
Academic Editor: Ying Zhang

Received: 30 March 2026

Revised: 1 May 2026

Accepted: 6 May 2026

Published: 18 May 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Current Understanding of Probiotic Strains and Immune
Function: From Gut Microbiota to Systemic Immunity
Maciej Piotr Szota 1,2, Katarzyna Napiórkowska-Baran 1,* , Aleksandra Wojtkiewicz 3, Lidia Wydeheft 1,
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Abstract

Growing evidence indicates that the gut microbiota is a central regulator of systemic im-
munity, acting through epithelial barrier integrity, microbial metabolites, and bidirectional
signaling with innate and adaptive immune cells. Within this framework, probiotics have
attracted substantial interest as tools for immune modulation; however, their effects are not
uniform and should not be generalized across species or formulations. This review syn-
thesizes current evidence on the gut microbiota–immune axis and examines how defined
probiotic strains influence immune homeostasis, inflammation, and clinical outcomes. Par-
ticular emphasis is placed on strain-specific effects among lactic acid bacteria, bifidobacteria,
yeast probiotics, and emerging nontraditional candidates, with attention to mechanisms
involving cytokine signaling, regulatory T-cell induction, nuclear factor kappa B (NF-κB)
modulation, toll-like receptor (TLR) pathways, short-chain fatty acids (SCFAs), tryptophan
metabolites, and bile-acid-dependent signaling. The available literature indicates that the
most meaningful immunological effects arise from precisely characterized strains acting in
specific host contexts, whereas inconsistent trial design, small sample sizes, variable dosing,
and poor strain resolution continue to limit translation. Overall, current data support a
shift from generic probiotic use toward mechanism-based, strain-specific, and increasingly
personalized strategies for immune modulation.

Keywords: probiotics; gut microbiota; immune modulation; strain specificity; systemic
immunity; intestinal barrier; microbial metabolites

1. Introduction
The gut microbiota is increasingly recognized as a central regulator of immune

development and homeostasis, shaping both mucosal and systemic immunity from
early life onward. During critical developmental windows, colonization by commensal
microorganisms—particularly bifidobacteria—contributes to immune education, supports
tolerance, and influences susceptibility to later inflammatory and allergic disorders [1–3].
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Conversely, disruption of microbial ecology has been associated with immune dysregu-
lation across a wide range of conditions. Dysbiosis, commonly characterized by reduced
microbial diversity, depletion of beneficial taxa, and expansion of pro-inflammatory or-
ganisms, has been linked to chronic inflammation and altered immune responses in infant
inflammatory disorders, rheumatoid arthritis, inflammatory bowel disease, obesity, and im-
paired responses to cancer immunotherapy [4–7]. Collectively, these observations support
the concept that the intestine is not merely a digestive organ, but a dynamic immunological
interface through which microbial communities shape systemic inflammatory tone and
host defense [8].

Mechanistically, the microbiota exerts its immunological effects through several in-
terconnected pathways. Microbial metabolites such as short-chain fatty acids, indole
derivatives, and tryptophan metabolites act as signaling molecules that promote regu-
latory T-cell expansion, restrain Th17-associated inflammation, and modulate cytokine
networks [1,9,10]. In parallel, commensal microbes and probiotics interact with epithelial
and immune cells via pattern-recognition receptors, including Toll-like receptors, thereby
influencing NF-κB-dependent signaling, dendritic-cell maturation, macrophage activation,
and downstream adaptive immune responses [9,11]. The integrity of the intestinal barrier
represents another critical layer of this crosstalk, as disruption of epithelial integrity allows
translocation of microbial components and contributes to systemic immune activation
and low-grade inflammation [8,12]. Thus, the link between gut microbiota and systemic
immunity is biologically plausible, mechanistically complex, and clinically relevant [8].

Within this framework, probiotics have emerged as a potential strategy for modulating
host immunity through targeted manipulation of the microbiota–immune axis. However,
current evidence strongly suggests that immunomodulatory effects are not a universal
property of “probiotics” as a class, but rather depend on the specific biological activity
of defined strains [3,13]. Selected strains have demonstrated clinically relevant immune
effects; for example, Bifidobacterium infantis EVC001 has been associated with suppression
of Th2/Th17 responses and induction of IFNβ, while Bifidobacterium breve M-16V and Lacti-
caseibacillus rhamnosus GG have shown anti-inflammatory and regulatory T-cell–mediated
effects in both experimental and clinical settings [1,3,9]. At the clinical level, probiotics
have also been investigated for their ability to enhance vaccine responses and support
antitumor immunity, although results remain inconsistent and highly dependent on strain,
dose, timing, and host characteristics [5,14].

This heterogeneity represents one of the major challenges in probiotic research. Results
obtained with one strain cannot be extrapolated to others, even within the same species,
and multi-strain formulations often produce effects that are not predictable from their
individual components [13]. Furthermore, the evidence base remains limited by method-
ological variability, including small sample sizes, heterogeneous populations, inconsistent
formulations and dosing regimens, and incomplete mechanistic characterization [5,9,14].
As a result, despite strong biological plausibility, translation into clinical practice remains
limited. In this context, the aim of the present review is to critically examine the cur-
rent understanding of probiotic strains and immune function, with particular emphasis
on how gut microbiota–dependent mechanisms contribute to systemic immunity and
why strain-specific evidence is essential for the rational development of future probiotic
interventions [13].

2. The Gut Microbiota–Immune Axis
2.1. Microbiota Composition and Immune Homeostasis

The gut microbiota is increasingly regarded as an active regulator of systemic immu-
nity rather than a community confined to local digestive functions [15,16]. Its immunologi-

https://doi.org/10.3390/ijms27104527

https://doi.org/10.3390/ijms27104527


Int. J. Mol. Sci. 2026, 27, 4527 3 of 56

cal influence depends not only on overall microbial abundance, but also on the presence
of metabolically specialized taxa capable of shaping epithelial signaling, immune-cell dif-
ferentiation, and inflammatory tone [16,17]. At homeostasis, communities enriched in
short-chain fatty acid (SCFA)-producing anaerobes—particularly Faecalibacterium, Roseburia,
and selected Clostridium clusters—support an anti-inflammatory immune set point by sus-
taining microbial metabolite production and restraining the expansion of pro-inflammatory
organisms [15,17]. Across immune-mediated disorders, a frequently reported signature
of dysbiosis is the depletion of these bacteria together with reduced α-diversity and en-
richment of taxa associated with inflammatory activity [18,19]. Comparable ecological
shifts have been described in inflammatory bowel disease, rheumatoid arthritis, type 1
diabetes, and multiple sclerosis, supporting the concept that disturbed microbial composi-
tion is linked to systemic immune disequilibrium rather than to organ-specific pathology
alone [17,19,20].

Microbial diversity appears to have functional significance in its own right [18,21].
Disease-focused and meta-analytic data suggest that lower diversity is associated with
impaired immune homeostasis and greater inflammatory burden in autoimmune set-
tings [18,19]. Experimental screening of individual gut species further showed that im-
munomodulatory functions are distributed across complementary organisms, suggesting
that community diversity provides a form of functional redundancy that stabilizes host
immune responses during dietary, inflammatory, or environmental stress [21]. Human
longitudinal work strengthens this concept, as changes in gut microbiota composition have
been associated with day-to-day dynamics of circulating immune-cell populations, thereby
linking microbial ecology directly to systemic immune behavior [22]. In parallel, immune
pathways also shape the microbiota itself, since T cell–dependent regulation of intestinal
communities can protect against metabolic inflammation and obesity, highlighting the
bidirectional nature of microbiota–immune homeostasis [23].

2.2. Intestinal Barrier as an Immune Interface

The intestinal epithelium is a key anatomical interface through which microbial
signals may be translated into systemic immune consequences [24,25]. Barrier in-
tegrity depends on coordinated control of tight junctions, mucus production, epithelial
metabolism, and antimicrobial defense, all of which are influenced by the microbiota and its
metabolites [15,24,25]. Among these metabolites, butyrate is particularly important because
it supports colonocyte energy metabolism, enhances mucus production, and reinforces
tight-junction architecture, thereby limiting the translocation of inflammatory microbial
products into the circulation [15,24,25]. When this barrier fails, dysbiosis can contribute to
systemic immune activation through leakage of lipopolysaccharide and other microbial
molecules that engage TLR- and NF-κB-dependent inflammatory pathways [17,25].

Evidence from Behçet’s disease provides experimental support for this mechanism [26].
Transfer of fecal microbiota from affected patients to mice lowered butyrate, propionate,
and valerate levels, increased intestinal permeability, promoted circulating LPS release, and
drove splenic and mesenteric Th1/Th17-skewed responses that worsened extraintestinal
inflammation [26]. A complementary model in immunodeficient hosts showed that loss
of B-cell- and IgA-dependent control over the gut ecosystem shifted epithelial programs
away from metabolic homeostasis and toward interferon-inducible inflammatory responses,
further linking barrier dysfunction to systemic immune disequilibrium [27]. These findings
indicate that the epithelial barrier is not simply a physical separator, but a mechanistic
checkpoint that determines whether luminal microbial signals remain compartmentalized
or spill over into systemic inflammation [25–27].
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Intestinal epithelial cells also function as immunological instructors rather than pas-
sive structural elements [28]. They deliver polarized cytokine signals to lamina pro-
pria immune cells and respond to microbial metabolites in ways that limit excessive
inflammation [28]. Acetate, for example, suppresses TLR5-induced epithelial cytokine
production by altering tubulin-α acetylation and downstream kinase signaling, providing
a defined experimental example of how commensal-derived metabolites may prevent exag-
gerated responses to bacterial stimulation [28]. In parallel, microbiota-dependent crosstalk
between macrophages and ILC3s promotes GM-CSF, retinoic acid, and IL-10 production,
which sustains Treg homeostasis in the colon and mesenteric lymph nodes [29]. Together,
these data position the intestinal barrier as a dynamic immune interface that integrates
microbial composition, metabolite signaling, and host immune programming [24,28,29].

2.3. Microbial Metabolites in Immune Regulation

Microbial metabolites provide one of the best-characterized mechanistic links between
gut microbes and systemic immunity, although the strength of evidence differs substan-
tially between experimental models and human studies [15,16]. Among them, SCFAs
are the best characterized because they reach substantial concentrations in portal venous
blood—approximately 3.8 mM for acetate, 1.1 mM for propionate, and 0.29 mM for bu-
tyrate in vessels draining the colon—making direct effects on circulating immune cells
biologically plausible [30]. SCFAs signal mainly through GPR41, GPR43, and GPR109A
and also inhibit histone deacetylases, thereby coupling microbial fermentation to both
receptor-mediated and epigenetic immune regulation [15,24,25]. At the T-cell level, propi-
onate and butyrate promote Treg differentiation, stabilize Foxp3 expression, and suppress
pathogenic Th17 polarization through effects on cAMP/PKA/CREB, IL-6/STAT3, and
RORγt-associated pathways [24,31,32]. In rheumatoid arthritis models and translational
analyses, this metabolic rewiring has been associated with lower IL-1β, higher IL-10, and
restoration of Th17/Treg balance; however, attribution of clinical benefit specifically to
butyrate-dependent mechanisms remains partly inferential [31,32].

In addition to acetate, propionate, and butyrate, emerging evidence has drawn at-
tention to less abundant SCFAs such as valeric acid. Valeric acid has been proposed as
a gut-derived epigenetic modulator with potential relevance for inflammatory signaling
and low-grade chronic inflammation, although its translational evidence base remains less
developed than that of the canonical SCFAs [33].

SCFAs also regulate humoral and myeloid immunity [24,34]. In B cells, they increase
acetyl-CoA availability, enhance oxidative phosphorylation and lipid metabolism, and
support plasma-cell differentiation together with IgA and IgG production [34]. Accord-
ingly, low-fiber intake or antibiotic-induced depletion of SCFA production impairs both
homeostatic and pathogen-specific antibody responses, whereas restoration of microbial
fermentation rescues this defect [34]. In dendritic cells and macrophages, SCFAs favor
tolerogenic programs, including IL-10 production, and help dampen inflammatory signal-
ing, thereby extending the influence of microbial metabolism well beyond the intestinal
lumen [24,25].

Bile acids constitute a second major metabolic layer of immune control [16,35]. After
microbial deconjugation and 7α-dehydroxylation, primary bile acids are converted into sec-
ondary metabolites with distinct immunological activities, and bile-acid signaling through
receptors such as FXR and TGR5 contributes to the regulation of T-cell and myeloid-cell
programs [16,35,36]. Particularly important are 3-oxoLCA and isoLCA, which can directly
bind RORγt and suppress Th17 differentiation, linking microbial bile-acid metabolism
to adaptive immune polarization [35]. Beyond the intestine, gut microbiome–dependent
bile-acid remodeling influences CXCL16 expression on liver sinusoidal endothelial cells
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and controls CXCR6+ NKT-cell accumulation, with direct consequences for hepatic tumor
surveillance [37]. These observations show that bile acids function not only as metabolic
molecules, but also as structurally diverse immune messengers [35,37].

Tryptophan-derived metabolites add further complexity to this network [1,16]. Indole
derivatives, especially indole-3-lactic acid, activate aryl hydrocarbon receptor pathways and
are generally associated with reduced inflammation, restraint of inflammatory monocyte
and macrophage programs, and support of mucosal tolerance [1,16]. In breastfed infants,
Bifidobacterium infantis EVC001 was associated with indole-3-lactic acid production, sup-
pression of Th2/Th17-skewed responses, galectin-1 induction, and upregulation of IFNβ,
illustrating how a defined microbial metabolite can influence systemic immune imprinting
during a critical developmental window [1]. Additional metabolites, including inosine,
urolithin A, and trimethylamine N-oxide, have also been implicated in the modulation of
CD8+ T-cell fitness, interferon signaling, macrophage polarization, and responsiveness to
cancer immunotherapy, although these pathways remain more context-dependent and less
mature translationally than SCFA signaling [36,38,39].

Metabolite signaling does not replace classical innate immune sensing; rather, both
systems converge to determine whether host–microbial crosstalk remains homeostatic
or becomes inflammatory [17,25]. Dysbiosis-related translocation of microbial products
amplifies TLR- and NF-κB-dependent inflammatory circuits, whereas selected commensal
ecosystems and microbial metabolites can restrain these same pathways and preserve
tolerance [17,24,25]. Gut symbionts can also prime protective systemic immunity, as
microbiota-induced IgG responses against conserved bacterial antigens enhance resis-
tance to systemic infection [40]. Taken together, the gut microbiota–immune axis should
be viewed as a multilayered network in which community composition, epithelial in-
tegrity, and metabolite signaling cooperate to regulate T cells, B cells, myeloid cells, and
innate lymphoid populations, ultimately shaping the inflammatory tone of the entire
organism [15–17,29].

Overall, metabolite-centered mechanisms provide strong biological plausibility for
microbiota-mediated immune regulation, but their clinical relevance should be interpreted
according to the evidence type. Direct causal support is strongest in controlled exper-
imental systems, whereas human data more often demonstrate associations between
metabolite profiles, immune markers, and clinical phenotypes rather than definitive
causality [15–17,24,25,29] (Figure 1).

