–60. [PubMed]

13.     

Glenny AT, Hopkins BE. Diphtheria toxoid as an immunising agent. Br J Exp Pathol. 1923;4:283–8. 
[PMC]

14.     

Ramon G. Sur le pouvoir floculant et sur les proprietes immunisantes d’une toxin diphterique rendu 
anatoxique (anatosine). C R Acad Sci Paris. 1923;177:1338–40.

15.     

World Health Organization. Global health sector strategy on viral hepatitis 2016-2021. Towards 
ending viral hepatitis. WHO; 2016.

16.     

Jaurigue JA, Seeberger PH. Parasite Carbohydrate Vaccines. Front Cell Infect Microbiol. 2017;7:248. 
[DOI] [PubMed] [PMC]

17.     

Macpherson AJ, Smith K. Mesenteric lymph nodes at the center of immune anatomy. J Exp Med. 
2006;203:497–500. [DOI] [PubMed] [PMC]

18.     

Chassaing B, Kumar M, Baker MT, Singh V, Vijay-Kumar M. Mammalian gut immunity. Biomed J. 
2014;37:246–58. [DOI] [PubMed] [PMC]

19.     

Howe SE, Lickteig DJ, Plunkett KN, Ryerse JS, Konjufca V. The uptake of soluble and particulate 
antigens by epithelial cells in the mouse small intestine. PLoS One. 2014;9:e86656. [DOI] [PubMed] 
[PMC]

20.     

Hou Y, Li J, Wu Y. Modulation of oral vaccine efficacy by the gut microbiota. NPJ Vaccines. 2025;10:
179. [DOI] [PubMed] [PMC]

21.     

Song KR, Lim JK, Park SE, Saluja T, Cho SI, Wartel TA, et al. Oral Cholera Vaccine Efficacy and 
Effectiveness. Vaccines (Basel). 2021;9:1482. [DOI] [PubMed] [PMC]

22.     

Tregnaghi MW, Abate HJ, Valencia A, Lopez P, Da Silveira TR, Rivera L, et al.; Rota-024 Study Group. 
Human rotavirus vaccine is highly efficacious when coadministered with routine expanded program 
of immunization vaccines including oral poliovirus vaccine in Latin America. Pediatr Infect Dis J. 
2011;30:e103–8. [DOI] [PubMed]

23.     

https://dx.doi.org/10.3201/eid0501.990107
http://www.ncbi.nlm.nih.gov/pubmed/10081672
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2627706
https://dx.doi.org/10.1046/j.1365-3083.2003.01292.x
http://www.ncbi.nlm.nih.gov/pubmed/12869132
https://dx.doi.org/10.1016/j.vaccine.2007.09.042
http://www.ncbi.nlm.nih.gov/pubmed/17959279
https://dx.doi.org/10.1038/nbt1026
http://www.ncbi.nlm.nih.gov/pubmed/15529164
https://dx.doi.org/10.1152/ajpgi.1999.277.5.G922
http://www.ncbi.nlm.nih.gov/pubmed/10564096
https://dx.doi.org/10.1038/nm1213
http://www.ncbi.nlm.nih.gov/pubmed/15812489
https://dx.doi.org/10.1016/j.japh.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27836128
https://dx.doi.org/10.22159/ajpcr.2017.v10i2.15825
https://dx.doi.org/10.1001/archpedi.1969.02100040180004
http://www.ncbi.nlm.nih.gov/pubmed/5794813
http://www.ncbi.nlm.nih.gov/pubmed/167707
https://dx.doi.org/10.1016/j.virol.2015.03.032
http://www.ncbi.nlm.nih.gov/pubmed/25864107
http://www.ncbi.nlm.nih.gov/pubmed/3321938
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2047731
https://dx.doi.org/10.3389/fcimb.2017.00248
http://www.ncbi.nlm.nih.gov/pubmed/28660174
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5467010
https://dx.doi.org/10.1084/jem.20060227
http://www.ncbi.nlm.nih.gov/pubmed/16533891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2118258
https://dx.doi.org/10.4103/2319-4170.130922
http://www.ncbi.nlm.nih.gov/pubmed/25163502
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4714863
https://dx.doi.org/10.1371/journal.pone.0086656
http://www.ncbi.nlm.nih.gov/pubmed/24475164
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3903549
https://dx.doi.org/10.1038/s41541-025-01240-8
http://www.ncbi.nlm.nih.gov/pubmed/40750603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12317090
https://dx.doi.org/10.3390/vaccines9121482
http://www.ncbi.nlm.nih.gov/pubmed/34960228
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8708586
https://dx.doi.org/10.1097/INF.0b013e3182138278
http://www.ncbi.nlm.nih.gov/pubmed/21378594


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 15

Middleton BF, Fathima P, Snelling TL, Morris P. Systematic review of the effect of additional doses of 
oral rotavirus vaccine on immunogenicity and reduction in diarrhoeal disease among young 
children. EClinicalMedicine. 2022;54:101687. [DOI] [PubMed] [PMC]

24.     

Ferreira RB, Antunes LC, Finlay BB. Should the human microbiome be considered when developing 
vaccines? PLoS Pathog. 2010;6:e1001190. [DOI] [PubMed] [PMC]

25.     

Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg GF, et al. Commensal 
bacteria calibrate the activation threshold of innate antiviral immunity. Immunity. 2012;37:158–70. 
[DOI] [PubMed] [PMC]

26.     

Naik S, Bouladoux N, Linehan JL, Han SJ, Harrison OJ, Wilhelm C, et al. Commensal-dendritic-cell 
interaction specifies a unique protective skin immune signature. Nature. 2015;520:104–8. [DOI] 
[PubMed] [PMC]

27.     

Oh JZ, Ravindran R, Chassaing B, Carvalho FA, Maddur MS, Bower M, et al. TLR5-mediated sensing of 
gut microbiota is necessary for antibody responses to seasonal influenza vaccination. Immunity. 
2014;41:478–92. [DOI] [PubMed] [PMC]

28.     

Eloe-Fadrosh EA, McArthur MA, Seekatz AM, Drabek EF, Rasko DA, Sztein MB, et al. Impact of oral 
typhoid vaccination on the human gut microbiota and correlations with s. Typhi-specific 
immunological responses. PLoS One. 2013;8:e62026. [DOI] [PubMed] [PMC]

29.     

Jurado A, Carballido J, Griffel H, Hochkeppel HK, Wetzel GD. The immunomodulatory effects of 
interferon-gamma on mature B-lymphocyte responses. Experientia. 1989;45:521–6. [DOI] [PubMed]

30.     

Huda MN, Lewis Z, Kalanetra KM, Rashid M, Ahmad SM, Raqib R, et al. Stool microbiota and vaccine 
responses of infants. Pediatrics. 2014;134:e362–72. [DOI] [PubMed] [PMC]

31.     

Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, et al. Delivery mode 
shapes the acquisition and structure of the initial microbiota across multiple body habitats in 
newborns. Proc Natl Acad Sci U S A. 2010;107:11971–5. [DOI] [PubMed] [PMC]

32.     

Smith K, McCoy KD, Macpherson AJ. Use of axenic animals in studying the adaptation of mammals to 
their commensal intestinal microbiota. Semin Immunol. 2007;19:59–69. [DOI] [PubMed]

33.     

Pfeiffer JK, Virgin HW. Viral immunity. Transkingdom control of viral infection and immunity in the 
mammalian intestine. Science. 2016;351:10.1126/science.aad5872 aad5872. [DOI] [PubMed] [PMC]

34.     

Praharaj I, John SM, Bandyopadhyay R, Kang G. Probiotics, antibiotics and the immune responses to 
vaccines. Philos Trans R Soc Lond B Biol Sci. 2015;370:20140144. [DOI] [PubMed] [PMC]

35.     