 

Figure 1. Schematic overview of the gut microbiota–immune axis discussed in this review. Homeo-
static communities support barrier integrity and metabolite signaling, whereas dysbiosis can favor
translocation-driven inflammation.
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3. Mechanisms of Immune Modulation by Probiotics
Across experimental systems, probiotic immunomodulation appears to be funda-

mentally strain-specific rather than species-defined. Even within a single species such as
Lactiplantibacillus plantarum, strains can differ by 14-fold in IL-10 induction and 16-fold in
IL-12 induction, while strains incorporated into the same formulation can drive distinct
dendritic-cell maturation states and cytokine programs [41–43]. These differences arise
from variation in bacterial surface structures, including lipoteichoic acids, peptidoglycan-
derived muropeptides, and exopolysaccharides, as well as from secreted metabolites
and epithelial intermediaries that shape innate sensing and downstream adaptive
immunity [44–48]. Consequently, the immunological effects of probiotics should not be
treated as class effects, but rather as mechanism-specific properties of defined strains.

The evidence summarized in this section derives from heterogeneous systems, in-
cluding in vitro immune-cell assays, epithelial co-cultures, animal models, ex vivo human
tissues, and a smaller number of clinical studies. Therefore, changes in cytokine secre-
tion, immune-cell phenotype, or signaling-pathway activation should not automatically be
interpreted as clinically validated immune modulation. Where appropriate, mechanistic
observations are interpreted as preclinical or associative unless direct causal or clinical
evidence is available.

3.1. Innate Immunity

At the level of innate immunity, several strains have been reported to alter macrophage
and antigen-presenting-cell function. Clostridium butyricum MIYAIRI 588 selectively in-
duced IL-10-producing intestinal macrophages through TLR2/MyD88 signaling, and this
macrophage-derived IL-10 was required for protection in an experimental colitis model [49].
L. paracasei suppressed LPS-induced TNF-α and IL-1β in monocyte-macrophages by induc-
ing A20, SOCS1, SOCS3, and IRAK3, suggesting a pathway by which innate recognition
may contribute to inflammatory resolution [50]. A distinct macrophage-directed mecha-
nism was reported for L. reuteri ATCC PTA 6475, which suppressed TNF-α production
through inhibition of c-Jun/AP-1 signaling, including in macrophages from children with
Crohn’s disease in remission [51]. At the level of dendritic cells, these innate effects are
equally heterogeneous: bifidobacterial strains within VSL#3 promoted high IL-10/low
IL-12 tolerogenic phenotypes, whereas several lactobacilli generated more stimulatory or
semi-mature antigen-presenting profiles [42].

NK-cell responses appear more complex. In a comparative in vitro study, six strains—
L. casei Shirota, L. rhamnosus GG, L. plantarum NCIMB 8826, L. reuteri NCIMB 11951,
B. longum SP 07/3, and B. bifidum MF 20/5—all increased NK-cell activity and upreg-
ulated CD69/CD25, suggesting that some NK-activating effects may be shared despite
strong heterogeneity at the cytokine level [43]. L. casei Shirota further preferentially acti-
vated cytotoxic CD8+ and CD56+ subsets [52]. In contrast, L. rhamnosus GG and L. reuteri
DSM 17938 dampened Staphylococcus aureus-induced NK-cell activation, reducing IFN-
γ expression and cytotoxic potential under inflammatory conditions [53]. This context
dependence is mirrored in cytokine signatures. L. plantarum NCIMB 8826 emerged as a
strong inducer of IL-12 and TNF-α, whereas L. reuteri DSM12246 suppressed IL-12, IL-6,
and TNF-α induced by a highly stimulatory L. casei strain while preserving IL-10 [44,54].
Moreover, epithelial co-culture suppressed dendritic-cell activation otherwise seen with
Bifidobacterium bifidum BGN4 and L. casei IBS041, emphasizing that innate immune readouts
depend strongly on tissue context [55].
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3.2. Adaptive Immunity

Adaptive immune effects are similarly strain-dependent, particularly in the induction
of regulatory T-cell pathways. B. infantis 35624 is among the best-characterized strains in
this regard, increasing CD4+CD25+Foxp3+ Tregs in mucosal and systemic compartments
and transferring suppressive activity capable of inhibiting NF-κB activation and TNF-α
secretion in experimental systems; in IBS, supplementation was associated with normaliza-
tion of the abnormal IL-10/IL-12 ratio and clinical improvement, but these clinical changes
cannot be attributed solely to the same cellular mechanism [56,57]. L. plantarum WCFS1
also expanded CD103+ dendritic cells and Foxp3+ Tregs, whereas L. salivarius UCC118 and
L. lactis MG1363 attenuated Th2 frequencies without inducing the same Treg response,
underscoring that superficially similar phenotypes may arise through different mecha-
nisms [58]. A further example is L. casei Lbs2, which induced Foxp3+ Tregs through TLR2-
dependent dendritic-cell signaling and ameliorated experimental colitis after adoptive trans-
fer, with both live and heat-killed preparations remaining active [59]. By contrast, B. breve
promoted IL-10-producing Tr1 cells via CD103+ dendritic cells and a TLR2/MyD88/IL-
27 axis, demonstrating that different strains can converge on tolerance through distinct
regulatory T-cell subsets [60].

Probiotic effects on Th1/Th2 balance are equally heterogeneous. Broadly, lactobacilli
tend to favor more cellular, Th1-associated profiles, whereas bifidobacteria more often
induce higher IL-10/IL-12 ratios and a regulatory bias, but this pattern breaks down rapidly
at the strain level [43]. L. casei Shirota and L. plantarum NCIMB 8826 promoted IL-12-driven
Th1 skewing, whereas L. rhamnosus GG did not stimulate IFN-γ to the same extent [43,52].
In allergy models, L. paracasei KW3110 shifted antigen-presenting cells toward a Th1-
promoting phenotype with increased IL-12, reduced IL-4, and inhibition of serum IgE
elevation [61]. However, not all beneficial strains act through Th1 deviation. L. acidophilus
L-92 simultaneously suppressed IFN-γ, IL-4, and IL-10, increased TGF-β and Peyer’s patch
IgA, and reduced ovalbumen-specific IgE, suggesting a broader regulatory mechanism
rather than simple Th1/Th2 rebalancing [62]. Likewise, L. salivarius HMI001 attenuated
peanut-driven Th2 responses through a high IL-10/IL-12 ratio, whereas L. casei Shirota
achieved a similar anti-allergic effect through stronger IFN-γ/IL-12 signaling; in contrast,
L. plantarum WCFS1 augmented IL-4 production and worsened allergic responses [63].
These ex vivo observations support biological relevance in human inflammatory tissue,
but they do not by themselves establish clinical efficacy: L. kefiri CIDCA 8348 reduced
TNF-α, IL-6, IFN-γ, and IL-13 in lamina propria T cells from patients with active IBD while
increasing FOXP3+ Tregs and IL-10 [64].

3.3. Anti-Inflammatory Pathways

Among anti-inflammatory pathways, IL-10 occupies a central position, but its induc-
tion varies markedly across strains. Even among L. plantarum strains, IL-10 induction can
vary over an order of magnitude [41], and bifidobacteria generally induce higher IL-10/IL-
12 ratios than many lactobacilli [42,43]. Mechanistically, teichoic-acid-dependent TLR2-ERK
signaling can shift macrophage responses from predominant IL-12 toward predominant
IL-10, supporting the ERK/p38 balance as a context-dependent determinant of tolerogenic
versus inflammatory output [65]. Exopolysaccharides from B. adolescentis IF1-03 activated
TLR2-ERK/p38 signaling and promoted IL-10 production together with Treg differentiation,
whereas the structurally distinct IF1-11 strain favored IL-6 production, Th17 polarization,
and more severe inflammation [66]. Complementary mechanisms were described for
B. longum 1714, whose exopolysaccharide selectively induced IL-10, while strain-derived
indole lactic acid suppressed TLR-driven cytokine release and NF-κB activation [47].
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NF-κB signaling represents a second major axis of divergence. L. paracasei attenuated
LPS-induced inflammation by upregulating A20, SOCS1, SOCS3, and IRAK3, thereby
reducing IκB phosphorylation and NF-κB nuclear translocation [50]. L. rhamnosus GG inhib-
ited IκBα degradation and downregulated TLR4 expression in intestinal epithelial cells [67],
whereas L. acidophilus inhibited TNF-α-induced tight-junction permeability through a TLR2-
and PI3K-dependent inhibition of NF-κB activation [68]. Epigenetic control further refines
this pathway, as B. breve and L. rhamnosus GG reduced IL-17, IL-23, and CD40 expres-
sion through decreased histone acetylation and altered accessibility of inflammatory gene
promoters [48]. B. infantis 35624 likewise suppressed infection- and LPS-induced NF-κB
activation in vivo, preceding reductions in cytokine secretion and sickness behavior, which
is consistent with the hypothesis that some probiotic strains may act primarily as immune
recalibrators rather than direct antimicrobials in specific contexts [56].

TLR signaling is not uniformly inhibitory, however, and its consequences depend
on the molecular architecture of each strain. The lipoteichoic-acid-deficient mutant L.
acidophilus NCK2025 lost conventional TLR2 activation yet became more anti-inflammatory,
with enhanced IL-10, reduced IL-12/TNF-α, impaired dendritic-cell costimulation, and
improved protection in DSS and T-cell transfer colitis [45]. By contrast, wild-type L. plan-
tarum CRL1506 required lipoteichoic acid to restrain TLR3-driven intestinal inflammation
and support antiviral protection [69]. Other strains amplify innate sensing in a protective
manner: L. acidophilus NCFM induced IFN-β and antiviral defense genes in dendritic cells
through TLR2-dependent endocytosis, whereas L. rhamnosus GG and L. plantarum BFE 1685
upregulated epithelial TLR2 and TLR9 expression [70,71]. Conversely, B. longum BB536, B.
breve M-16V, and L. mucosae CRL2069 induced negative regulators such as A20, ABIN-3,
IRAK-M, and MKP-1, thereby damping downstream TLR signaling [72,73]. E. coli Nissle
1917 provides a well-studied example of controlled pro-resolving activation rather than
simple suppression: its anti-colitic effects required both TLR2 and TLR4, and its lysate
induced more IL-10 and stronger downregulation of CCL24 than purified LPS alone [74,75].
Importantly, these pathways are disease-specific. In ulcerative colitis-derived immune cells,
selected lactobacilli and bifidobacteria reduced IL-23/Th17-associated inflammation and
AIEC persistence, whereas similar effects were largely absent in Crohn’s disease-derived
cells [76]. Taken together, these data suggest that probiotic-mediated immune modulation
is not a uniform anti-inflammatory effect, but a strain-defined alteration of innate sensing,
cytokine balance, and T-cell differentiation, in which the same pathway can yield protective
or detrimental consequences depending on host and disease context [44,45,76] (Table 1).

Table 1. Representative immune-modulating mechanisms are synthesized from Sections 2 and 3.

Mechanistic Layer Key Mediators/Signals Main Immune
Consequences

Representative Examples in
the Review

Community structure
and diversity

SCFA-producing anaerobes;
bifidobacteria; ecological

redundancy

Maintains immune
homeostasis and restrains

inflammatory tone

Faecalibacterium/Roseburia-
rich communities; early-life

bifidobacteria

Epithelial barrier
control

Tight junctions; mucus;
colonocyte metabolism;

IgA-dependent containment

Limits microbial
translocation and systemic

immune activation

Butyrate-supported barrier
integrity; B-cell/IgA control

of epithelial programs

SCFA signaling
Acetate, propionate,

butyrate; GPR41/43/109A;
HDAC inhibition

Treg expansion; Foxp3
stabilization; Th17 restraint;

antibody support

Th17/Treg rebalancing;
SCFA-fueled B-cell responses
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Table 1. Cont.

Mechanistic Layer Key Mediators/Signals Main Immune
Consequences

Representative Examples in
the Review

Bile-acid remodeling
Secondary bile acids;

FXR/TGR5; 3-oxoLCA and
isoLCA

Suppresses Th17
differentiation and tunes
myeloid/liver immune

programs

RORγt inhibition;
CXCL16/NKT axis

Tryptophan-derived
metabolites

Indole derivatives;
indole-3-lactic acid; AhR

signaling

Supports mucosal
tolerance and restrains

inflammatory
monocyte/macrophage

programs

B. infantis EVC001-associated
early-life immune imprinting

Strain-level
innate/adaptive
reprogramming

TLR2/TLR4/NOD2;
NF-κB/AP-1; IL-10/Treg

axes

Redirects cytokine balance,
antiviral readiness, and

regulatory-cell induction

L. paracasei, LGG, B. infantis
35624, B. breve, EcN, CBM588

Taken together, the evidence for probiotic anti-inflammatory pathways is strongest
when supported by direct pathway perturbation, such as receptor dependence, mutant-
strain comparisons, or loss-of-function experiments in animal models. Evidence is inter-
mediate when consistent cytokine or transcriptional changes are reproduced across cell
systems or ex vivo tissues. It is weakest when pathway involvement is inferred only from
changes in immune markers without causal validation. Thus, IL-10 induction, NF-κB
attenuation, and TLR-dependent signaling should be interpreted as strain- and context-
dependent mechanisms rather than universal anti-inflammatory properties of probiotics.

4. Strain-Specific Effects on Immune Function
4.1. Lactic Acid Bacteria

Lactic acid bacteria constitute the most densely represented probiotic group in the
current evidence base, but the material summarized below shows that their biologi-
cal activity is distributed across many distinct strains rather than across genera as a
whole [77–80]. Reported effects span gastrointestinal and respiratory support, metabolic
regulation, barrier protection, oral and vaginal health, and gut–brain signaling, with
substantial variation in magnitude and consistency across indications [77,79,81–86]. Ac-
cordingly, the translational value of this group lies not in broad taxonomic labels, but in
careful matching of defined strains to defined clinical contexts [77–80,87].

4.1.1. Lacticaseibacillus rhamnosus GG (ATCC 53103; LGG), LR04, LR05, HN001, Pen, E/N,
R0011, R0052; LGG Variants (GG-HF, GG-BB); IMC 501, IMC 502; MP108

Across diverse clinical settings, Lacticaseibacillus rhamnosus has emerged as one of
the most extensively studied probiotic species, with strain-specific benefits spanning der-
matologic, gastrointestinal and metabolic domains. Evidence shows that selected strains
can reduce symptoms of atopic dermatitis in children, modulate the gut microbiota with
improvement of irritable bowel syndrome, and may even lower the risk of gestational
diabetes mellitus, while overall safety across randomized trials remains high, with serious
adverse events reported only rarely [77]. As an adjunct to gastrointestinal pharmacother-
apy, L. rhamnosus also enhances treatment outcomes: the combination product Lacidofil®

STRONG, containing L. rhamnosus R0011 and Lactobacillus helveticus R0052, increases Heli-
cobacter pylori eradication rates when added to standard triple therapy and simultaneously
reduces gastrointestinal side effects and improves health-related quality of life [88]. Among
individual strains, L. rhamnosus GG (LGG) consistently lowers both the incidence and
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duration of diarrhea and improves composite gastrointestinal and respiratory outcomes—
particularly in children—although effects on other isolated symptoms remain smaller or
inconsistent, supporting its primary role in the prevention and management of pediatric
diarrhea [89,90]. Emerging data also point to potential psychobiological effects: in a ran-
domized, placebo-controlled trial, four weeks of L. rhamnosus HN001 supplementation
produced trends toward improved happiness and lower perceived stress, with post hoc
analyses suggesting possible sex-specific differences that require confirmation in larger,
longer-term studies [91]. Together, these findings highlight the broad yet strain-dependent
clinical relevance of L. rhamnosus, while underscoring the need for more targeted mechanis-
tic and population-specific research.

4.1.2. Lacticaseibacillus casei (Shirota, DN-114 001, LC1, LC03, CRL 431, Zhang, ATCC 334,
ATCC 393, BL23)

Across metabolic, hepatic and neurobehavioral domains, Lacticaseibacillus casei/paracasei
Shirota (LcS) emerges as a multifunctional probiotic capable of modulating cardiometabolic
risk, protecting the gut–liver axis and influencing gut–brain pathways in both experimental
and clinical settings [81,92–98]. In adults with elevated cardiometabolic risk, an 8-week
LcS-enriched functional beverage produced modest but consistent improvements in weight,
insulin sensitivity, lipid profiles and peripheral blood pressure, supporting its translational
potential as a dietary adjunct for metabolic risk reduction [81]. Mechanistic studies in acute
liver injury models further demonstrate that LcS attenuates hepatic and intestinal damage,
restores bile acid and PPAR-related pathways, strengthens epithelial barrier integrity and
reshapes the gut microbiota and metabolome, collectively indicating coordinated protec-
tion along the gut–liver axis [92,93]. Complementary evidence from alcohol-related liver
injury shows improvements in dyslipidemia, normalization of iron-handling pathways and
microbiota shifts toward Lactobacillus-dominant communities, linking its hepatoprotective
effects to correction of dysbiosis and metabolic disturbances [94,95]. Beyond hepatic and
metabolic outcomes, LcS also exerts clinically relevant effects on gastrointestinal and neu-
robehavioral health, reducing constipation and respiratory infections in nutrient-deprived
children [96], enhancing daytime alertness and autonomic balance in adults with sleep
complaints [97], and alleviating depressive symptoms in mood-disorder patients in a
microbiota-dependent manner [98]. Together, these findings position LcS as a versatile
probiotic with broad translational promise across metabolic, hepatic and gut–brain axes,
while underscoring the importance of strain specificity and host context in determining
therapeutic efficacy.

4.1.3. Lacticaseibacillus paracasei (Lpc-37, 8700:2, F19, ATCC 55544, K71, SD1)

Across ecological, preclinical and clinical studies, Lacticaseibacillus paracasei is emerging
as a versatile species with relevance across gut, metabolic and neurobehavioral domains.
Kefir and water-kefir grains provide rich reservoirs of strains—including extracellular-
polysaccharide (EPS) producers—that enhance gastrointestinal persistence and exert direct
health-promoting effects, highlighting the need for continued isolation and detailed charac-
terization to guide their use in functional foods and probiotic formulations [82]. Preclinical
inflammatory bowel disease models further show that L. paracasei-based probiotics can
improve colon length, cytokine balance and disease activity indices, with EPS-producing
strains appearing particularly promising for strategies aimed at maintaining or restoring
gut health [99]. Clinical findings extend this potential to neurogastroenterological and
metabolic settings: synbiotic supplementation with L. paracasei DG and inulin improves
constipation, non-motor symptoms and gut microbiota composition in patients with sta-
ble Parkinson’s disease [100], while moderate consumption of sour beer fermented with
L. paracasei Lpc-37 increases HDL-cholesterol and stabilizes gut microbiome structure rela-
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tive to a control sour beer, suggesting attenuation of alcohol-related microbial disturbances
with possible cardiometabolic benefit [101]. Lpc-37 has also been explored as a psychobiotic;
in healthy adults exposed to acute experimental stress, several weeks of supplementation re-
duce perceived stress and show trends toward improved physiological stress markers [102],
whereas during prolonged academic stress, extended intake does not significantly alter
perceived stress or mood despite excellent tolerability, indicating that its psychobiological
effects may depend on the type and duration of the stressor [103]. Together, these findings
illustrate the broad functional reach of L. paracasei across gut, metabolic and stress-related
pathways, while underscoring the need for strain-specific mechanistic and clinical studies
to define durability and context-specific efficacy.

4.1.4. Lactobacillus gasseri (SBT2055, OLL2809, HN001, CP2305, LG08, KS-13)

Across diverse clinical contexts, Lacticaseibacillus gasseri demonstrates a broad but dis-
tinctly strain-specific range of effects spanning vaginal, gastrointestinal and women’s health
outcomes. Oral intake of L. gasseri CECT 30648 enables detectable vaginal colonization
and shifts the vaginal microbiota toward a Lactobacillus-dominated profile, supporting its
antimicrobial activity and its use as an oral probiotic to promote vaginal health [83]. Within
the gut, L. gasseri 345A enhances intestinal motility, counteracts opioid-induced slowing of
the bowel and reduces TRPV1-mediated pain signalling; clinical observations further show
improvements in abdominal pain and bowel emptying in patients with functional constipa-
tion, highlighting its therapeutic potential in this setting [104]. In women recovering from
bacterial vaginosis, oral administration of L. gasseri TM13 and Lacticaseibacillus crispatus
LG55 alongside metronidazole does not increase cure rates but helps restore vaginal health
through gut-mediated mechanisms rather than stable vaginal colonization, underscoring
the importance of individualized probiotic strategies [105]. Additional strains extend these
effects to upper gastrointestinal and menopausal health: continuous intake of L. gasseri
OLL2716 (LG21) provides preliminary evidence of improved gastric motility and autonomic
regulation in individuals with delayed gastric emptying [106], while daily supplementation
with L. gasseri CP2305 significantly reduces mild menopausal symptoms—particularly
psychological and vasomotor complaints—without altering reproductive hormone levels,
supporting its role as a safe, non-hormonal option for improving quality of life in middle-
aged women [107]. Together, these findings highlight the functional diversity of L. gasseri
and the importance of strain-resolved approaches to guide targeted clinical applications.

4.1.5. Lactobacillus crispatus (CTV-05 [Lactin-V], LbV88, LBV01, LBV02, LBV03, LBV05)

Selected Lactobacillus crispatus strains have shown effects across genital, gastrointesti-
nal, and immune contexts, but the reported outcomes remain strain- and indication-specific.
Oral and vaginal preparations containing L. crispatus improve symptoms of bacterial vagi-
nosis and vulvovaginal candidiasis—including discharge, odour, itching and irritation—
while increasing vaginal lactobacilli, supporting their use as adjuncts to restore vaginal
health and reduce recurrence risk [108]. In women with high-risk human papillomavirus
infection, intravaginal L. crispatus chen-01 lowers viral load, increases clearance rates
and reduces vaginal inflammation, highlighting its role in rebuilding a protective vaginal
microbiota and supporting viral clearance [109]. Similarly, vaginal administration of L.
crispatus CTV-05 (LACTIN-V) after metronidazole enhances L. crispatus colonization and
prevents the rise in activated endocervical HIV target cells observed with placebo, sug-
gesting that optimized formulations may help reduce genital inflammation and potentially
lower HIV acquisition risk [110]. Oral L. crispatus M247 further extends these benefits by
increasing high-risk human papillomavirus clearance, improving cervical cytology and
promoting a lactobacillus-dominated vaginal microbiota, supporting its potential as a
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probiotic strategy to enhance gynaecological health [111]. Beyond the genital tract, se-
lected strains show activity in the stomach and immune system: L. crispatus FSCDJY67L3
reduces Helicobacter pylori load and improves gastrointestinal symptoms without disturb-
ing overall gut microbiota or organ function markers [112], while heat-sterilized L. crispatus
KT-11 increases CD3+ T-cell counts and reduces common-cold-like symptoms—particularly
fatigue—in healthy adults, suggesting immune-modulating potential that warrants larger
confirmatory trials [113]. Together, these findings support a strain-resolved interpretation
of L. crispatus effects and highlight the need for targeted clinical applications rather than
broad extrapolation.

4.1.6. Lactobacillus delbrueckii (LB-87, Lb1466, subsp. bulgaricus [GLB44, LDS1])

Selected Lactobacillus delbrueckii subsp. lactis strains have been studied across clinical,
experimental, and safety contexts, with reported relevance to women’s health, neurobiology,
and the gut–brain axis. Intravaginal administration during radiotherapy helps counteract
radiation-induced vaginal microbiota dysbiosis by maintaining Lactobacillus dominance
and limiting the expansion of opportunistic pathogens such as Brevundimonas, Streptococcus
and Prevotella, thereby potentially reducing radiation-associated vaginal injury and sup-
porting microbiome stability in women with gynecologic malignancies [114]. Experimental
work further shows that L. delbrueckii exerts neuromodulatory effects: in zebrafish it reduces
anxiety-like behaviour, increases gad gene expression in the brain and gut, and reshapes
the intestinal microbiota in ways consistent with psychobiotic activity and gut–brain axis
modulation [115]. Clinical evidence extends these findings to cognitive health, with sup-
plementation of L. delbrueckii subsp. lactis CKDB001 in older adults with mild cognitive
impairment improving global cognition, memory and processing speed—effects likely
mediated by favourable shifts in gut microbiota composition and enhanced production
of neuroactive indole-derived metabolites [116]. At the same time, safety considerations
remain essential: multiple L. delbrueckii strains show resistance to aminoglycosides, gly-
copeptides, fluoroquinolones and tetracyclines, and although these resistance genes are
generally not associated with mobile genetic elements—suggesting a low risk of horizontal
transfer—they underscore the importance of thorough genomic characterization when
strains are intended for food or probiotic use [117]. Together, these findings support further
strain-level evaluation of L. delbrueckii rather than broad species-level extrapolation.

4.1.7. Lactiplantibacillus plantarum (299v, Lp01, Lp02, Lp03, HEAL9, CECT 7527, CECT 7528,
CECT 7529, NCIMB 8826, WCFS1, P8)

Across a broad spectrum of clinical, neurological, microbiological, and agricultural
contexts, Lactobacillus plantarum emerges as a remarkably versatile species whose functional
effects are both strain-specific and mechanistically diverse. Evidence from a systematic re-
view and meta-analysis demonstrates that supplementation with L. plantarum significantly
lowers total cholesterol, triglycerides, and LDL cholesterol—particularly when adminis-
tered as a single-strain intervention over periods exceeding eight weeks—highlighting its
potential as an adjunctive strategy for managing hyperlipidemia [84]. Beyond metabolic
regulation, L. plantarum exhibits potent antagonistic activity against Staphylococcus aureus
through bacteriocin-mediated membrane disruption, interference with quorum sensing,
degradation of biofilms, and modulation of host immune responses, positioning it as a
promising candidate for preventing device-associated infections [118]. Its influence extends
to neurogastrointestinal disorders: in Parkinson’s disease, L. plantarum demonstrates psy-
chobiotic properties by reshaping gut microbiota composition, strengthening epithelial
barrier integrity, attenuating neuroinflammation, and modulating bile acid homeostasis,
suggesting therapeutic potential that warrants further clinical validation [119]. Selected
strains also show promise in autism spectrum disorder, where modulation of the gut–brain
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axis has been associated with improvements in gastrointestinal function and behavioral
symptoms, though larger, rigorously designed trials remain essential to substantiate these
early findings [120]. In agricultural systems, L. plantarum contributes to improved broiler
performance by enhancing gut microbial balance, suppressing pathogenic species, and
elevating meat quality, underscoring its value as a sustainable alternative to antibiotic
growth promoters, even as optimization of dosing and strain selection continues to be
needed [121]. Collectively, these studies illustrate the expansive functional repertoire of L.
plantarum, while emphasizing that its translational potential depends critically on strain
identity, host context, and mechanistic precision.

4.1.8. Limosilactobacillus reuteri (DSM 17938, ATCC 55730, RC-14, ATCC PTA 5289, Protectis
Variants [MM2-3], JCM 1112, Fn041)

Across diverse clinical and mechanistic investigations, Limosilactobacillus reuteri
emerges as a taxon whose effects are strikingly context-, strain-, and host-dependent.
In neonates exposed to antibiotics, supplementation with DSM 17938 produced only mod-
est clinical benefits, yielding slight reductions in functional gastrointestinal disturbances
without altering crying duration, sleep patterns, or global microbiota structure, underscor-
ing the limited and highly specific nature of its early-life activity [122]. Broader conceptual
work further positions L. reuteri as an adaptable gut commensal capable of shaping mu-
cosal and systemic immunity through metabolically diverse and host-interactive pathways,
while also highlighting that its actions may range from protective to potentially pathogenic
depending on host genetics, diet, and inflammatory state [79]. Yet, in certain clinical set-
tings, the organism demonstrates robust therapeutic potential: in a large multicenter trial,
DSM 17938 consistently reduced antibiotic-associated diarrhea in children treated with
amoxicillin–clavulanate, with the strongest effects observed in younger patients and those
with acute otitis media, suggesting a clinically meaningful adjunctive role during antibiotic
exposure [123]. Mechanistic work with strain CCFM1388 extends this functional spectrum
beyond classical gastrointestinal outcomes, revealing a microbiota-dependent metabolic
axis in which modulation of bile acid profiles and intestinal cholesterol absorption enhances
exercise endurance in mice, with parallel human data indicating improvements in muscle
strength despite stable testosterone levels [124]. Complementing these findings, DSM
17648—administered as a postbiotic—significantly improved Helicobacter pylori eradica-
tion rates and reduced treatment-related digestive symptoms when added to standard
triple therapy, supporting its promise as a safe and targeted adjunct in infection manage-
ment [125]. Together, these studies illustrate the remarkable functional breadth of L. reuteri,
while simultaneously emphasizing that its clinical utility is inseparable from strain identity,
host context, and mechanistic specificity.

4.1.9. Limosilactobacillus fermentum (PCC, CECT 5716, ME-3, Lf2,
RC-14 [Older Classification])

Across clinical trials and mechanistic reviews, Limosilactobacillus fermentum emerges as
a species with wide-ranging but strongly strain-specific probiotic and postbiotic potential.
In a randomized, double-blind, placebo-controlled crossover trial, the heat-killed parapro-
biotic HDB1098 significantly lowered serum alcohol and acetaldehyde levels and alleviated
multiple hangover symptoms, demonstrating measurable physiological and subjective
benefits and positioning it as a promising candidate for hangover mitigation pending larger
confirmatory studies [126]. In gastrointestinal settings, supplementation with L. fermentum
MN LF23 did not enhance Helicobacter pylori eradication when added to standard quadruple
therapy, yet it meaningfully reduced gastrointestinal symptoms and supported the recovery
of beneficial gut bacteria, indicating symptomatic and microbiota-supportive value despite
unproven effects on eradication outcomes [127]. Beyond the gut, a topical formulation
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containing heat-treated L. fermentum LM1020 improved hair density and thickness and
restored scalp microbiome balance in individuals with androgenetic alopecia, highlighting
its promise as a postbiotic dermatologic intervention requiring further mechanistic and
long-term evaluation [128]. Broader reviews reinforce the species’ mechanistic versatil-
ity: L. fermentum CECT5716, a human-milk–derived strain, exhibits antimicrobial activity,
strengthens epithelial barrier integrity, modulates immune responses and promotes bifi-
dogenic effects, with accumulating evidence supporting its safety and potential to reduce
gastrointestinal and respiratory infections in infants, though larger, rigorously controlled
studies remain essential [87]. Additional syntheses indicate that L. fermentum strains can
modulate oxidative stress, inflammation and gut-derived metabolic pathways to improve
glucose homeostasis and attenuate diabetes-related complications, while also possessing
diverse antioxidant mechanisms capable of counteracting redox imbalance across metabolic,
inflammatory, neurodegenerative and gastrointestinal disorders [129,130]. Together, these
findings underscore the broad therapeutic promise of L. fermentum while emphasizing the
need for strain-resolved, rigorously controlled clinical studies to define its true translational
potential across metabolic, gastrointestinal, dermatologic and systemic applications.