Lazarus RP, John J, Shanmugasundaram E, Rajan AK, Thiagarajan S, Giri S, et al. The effect of 
probiotics and zinc supplementation on the immune response to oral rotavirus vaccine: A 
randomized, factorial design, placebo-controlled study among Indian infants. Vaccine. 2018;36:
273–9. [DOI] [PubMed] [PMC]

36.     

Carmody RN, Gerber GK, Luevano JM Jr, Gatti DM, Somes L, Svenson KL, et al. Diet dominates host 
genotype in shaping the murine gut microbiota. Cell Host Microbe. 2015;17:72–84. [DOI] [PubMed] 
[PMC]

37.     

Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M, et al. Human gut 
microbiome viewed across age and geography. Nature. 2012;486:222–7. [DOI] [PubMed] [PMC]

38.     

De Santis S, Cavalcanti E, Mastronardi M, Jirillo E, Chieppa M. Nutritional Keys for Intestinal Barrier 
Modulation. Front Immunol. 2015;6:612. [DOI] [PubMed] [PMC]

39.     

Haque R, Snider C, Liu Y, Ma JZ, Liu L, Nayak U, et al. Oral polio vaccine response in breast fed infants 
with malnutrition and diarrhea. Vaccine. 2014;32:478–82. [DOI] [PubMed] [PMC]

40.     

Bhattacharjee A, Hand TW. Role of nutrition, infection, and the microbiota in the efficacy of oral 
vaccines. Clin Sci (Lond). 2018;132:1169–77. [DOI] [PubMed]

41.     

Sommer A. Vitamin a deficiency and clinical disease: an historical overview. J Nutr. 2008;138:
1835–9. [DOI] [PubMed]

42.     

Green HN, Mellanby E. VITAMIN A AS AN ANTI-INFECTIVE AGENT. Br Med J. 1928;2:691–6. [DOI] 
[PubMed] [PMC]

43.     

https://dx.doi.org/10.1016/j.eclinm.2022.101687
http://www.ncbi.nlm.nih.gov/pubmed/36247922
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9561686
https://dx.doi.org/10.1371/journal.ppat.1001190
http://www.ncbi.nlm.nih.gov/pubmed/21124987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2987818
https://dx.doi.org/10.1016/j.immuni.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22705104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3679670
https://dx.doi.org/10.1038/nature14052
http://www.ncbi.nlm.nih.gov/pubmed/25539086
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4667810
https://dx.doi.org/10.1016/j.immuni.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25220212
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4169736
https://dx.doi.org/10.1371/journal.pone.0062026
http://www.ncbi.nlm.nih.gov/pubmed/23637957
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3634757
https://dx.doi.org/10.1007/BF01990501
http://www.ncbi.nlm.nih.gov/pubmed/2500358
https://dx.doi.org/10.1542/peds.2013-3937
http://www.ncbi.nlm.nih.gov/pubmed/25002669
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4187229
https://dx.doi.org/10.1073/pnas.1002601107
http://www.ncbi.nlm.nih.gov/pubmed/20566857
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2900693
https://dx.doi.org/10.1016/j.smim.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17118672
https://dx.doi.org/10.1126/science.aad5872
http://www.ncbi.nlm.nih.gov/pubmed/26816384
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4751997
https://dx.doi.org/10.1098/rstb.2014.0144
http://www.ncbi.nlm.nih.gov/pubmed/25964456
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4527389
https://dx.doi.org/10.1016/j.vaccine.2017.07.116
http://www.ncbi.nlm.nih.gov/pubmed/28874323
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12001858
https://dx.doi.org/10.1016/j.chom.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25532804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4297240
https://dx.doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3376388
https://dx.doi.org/10.3389/fimmu.2015.00612
http://www.ncbi.nlm.nih.gov/pubmed/26697008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4670985
https://dx.doi.org/10.1016/j.vaccine.2013.11.056
http://www.ncbi.nlm.nih.gov/pubmed/24300591
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4936916
https://dx.doi.org/10.1042/CS20171106
http://www.ncbi.nlm.nih.gov/pubmed/29925624
https://dx.doi.org/10.1093/jn/138.10.1835
http://www.ncbi.nlm.nih.gov/pubmed/18806089
https://dx.doi.org/10.1136/bmj.2.3537.691
http://www.ncbi.nlm.nih.gov/pubmed/20774205
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2456524


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 16

Ross SA, McCaffery PJ, Drager UC, De Luca LM. Retinoids in embryonal development. Physiol Rev. 
2000;80:1021–54. [DOI] [PubMed]

44.     

Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY. Retinoic acid imprints gut-homing 
specificity on T cells. Immunity. 2004;21:527–38. [DOI] [PubMed]

45.     

Pino-Lagos K, Guo Y, Brown C, Alexander MP, Elgueta R, Bennett KA, et al. A retinoic acid-dependent 
checkpoint in the development of CD4+ T cell-mediated immunity. J Exp Med. 2011;208:1767–75. 
[DOI] [PubMed] [PMC]

46.     

Hammerschmidt SI, Ahrendt M, Bode U, Wahl B, Kremmer E, Förster R, et al. Stromal mesenteric 
lymph node cells are essential for the generation of gut-homing T cells in vivo. J Exp Med. 2008;205:
2483–90. [DOI] [PubMed] [PMC]

47.     

Jyonouchi H, Sun S, Tomita Y, Gross MD. Astaxanthin, a carotenoid without vitamin A activity, 
augments antibody responses in cultures including T-helper cell clones and suboptimal doses of 
antigen. J Nutr. 1995;125:2483–92. [DOI] [PubMed]

48.     

Yang Y, Yuan Y, Tao Y, Wang W. Effects of vitamin A deficiency on mucosal immunity and response to 
intestinal infection in rats. Nutrition. 2011;27:227–32. [DOI] [PubMed]

49.     

Mora JR, Iwata M, Eksteen B, Song SY, Junt T, Senman B, et al. Generation of gut-homing IgA-secreting 
B cells by intestinal dendritic cells. Science. 2006;314:1157–60. [DOI] [PubMed]

50.     

Ao T, Kikuta J, Ishii M. The Effects of Vitamin D on Immune System and Inflammatory Diseases. 
Biomolecules. 2021;11:1624. [DOI] [PubMed] [PMC]

51.     

Abe E, Miyaura C, Sakagami H, Takeda M, Konno K, Yamazaki T, et al. Differentiation of mouse 
myeloid leukemia cells induced by 1 alpha,25-dihydroxyvitamin D3. Proc Natl Acad Sci U S A. 1981;
78:4990–4. [DOI] [PubMed] [PMC]

52.     

Hart PH, Gorman S, Finlay-Jones JJ. Modulation of the immune system by UV radiation: more than 
just the effects of vitamin D? Nat Rev Immunol. 2011;11:584–96. [DOI] [PubMed]

53.     

Zamarron BF, Chen W. Dual roles of immune cells and their factors in cancer development and 
progression. Int J Biol Sci. 2011;7:651–8. [DOI] [PubMed] [PMC]

54.     

Baltaci AK, Mogulkoc R. Leptin and zinc relation: In regulation of food intake and immunity. Indian J 
Endocrinol Metab. 2012;16:S611–6. [DOI] [PubMed] [PMC]

55.     

Koyasu S, Moro K. Type 2 innate immune responses and the natural helper cell. Immunology. 2011;
132:475–81. [DOI] [PubMed] [PMC]

56.     

Rink L, Kirchner H. Zinc-altered immune function and cytokine production. J Nutr. 2000;130:
1407S–11S. [DOI] [PubMed]

57.     

Fernandes G, Nair M, Onoe K, Tanaka T, Floyd R, Good RA. Impairment of cell-mediated immunity 
functions by dietary zinc deficiency in mice. Proc Natl Acad Sci U S A. 1979;76:457–61. [DOI] 
[PubMed] [PMC]

58.     

Giddings G, Allison G, Brooks D, Carter A. Transgenic plants as factories for biopharmaceuticals. Nat 
Biotechnol. 2000;18:1151–5. [DOI] [PubMed]

59.     