4.1.10. Levilactobacillus brevis (KB290, CD2, IOEB 9809, ATCC 14869)

Across diverse clinical and preclinical contexts, strains and derivatives of Levilactobacil-
lus brevis demonstrate a spectrum of targeted, system-specific benefits that highlight their
emerging therapeutic versatility. Daily intake of heat-killed L. brevis KB290 combined with
β-carotene did not reduce overall influenza incidence in a large randomized, double-blind,
placebo-controlled trial, yet markedly lowered infection rates among adults under 40,
revealing an age-dependent protective effect and suggesting that immunomodulatory bene-
fits may be concentrated in younger hosts [131]. Complementing these population-specific
antiviral effects, high-dose EPS1 derived from L. brevis M-10 robustly restored physiologi-
cal, biochemical and histological parameters in a DSS-induced colitis model, attenuating
inflammation, repairing epithelial barrier integrity and rebalancing gut microbiota com-
position, thereby positioning this exopolysaccharide as a promising microbiota-derived
candidate for ulcerative colitis intervention [132]. Extending the organism’s functional
breadth to the oral cavity, four-week supplementation with L. brevis CD2 in a randomized,
double-blind, placebo-controlled trial significantly improved gingival bleeding, plaque
accumulation, salivary flow, buffering capacity and multiple metabolic biomarkers, with
several benefits persisting beyond washout, underscoring its potential as a multifunctional
probiotic for maintaining oral health [133]. Together, these findings illustrate the capacity
of L. brevis strains and their bioactive components to modulate host physiology across
respiratory, intestinal and oral ecosystems, while emphasizing the need for mechanistic and
translational studies to define their context-specific modes of action and clinical relevance
across diverse populations.

4.1.11. Ligilactobacillus salivarius (UCC118, Ls-33, EF204, CICC 23174, CETC 5434, PS7)

Across mechanistic, industrial and clinical studies, Ligilactobacillus salivarius is emerg-
ing as a host-adapted probiotic with broad abilities, including tolerance to acid and bile,
antimicrobial and antioxidant activity, and the capacity to shape microbial communities, as
shown increasingly through multi-omics work that clarifies how these functions arise [85].
At the same time, many promising strains remain underused because they are sensitive
to production and stabilization steps, highlighting the need for better understanding
and improved preservation methods to support reliable large-scale manufacturing [134].
Clinical trials further expand its relevance: oral L. salivarius CECT5713 increases term preg-
nancy rates in couples with unexplained infertility, accompanied by coordinated immune
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changes in both partners [135]; L. plantarum CCFM1214 and L. salivarius CCFM1215 reduce
halitosis by lowering volatile sulfur compounds, suppressing Fusobacterium nucleatum,
and stabilizing the oral microbiota [136]; and L. salivarius V4II-90 enhances eradication of
Group B Streptococcus colonisation during pregnancy, reducing the need for intrapartum
antibiotics [137]. Together, these findings show that L. salivarius strains can influence host
biology across reproductive, oral and perinatal settings, while emphasizing the need for
deeper mechanistic insight and better bioprocessing strategies to fully realize their clinical
and industrial potential.

4.1.12. Lactobacillus helveticus (R0052, MTCC 5463, ATCC 15009, LAFTI L10, Rosell-52)

Across metabolic, immune, gastrointestinal and neurocognitive domains, converging
evidence shows that Lactobacillus helveticus–Bifidobacterium longum interventions exert tar-
geted yet diverse physiological effects in healthy and clinical populations. In women with
PCOS, eight-week supplementation consistently improved hormonal balance, oxidative
stress and low-grade inflammation despite limited changes in outward symptoms, suggest-
ing that probiotic modulation of core biochemical pathways may precede visible clinical
benefit [86]. Complementing these findings, twelve-week intake of L. helveticus R0052 and
B. longum R0175 in female dancers produced clear shifts in fecal metabolic pathways—
particularly those linked to polyphenol metabolism—highlighting strain-specific metabolic
activity even in the absence of symptom improvement [138]. Beyond metabolic effects,
heat-sterilized L. helveticus GCL1815 reduced common-cold symptom days and activated
key dendritic-cell subsets, indicating enhanced antiviral readiness in healthy adults [139].
Additional postbiotic formulations demonstrated benefits across gut and mood outcomes:
L. helveticus CP790-fermented milk reduced Desulfobacterota abundance, improved stool
consistency and modestly enhanced emotional well-being in adults with constipation
tendencies [140], while heat-killed L. helveticus MCC1848 selectively improved positive
mood states without affecting sleep, fatigue or negative affect [141]. Extending these
observations to neural function, a proof-of-concept crossover trial showed that a multi-
strain probiotic subtly modulated brain activity and connectivity during acute psychosocial
stress, particularly in early stress-response phases, without altering cortisol or cognitive
performance [142]. Together, these studies illustrate the capacity of L. helveticus–B. longum
strains and postbiotics to influence interconnected metabolic, immune, microbial and
neural pathways, underscoring the need for larger mechanistic trials to define durability,
dose–response relationships and population-specific responsiveness.

4.1.13. Pediococcus (P. acidilactici [MA 18/5M, K15]; P. pentosaceus [5K, LP28, ATCC 25745])

Across reviews and clinical trials, Pediococcus species are emerging as flexible candi-
dates for both food biotechnology and targeted probiotic use. Broad evaluations of P. pen-
tosaceus describe antioxidant, cholesterol-lowering, antimicrobial and immune-modulating
activities, together with wide applicability in fermented foods, highlighting the need for
deeper genomic, functional and process-level work to support reliable, strain-specific ap-
plications [80]. A second review reinforces this view, emphasizing the species’ metabolic
range and growing relevance across industrial and health-focused settings, and calling for
continued mechanistic and process-optimization studies to enable scalable, high-quality
use [143]. Clinical findings extend this potential to P. acidilactici strains: although year-long
supplementation with heat-killed K15 did not reduce respiratory infections in preterm in-
fants, exploratory signals in infants with older siblings suggest that certain subgroups may
benefit, underscoring the need for larger trials [144]. In contrast, P. acidilactici CCFM6432
improved anhedonia and overall depressive symptoms, alongside changes in reward-
anticipation brain activity, pointing to a promising pathway for mood-related interven-
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tions [145]. Finally, P. acidilactici GR-1 accelerated the reduction of copper and nickel levels
in metal-exposed workers while improving antioxidant status, lowering inflammation and
reshaping gut microbial and metabolic profiles, positioning GR-1–enriched yogurt as a
practical, low-cost approach for reducing heavy-metal burden in at-risk populations [146].
Together, these findings show the broad functional reach of Pediococcus across metabolic,
immune, gut and neurobehavioral systems, while emphasizing the need for larger mecha-
nistic studies to define durability, target populations and translational potential.

4.2. Bifidobacterium spp.

Within the current evidence base, bifidobacteria stand out as early-life-associated
commensals with particular relevance to immune education, barrier maintenance, and
mucosal tolerance [147–151]. The strains summarized below have been linked to outcomes
ranging from necrotizing enterocolitis prevention and infant colic to vaccine responsive-
ness, low-grade inflammation, metabolic regulation, and gut–brain signaling, but these
effects vary markedly between taxa and between strains within the same species [147–155].
Overall, this section reinforces that bifidobacterial efficacy is biologically plausible and
clinically important, yet fundamentally strain-specific and host-dependent [156–158].

4.2.1. Bifidobacterium animalis subsp. lactis (BB-12, B420, NCC2818, B94)

Across diverse clinical contexts, B. animalis subsp. lactis has emerged as a versatile
probiotic with gastrointestinal, immunological and metabolic benefits, albeit in a highly
strain-specific manner. In neonatology, B. lactis strains significantly reduce the incidence of
necrotizing enterocolitis in preterm infants (relative risk ~0.11, p < 0.001), with particularly
strong efficacy in very low birth weight neonates [147]. In term infants, the well-studied
strain BB-12 consistently alleviates functional gastrointestinal disorders: a 4-week trial
in colicky exclusively breastfed infants showed that BB-12 supplementation led to ≥50%
reductions in daily crying duration (vs. placebo, p < 0.05), alongside improved sleep
and normalized bowel habits [152]. Mechanistically, these benefits were associated with
increased gut Bifidobacterium abundance, higher butyrate production, and suppressed
expansion of proteobacterial taxa [159]. By contrast, another B. lactis strain (NCC2818)
showed no efficacy in adults with constipation, underscoring that not all strains of this
species confer the same benefits [160]. Certain B. lactis also exhibit metabolic activity: strain
B420, for example, significantly decreased body fat mass (~4%) and waist circumference
(~2.4%) in overweight adults [153]. Immunologically, B. lactis can enhance mucosal defenses
and vaccine responsiveness: BB-12 boosted antigen-specific IgG titers (p < 0.001) and
secretory IgA levels in infants receiving oral vaccines [148], and also upregulated innate
antimicrobials in the gut (e.g., human β-defensin-2, cathelicidin LL-37) [161]. Additional
strains reinforce the intestinal barrier and deter pathogens—for instance, B. lactis HN019
competitively excludes enteropathogenic E. coli, while BB-12 increases tight-junction protein
expression to strengthen epithelial integrity [162]. Together, these findings highlight the
broad clinical potential of B. animalis subsp. lactis across age groups and conditions, while
emphasizing that efficacy is highly strain-dependent and context-specific, underscoring the
need for precise, evidence-based strain selection in practice [156,157].

4.2.2. Bifidobacterium longum (BB536, NCC3001, NCC2705)

Spanning gut, immune, and even neurobehavioral domains, B. longum exhibits broad
probiotic potential, yet different strains within this species demonstrate distinct thera-
peutic profiles. The immunostimulatory strain BB536 is notable for enhancing host re-
sistance to infections: in preschool children, daily BB536 intake over 10 months reduced
the duration of upper respiratory illnesses by ~46% (with significantly shorter sore throat
episodes) [154,163]. BB536 consistently augments Th1-type immunity—increasing interferon-
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γ production and plasmacytoid dendritic cell activation in infants and adults [164,165]—
and has even been shown to maintain natural killer cell activity in frail elderly pa-
tients [165,166]. These immune effects correlate with microbiome shifts: BB536 supplemen-
tation durably increased beneficial taxa (e.g., Faecalibacterium) while suppressing potential
pathogens (Clostridium, coliforms), changes that persisted for weeks after supplementation
stopped [167,168]. In contrast to BB536’s immune-boosting role, other B. longum strains
target the gut–brain axis. Notably, strain NCC3001 has demonstrated psychotropic benefits
in irritable bowel syndrome: in a pilot RCT, NCC3001 significantly reduced comorbid
depression scores in IBS patients (64% of the probiotic group responded vs. 32% of placebo)
and modulated brain activation patterns related to mood regulation [155,169]. B. longum
strains also exhibit ancillary benefits such as promoting skin barrier function—for example,
non-replicating B. longum cells were shown to induce keratinocyte differentiation and
β-defensin production in vitro [170,171], suggesting possible dermatologic applications.
Together, these findings position B. longum as a multifaceted probiotic species with strain-
dependent effects ranging from enhanced mucosal immunity to improved psychosocial
well-being. At the same time, the divergent outcomes of BB536 vs. NCC3001 underscore the
importance of strain specificity and host context in determining clinical efficacy [157,158].

4.2.3. Bifidobacterium longum subsp. infantis (35624)

B. longum subsp. infantis 35624 (commonly termed B. infantis 35624) exemplifies
an anti-inflammatory probiotic strain with benefits across gastrointestinal and systemic
inflammatory conditions. In multiple patient populations, 35624 supplementation has
consistently attenuated pathological inflammation: this strain increases the IL-10/IL-12
ratio and significantly lowers pro-inflammatory biomarkers (including plasma C-reactive
protein, TNF-α, and IL-6) [149]. These immune-modulatory effects translate into clinical
improvement in disorders characterized by immune dysregulation. In adults with irri-
table bowel syndrome, daily B. infantis 35624 (109–1010 CFU) led to significant symptom
reductions over 8 weeks [57], accompanied by normalization of the peripheral cytokine
profile. Similarly, adjunct use of 35624 has shown benefit in ulcerative colitis and even in
extra-intestinal conditions like psoriasis and chronic fatigue syndrome, where systemic
inflammation is a component [172]. Notably, B. infantis 35624 may achieve greater efficacy
when used in combination with other synergistic strains or prebiotics, as one analysis
suggests it is “more effective in combination therapies than alone” in the heterogeneous
IBS population [173]. Mechanistic studies indicate that B. infantis also supports intestinal
barrier integrity (via TLR-2/p38 MAPK signaling that upregulates tight junction proteins)
and helps rebalance gut microbiota composition [157,174]. There are clear population- and
disease-specific nuances to its effects: for example, certain immune pathways modulated
by 35624 (such as the IL-23/Th17 axis) are relevant in ulcerative colitis but not in Crohn’s
disease, aligning with clinical trial failures in the latter [76]. In summary, B. infantis 35624
stands out as a potent immunoregulatory probiotic strain that can ameliorate a range of
inflammatory conditions. At the same time, its benefits are context-dependent, reinforcing
the principle that careful strain selection and matching to the target patient population are
essential for translational success [157,158].

4.2.4. Bifidobacterium breve (M-16V, B-3, BR03)

Bifidobacterium breve is emerging as an important probiotic species with distinct strain-
specific benefits in early-life nutrition, allergy prevention, and metabolic health. In neonatal
care, B. breve has shown promise for preventing intestinal pathology, although its efficacy
hinges on infant maturity: clinical data indicate that supplementation with B. breve (e.g.,
strain M-16V) significantly lowers necrotizing enterocolitis rates in premature infants of
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≥28–34 weeks gestational age (RR ~0.43, p = 0.019), whereas in extremely preterm infants
(<28 weeks) the same intervention is not clearly effective [147,150]. Beyond the NICU, B.
breve M-16V has demonstrated immunomodulatory effects conducive to allergy preven-
tion. This strain can suppress pro-allergy cytokines (IL-4, IL-5) while inducing IL-10 and
promoting regulatory T-cell development, shifting the infant immune balance toward a
tolerogenic (Th1/Th2-balanced) profile [175,176]. Consistent with these mechanisms, early-
life use of M-16V was associated with improvements in allergic symptoms and a healthier
gut microbiota in infants predisposed to atopy [175]. Other B. breve strains have shown
diverse benefits in older populations: for instance, strain B-3 has been investigated for
metabolic and dermatologic effects, with one study reporting reductions in serum choles-
terol and eczema severity in adults receiving B. breve B-3 or the related strain BR03 [177].
Additionally, B. breve influences gut ecosystem function by producing acetate and other
short-chain fatty acids that support intestinal barrier integrity. One strain uniquely modu-
lated fecal butyrate levels in a manner dependent on the host’s baseline SCFA profile [178],
hinting that B. breve’s metabolic impacts may vary with individual microbiome context.
Collectively, these findings underscore B. breve’s potential as a multi-domain probiotic
(from infant gut health to adult metabolic and immune support) while reinforcing that its
benefits are strain-specific and often contingent on host factors such as age and baseline
immunity. Accordingly, precision in selecting the appropriate B. breve strain for a given
clinical indication is essential to achieve consistent therapeutic outcomes [150,157].