Koya V, Moayeri M, Leppla SH, Daniell H. Plant-based vaccine: mice immunized with chloroplast-
derived anthrax protective antigen survive anthrax lethal toxin challenge. Infect Immun. 2005;73:
8266–74. [DOI] [PubMed] [PMC]

60.     

Arakawa T, Chong DK, Merritt JL, Langridge WH. Expression of cholera toxin B subunit oligomers in 
transgenic potato plants. Transgenic Res. 1997;6:403–13. [DOI] [PubMed]

61.     

Doshi V, Rawal H, Mukherjee S. Edible vaccines from GM crops: current status and future scope. J 
Pharma Sci Innovat. 2013;2:1–6.

62.     

Markowiak P, Śliżewska K. Effects of Probiotics, Prebiotics, and Synbiotics on Human Health. 
Nutrients. 2017;9:1021. [DOI] [PubMed] [PMC]

63.     

Trombert A. Recombinant lactic acid bacteria as delivery vectors of heterologous antigens: the future 
of vaccination? Benef Microbes. 2015;6:313–24. [DOI] [PubMed]

64.     

https://dx.doi.org/10.1152/physrev.2000.80.3.1021
http://www.ncbi.nlm.nih.gov/pubmed/10893430
https://dx.doi.org/10.1016/j.immuni.2004.08.011
http://www.ncbi.nlm.nih.gov/pubmed/15485630
https://dx.doi.org/10.1084/jem.20102358
http://www.ncbi.nlm.nih.gov/pubmed/21859847
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3171100
https://dx.doi.org/10.1084/jem.20080039
http://www.ncbi.nlm.nih.gov/pubmed/18852290
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2571923
https://dx.doi.org/10.1093/jn/125.10.2483
http://www.ncbi.nlm.nih.gov/pubmed/7562082
https://dx.doi.org/10.1016/j.nut.2009.11.024
http://www.ncbi.nlm.nih.gov/pubmed/20363594
https://dx.doi.org/10.1126/science.1132742
http://www.ncbi.nlm.nih.gov/pubmed/17110582
https://dx.doi.org/10.3390/biom11111624
http://www.ncbi.nlm.nih.gov/pubmed/34827621
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8615708
https://dx.doi.org/10.1073/pnas.78.8.4990
http://www.ncbi.nlm.nih.gov/pubmed/6946446
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC320317
https://dx.doi.org/10.1038/nri3045
http://www.ncbi.nlm.nih.gov/pubmed/21852793
https://dx.doi.org/10.7150/ijbs.7.651
http://www.ncbi.nlm.nih.gov/pubmed/21647333
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3107473
https://dx.doi.org/10.4103/2230-8210.105579
http://www.ncbi.nlm.nih.gov/pubmed/23565497
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3602991
https://dx.doi.org/10.1111/j.1365-2567.2011.03413.x
http://www.ncbi.nlm.nih.gov/pubmed/21323663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3075501
https://dx.doi.org/10.1093/jn/130.5.1407S
http://www.ncbi.nlm.nih.gov/pubmed/10801952
https://dx.doi.org/10.1073/pnas.76.1.457
http://www.ncbi.nlm.nih.gov/pubmed/311474
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC382959
https://dx.doi.org/10.1038/81132
http://www.ncbi.nlm.nih.gov/pubmed/11062432
https://dx.doi.org/10.1128/IAI.73.12.8266-8274.2005
http://www.ncbi.nlm.nih.gov/pubmed/16299323
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1307059
https://dx.doi.org/10.1023/a:1018487401810
http://www.ncbi.nlm.nih.gov/pubmed/9423288
https://dx.doi.org/10.3390/nu9091021
http://www.ncbi.nlm.nih.gov/pubmed/28914794
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5622781
https://dx.doi.org/10.3920/BM2014.0068
http://www.ncbi.nlm.nih.gov/pubmed/25245573


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 17

Gallo A, Passaro G, Gasbarrini A, Landolfi R, Montalto M. Modulation of microbiota as treatment for 
intestinal inflammatory disorders: An uptodate. World J Gastroenterol. 2016;22:7186–202. [DOI] 
[PubMed] [PMC]

65.     

LeCureux JS, Dean GA. Lactobacillus Mucosal Vaccine Vectors: Immune Responses against Bacterial 
and Viral Antigens. mSphere. 2018;3:e00061–18. [DOI] [PubMed] [PMC]

66.     

Smits HH, Engering A, van der Kleij D, de Jong EC, Schipper K, van Capel TM, et al. Selective probiotic 
bacteria induce IL-10-producing regulatory T cells in vitro by modulating dendritic cell function 
through dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin. J Allergy Clin 
Immunol. 2005;115:1260–7. [DOI] [PubMed]

67.     

Konstantinov SR, Smidt H, de Vos WM, Bruijns SC, Singh SK, Valence F, et al. S layer protein A of 
Lactobacillus acidophilus NCFM regulates immature dendritic cell and T cell functions. Proc Natl 
Acad Sci U S A. 2008;105:19474–9. [DOI] [PubMed] [PMC]

68.     

Thakur BK, Saha P, Banik G, Saha DR, Grover S, Batish VK, et al. Live and heat-killed probiotic 
Lactobacillus casei Lbs2 protects from experimental colitis through Toll-like receptor 2-dependent 
induction of T-regulatory response. Int Immunopharmacol. 2016;36:39–50. [DOI] [PubMed]

69.     

Eslami S, Hadjati J, Motevaseli E, Mirzaei R, Farashi Bonab S, Ansaripour B, et al. Lactobacillus 
crispatus strain SJ-3C-US induces human dendritic cells (DCs) maturation and confers an anti-
inflammatory phenotype to DCs. APMIS. 2016;124:697–710. [DOI] [PubMed]

70.     

Johansson MA, Björkander S, Mata Forsberg M, Qazi KR, Salvany Celades M, Bittmann J, et al. 
Probiotic Lactobacilli Modulate Staphylococcus aureus-Induced Activation of Conventional and 
Unconventional T cells and NK Cells. Front Immunol. 2016;7:273. [DOI] [PubMed] [PMC]

71.     

Compare D, Rocco A, Coccoli P, Angrisani D, Sgamato C, Iovine B, et al. Lactobacillus casei DG and its 
postbiotic reduce the inflammatory mucosal response: an ex-vivo organ culture model of post-
infectious irritable bowel syndrome. BMC Gastroenterol. 2017;17:53. [DOI] [PubMed] [PMC]

72.     

Sagheddu V, Uggeri F, Belogi L, Remollino L, Brun P, Bernabè G, et al. The Biotherapeutic Potential of 
Lactobacillus reuteri Characterized Using a Target-Specific Selection Process. Front Microbiol. 2020;
11:532. [DOI] [PubMed] [PMC]

73.     

Sichetti M, De Marco S, Pagiotti R, Traina G, Pietrella D. Anti-inflammatory effect of multistrain 
probiotic formulation (L. rhamnosus, B. lactis, and B. longum). Nutrition. 2018;53:95–102. [DOI] 
[PubMed]

74.     

Solis B, Nova E, Gómez S, Samartín S, Mouane N, Lemtouni A, et al. The effect of fermented milk on 
interferon production in malnourished children and in anorexia nervosa patients undergoing 
nutritional care. Eur J Clin Nutr. 2002;56 Suppl 4:S27–33. [DOI] [PubMed]

75.     

Nova E, Toro O, Varela P, López-Vidriero I, Morandé G, Marcos A. Effects of a nutritional intervention 
with yogurt on lymphocyte subsets and cytokine production capacity in anorexia nervosa patients. 
Eur J Nutr. 2006;45:225–33. [DOI] [PubMed]

76.     

Chiang BL, Sheih YH, Wang LH, Liao CK, Gill HS. Enhancing immunity by dietary consumption of a 
probiotic lactic acid bacterium (Bifidobacterium lactis HN019): optimization and definition of 
cellular immune responses. Eur J Clin Nutr. 2000;54:849–55. [DOI] [PubMed]

77.     