4.2.5. Bifidobacterium bifidum (R0071, BGN4, PRL2010)

A prominent early colonizer of the infant gut, Bifidobacterium bifidum, contributes to
mucosal homeostasis and pathogen defense, but clinical benefits again depend on the
specific strain and context. Certain B. bifidum strains excel at inhibiting pathogens and
reinforcing the gut barrier. For example, strain BGN4 produces bacteriocins and effectively
competitively excludes enteric pathogens, including E. coli and Listeria, thereby helping
to protect the intestinal niche [151]. B. bifidum also supports the physical integrity of
the gut lining; in vitro studies and animal models show that B. bifidum can upregulate
tight junction proteins and mucin utilization, improving barrier function and nutrient
absorption [167,179]. Some strains have demonstrated immuno-stimulatory properties:
supplementation with B. bifidum in healthy adults enhanced innate immune activity, as
evidenced by significantly increased phagocytosis of E. coli, an effect that intriguingly
persisted for up to six weeks after probiotic discontinuation [180]. In infants with a familial
risk of atopy, early B. bifidum exposure has been associated with lower eczema incidence
(e.g., 18% vs. 40% in one trial of BGN4, p = 0.048) [181,182], potentially via modulation of
immune development and gut-skin axis signals. Moreover, B. bifidum influences metabolic
outputs of the microbiota: a four-week course of B. bifidum was shown to reshape the gut
microbial composition (increasing health-associated families like Ruminococcaceae while
decreasing pro-inflammatory taxa) and to modulate fecal short-chain fatty acid levels, in-
cluding butyrate [178,183]. Notably, the impact of B. bifidum on butyrate differed depending
on individuals’ baseline SCFA concentrations, highlighting an element of personalized
response [178]. Overall, while B. bifidum is less frequently singled out in clinical trials
compared to other bifidobacterial species, existing evidence suggests it plays a supportive
role in maintaining gut barrier integrity and immune equilibrium. These benefits, however,
are realized only by specific strains under appropriate conditions, underlining the general
need for careful strain-level identification and matching to clinical targets in probiotic
therapy [157,158].
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4.3. Yeast Probiotics

Compared with bacterial probiotics, yeast-based interventions remain a narrower
but mechanistically distinct part of the field [184–186]. The evidence summarized be-
low shows that the strongest and most mature support centers on Saccharomyces boulardii
CNCM I-745 in acute infectious and antibiotic-associated gastrointestinal settings, whereas
Saccharomyces cerevisiae CNCM I-3856 appears more phenotype-specific, particularly in
constipation-predominant IBS, and other Saccharomyces strains currently provide only iso-
lated or preliminary signals [184–212]. Overall, this subsection again underscores that
efficacy and safety must be interpreted at the strain and indication level rather than gener-
alized across probiotic yeasts as a category [187,199,201,207,212].

4.3.1. Saccharomyces boulardii CNCM I-745

Across meta-analyses, randomized trials, and mechanistic studies, Saccharomyces
boulardii CNCM I-745 emerges as the most extensively supported probiotic yeast in the
current evidence set, with its strongest human evidence centered on antibiotic-associated
diarrhea, pediatric acute gastroenteritis, and Clostridioides difficile prevention. Meta-analyses
show roughly 48–57% reductions in antibiotic-associated diarrhea and a marked reduction
in C. difficile infection in China-specific analyses, together with about a one-day short-
ening of pediatric acute gastroenteritis duration [187–189]. Additional randomized data
suggest benefit in direct comparison with Bacillus clausii in pediatric gastroenteritis and
improved growth and feeding tolerance in formula-fed preterm infants [190,191]. Mech-
anistically, CNCM I-745 combines yeast-specific protease-mediated toxin neutralization
with microbiota remodeling toward short-chain-fatty-acid-producing taxa, preservation of
fecal secondary bile acids during antibiotic exposure, support of epithelial barrier integrity,
trophic enhancement of brush-border enzyme activity, and attenuation of inflammatory
signaling through NF-κB inhibition and Nrf2 activation [184,192–196]. These local effects
also extend across broader gut–immune and gut–metabolic axes, with preclinical data
suggesting reduced endotoxemia, hepatic steatosis, and low-grade inflammation [197].
Distinct from bacterial probiotics, the strain is intrinsically resistant to antibacterial drugs,
can therefore be co-administered during antibiotic therapy, and shows rapid yet transient
gastrointestinal passage rather than durable colonization [185,198]. Safety is generally
excellent in children and adults, but rare Saccharomyces fungemia has been documented,
mainly in critically ill, catheterized, or severely immunocompromised patients, making
such populations inappropriate for routine use [199]. At the same time, its effects do not
appear to extend reliably to chronic inflammatory conditions, as relapse prevention in
Crohn’s disease remains negative [200]. Together, these findings position CNCM I-745 as
the most clinically mature probiotic yeast for acute infectious and antibiotic-associated
gastrointestinal disorders, while also underscoring that its strongest value lies in short-term
interruption of diarrheal and dysbiosis-related cascades rather than in disease modification
of established inflammatory bowel disease.

4.3.2. Saccharomyces cerevisiae CNCM I-3856

Across randomized controlled trials, an individual-patient-data meta-analysis, and
supporting mechanistic studies, Saccharomyces cerevisiae CNCM I-3856 emerges as a
phenotype-specific probiotic yeast with its clearest value in irritable bowel syndrome
with constipation rather than in IBS as a whole. In the largest trial, 8 weeks of supplemen-
tation significantly increased abdominal pain responder rates and improved quality of
life in IBS-C [201], while the IPD meta-analysis confirmed clinically relevant reductions
in abdominal pain/discomfort and bloating that exceeded the 10% threshold generally
considered meaningful [202]. Additional trials support improvement in pain, bloating, and
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stool consistency, but also show that efficacy attenuates or disappears when unselected IBS
populations are analyzed without regard to constipation phenotype [203,204]. Mechanisti-
cally, CNCM I-3856 appears to act through local PPARα-mediated visceral analgesia with a
delayed onset, alongside saccharolytic activity that generates short-chain fatty acids and
other metabolites with potential prokinetic effects on intestinal transit [186]. Experimental
work also suggests anti-infective activity against enterotoxigenic Escherichia coli, and human
recovery studies show that the strain survives gastrointestinal passage and can be detected
in vaginal samples after oral administration [205,206]. Safety across IBS trials has been
generally favorable, with mostly mild gastrointestinal adverse events and no consistent
signal of serious toxicity [201,203,204]. Together, these findings support CNCM I-3856 as a
strain-specific option for constipation-predominant IBS, while underscoring that its benefits
should not be generalized to diarrhea-predominant or unselected IBS populations.

4.3.3. Other Saccharomyces Strains

In the current evidence set, several additional Saccharomyces strains showed isolated
strain-specific signals but not enough data for a synthesis comparable to CNCM I-745 or
CNCM I-3856. S. cerevisiae var. boulardii CNCM I-3799 reduced recovery time in children
with acute diarrhea in one multicenter randomized trial [207]. By contrast, S. boulardii
CNCM I-1079 did not improve academic stress outcomes in healthy medical students
and was associated instead with increased pulse rate and lower salivary serotonin in
secondary analysis [208,209]. S. boulardii strain Unique 28 showed apparent benefit in a
small clinical report on acute diarrhea, with supportive toxicology data in rats, but the
absence of a robust controlled evidence base limits clinical interpretation [210,211]. Finally,
S. cerevisiae SC-2201 showed anti-inflammatory and tumor-attenuating effects only in a
colorectal cancer mouse model [212]. Together, these findings suggest that several non-I-
745/I-3856 yeast strains may possess biologically interesting properties, but the current
human evidence remains too sparse, heterogeneous, or methodologically limited to support
confident clinical positioning.

4.3.4. Saccharomyces pastorianus, Debaryomyces hansenii, Kluyveromyces marxianus,
and Yarrowia lipolytica

At present, comparable strain-specific syntheses cannot be provided for Saccharomyces
pastorianus, Debaryomyces hansenii, Kluyveromyces marxianus, or Yarrowia lipolytica, because no
eligible studies meeting the report’s inclusion criteria were identified for these organisms.

4.4. Additional Bacterial Candidates
4.4.1. Streptococcus salivarius K12

Across randomized trials, mechanistic studies, and safety evaluations, Streptococcus
salivarius K12 emerges as one of the best-characterized oral probiotics, with its strongest
evidence centered on recurrent pharyngotonsillitis prevention and oral mucosal protection.
K12 exerts strain-specific antimicrobial activity through the megaplasmid-encoded lan-
tibiotics salivaricin A2 and salivaricin B, and through the recently characterized antibiotic
salivabactin, which broadens activity against Streptococcus pyogenes and other upper-airway
pathogens [213,214]. These direct antagonistic effects are complemented by host-directed
actions, including NF-κB inhibition, suppression of epithelial IL-8 signaling, attenuation of
IL-6 and IL-8 release in pathogen-stimulated gingival fibroblasts, and induction of systemic
and mucosal immune responses involving IL-10, regulatory T cells, salivary IFN-γ, and
post-exercise sIgA [215–219]. Clinically, open-label, retrospective, and controlled pedi-
atric studies—particularly in children with recurrent streptococcal disease—reported large
reductions in pharyngotonsillitis and, in some studies, acute otitis media during continu-
ous daily administration, often in the range of 70–90% for selected infectious endpoints,
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with some persistence after treatment cessation [220–222]. However, the largest placebo-
controlled school-based trial found only a nonsignificant reduction in group A streptococcal
pharyngeal carriage, and systematic-review-level appraisal suggests that much of the posi-
tive respiratory literature is limited by open-label designs, no-treatment comparators, and
heterogeneous dosing schedules [223,224]. Beyond the upper respiratory tract, K12 reduced
severe radiation-induced oral mucositis in patients with head and neck tumors, improved
mycological cure rates as adjunctive therapy in oral candidiasis, and reduced clinical signs
of denture stomatitis [225–227]. Colonization appears transient rather than permanent,
with persistence for days to weeks and increased oral K12 abundance during supplementa-
tion without major restructuring of the overall salivary microbiome [228,229]. Safety has
been consistently favorable in both human and preclinical studies, with no meaningful
toxicological signal identified in the available evidence base [230,231]. Together, these
findings position K12 as a clinically useful oral probiotic whose benefits seem strongest in
high-risk recurrent upper-airway and oral-disease settings, while also underscoring that
efficacy is highly dependent on study design, population selection, and dosing continuity.

4.4.2. Streptococcus salivarius M18

Across mechanistic and clinical studies, Streptococcus salivarius M18 emerges as a
more specifically anti-cariogenic and periodontal-oriented oral probiotic than K12. Its
strain-specific profile is driven by a distinct megaplasmid-associated bacteriocin reper-
toire together with dextranase and urease activities that directly target plaque architecture
and local acidification [232]. In vitro comparisons indicate that M18 is more potent than
K12 against Streptococcus mutans and shows consistent inhibitory activity across several
periodontitis-associated organisms [233,234]. Like K12, M18 can also attenuate inflam-
matory mediator release from pathogen-stimulated gingival fibroblasts, suggesting that
its effects extend beyond direct antimicrobial competition [216]. Clinically, M18 reduced
plaque scores in caries-active children over 3 months, lowered salivary S. mutans counts and
improved buffering capacity in preschool children, and improved probing depth, bleeding
on probing, and plaque index when used as an adjunct after non-surgical periodontal
therapy [232,235,236]. Colonization is dose-dependent, and in some individuals M18 can
transiently replace much of the indigenous S. salivarius population without substantially
altering overall oral microbiome structure [237]. Available safety data are limited but
consistently favorable, with only minor non-serious adverse events reported in human
studies [232,235,236]. Together, these findings identify M18 as a targeted oral probiotic with
its clearest translational value in caries-prone and periodontal populations, particularly
where enzymatic plaque disruption and pH modulation can complement bacteriocin-
mediated pathogen control.

These human data should be interpreted cautiously because the available studies
differ in population, baseline oral health status, formulation, dose, duration, and adjunctive
periodontal or dental interventions. Therefore, the apparent consistency of M18 effects
should not be generalized to all S. salivarius strains or to broader systemic immune outcomes
without larger, strain-specific trials using harmonized endpoints.

4.4.3. Streptococcus thermophilus

Across preclinical and limited human studies, Streptococcus thermophilus emerges as
a highly strain-dependent probiotic whose relevant effects span pathogen suppression,
mucosal support, immunomodulation, and potentially tumor-related pathways. A core
mechanism is lactic acid production, which not only suppresses Clostridium difficile growth
but also reduces toxin A expression at sub-bactericidal concentrations, while selected iso-
lates additionally produce bacteriocins such as the CHCC 3534 factor and thermopillin
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110 with activity against enteric and skin-associated pathogens [238–240]. Other strain-
specific functions include β-galactosidase-dependent suppression of colorectal tumorigene-
sis, lactate-driven enhancement of goblet-cell mucus programs via KLF4, and divergent
immune signaling profiles ranging from monocyte TLR downregulation to macrophage
activation through P38/ERK/NF-κB pathways [241–244]. Yet translation remains limited:
the clearest human study showed that S. thermophilus BT01 survived gastrointestinal transit
and reduced fecal urease activity in healthy adults, whereas most efficacy data—including
protection in C. difficile infection and anti-tumor effects—derive from animal or in vitro
systems [238,241,245]. Importantly, the colorectal cancer literature is internally inconsistent,
with one study demonstrating β-galactosidase-dependent tumor suppression and another
showing no protection together with immunosuppressive mucosal transcriptional changes,
indicating that species-level generalization is inappropriate [241,246]. Available strain-level
safety signals are reassuring, including the absence of transmissible virulence or antibiotic-
resistance determinants in genomic analysis of MCC0200, although formal toxicological
datasets for probiotic-designated isolates remain limited [247]. Together, these findings
suggest that S. thermophilus is best understood not as a uniform probiotic entity, but as a
collection of functionally diverse strains whose clinical potential remains promising yet
insufficiently validated in humans.

4.4.4. Lactococcus lactis W19 and W58

At present, comparable strain-specific syntheses for Lactococcus lactis W19 and Lac-
tococcus lactis W58 cannot be provided because no eligible mechanistic or clinical studies
were identified in the current evidence set.