Arunachalam K, Gill HS, Chandra RK. Enhancement of natural immune function by dietary 
consumption of Bifidobacterium lactis (HN019). Eur J Clin Nutr. 2000;54:263–7. [DOI] [PubMed]

78.     

Chen L, Zou Y, Peng J, Lu F, Yin Y, Li F, et al. Lactobacillus acidophilus suppresses colitis-associated 
activation of the IL-23/Th17 axis. J Immunol Res. 2015;2015:909514. [DOI] [PubMed] [PMC]

79.     

Gao C, Major A, Rendon D, Lugo M, Jackson V, Shi Z, et al. Histamine H2 Receptor-Mediated 
Suppression of Intestinal Inflammation by Probiotic Lactobacillus reuteri. mBio. 2015;6:e01358–15. 
[DOI] [PubMed] [PMC]

80.     

Dogi C, García G, De Moreno de LeBlanc A, Greco C, Cavaglieri L. Lactobacillus rhamnosus RC007 
intended for feed additive: immune-stimulatory properties and ameliorating effects on TNBS-
induced colitis. Benef Microbes. 2016;7:539–47. [DOI] [PubMed]

81.     

https://dx.doi.org/10.3748/wjg.v22.i32.7186
http://www.ncbi.nlm.nih.gov/pubmed/27621567
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4997632
https://dx.doi.org/10.1128/mSphere.00061-18
http://www.ncbi.nlm.nih.gov/pubmed/29769376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5956152
https://dx.doi.org/10.1016/j.jaci.2005.03.036
http://www.ncbi.nlm.nih.gov/pubmed/15940144
https://dx.doi.org/10.1073/pnas.0810305105
http://www.ncbi.nlm.nih.gov/pubmed/19047644
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2592362
https://dx.doi.org/10.1016/j.intimp.2016.03.033
http://www.ncbi.nlm.nih.gov/pubmed/27107798
https://dx.doi.org/10.1111/apm.12556
http://www.ncbi.nlm.nih.gov/pubmed/27245496
https://dx.doi.org/10.3389/fimmu.2016.00273
http://www.ncbi.nlm.nih.gov/pubmed/27462316
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4939411
https://dx.doi.org/10.1186/s12876-017-0605-x
http://www.ncbi.nlm.nih.gov/pubmed/28410580
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5391611
https://dx.doi.org/10.3389/fmicb.2020.00532
http://www.ncbi.nlm.nih.gov/pubmed/32351460
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7176361
https://dx.doi.org/10.1016/j.nut.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29674267
https://dx.doi.org/10.1038/sj.ejcn.1601659
http://www.ncbi.nlm.nih.gov/pubmed/12556944
https://dx.doi.org/10.1007/s00394-006-0589-8
http://www.ncbi.nlm.nih.gov/pubmed/16525751
https://dx.doi.org/10.1038/sj.ejcn.1601093
http://www.ncbi.nlm.nih.gov/pubmed/11114680
https://dx.doi.org/10.1038/sj.ejcn.1600938
http://www.ncbi.nlm.nih.gov/pubmed/10713750
https://dx.doi.org/10.1155/2015/909514
http://www.ncbi.nlm.nih.gov/pubmed/25973440
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4417982
https://dx.doi.org/10.1128/mBio.01358-15
http://www.ncbi.nlm.nih.gov/pubmed/26670383
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4701830
https://dx.doi.org/10.3920/BM2015.0147
http://www.ncbi.nlm.nih.gov/pubmed/27048833


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 18

Tang Y, Wu Y, Huang Z, Dong W, Deng Y, Wang F, et al. Administration of probiotic mixture DM#1 
ameliorated 5-fluorouracil-induced intestinal mucositis and dysbiosis in rats. Nutrition. 2017;33:
96–104. [DOI] [PubMed]

82.     

Park J, Choi JW, Jhun J, Kwon JY, Lee BI, Yang CW, et al. Lactobacillus acidophilus Improves Intestinal 
Inflammation in an Acute Colitis Mouse Model by Regulation of Th17 and Treg Cell Balance and 
Fibrosis Development. J Med Food. 2018;21:215–24. [DOI] [PubMed]

83.     

Zhou X, Liu H, Zhang J, Mu J, Zalan Z, Hegyi F, et al. Protective effect of Lactobacillus fermentum 
CQPC04 on dextran sulfate sodium-induced colitis in mice is associated with modulation of the 
nuclear factor-κB signaling pathway. J Dairy Sci. 2019;102:9570–85. [DOI] [PubMed]

84.     

Choi SH, Lee SH, Kim MG, Lee HJ, Kim GB. Lactobacillus plantarum CAU1055 ameliorates 
inflammation in lipopolysaccharide-induced RAW264.7 cells and a dextran sulfate sodium-induced 
colitis animal model. J Dairy Sci. 2019;102:6718–25. [DOI] [PubMed]

85.     

Huang L, Zhao Z, Duan C, Wang C, Zhao Y, Yang G, et al. Lactobacillus plantarum C88 protects against 
aflatoxin B1-induced liver injury in mice via inhibition of NF-κB-mediated inflammatory responses 
and excessive apoptosis. BMC Microbiol. 2019;19:170. [DOI] [PubMed] [PMC]

86.     

Kanda T, Nishida A, Ohno M, Imaeda H, Shimada T, Inatomi O, et al. Enterococcus durans TN-3 
Induces Regulatory T Cells and Suppresses the Development of Dextran Sulfate Sodium (DSS)-
Induced Experimental Colitis. PLoS One. 2016;11:e0159705. [DOI] [PubMed] [PMC]

87.     

Levit R, Cortes-Perez NG, de Moreno de Leblanc A, Loiseau J, Aucouturier A, Langella P, et al. Use of 
genetically modified lactic acid bacteria and bifidobacteria as live delivery vectors for human and 
animal health. Gut Microbes. 2022;14:2110821. [DOI] [PubMed] [PMC]

88.     

Mierau I, Kleerebezem M. 10 years of the nisin-controlled gene expression system (NICE) in 
Lactococcus lactis. Appl Microbiol Biotechnol. 2005;68:705–17. [DOI] [PubMed]

89.     

Wu J, Xin Y, Kong J, Guo T. Genetic tools for the development of recombinant lactic acid bacteria. 
Microb Cell Fact. 2021;20:118. [DOI] [PubMed] [PMC]

90.     

Bermúdez-Humarán LG, Kharrat P, Chatel JM, Langella P. Lactococci and lactobacilli as mucosal 
delivery vectors for therapeutic proteins and DNA vaccines. Microb Cell Fact. 2011;10 Suppl 1:S4. 
[DOI] [PubMed] [PMC]

91.     

Michon C, Langella P, Eijsink VG, Mathiesen G, Chatel JM. Display of recombinant proteins at the 
surface of lactic acid bacteria: strategies and applications. Microb Cell Fact. 2016;15:70. [DOI] 
[PubMed] [PMC]

92.     

Faghihkhorasani A, Ahmed HH, Mashool NM, Alwan M, Assefi M, Adab AH, et al. The potential use of 
bacteria and bacterial derivatives as drug delivery systems for viral infection. Virol J. 2023;20:222. 
[DOI] [PubMed] [PMC]

93.     

Lin J, Zou Y, Ma C, Liang Y, Ge X, Chen Z, et al. Construction and characterization of three protein-
targeting expression system in Lactobacillus casei. FEMS Microbiol Lett. 2016;363:fnw041. [DOI] 
[PubMed]

94.     

Raheja G, Singh V, Ma K, Boumendjel R, Borthakur A, Gill RK, et al. Lactobacillus acidophilus 
stimulates the expression of SLC26A3 via a transcriptional mechanism. Am J Physiol Gastrointest 
Liver Physiol. 2010;298:G395–401. [DOI] [PubMed] [PMC]

95.     