4.4.5. Escherichia coli Nissle 1917 (EcN)

Across randomized trials, meta-analyses, and mechanistic studies, Escherichia coli
Nissle 1917 emerges as one of the best-characterized non-lactic probiotic strains, with
its strongest human evidence concentrated in ulcerative colitis maintenance rather than
remission induction. In patients with quiescent ulcerative colitis, EcN has shown efficacy
comparable to mesalazine for maintaining remission, supporting its role as a strain-specific
therapeutic alternative in selected settings [248,249]. Mechanistically, EcN reinforces ep-
ithelial barrier integrity through redistribution of tight-junction proteins, limits intestinal
hyperpermeability, modulates T-cell cycling through Toll-like receptor 2-dependent signal-
ing, induces human beta-defensin-2, and suppresses enteric pathogens through microcin
production and interference with bacterial invasion [250–255]. Preclinical work further
links EcN to modulation of inflammatory signaling, restoration of SCFA-related barrier
function, and reduced susceptibility to neuroinflammatory disease [256–258]. However,
these benefits are counterbalanced by an unresolved safety paradox: EcN harbors the pks
island encoding colibactin, and experimental data suggest that its genotoxic activity may
be mechanistically intertwined with at least part of its probiotic effect [259,260]. Additional
studies indicate dose dependence and strong host-context dependence, with protection
at lower exposures but possible harm at higher doses and impaired safety in microbiota-
depleted or immunocompromised hosts [261,262]. Together, these findings position EcN
as a clinically relevant and mechanistically sophisticated probiotic for ulcerative colitis
maintenance, while underscoring that long-term use should be interpreted through a
strain-specific risk-benefit lens rather than generalized probiotic assumptions.

4.4.6. Akkermansia muciniphila

Across metabolic, inflammatory, and mechanistic studies, Akkermansia muciniphila
emerges as a high-potential next-generation probiotic whose effects are strongly shaped by
strain identity, host context, and formulation. The most compelling human signal comes
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from a proof-of-concept randomized trial in overweight and obese insulin-resistant adults,
in which pasteurized A. muciniphila improved insulin sensitivity, lowered insulinemia,
and reduced total cholesterol, with additional trends toward lower body weight and fat
mass [263]. Preclinical studies extend this promise to colitis and barrier dysfunction but also
expose marked strain heterogeneity: some strains attenuate DSS-induced inflammation,
whereas others worsen disease, emphasizing that therapeutic inference at the species level
is unreliable [264]. Mechanistically, A. muciniphila acts at the mucus-epithelial interface
by strengthening intestinal barrier function, altering SCFA-linked mucosal signaling, acti-
vating NLRP3-dependent pathways, and promoting dendritic-cell retinoic acid synthesis
that enhances IL-22-mediated mucosal protection [265–267]. At the same time, emerging
literature suggests that the same organism can behave as a pathobiont in specific inflamma-
tory or tumor-promoting contexts, reinforcing the need for genome-level strain selection
and formulation-specific validation [268]. Together, these data position A. muciniphila as a
promising but high-precision candidate for metabolic and inflammatory disorders, whose
translation depends on careful distinction between beneficial, neutral, and potentially
harmful strains.

4.4.7. Clostridium butyricum MIYAIRI 588 (CBM588)

Across a smaller but mechanistically coherent evidence base, Clostridium butyricum
MIYAIRI 588 emerges as a spore-forming probiotic with particular relevance to post-surgical
inflammatory disease and microbiota-metabolic recovery. Its clearest clinical signal derives
from a small randomized placebo-controlled study in patients with ulcerative colitis af-
ter ileal pouch-anal anastomosis, where CBM588 reduced the incidence of pouchitis and
favorably altered microbiota composition over long-term follow-up [269]. Mechanistic
work indicates that these effects are mediated, at least in part, through induction of in-
testinal IL-10-producing macrophages via TLR2/MyD88-dependent pathways, rather than
through classical Treg-dominant immunoregulation [49]. Additional preclinical studies
show that CBM588 reshapes the gut microbiome, supports colonic tissue homeostasis,
protects intestinal barrier function during antibiotic-associated dysbiosis, and modulates
broader gut metabolic outputs [270–272]. This functional profile may extend beyond the
gut-immune axis, as experimental work in high-fat diet models suggests beneficial effects
on hepatic lipid metabolism and non-alcoholic fatty liver disease [273]. Together, these
findings suggest that CBM588 is a mechanistically distinctive and clinically promising
strain, although its translational strength remains limited by the small size of the human
evidence base and the relative absence of large confirmatory trials.

4.4.8. Enterococcus faecium SF68

At present, a comparable strain-specific synthesis for Enterococcus faecium SF68 cannot
be provided because robust eligible studies were not identified in the current evidence set.

Viewed across the strain-level profiles, the evidence is not evenly distributed. The
most consistent human signals cluster around narrow, clinically defined outcomes—such
as prevention of antibiotic-associated or acute infectious diarrhea, selected oral/upper-
airway endpoints, ulcerative colitis maintenance or pouchitis prevention, and constipation-
predominant IBS—whereas broader claims of generalized immune enhancement or sys-
temic anti-inflammatory benefit are supported mainly by preclinical, small, or hetero-
geneous studies [89,187–189,201,202,220–224,248,249,269,274]. This pattern suggests that
immune effects should be interpreted as mechanism–endpoint pairings for defined strains
rather than as transferable properties of a genus or species (Figure 2).
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Figure 2. Strain-specific immune effects across major probiotic groups. Recurring patterns can be
recognized, but efficacy remains strain-and context-dependent.

5. Clinical Translation: Probiotics in Immune-Related Diseases
5.1. Infectious Diseases

Clinical evidence provides relatively consistent support for the use of selected probiotic
strains in the prevention of infectious diseases, particularly antibiotic-associated diarrhea
(AAD) and upper respiratory tract infections (URTI), although effects are strongly strain-
dependent. Meta-analyses of randomized controlled trials demonstrate that probiotics
significantly reduce the incidence of AAD in both pediatric and adult populations, with
relative risk reductions ranging from 0.46 to 0.58 and numbers needed to treat between
10 and 13 [275,276]. Importantly, these effects are not uniform across strains. For example,
Saccharomyces boulardii CNCM I-745 showed consistent efficacy across multiple settings (RR
0.43, 95% CI 0.31–0.58), whereas only selected Lactobacillus strains, such as L. casei DN114001
(RR 0.32) and L. reuteri ATCC 55730 (RR 0.35), demonstrated comparable benefits, while
others failed to show significant effects [158,277].

In Clostridioides difficile-associated diarrhea (CDAD), strain specificity is even more
pronounced. S. boulardii remains the only consistently effective strain for prevention (RR
~0.40–0.59), whereas Lactobacillus strains that are effective in AAD prevention do not
confer protection against CDAD, highlighting distinct mechanisms of action depending
on pathogen context [278,279]. However, evidence for secondary prevention of CDAD
recurrence remains inconclusive, with no probiotic strain consistently demonstrating
benefit [280].

For URTI, probiotics demonstrate modest but reproducible effects, including reduced
incidence (OR 0.53) and shortened duration of infection by approximately 1.9 days [281].
These effects are particularly evident in children and high-risk populations. For instance, a
randomized trial using Bifidobacterium animalis subsp. lactis and Lactiplantibacillus plantarum
showed a 54.6% reduction in recurrent respiratory infections, along with decreased risk
of pneumonia and bronchitis [282]. Similarly, multi-strain formulations containing L.
helveticus, B. infantis, and B. bifidum significantly reduced infection frequency, duration,
and antibiotic use in pediatric cohorts [283]. In contrast, evidence in older adults is less
consistent, with variability in strain efficacy and overall lower-quality data [284].

Additional infectious indications show mixed results. Probiotics improve Helicobacter
pylori eradication rates when used as adjunct therapy (RR 1.09), with Bifidobacterium strains
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showing the highest efficacy (RR 1.23), followed by Lactobacillus (RR 1.18) and Saccharomyces
(RR 1.07) [285]. In urinary tract infections, overall effects are not significant, although strain
selection and study design appear critical determinants of outcome [286]. In critically ill
patients, high-dose multi-strain formulations administered for at least 14 days significantly
reduce ICU-acquired infections, whereas single-strain interventions such as L. rhamnosus
GG show no benefit, further emphasizing dose- and formulation-dependence [287].

5.2. Allergic Diseases

Probiotic trials show comparatively consistent clinical efficacy signals in allergic dis-
eases in the context of atopic dermatitis (AD), although effects remain strongly dependent
on strain, disease severity, and treatment duration. Meta-analyses show significant reduc-
tions in disease severity, with SCORAD decreases ranging from −5.7 in children to −12.3 in
adults [288–290]. However, these effects are not uniform across strains. Limosilactobacillus
fermentum, Lactobacillus salivarius, and L. acidophilus show the strongest therapeutic effects,
whereas other strains within the same genera may be ineffective [289,291].

Notably, the magnitude of clinical improvement varies with disease phenotype and
duration of therapy. Longer interventions (>3 months) and younger patient age are as-
sociated with greater benefit, while effects on immunological markers such as IgE and
eosinophils are inconsistent, suggesting that probiotic effects in AD may involve alternative
immunomodulatory pathways beyond classical IgE-mediated responses [289,292].

For the prevention of atopic dermatitis, evidence is comparatively more consistent. Pre-
natal and early-life probiotic supplementation reduces disease incidence (RR ~0.78–0.79),
with particularly strong effects observed for Lactobacillus rhamnosus GG, which reduces
eczema risk by up to 50% in high-risk infants [293–295]. However, mixed-strain formula-
tions do not consistently outperform single strains, indicating that increasing microbial
diversity does not necessarily translate into improved clinical efficacy [296].

In contrast, evidence for asthma is inconsistent. Meta-analyses show no significant
overall reduction in asthma risk (RR 0.86), although subgroup analysis indicates that
L. rhamnosus GG may confer modest protection (RR 0.75) [297]. Similarly, while probi-
otics reduce IgE levels and atopic sensitization in some studies, effects on clinical asthma
outcomes remain limited and heterogeneous [298].

For allergic rhinitis, probiotics demonstrate moderate efficacy, with reductions in symp-
tom scores and improvements in quality of life, particularly for L. paracasei strains [299].
However, comparative analyses indicate substantial variability between probiotic species,
with Saccharomyces and mixed formulations sometimes outperforming Lactobacillus in
specific endpoints, further supporting the principle of strain- and indication-specific effi-
cacy [300].

5.3. Autoimmune and Inflammatory Diseases

In autoimmune and inflammatory conditions, probiotic efficacy is highly disease-
specific, with clear benefits observed in ulcerative colitis (UC) but not in Crohn’s disease
(CD). Meta-analyses consistently demonstrate that probiotics significantly increase remis-
sion rates in UC (OR ~2.00), particularly when used in combination with standard therapies
such as 5-aminosalicylic acid [301]. Multi-strain formulations such as VSL#3 show the
strongest effects, with remission rates significantly improved and relapse rates markedly
reduced [302].

In pouchitis, reported efficacy appears comparatively strong, with markedly reduced
recurrence rates (OR 0.03), although this conclusion remains indication-specific and depen-
dent on the studied formulation [303]. Similarly, Escherichia coli Nissle 1917 demonstrates
efficacy comparable to standard pharmacological therapy in maintaining UC remission,
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highlighting the potential for strain-specific probiotics to function as therapeutic alterna-
tives [304].

In contrast, probiotics show no consistent benefit in Crohn’s disease. Multiple meta-
analyses report no significant effect on remission induction or relapse prevention, even
when using strains effective in UC, suggesting fundamental differences in disease patho-
physiology and host–microbiota interactions [301,305].

Beyond IBD, probiotics demonstrate immunomodulatory effects in systemic inflam-
mation, including reductions in TNF-α, CRP, and increases in IL-10, although heterogeneity
across studies is high (I2 > 90%), limiting the strength of conclusions [274]. Similarly, in
celiac disease, probiotics modulate immune parameters and microbiota composition but
show limited impact on key clinical outcomes such as IgE levels or symptom resolution,
indicating modest clinical relevance despite mechanistic plausibility [306].

5.4. Immunodeficiency and Immune Function Enhancement

Evidence for probiotic use in immunodeficiency is heterogeneous and depends
strongly on the type of immune dysfunction. In primary immunodeficiencies, direct
clinical evidence for microbiome-targeted interventions remains limited, and current dis-
cussion is centered largely on conceptual or early translational approaches, particularly in
common variable immunodeficiency [307].

In contrast, specific probiotic combinations have shown reported benefits in secondary
immunodeficiency states, particularly in children with recurrent infections. Randomized
trials demonstrate that specific strain combinations can reduce infection recurrence by
over 50%, along with improvements in microbiota stability and immune markers [282].
Similarly, multi-strain probiotics significantly reduce the frequency and severity of recurrent
respiratory infections in pediatric populations, suggesting clinical benefit in the studied
pediatric cohorts [283].

In older adults, probiotics improve vaccine responses, with meta-analyses demon-
strating increased seroconversion rates for influenza vaccines (OR up to 2.74), suggesting
improved adaptive immune responsiveness [308]. However, results vary depending on
strain, timing, and vaccine type, and not all studies demonstrate significant benefit [14].

In immunocompromised clinical settings, such as ICU patients, probiotics reduce
infection rates only when administered at sufficiently high doses (≥5 × 109 CFU/day) and
for adequate duration (≥14 days), highlighting a clear dose–response relationship [287]. In
contrast, single-strain interventions are often ineffective in this population.

In patients with HIV, probiotics produce modest improvements in immune parameters
such as CD4/CD8 ratio and inflammatory markers, but the clinical significance of these
changes remains uncertain [309]. Similarly, in preterm infants, only selected strain combi-
nations demonstrate benefits in reducing mortality, sepsis, and necrotizing enterocolitis,
with limited overlap between effective strains across outcomes [310].

5.5. Synthesis

Across all disease domains, a consistent pattern emerges: probiotic efficacy is both
strain-specific and disease-specific, and cannot be generalized across species or indica-
tions [158]. Strains effective in one condition often fail in another, even within related
disease categories. For example, probiotics that are highly effective in ulcerative colitis
show no benefit in Crohn’s disease, while strains effective in AAD prevention do not
prevent CDAD recurrence [278,301].

Moreover, clinical outcomes depend not only on strain selection but also on host
factors, disease severity, timing of administration, and treatment duration. Dose thresholds
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(e.g., ≥5 × 109 CFU/day) and treatment duration (>3 months for atopic dermatitis) emerge
as critical determinants of efficacy in several conditions [287,292].

Across clinical domains, interpretation is limited by heterogeneity in sample size,
study design, strain identity, dosage, formulation, treatment duration, baseline microbiota,
age, and disease severity. Consequently, apparent efficacy signals should be interpreted as
indication- and strain-specific rather than as evidence for broad immune enhancement.

Accordingly, the clinical evidence should be read as a map of where reproducible
strain–indication signals have emerged, not as proof that probiotics exert broadly reliable
immune benefits across clinical populations; in high-heterogeneity domains, positive
findings remain hypothesis-generating until replicated with standardized strain identity,
dose, formulation, and endpoints [158,274–310] (Table 2).

Table 2. Clinical translation across major disease domains is discussed in the review.