Homayouni-Rad A, Abbasi A, Soleimani RA, Pouraga B. Could postbiotics substitute probiotics? Curr 
Nutr Food Sci. 2023;19:670–2. [DOI]

96.     

Homayouni Rad A, Aghebati Maleki L, Samadi Kafil H, Abbasi A. Postbiotics: A novel strategy in food 
allergy treatment. Crit Rev Food Sci Nutr. 2021;61:492–9. [DOI] [PubMed]

97.     

Milani PG, Soleimani RA, Khani N, Rad AH. Gut microbiota: a perspective for colorectal cancer. 
Gastrointest Nurs. 2023;21:26–31. [DOI]

98.     

Khani N, Bonyadi M, Soleimani RA, Raziabad RH, Ahmadi M, Homayouni-Rad A. Postbiotics: As a 
Promising Tools in the Treatment of Celiac Disease. Probiotics Antimicrob Proteins. 2025;17:
1513–22. [DOI] [PubMed]

99.     

https://dx.doi.org/10.1016/j.nut.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27427511
https://dx.doi.org/10.1089/jmf.2017.3990
http://www.ncbi.nlm.nih.gov/pubmed/29336663
https://dx.doi.org/10.3168/jds.2019-16840
http://www.ncbi.nlm.nih.gov/pubmed/31477303
https://dx.doi.org/10.3168/jds.2018-16197
http://www.ncbi.nlm.nih.gov/pubmed/31155246
https://dx.doi.org/10.1186/s12866-019-1525-4
http://www.ncbi.nlm.nih.gov/pubmed/31357935
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6664579
https://dx.doi.org/10.1371/journal.pone.0159705
http://www.ncbi.nlm.nih.gov/pubmed/27438072
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4954729
https://dx.doi.org/10.1080/19490976.2022.2110821
http://www.ncbi.nlm.nih.gov/pubmed/35960855
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9377234
https://dx.doi.org/10.1007/s00253-005-0107-6
http://www.ncbi.nlm.nih.gov/pubmed/16088349
https://dx.doi.org/10.1186/s12934-021-01607-1
http://www.ncbi.nlm.nih.gov/pubmed/34147119
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8214781
https://dx.doi.org/10.1186/1475-2859-10-S1-S4
http://www.ncbi.nlm.nih.gov/pubmed/21995317
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3231930
https://dx.doi.org/10.1186/s12934-016-0468-9
http://www.ncbi.nlm.nih.gov/pubmed/27142045
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4855500
https://dx.doi.org/10.1186/s12985-023-02183-z
http://www.ncbi.nlm.nih.gov/pubmed/37789431
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10548687
https://dx.doi.org/10.1093/femsle/fnw041
http://www.ncbi.nlm.nih.gov/pubmed/26892019
https://dx.doi.org/10.1152/ajpgi.00465.2009
http://www.ncbi.nlm.nih.gov/pubmed/20044511
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2838518
https://dx.doi.org/10.2174/1389201023666221004125745
https://dx.doi.org/10.1080/10408398.2020.1738333
http://www.ncbi.nlm.nih.gov/pubmed/32160762
https://dx.doi.org/10.12968/gasn.2023.21.7.26
https://dx.doi.org/10.1007/s12602-024-10416-y
http://www.ncbi.nlm.nih.gov/pubmed/39673575


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 19

Khani N, Shakeri AH, Houshmandi S, Ziavand M, Abedi-Soleimani R, Hosseinzadeh N, et al. The 
Promising Biological Role of Postbiotics in Treating Human Infertility. Probiotics Antimicrob 
Proteins. 2025;17:2166–78. [DOI] [PubMed]

100.     

Ghazavi N, Abedi R. Using Lactobacillus acidophilus in production of probiotic pomegranate juice. J 
Food Sci Technol (Iran). 2018;15:107–99.

101.     

Khani N, Shirkhan F, Ashkezary MR, Sarabi Aghdam V, Soleimani RA, Shokouhian SMJ, et al. 
Functional Foods Based on Postbiotics as a Food Allergy Treatment. Foods. 2025;14:3584. [DOI] 
[PubMed] [PMC]

102.     

Homayouni-Rad A, Azizi A, Oroojzadeh P, Pourjafar H. Kluyveromyces marxianus as a probiotic 
yeast: A mini-review. Curr Nutr Food Sci. 2020;16:1163–9. [DOI]

103.     

Khani N, Shakeri AH, Bonyadi M, Khorrami R, Homayouni-Rad A. Microbial and Chemical Safety 
Aspects of Postbiotics: As their Tools in Improving Food Safety. Curr Nutr Food Sci. 2025;21:
593–607. [DOI]

104.     

Khani N, Soleimani RA, Milani PG, Rad AH. Evaluation of the antifungal and antibiofilm activity of 
postbiotics derived from Lactobacillus spp. on Penicillium expansoum in vitro and in food model. 
Lett Appl Microbiol. 2023;76:ovad070. [DOI] [PubMed]

105.     

Khani N, Soleimani RA, Homayouni-Rad A. Potential of Postbiotics for the Biodegradation of 
Xenobiotics: A Review. Curr Nutr Food Sci. 2025;21:653–70. [DOI]

106.     

Khani N, Abedi Soleimani R, Chadorshabi S, Moutab BP, Milani PG, Rad AH. Postbiotics as candidates 
in biofilm inhibition in food industries. Lett Appl Microbiol. 2024;77:ovad069. [DOI] [PubMed]

107.     

Khani N, Shakeri AH, Moosavy MH, Soleymani Fard M, Abedi Soleimani R, Khorrami R, et al. Potential 
Application of Postbiotics as a Natural Preservative in Cheese. Probiotics Antimicrob Proteins. 2025;
[Epub ahead of print]. [DOI] [PubMed]

108.     

Khani N, Noorkhajavi G, Reziabad RH, Rad AH, Ziavand M. Postbiotics as Potential Detoxification 
Tools for Mitigation of Pesticides. Probiotics Antimicrob Proteins. 2024;16:1427–39. [DOI] [PubMed]

109.     

Khani N, Noorkhajavi G, Soleiman RA, Raziabad RH, Rad AH, Akhlaghi AP. Aflatoxin Biodetoxification 
Strategies Based on Postbiotics. Probiotics Antimicrob Proteins. 2024;16:1673–86. [DOI] [PubMed]

110.     

Milani PG, Nazari A, Soleimani AA, Soleimani RA. Gut–liver axis and the impact of probiotics on 
neonatal jaundice symptoms: a review. Gastrointest Nurs. 2023;21(Sup6):S10–4. [DOI]

111.     

Vadaei S, Milani PG, Soleimani RA, Soleimani AA. Gut Microbiota: a Perspective for Postpartum 
Depression. Gastrointest Nurs. 2023;21:30–4. [DOI]

112.     

Milani PG, Vadaei S, Nazari A, Rezaie F, Soleimani RA, Rad AH. Anxiety and depression during the 
COVID-19 pandemic: role of the gut–brain axis. Gastrointest Nurs. 2023;21:18–24. [DOI]

113.     

Rahimi N, Soleimani RA, Milani PG, Vadaei S. The role of diet and microbiome in premenstrual 
syndrome. Gastrointest Nurs. 2024;22:34–40. [DOI]

114.     

Fiorino G, Allocca M, Furfaro F, Gilardi D, Zilli A, Radice S, et al. Inflammatory Bowel Disease Care in 
the COVID-19 Pandemic Era: The Humanitas, Milan, Experience. J Crohns Colitis. 2020;14:1330–3. 
[DOI] [PubMed] [PMC]

115.     

Homayouni-Rad A, Pouragha B, Houshyar J, Soleimani RA, Kazemi S, Keisan S, et al. Postbiotic 
application: a review on extraction, purification, and characterization methods. Food Bioprocess 
Technol. 2025;18:4153–74. [DOI]

116.     