Disease Domain Most Reproducible Signal Examples Emphasized in the
Review Main Caveats

AAD/acute infectious
diarrhea

Reduced incidence or
shorter duration

S. boulardii CNCM I-745;
selected Lactobacillus strains

Effects are strongly
strain-specific

Clostridioides difficile
prevention

Best support for primary
prevention, not recurrence

prevention

S. boulardii shows the clearest
signal

AAD efficacy does not
automatically translate

here

URTI/recurrent
respiratory infections

Modest reduction in
incidence or duration,
especially in children

Selected B. animalis subsp.
lactis and multi-strain
pediatric formulations

Older-adult evidence is
less consistent

Atopic
dermatitis/allergic

disease

Severity reduction and
early-life preventive signal

L. fermentum, L. salivarius, L.
acidophilus; LGG in prevention

Marker changes are
inconsistent and duration

matters

Ulcerative
colitis/pouchitis

Improved maintenance
outcomes; very strong

pouchitis signal

VSL#3-type multi-strain
formulations; EcN

Benefit does not generalize
to all IBD phenotypes

Crohn’s disease No consistent remission or
relapse benefit —

Clear disease-specific
divergence from ulcerative

colitis

Vaccine
response/recurrent

infection states

Selected gains in
seroconversion or recurrent

infection reduction

Older-adult vaccine studies;
pediatric recurrent-infection

trials

Timing, dose, and strain
choice remain decisive

Other
systemic/metabolic

indications

Mechanistic promise with
uneven clinical translation

Metabolic, inflammatory, and
immunotherapy-related

settings

Small heterogeneous trials
limit generalization

6. Emerging Concepts in Immune-Modulating Probiotics
6.1. Next-Generation Probiotics

Among next-generation probiotics, Akkermansia muciniphila currently has the strongest
translational profile, whereas Faecalibacterium prausnitzii offers equally compelling mecha-
nistic rationale but remains more difficult to develop clinically because of major cultivation
and formulation barriers [311–316]. A. muciniphila colonizes the mucus layer and exerts im-
munomodulatory effects through multiple complementary mechanisms, including acetate
and propionate production, reinforcement of tight-junction proteins such as ZO-1, occludin,
and claudins, increased mucin turnover, and signaling mediated by outer-membrane com-
ponents including Amuc_1100 [311,312,317–320]. In addition, a distinctive membrane phos-
pholipid from A. muciniphila has been shown to engage non-canonical TLR2-TLR1 signaling
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and induce homeostatic immune responses, providing a mechanistically attractive expla-
nation for its ability to recalibrate inflammatory thresholds rather than simply suppress
immunity [5,317,321]. Across review-level sources, these pathways are linked to expansion
of regulatory T cells, reduced gut permeability, increased IL-10 signaling, and attenuation
of pro-inflammatory mediators such as IL-6, IL-1β, and IL-17, although context-dependent
increases in TNF-α and IFN-γ have also been described, indicating that A. muciniphila is
not uniformly anti-inflammatory in every disease setting [313,314,317,318,320,322].

Human clinical evidence for A. muciniphila remains limited but is notably more de-
veloped than for most other next-generation candidates. The most frequently cited inter-
vention is a randomized, double-blind, placebo-controlled trial in 32 overweight or obese
adults, in which daily supplementation with 1010 CFU of live or pasteurized A. muciniphila
for three months improved insulin sensitivity by approximately 30%, while also reduc-
ing insulinemia, total cholesterol, and selected anthropometric parameters [311,312,319].
Importantly, pasteurized preparations performed at least as well as live organisms in
several outcomes, supporting the concept that viability is not always required for clinical
benefit and helping explain why pasteurized A. muciniphila has progressed further along
the regulatory pathway, including EFSA novel food acceptance [312,318–320,323]. Beyond
metabolism, oncology-focused evidence is especially intriguing. A meta-analysis sum-
marized in the uploaded report, encompassing 38 studies and 5642 patients, found that
enrichment of A. muciniphila together with F. prausnitzii and Bifidobacterium longum was
associated with improved overall survival (HR 0.62) and progression-free survival (HR
0.69) during immune checkpoint inhibitor therapy, while fecal microbiota transplantation
from responders increased objective response rates [5,324]. At the same time, review-
level evidence also highlights a more cautious interpretation in intestinal inflammation,
because A. muciniphila may be beneficial in some IBD-associated contexts yet potentially
pro-inflammatory in others, underscoring the need for phenotype-specific deployment
rather than indiscriminate supplementation [313–315,318,322].

Faecalibacterium prausnitzii complements A. muciniphila by representing a highly abun-
dant butyrate-producing commensal with particularly strong anti-inflammatory creden-
tials [313–316]. Mechanistically, F. prausnitzii promotes regulatory T-cell expansion, sup-
presses NF-κB-driven inflammatory signaling, reduces IL-12, IFN-γ, IL-1β, and TNF-α, and
increases IL-10, thereby supporting a more tolerogenic mucosal environment [313–316,325].
In contrast to many conventional probiotics, part of its activity has been attributed not only
to butyrate itself but also to specific microbial anti-inflammatory molecules (MAM pep-
tides), which appear to add a distinct layer of host signaling control beyond generic SCFA
production [314–316,325]. These properties make F. prausnitzii particularly attractive for in-
flammatory bowel disease and autoimmune disorders, where disruption of barrier integrity
and dysregulation of the Treg/Th17 axis are central to disease biology [314–316,324,325].
However, despite strong mechanistic support and early-phase clinical development in IBD,
the human evidence base for F. prausnitzii remains far smaller than for A. muciniphila, and
its extreme oxygen sensitivity continues to complicate cultivation, storage, delivery, and
large-scale commercialization [314–316,324,325].

Taken together, the next-generation probiotic field already shows a clear hierarchy of
maturity. A. muciniphila is the most clinically advanced and mechanistically diversified
candidate, while F. prausnitzii remains one of the most biologically compelling but techni-
cally constrained organisms in the pipeline [311–316,323,325]. This asymmetry is important
because it illustrates a broader principle: future immune-modulating probiotics will likely
be selected not for taxonomic novelty alone, but for a combination of defined mechanism,
manufacturability, safety, and disease-context specificity [313,316,323,325].
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6.2. Yeast Probiotics

Within emerging immune-modulating strategies, Saccharomyces boulardii occupies a
special position because it is a non-bacterial probiotic platform with a long clinical history
in gastrointestinal disorders, yet comparatively limited evidence in dedicated immune-
modulation frameworks [326,327]. In the immune-focused literature captured in the up-
loaded report, S. boulardii is characterized less by broad baseline immunostimulation and
more by a relatively restrained interaction with the healthy mucosal immune system [326].
In particular, experimental work in healthy intestinal settings showed limited association
with Peyer’s patches, minimal direct immune-cell engagement, and only modest systemic
humoral responses, suggesting that S. boulardii may perturb immune homeostasis less
aggressively than many bacterial probiotics [326]. This feature can be interpreted in two
opposing ways: on the one hand, it may limit strong intrinsic immunomodulatory effects;
on the other, it may make yeast-based systems attractive where controlled or low-noise
immune interaction is desirable [326].

The most forward-looking application of S. boulardii in this literature is its use as
an engineered therapeutic chassis rather than as a conventional probiotic in the nar-
row sense [327]. A yeast-based oral platform designed to secrete immune checkpoint
inhibitor–related biologics reduced intestinal tumor burden in colorectal cancer models re-
fractory to checkpoint blockade and altered both immune-cell composition and microbiome
structure [327]. This positions S. boulardii less as a replacement for bacterial next-generation
probiotics and more as a customizable delivery vehicle for targeted gastrointestinal im-
munotherapy [327]. Such a role is conceptually important for an article on immune function
because it expands the definition of a probiotic strategy from “live organism conferring
benefit” to “programmable microbial platform capable of delivering an immunologically
active payload in situ” [327].

Nevertheless, yeast-based approaches bring distinct safety questions. Unlike bacterial
probiotics, S. boulardii carries a theoretical and clinically relevant risk of fungemia, espe-
cially in critically ill or severely immunocompromised patients, and these concerns likely
contribute to the relatively limited representation of yeast probiotics in the immune-focused
emerging literature [326,327]. Accordingly, although S. boulardii remains indispensable in
the broader probiotic field, its role in next-generation immune modulation appears likely
to develop primarily through engineered or precision-delivery applications rather than
through conventional broad-spectrum supplementation [326,327].

6.3. Postbiotics

Postbiotics have emerged as a compelling extension of probiotic science because they
seek to preserve the beneficial biological signals of microbes while reducing the practical
and safety liabilities associated with live organisms [328–330]. Across the reviewed lit-
erature, postbiotics are broadly conceptualized as inanimate microorganisms, structural
components, or microbially derived metabolites capable of modulating host physiology
and immunity without requiring sustained viability or colonization [328–330]. This frame-
work is especially attractive in immune medicine, where translocation risk, loss of viability
during storage, and inconsistent engraftment can all limit the performance of live biothera-
peutics [328–330].

Among postbiotics, short-chain fatty acids remain the best characterized and the
most mechanistically mature. Butyrate, propionate, and acetate act through dual signaling
logic: they activate G protein-coupled receptors such as GPR41, GPR43, and GPR109A,
and they inhibit histone deacetylases, thereby linking microbial metabolism directly to
host transcriptional and immunological programs [16,331,332]. Through these pathways,
SCFAs suppress NF-κB signaling, reduce IL-1β, TNF-α, and IL-6, increase IL-10, promote
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regulatory T-cell differentiation, suppress Th17 polarization, and reshape macrophage
behavior toward less inflammatory phenotypes [16,331,332]. Their role is not confined to
immune cells. SCFAs also reinforce epithelial barrier integrity by supporting colonocyte
metabolism, stimulating mucus production, and increasing tight-junction expression, which
helps explain why metabolite-centered approaches may simultaneously reduce mucosal
leakiness and systemic inflammation [16,331–333].

Accordingly, the postbiotic landscape should not be restricted to acetate, propionate,
and butyrate. Less abundant SCFAs, particularly valeric acid, may become relevant candi-
dates for metabolite-centered interventions if their proposed epigenetic and immunological
effects are confirmed in controlled human studies [33].

Translational evidence for postbiotics is promising but still uneven. Direct trials of pu-
rified SCFA supplementation remain limited, yet several clinically relevant human datasets
suggest that microbially generated postbiotic exposure has measurable systemic effects. Fer-
mented dairy interventions that increase exposure to beneficial microbial metabolites have
produced 4–12 week improvements in fasting glucose, LDL cholesterol, and systemic CRP
in cardiometabolic-risk populations, supporting the idea that diet–microbiome–metabolite
interactions can be therapeutically harnessed even when isolated metabolite therapy is
not yet standardized [333]. A 28-day clinical trial of a three-strain postbiotic mix also
reported improvement in immune-system function after oral intake, although the trial base
remains too small to support strong generalization [334]. In more complex immune settings,
protective intestinal metabolite patterns including SCFAs and bile-acid derivatives have
been associated with better outcomes after allogeneic stem cell transplantation, suggest-
ing that postbiotic signatures may function both as biomarkers and as future therapeutic
targets [335]. In inflammatory bowel disease, review-level evidence indicates that postbi-
otic and paraprobiotic strategies can reduce inflammatory signaling, improve epithelial
homeostasis, and potentially complement live biotherapeutics, although most data remain
preclinical or early translational [329,336,337].

The postbiotic repertoire extends well beyond SCFAs. Secondary bile acids influence
immune function through FXR and TGR5 signaling, thereby modulating macrophage
polarization, intestinal barrier function, and inflammatory tone [16,329,337]. Tryptophan-
derived microbial metabolites activate AhR and support IL-22-associated mucosal defense,
while also influencing T-cell differentiation and inflammatory balance [16,329]. Other
molecules such as inosine and microbially modified purines have been implicated in
antitumor immunity, especially through effects on T-cell activation and checkpoint in-
hibitor responsiveness [16,331,338]. Structural postbiotics are equally relevant. Surface
proteins such as Amuc_1100 and defined bacterial polysaccharides can activate pattern-
recognition pathways or induce regulatory T-cell responses without requiring adminis-
tration of live bacteria, thereby offering a more standardized route to immunological
intervention [317,320,322,330].

One of the strongest arguments in favor of postbiotics is their safety and stability
profile. Because the administered product is non-viable, the risk of bloodstream dissemina-
tion, opportunistic infection, and viability loss is substantially reduced, which is especially
attractive for immunocompromised populations and for applications requiring long shelf
life or ambient storage [328–330,336,337]. However, this conceptual advantage should
not obscure the current evidence gap. The field still lacks standardized nomenclature,
harmonized manufacturing criteria, and adequately powered randomized trials directly
comparing postbiotics with conventional live probiotics or placebo in immune-mediated
diseases [328–330,333,337]. Thus, postbiotics are no longer purely speculative, but they
remain translationally earlier than their mechanistic sophistication might suggest.
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6.4. Precision Probiotics

Precision probiotics represent the logical next step once strain specificity, host het-
erogeneity, and context-dependent responses are taken seriously [4,339–341]. Rather than
assuming that a single formulation can be broadly applied across patients, precision ap-
proaches integrate microbiome profiling, host characteristics, disease phenotype, and
increasingly machine-learning tools to select the most appropriate microbial strain, con-
sortium, or metabolite intervention for a given individual [4,339–341]. In practical terms,
this means moving from empirical supplementation toward microbiome-based treatment
strategies that are guided by metagenomics, metabolomics, metatranscriptomics, and
other multi-omics platforms capable of defining both baseline ecological deficits and likely
therapeutic response [4,339–341].

Host context is also shaped by diet, genetic background, and age. Diet determines the
availability of fermentable substrates and therefore influences whether a strain can gen-
erate immunologically active metabolites such as SCFAs or indole derivatives [15,16].
Host genetic variation may modify epithelial barrier function, innate immune sens-
ing, mucosal glycosylation, and antigen-presentation pathways, thereby altering respon-
siveness to the same probiotic strain. Age adds a further layer of heterogeneity: in
infants, probiotic effects occur during immune education and microbiome assembly,
whereas in older adults they occur against a background of immunosenescence, inflam-
maging, reduced microbial diversity, and altered vaccine responsiveness. These fac-
tors help explain why identical strains may produce divergent immune effects across
populations [4,14,147,148,163,166,310,339–341].

Cancer immunotherapy is currently the clearest showcase for this paradigm. The
accumulated literature indicates that microbiome diversity and enrichment of specific taxa—
especially A. muciniphila, F. prausnitzii, and B. longum—are associated with superior response
to immune checkpoint inhibitors, better survival, and more favorable systemic immune
activation [5,314,342,343]. These findings have catalyzed a range of targeted strategies, from
responder-derived fecal microbiota transfer to engineered microbial platforms delivering
checkpoint-modulating molecules or neoantigens [5,314,342–346]. In preclinical systems,
engineered food-borne probiotics and probiotic delivery vectors have been used to produce
PD-L1-targeting nanobodies, stimulate type I immune responses, enhance CD8+ T-cell
infiltration, and improve tumor control, thereby demonstrating how synthetic biology can
transform microbes into programmable immune therapeutics [342,344–346]. Although
these results remain largely preclinical, they move the field well beyond classical probiotic
supplementation and into the territory of living precision medicines [342,344–346].

In inflammatory bowel disease and autoimmune disorders, precision strategies are
evolving around defined bacterial consortia, disease-endotype matching, and microbiome-
guided strain selection [4,324,339–341]. Review-level evidence suggests that patient strati-
fication based on baseline dysbiosis, inflammatory phenotype, and functional microbial
deficits may improve the likelihood of response to targeted microbial interventions, in-
cluding consortia enriched for anti-inflammatory anaerobes [4,324]. Similar logic is being
extended to rheumatoid arthritis, where microbiome-driven shifts in the Th17/Treg axis
and mucosal barrier status are increasingly viewed as actionable targets for tailored pro-
biotic or metabolite-based therapy [4]. The central implication is that future efficacy may
depend as much on selecting the right patient as on selecting the right strain [4,339–341].