Soleimani RA, Shokouhian SMJ, Houshyar J, Khani N, Abachi S, Milani PG, et al. Postbiotic bioactive 
packaging systems: A review. Curr Nutr Food Sci. 2024;20:296–304. [DOI]

117.     

Malagón-Rojas JN, Mantziari A, Salminen S, Szajewska H. Postbiotics for Preventing and Treating 
Common Infectious Diseases in Children: A Systematic Review. Nutrients. 2020;12:389. [DOI] 
[PubMed] [PMC]

118.     

https://dx.doi.org/10.1007/s12602-025-10458-w
http://www.ncbi.nlm.nih.gov/pubmed/39883398
https://dx.doi.org/10.3390/foods14203584
http://www.ncbi.nlm.nih.gov/pubmed/41154120
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12563344
https://dx.doi.org/10.2174/1573401316666200217113230
https://dx.doi.org/10.2174/0115734013337740241115052908
https://dx.doi.org/10.1093/lambio/ovad070
http://www.ncbi.nlm.nih.gov/pubmed/37339913
https://dx.doi.org/10.2174/0115734013325225241211033631
https://dx.doi.org/10.1093/lambio/ovad069
http://www.ncbi.nlm.nih.gov/pubmed/37309029
https://dx.doi.org/10.1007/s12602-025-10559-6
http://www.ncbi.nlm.nih.gov/pubmed/40327312
https://dx.doi.org/10.1007/s12602-023-10184-1
http://www.ncbi.nlm.nih.gov/pubmed/37934379
https://dx.doi.org/10.1007/s12602-024-10242-2
http://www.ncbi.nlm.nih.gov/pubmed/38478298
https://dx.doi.org/10.12968/gasn.2023.21.Sup6.S10
https://dx.doi.org/10.12968/gasn.2023.21.4.30
https://dx.doi.org/10.12968/gasn.2024.21.10.1
https://dx.doi.org/10.12968/gasn.2024.22.1.34
https://dx.doi.org/10.1093/ecco-jcc/jjaa058
http://www.ncbi.nlm.nih.gov/pubmed/32211765
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7184487
https://dx.doi.org/10.1007/s11947-024-03701-9
https://dx.doi.org/10.2174/1573401319666230309122819
https://dx.doi.org/10.3390/nu12020389
http://www.ncbi.nlm.nih.gov/pubmed/32024037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7071176


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 20

Moradi M, Kousheh SA, Almasi H, Alizadeh A, Guimarães JT, Yılmaz N, et al. Postbiotics produced by 
lactic acid bacteria: The next frontier in food safety. Compr Rev Food Sci Food Saf. 2020;19:
3390–415. [DOI] [PubMed]

119.     

Pacini S, Ruggiero M. Description of a novel probiotic concept: Implications for the modulation of the 
immune system. Am J Immunol. 2017;13:107–13.

120.     

Soleimani RA, Milani PG, Rad AH. The role of gut microbiota on obesity management: a review of the 
evidence. Gastrointest Nurs. 2024;22:26–32. [DOI]

121.     

Moossavi S, Miliku K, Sepehri S, Khafipour E, Azad MB. The Prebiotic and Probiotic Properties of 
Human Milk: Implications for Infant Immune Development and Pediatric Asthma. Front Pediatr. 
2018;6:197. [DOI] [PubMed] [PMC]

122.     

Soleimani RA, Milani PG, Khani N, Homayouni-Rad A. The overlooked hazard: Clostridioides difficile 
in preterm infants and immature immune systems-harnessing postbiotics for safer therapeutic 
strategies. Lett Appl Microbiol. 2025;78:ovaf083. [DOI] [PubMed]

123.     

Soleimani RA, Salemkhoei S, Milani PG, Soleimani AA, Khayeri S. The role of gut microbiota and 
probiotics in managing hypertensive disorders of pregnancy. Gastrointest Nurs. 2025;23:42–8. [DOI]

124.     

Turroni F, Serafini F, Foroni E, Duranti S, O’Connell Motherway M, Taverniti V, et al. Role of sortase-
dependent pili of Bifidobacterium bifidum PRL2010 in modulating bacterium-host interactions. Proc 
Natl Acad Sci U S A. 2013;110:11151–6. [DOI] [PubMed] [PMC]

125.     

Al-Hassi HO, Mann ER, Sanchez B, English NR, Peake ST, Landy J, et al. Altered human gut dendritic 
cell properties in ulcerative colitis are reversed by Lactobacillus plantarum extracellular encrypted 
peptide STp. Mol Nutr Food Res. 2014;58:1132–43. [DOI] [PubMed]

126.     

Bernardo D, Sánchez B, Al-Hassi HO, Mann ER, Urdaci MC, Knight SC, et al. Microbiota/host crosstalk 
biomarkers: regulatory response of human intestinal dendritic cells exposed to Lactobacillus 
extracellular encrypted peptide. PLoS One. 2012;7:e36262. [DOI] [PubMed] [PMC]

127.     

Hidalgo-Cantabrana C, Moro-García MA, Blanco-Míguez A, Fdez-Riverola F, Lourenço A, Alonso-Arias 
R, et al. In Silico Screening of the Human Gut Metaproteome Identifies Th17-Promoting Peptides 
Encrypted in Proteins of Commensal Bacteria. Front Microbiol. 2017;8:1726. [DOI] [PubMed] [PMC]

128.     

Hidalgo-Cantabrana C, Sánchez B, Álvarez-Martín P, López P, Martínez-Álvarez N, Delley M, et al. A 
single mutation in the gene responsible for the mucoid phenotype of Bifidobacterium animalis 
subsp. lactis confers surface and functional characteristics. Appl Environ Microbiol. 2015;81:7960–8. 
[DOI] [PubMed] [PMC]

129.     

Hidalgo-Cantabrana C, Algieri F, Rodriguez-Nogales A, Vezza T, Martínez-Camblor P, Margolles A, et 
al. Effect of a Ropy Exopolysaccharide-Producing Bifidobacterium animalis subsp. lactis Strain Orally 
Administered on DSS-Induced Colitis Mice Model. Front Microbiol. 2016;7:868. [DOI] [PubMed] 
[PMC]

130.     

Chen YC, Wu YJ, Hu CY. Monosaccharide composition influence and immunomodulatory effects of 
probiotic exopolysaccharides. Int J Biol Macromol. 2019;133:575–82. [DOI] [PubMed]

131.     

Yu R, Zuo F, Ma H, Chen S. Exopolysaccharide-Producing Bifidobacterium adolescentis Strains with 
Similar Adhesion Property Induce Differential Regulation of Inflammatory Immune Response in 
Treg/Th17 Axis of DSS-Colitis Mice. Nutrients. 2019;11:782. [DOI] [PubMed] [PMC]

132.     

Yan S, Yang B, Zhao J, Zhao J, Stanton C, Ross RP, et al. A ropy exopolysaccharide producing strain 
Bifidobacterium longum subsp. longum YS108R alleviates DSS-induced colitis by maintenance of the 
mucosal barrier and gut microbiota modulation. Food Funct. 2019;10:1595–608. [DOI] [PubMed]

133.     

López P, González-Rodríguez I, Sánchez B, Gueimonde M, Margolles A, Suárez A. Treg-inducing 
membrane vesicles from Bifidobacterium bifidum LMG13195 as potential adjuvants in 
immunotherapy. Vaccine. 2012;30:825–9. [DOI] [PubMed]

134.     

Lee HA, Kim H, Lee KW, Park KY. Dead Lactobacillus plantarum Stimulates and Skews Immune 
Responses toward T helper 1 and 17 Polarizations in RAW 264.7 Cells and Mouse Splenocytes. J 
Microbiol Biotechnol. 2016;26:469–76. [DOI] [PubMed]

135.     

https://dx.doi.org/10.1111/1541-4337.12613
http://www.ncbi.nlm.nih.gov/pubmed/33337065
https://dx.doi.org/10.12968/gasn.2024.22.1.2
https://dx.doi.org/10.3389/fped.2018.00197
http://www.ncbi.nlm.nih.gov/pubmed/30140664
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6095009
https://dx.doi.org/10.1093/lambio/ovaf083
http://www.ncbi.nlm.nih.gov/pubmed/40504562
https://dx.doi.org/10.12968/gasn.2024.0081
https://dx.doi.org/10.1073/pnas.1303897110
http://www.ncbi.nlm.nih.gov/pubmed/23776216
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3703987
https://dx.doi.org/10.1002/mnfr.201300596
http://www.ncbi.nlm.nih.gov/pubmed/24347371
https://dx.doi.org/10.1371/journal.pone.0036262
http://www.ncbi.nlm.nih.gov/pubmed/22606249
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3351486
https://dx.doi.org/10.3389/fmicb.2017.01726
http://www.ncbi.nlm.nih.gov/pubmed/28943872
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5596104
https://dx.doi.org/10.1128/AEM.02095-15
http://www.ncbi.nlm.nih.gov/pubmed/26362981
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4651084
https://dx.doi.org/10.3389/fmicb.2016.00868
http://www.ncbi.nlm.nih.gov/pubmed/27375589
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4900019
https://dx.doi.org/10.1016/j.ijbiomac.2019.04.109
http://www.ncbi.nlm.nih.gov/pubmed/31004639
https://dx.doi.org/10.3390/nu11040782
http://www.ncbi.nlm.nih.gov/pubmed/30987344
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6520857
https://dx.doi.org/10.1039/c9fo00014c
http://www.ncbi.nlm.nih.gov/pubmed/30806428
https://dx.doi.org/10.1016/j.vaccine.2011.11.115
http://www.ncbi.nlm.nih.gov/pubmed/22172507
https://dx.doi.org/10.4014/jmb.1511.11001
http://www.ncbi.nlm.nih.gov/pubmed/26699750


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 21

Grangette C, Nutten S, Palumbo E, Morath S, Hermann C, Dewulf J, et al. Enhanced antiinflammatory 
capacity of a Lactobacillus plantarum mutant synthesizing modified teichoic acids. Proc Natl Acad Sci 
U S A. 2005;102:10321–6. [DOI] [PubMed] [PMC]

136.     

Kim JY, Kim H, Jung BJ, Kim NR, Park JE, Chung DK. Lipoteichoic acid isolated from Lactobacillus 
plantarum suppresses LPS-mediated atherosclerotic plaque inflammation. Mol Cells. 2013;35:
115–24. [DOI] [PubMed] [PMC]

137.     

Claes IJ, Lebeer S, Shen C, Verhoeven TL, Dilissen E, De Hertogh G, et al. Impact of lipoteichoic acid 
modification on the performance of the probiotic Lactobacillus rhamnosus GG in experimental 
colitis. Clin Exp Immunol. 2010;162:306–14. [DOI] [PubMed] [PMC]

138.     

Riehl TE, Alvarado D, Ee X, Zuckerman A, Foster L, Kapoor V, et al. Lactobacillus rhamnosus GG 
protects the intestinal epithelium from radiation injury through release of lipoteichoic acid, 
macrophage activation and the migration of mesenchymal stem cells. Gut. 2019;68:1003–13. [DOI] 
[PubMed] [PMC]

139.     

Wang S, Ahmadi S, Nagpal R, Jain S, Mishra SP, Kavanagh K, et al. Lipoteichoic acid from the cell wall 
of a heat killed Lactobacillus paracasei D3-5 ameliorates aging-related leaky gut, inflammation and 
improves physical and cognitive functions: from C. elegans to mice. Geroscience. 2020;42:333–52. 
[DOI] [PubMed] [PMC]

140.     

Zolnikova O, Komkova I, Potskherashvili N, Trukhmanov A, Ivashkin V, et al. Application of 
probiotics for acute respiratory tract infections. Ital J Med. 2018;12:32–8.

141.     

Soleimani RA, Abdoli A, Milani PG, Khani N, Homayouni-Rad A. Postbiotics as promising tools for 
controlling foodborne viruses infections. Microb Pathog. 2025;206:107835. [DOI] [PubMed]

142.     

Ermolenko EI, Desheva YA, Kolobov AA, Kotyleva MP, Sychev IA, Suvorov AN. Anti-Influenza Activity 
of Enterocin B In vitro and Protective Effect of Bacteriocinogenic Enterococcal Probiotic Strain on 
Influenza Infection in Mouse Model. Probiotics Antimicrob Proteins. 2019;11:705–12. [DOI] 
[PubMed]

143.     

Khani N, Abedi Soleimani R, Noorkhajavi G, Abedi Soleimani A, Abbasi A, Homayouni Rad A. 
Postbiotics as potential promising tools for SARS-CoV-2 disease adjuvant therapy. J Appl Microbiol. 
2022;132:4097–111. [DOI] [PubMed]

144.     

Yeo JM, Lee HJ, Kim JW, Lee JB, Park SY, Choi IS, et al. Lactobacillus fermentum CJL-112 protects mice 
against influenza virus infection by activating T-helper 1 and eliciting a protective immune response. 
Int Immunopharmacol. 2014;18:50–4. [DOI] [PubMed]

145.     

Maeda N, Nakamura R, Hirose Y, Murosaki S, Yamamoto Y, Kase T, et al. Oral administration of heat-
killed Lactobacillus plantarum L-137 enhances protection against influenza virus infection by 
stimulation of type I interferon production in mice. Int Immunopharmacol. 2009;9:1122–5. [DOI] 
[PubMed]

146.     

Marasco G, Lenti MV, Cremon C, Barbaro MR, Stanghellini V, Di Sabatino A, et al. Implications of 
SARS-CoV-2 infection for neurogastroenterology. Neurogastroenterol Motil. 2021;33:e14104. [DOI] 
[PubMed] [PMC]

147.     

Chen J, Vitetta L. Modulation of Gut Microbiota for the Prevention and Treatment of COVID-19. J Clin 
Med. 2021;10:2903. [DOI] [PubMed] [PMC]

148.     

Balzaretti S, Taverniti V, Guglielmetti S, Fiore W, Minuzzo M, Ngo HN, et al. A Novel Rhamnose-Rich 
Hetero-exopolysaccharide Isolated from Lactobacillus paracasei DG Activates THP-1 Human 
Monocytic Cells. Appl Environ Microbiol. 2017;83:e02702–16. [DOI] [PubMed] [PMC]

149.     

Cristofori F, Dargenio VN, Dargenio C, Miniello VL, Barone M, Francavilla R. Anti-Inflammatory and 
Immunomodulatory Effects of Probiotics in Gut Inflammation: A Door to the Body. Front Immunol. 
2021;12:578386. [DOI] [PubMed] [PMC]

150.     

Morshedi M, Hashemi R, Moazzen S, Sahebkar A, Hosseinifard ES. Immunomodulatory and anti-
inflammatory effects of probiotics in multiple sclerosis: a systematic review. J Neuroinflammation. 
2019;16:231. [DOI] [PubMed] [PMC]

151.     

https://dx.doi.org/10.1073/pnas.0504084102
http://www.ncbi.nlm.nih.gov/pubmed/15985548
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1177390
https://dx.doi.org/10.1007/s10059-013-2190-3
http://www.ncbi.nlm.nih.gov/pubmed/23456333
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3887899
https://dx.doi.org/10.1111/j.1365-2249.2010.04228.x
http://www.ncbi.nlm.nih.gov/pubmed/20731672
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2996598
https://dx.doi.org/10.1136/gutjnl-2018-316226
http://www.ncbi.nlm.nih.gov/pubmed/29934438
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7202371
https://dx.doi.org/10.1007/s11357-019-00137-4
http://www.ncbi.nlm.nih.gov/pubmed/31814084
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7031475
https://dx.doi.org/10.1016/j.micpath.2025.107835
http://www.ncbi.nlm.nih.gov/pubmed/40571106
https://dx.doi.org/10.1007/s12602-018-9457-0
http://www.ncbi.nlm.nih.gov/pubmed/30143997
https://dx.doi.org/10.1111/jam.15457
http://www.ncbi.nlm.nih.gov/pubmed/35064987
https://dx.doi.org/10.1016/j.intimp.2013.10.020
http://www.ncbi.nlm.nih.gov/pubmed/24201084
https://dx.doi.org/10.1016/j.intimp.2009.04.015
http://www.ncbi.nlm.nih.gov/pubmed/19410659
https://dx.doi.org/10.1111/nmo.14104
http://www.ncbi.nlm.nih.gov/pubmed/33591607
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7995160
https://dx.doi.org/10.3390/jcm10132903
http://www.ncbi.nlm.nih.gov/pubmed/34209870
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8268324
https://dx.doi.org/10.1128/AEM.02702-16
http://www.ncbi.nlm.nih.gov/pubmed/27913418
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5244303
https://dx.doi.org/10.3389/fimmu.2021.578386
http://www.ncbi.nlm.nih.gov/pubmed/33717063
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7953067
https://dx.doi.org/10.1186/s12974-019-1611-4
http://www.ncbi.nlm.nih.gov/pubmed/31752913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6868771


Explor Immunol. 2026;6:1003237 | https://doi.org/10.37349/ei.2026.1003237 Page 22

Wang HB, Wang PY, Wang X, Wan YL, Liu YC. Butyrate enhances intestinal epithelial barrier function 
via up-regulation of tight junction protein Claudin-1 transcription. Dig Dis Sci. 2012;57:3126–35. 
[DOI] [PubMed]

152.     

Sun M, Ma N, He T, Johnston LJ, Ma X. Tryptophan (Trp) modulates gut homeostasis via aryl 
hydrocarbon receptor (AhR). Crit Rev Food Sci Nutr. 2020;60:1760–8. [DOI] [PubMed]

153.     

Shi Y, Li S, Yang S. Probiotic-derived extracellular vesicles: a novel weapon against viral infections. 
Biosci Microbiota Food Health. 2025;44:245–50. [DOI] [PubMed] [PMC]

154.     

Li N, Russell WM, Douglas-escobar M, Hauser N, Lopez M, Neu J. Live and heat-killed Lactobacillus 
rhamnosus GG: effects on proinflammatory and anti-inflammatory cytokines/chemokines in 
gastrostomy-fed infant rats. Pediatr Res. 2009;66:203–7. [DOI] [PubMed]

155.     

Takeuchi T, Ohno H. IgA in human health and diseases: Potential regulator of commensal microbiota. 
Front Immunol. 2022;13:1024330. [DOI] [PubMed] [PMC]

156.     

Wu W, Sun M, Chen F, Cao AT, Liu H, Zhao Y, et al. Microbiota metabolite short-chain fatty acid 
acetate promotes intestinal IgA response to microbiota which is mediated by GPR43. Mucosal 
Immunol. 2017;10:946–56. [DOI] [PubMed] [PMC]

157.     

Wu SI, Wu CC, Cheng LH, Noble SW, Liu CJ, Lee YH, et al. Psychobiotic supplementation of HK-PS23 
improves anxiety in highly stressed clinical nurses: a double-blind randomized placebo-controlled 
study. Food Funct. 2022;13:8907–19. [DOI] [PubMed]

158.     

Saadh MJ, Haddad M, Dababneh MF, Bayan MF, Al-Jaidi BA. A guide for estimating the maximum safe 
starting dose and conversion it between animals and humans. Syst Rev Pharm. 2020;11:98–101.

159.     

Aguilar-Toalá JE, Garcia-Varela R, Garcia HS, Mata-Haro V, González-Córdova AF, Vallejo-Cordoba B, 
et al. Postbiotics: An evolving term within the functional foods field. Trends Food Sci Technol. 2018;
75:105–14. [DOI]

160.     

Wegh CAM, Geerlings SY, Knol J, Roeselers G, Belzer C. Postbiotics and Their Potential Applications in 
Early Life Nutrition and Beyond. Int J Mol Sci. 2019;20:4673. [DOI] [PubMed] [PMC]

161.     

Hirayama D, Iida T, Nakase H. The Phagocytic Function of Macrophage-Enforcing Innate Immunity 
and Tissue Homeostasis. Int J Mol Sci. 2017;19:92. [DOI] [PubMed] [PMC]

162.     

Liu L, McClements DJ, Liu X, Liu F. Overcoming Biopotency Barriers: Advanced Oral Delivery 
Strategies for Enhancing the Efficacy of Bioactive Food Ingredients. Adv Sci (Weinh). 2024;11:
e2401172. [DOI] [PubMed] [PMC]

163.     

Divsalar E, İncili GK, Shi C, Semsari E, Hosseini SH, Ebrahimi Tirtashi F, et al. Challenges with the use 
of postbiotics/parabiotics in food industry. Crit Rev Food Sci Nutr. 2025;1–17. [DOI] [PubMed]

164.     

Sui Y, Hou X, Zhang J, Hong X, Wang H, Xiao Y, et al. Lipid nanoparticle-mediated targeted mRNA 
delivery and its application in cancer therapy. J Mater Chem B. 2025;13:10085–117. [DOI] [PubMed]

165.     

Lycke N. Recent progress in mucosal vaccine development: potential and limitations. Nat Rev 
Immunol. 2012;12:592–605. [DOI] [PubMed]

166.     

https://dx.doi.org/10.1007/s10620-012-2259-4
http://www.ncbi.nlm.nih.gov/pubmed/22684624
https://dx.doi.org/10.1080/10408398.2019.1598334
http://www.ncbi.nlm.nih.gov/pubmed/30924357
https://dx.doi.org/10.12938/bmfh.2025-027
http://www.ncbi.nlm.nih.gov/pubmed/41050159
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12490874
https://dx.doi.org/10.1203/PDR.0b013e3181aabd4f
http://www.ncbi.nlm.nih.gov/pubmed/19390478
https://dx.doi.org/10.3389/fimmu.2022.1024330
http://www.ncbi.nlm.nih.gov/pubmed/36439192
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9685418
https://dx.doi.org/10.1038/mi.2016.114
http://www.ncbi.nlm.nih.gov/pubmed/27966553
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5471141
https://dx.doi.org/10.1039/d2fo01156e
http://www.ncbi.nlm.nih.gov/pubmed/35924970
https://dx.doi.org/10.1016/j.tifs.2018.03.009
https://dx.doi.org/10.3390/ijms20194673
http://www.ncbi.nlm.nih.gov/pubmed/31547172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6801921
https://dx.doi.org/10.3390/ijms19010092
http://www.ncbi.nlm.nih.gov/pubmed/29286292
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5796042
https://dx.doi.org/10.1002/advs.202401172
http://www.ncbi.nlm.nih.gov/pubmed/39361948
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11600209
https://dx.doi.org/10.1080/10408398.2025.2541047
http://www.ncbi.nlm.nih.gov/pubmed/40747876
https://dx.doi.org/10.1039/d5tb01556a
http://www.ncbi.nlm.nih.gov/pubmed/40757469
https://dx.doi.org/10.1038/nri3251
http://www.ncbi.nlm.nih.gov/pubmed/22828912

	Abstract
	Keywords
	Introduction
	Evolution of vaccines
	Live-attenuated vaccines
	Inactivated vaccines
	Toxoid vaccines
	Biosynthetic vaccines
	DNA vaccines
	Recombinant vaccines
	OVs
	Comparison of injected and OVs
	Mechanism of action of OVs


	Oral vaccination efficiency
	Role of the microbiota
	Role of nutrition
	Vitamin A
	Vitamin D
	Zinc


	Vectors of OVs
	Genetically modified plants
	Genetically modified lactic acid bacteria

	Postbiotics
	Definition and safety aspect
	Mechanism of action of postbiotics

	Challenges, limitation and future perspectives
	Conclusion
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