Despite this promise, precision probiotics remain more conceptually advanced than
clinically validated. Most of the evidence still comes from observational associations,
review-level syntheses, small early-phase studies, or preclinical models, and there are few
large superiority trials demonstrating that microbiome-guided selection materially outper-
forms well-chosen empirical supplementation [4,339–346]. Additional barriers include the
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cost of profiling, lack of standardized response algorithms, population-specific microbiome
variation, and major regulatory challenges for engineered live therapeutics [4,339–346].
Even so, the overall direction of travel is clear: precision probiotics are redefining the
field from a supplement-centered model to a systems-medicine model in which microbial
therapeutics are matched to host ecology, immune context, and treatment goal [4,339–346].

Taken together, emerging immune-modulating probiotic strategies indicate that the
field is moving beyond conventional Lactobacillus/Bifidobacterium paradigms toward a
broader therapeutic spectrum that includes next-generation anaerobes, yeast-based de-
livery platforms, metabolite-centered postbiotics, and microbiome-guided precision in-
terventions [311–315,326,328,339]. Their shared strength lies in targeting barrier integrity,
metabolite-receptor signaling, and Treg/Th17 balance with greater mechanistic specificity
than traditional formulations, but this same sophistication brings new translational chal-
lenges, including strain-level heterogeneity, manufacturing constraints, safety monitoring,
and the need for validated patient-selection frameworks [4,314–316,324,328–330,339–346].
As a result, these approaches should currently be viewed not as replacements for conven-
tional probiotics, but as a rapidly expanding immunological toolkit whose clinical value will
depend on rigorous trial design and increasingly precise deployment [4,314–316,328,339–346].

7. Safety and Immunological Risks
Safety in probiotic interventions should be interpreted as an immunological and host-

contextual variable rather than a purely toxicological endpoint, because probiotic effects
are demonstrably strain-specific, compartment-dependent, and methodologically hetero-
geneous across the available literature [3,5,7,14]. The current evidence base spans infancy,
healthy adulthood, obesity-related inflammation, oncology settings, and experimentally
immunosuppressed models, but these populations are biologically non-equivalent and
cannot support unrestricted cross-population extrapolation [1,5,7,347,348]. Accordingly,
the assumption that probiotics constitute a uniformly safe class is not supported at the level
of systemic immunity, where dose, viability, formulation, host age, baseline microbiota,
and immune status remain major effect modifiers [3,7,13,14].

This limitation is particularly consequential in immunocompromised patients, for
whom direct safety evidence remains sparse and uneven [3,5,7,347]. In oncology, most
probiotic-associated immune benefits are derived from observational datasets, mecha-
nistic inference, or preclinical augmentation of antitumor responses rather than from
adequately powered, safety-oriented randomized trials [5]. Likewise, cyclophosphamide-
immunosuppressed animal models show that selected strains can restore NK-cell activity,
immunoglobulin production, and cytokine balance, but these findings demonstrate immune
potentiation rather than validated clinical safety in immunologically fragile humans [347].
More broadly, the field is weakened by high risk of bias in many primary studies, incom-
plete methodological robustness, sparse human intervention data on systemic immune
modulation, and non-standardized products and dosing regimens, all of which reduce
confidence in safety extrapolation to clinically vulnerable hosts [3,7,13,14].

Bloodstream complications require equally cautious interpretation [3,5,7,13]. Within
the present evidence synthesis, fungemia and bacteremia were not consistently captured
as dedicated, strain-resolved safety endpoints, whereas efficacy and mechanistic immune
readouts were much more prominently reported [3,5,7,13]. Their relative underrepresen-
tation should therefore be read as incomplete surveillance rather than proof of absent
bloodstream risk, especially in hosts with impaired barrier integrity, altered immune com-
petence, or complex comorbidity profiles [3,5,13]. Future trials should consequently treat
fungemia and bacteremia as prespecified safety outcomes and report them at the strain
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and formulation level rather than subsuming them under generic statements of probiotic
tolerability [5,7,13].

A further safety issue is the potential for horizontal gene transfer. Although clinically
documented transfer events from administered probiotic strains appear uncommon, pro-
biotic candidates may carry plasmids, transposons, or other mobile genetic elements that
could theoretically disseminate antimicrobial-resistance or virulence-associated determi-
nants within dense microbial communities [117,237]. This risk is particularly relevant in
vulnerable hosts, in whom prolonged colonization, antibiotic exposure, impaired barrier
integrity, or indwelling devices may increase ecological opportunities for gene exchange.
For this reason, strain-level safety assessment should include whole-genome screening for
transferable antimicrobial-resistance genes, virulence-associated loci, and mobile genetic
elements, rather than relying only on historical species-level safety status [3,13].

A second and conceptually distinct risk concerns immunological miscalibration,
namely whether a probiotic induces appropriate immunoregulation or instead drives
an excessive, mistimed, or tissue-inappropriate immune signal [3,9,11,14,79,348]. In the
same broader evidence base, some strains promote IL-10- and TGF-β-associated tolerance,
enhance regulatory T-cell programs, or support early-life immune imprinting [1,9,11]. Other
strains or formulations, however, can bias immunity toward Th1-, Th2-, or Th17-associated
states, and these effects may diverge substantially between the liver, spleen, peripheral
blood, and mucosal compartments [11,79,348]. Fong et al. demonstrated that single strains
and multi-strain mixtures generate distinct and non-additive immune profiles across tis-
sues, indicating that biological behavior cannot be inferred from product composition
alone [348]. The vaccine literature provides a clinically relevant parallel, because beneficial
effects are inconsistent overall and maternal probiotic exposure during pregnancy has in at
least one context been associated with reduced infant vaccine responses, underscoring the
importance of timing, route of exposure, and developmental stage [14]. Thus, the principal
immunological hazard is not simply lack of efficacy, but the possibility that a probiotic may
elicit the wrong immune program in the wrong host at the wrong time [1,9,11,14,79,348].

Taken together, the available literature supports a strain-resolved safety framework
rather than a class-based presumption of harmlessness [3,13]. For immunocompromised
hosts in particular, probiotic use should be grounded in population-specific validation,
formulation fidelity, and active surveillance for systemic infectious and immunological
adverse events [3,5,7,13]. In this context, the concept of targeted probiotics—defined
strains with explicit mechanistic rationale, reproducible manufacture, and validation in the
intended host population—appears to be as critical for safety as it is for efficacy [13].

8. Limitations of Current Evidence
Although the available synthesis focuses primarily on safety and immunological

risk rather than direct immune-efficacy endpoints, it still highlights several method-
ological weaknesses that substantially limit the interpretation of probiotics in relation to
immune function.

1. Small sample sizes and predominance of low-level evidence. Much of the current
literature on clinically relevant immune-related probiotic effects is derived from single
case reports, small case series, and case-based systematic reviews, whereas robust
randomized evidence remains limited. The strongest controlled evidence cited in the
available synthesis is a single large multicenter ICU trial, while pediatric and neonatal
reviews summarize relatively small numbers of confirmed invasive cases rather than
large, standardized cohorts [15,18–20]. This limits statistical power, weakens causal
inference, and makes it difficult to determine the true frequency and magnitude of
clinically meaningful immune-related benefits or harms [15,16,18,19].
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2. Marked heterogeneity across studies. The evidence base is highly heterogeneous
with respect to study design, patient population, clinical setting, probiotic organ-
ism, and outcome definition. Available data combine preterm neonates, critically
ill adults, immunocompromised patients, and otherwise healthy children, even
though these groups differ substantially in baseline immune status and risk of mi-
crobial translocation. Outcomes also vary widely, ranging from mild gastrointestinal
symptoms to bacteremia, fungemia, sepsis, and sterile-site recovery of probiotic
organisms [15–19,21]. This heterogeneity limits comparability between studies and
makes broad clinical generalization inappropriate, because apparent safety or harm
may depend more on host context than on the probiotic itself [16,17,19].

3. Insufficient strain-specific analysis. A major limitation of the field is the incom-
plete separation of strain-level effects. Although some reports used molecular
typing to confirm probiotic-derived infection, broader reviews often pool differ-
ent genera, species, commercial products, and formulations into a single analytic
category [16,18,19]. This is methodologically problematic because probiotic effects on
immune regulation are not class effects. Clinically, it means that findings observed for
one strain cannot be reliably extrapolated to another, even within the same species,
which weakens both efficacy interpretation and safety assessment [15,16,18,19].

4. Substantial variability in dose, formulation, and duration. The published evidence
includes major differences in administered dose, formulation, route, and exposure
time. For example, Lacticaseibacillus rhamnosus GG was given at 1 × 1010 CFU twice
daily in critically ill adults [15], whereas Saccharomyces boulardii was reported at
5 × 109 CFU/day [22], in lyophilized 250 mg three-times-daily regimens [23], and
L. rhamnosus GG at 3 × 109 CFU/day for up to 6 weeks in very-low-birth-weight
infants [21]. Time to adverse-event onset also varied substantially, with Saccha-
romyces fungemia occurring after a median of 10 days but across a wide range of
4–300 days [20]. Such variability obscures dose–response relationships and prevents
clinically meaningful conclusions about optimal dosing, treatment duration, or thresh-
olds of risk [15,20–23].

5. Likely publication and reporting bias. The field is also vulnerable to publication
bias, because rare and dramatic complications are more likely to be reported than
uneventful exposures. At the same time, randomized trials conducted in lower-risk
populations may be underpowered to detect rare immune-related harms or may
not document adverse events with sufficient granularity. Importantly, Hempel et al.
concluded that probiotic interventions and adverse events were poorly documented,
while other reviews reported no increase in serious adverse events in healthier popu-
lations [16,17]. As a result, the literature may simultaneously overemphasize unusual
severe complications and underestimate clinically important risks in vulnerable pa-
tients, thereby complicating bedside interpretation [15–17,19,20].

Overall, these limitations mean that the current evidence base does not support broad,
class-level conclusions regarding probiotics and immune function. Clinical interpretation
should therefore remain strain-specific, population-specific, and cautious, particularly in
immunocompromised, critically ill, or mucosal-barrier-disrupted patients [15,16,18–21].
These limitations apply not only to safety assessment but also to efficacy interpretation,
because the same weaknesses that obscure rare harms also limit confidence in causal claims
about immune benefit (Table 3).
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Table 3. Key safety and evidence-limiting considerations relevant to immune-modulating probiotics.

Risk or Limitation Why It Matters Highest-Concern Contexts Practical Implication

Host vulnerability/barrier
disruption

Translocation risk and
altered immune handling

increase

ICU, preterm neonates,
severe comorbidity,

catheterized or
immunocompromised hosts

Require
population-specific

validation and
surveillance

Bloodstream complications
may be underdetected

Fungemia and bacteremia
are often not prespecified

endpoints

Severe illness, central lines,
yeast use

Report dedicated,
strain-resolved infectious

safety outcomes

Immune
miscalibration/wrong

context

The same pathway can be
protective in one host and

harmful in another

Pregnancy/infancy,
inflammatory endotypes,

tissue-specific settings

Match mechanism to host
context rather than using

class assumptions

Dose/formulation/viability
heterogeneity

Exposure level and
product composition shape

both efficacy and risk

Multi-strain products and
poorly standardized

formulations

Use transparent strain
IDs, dose, matrix, and
manufacturing fidelity

Small trials/heterogeneous
endpoints

Weakens causal inference
and can mask responder

groups

Most translational immune
studies

Prefer multicenter trials
with standardized

immune and clinical
readouts

Limited strain resolution
and mechanistic depth

Species labels obscure
divergent biological

behavior

Products described only at
species level

Prioritize
genome-resolved,

mechanism-based trial
design

9. Future Perspectives
The future of probiotic immune modulation will likely be defined not by the simple

expansion of probiotic strain catalogues, but by a transition from empirical supplemen-
tation toward precision immunomodulation. Current evidence increasingly supports the
view that probiotic efficacy is context-dependent, varying with baseline microbiome com-
position, immune phenotype, disease subtype, and host-specific ecological constraints,
which makes one-size-fits-all strategies progressively less defensible [339,349,350]. In
this emerging framework, conventional probiotics, next-generation strains, engineered
microbes, postbiotics, and defined microbial metabolites should be viewed as a contin-
uum of microbiome-based immunotherapeutic platforms rather than as isolated prod-
uct categories [351–355]. This conceptual shift is important because it reframes pro-
biotics from broadly “beneficial” adjuncts into potentially selectable tools for targeted
immune regulation.

A major near-term impact of this shift will be the development of precision im-
munomodulation strategies based on mechanistically informed patient stratification. Multi-
omics profiling, metaproteomics, metabolomics, and AI-assisted analytics are beginning
to define microbial–immune signatures that can predict treatment responsiveness and
guide pathway-specific intervention [339,349,356–358]. Rather than prescribing probiotics
generically, future approaches may aim to restore discrete immune functions—such as
Treg induction, epithelial barrier reinforcement, HDAC inhibition, Th1 polarization, or
metabolite-mediated checkpoint sensitization—according to the dominant biological de-
fect in a given patient [316,355,359]. This logic is already being explored in inflammatory
bowel disease, cancer immunotherapy, and psychobiotic research, where pre-treatment
microbiome structure appears to influence clinical efficacy and may explain a substantial
proportion of the heterogeneity observed across current trials [349,356,358,360].
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Within this model, personalized probiotics represent the most direct clinical transla-
tion. In practice, this will likely require selecting strains or rational microbial consortia
according to baseline dysbiosis patterns, immune tone, diet, medication exposure, and
disease-specific pathophysiology rather than taxonomic familiarity alone [339,349,350].
The candidate repertoire is also expected to expand beyond conventional lactobacilli and
bifidobacteria toward next-generation probiotics such as Akkermansia muciniphila and Fae-
calibacterium prausnitzii, which offer more focused mechanisms, including mucin-interface
signaling, SCFA production, HDAC inhibition, Treg induction, and epithelial barrier
support [316,352,361]. In parallel, synthetic biology is opening the possibility of pro-
grammable probiotics capable of sensing local pathological cues and delivering IL-10,
IL-27, anti-TNF molecules, antioxidant enzymes, or immunoregulatory metabolites such as
inosine directly at sites of disease [353,362–364]. This strategy may be particularly valuable
in IBD and oncology, where spatially precise immune modulation could be more clinically
useful than broad systemic immune stimulation [353,363–365].

At a broader systems level, microbiome-guided therapy is likely to become the op-
erational framework through which these advances are implemented. In such a model,
baseline microbial profiling would not simply describe dysbiosis, but actively guide ther-
apeutic choice among conventional probiotics, next-generation strains, engineered live
biotherapeutics, synbiotics, postbiotics, extracellular vesicles, and metabolite-based inter-
ventions [351,353–355,366]. This approach is especially attractive in cancer immunotherapy
and inflammatory bowel disease, where microbial signatures are increasingly linked to treat-
ment responsiveness, mucosal immune tone, and disease trajectory [349,358,360,365,366].
Integration of machine learning with genomic, transcriptomic, metabolomic, and immune
datasets may further enable identification of responder phenotypes, longitudinal monitor-
ing of therapeutic effects, and adaptive treatment adjustment over time [356,357,367,368].
In that sense, microbiome-guided therapy moves the field beyond descriptive microbiome
science toward clinically actionable immune stratification.

An equally important future direction is the strategic diversification of microbiome-
derived therapeutics. Live microbes are unlikely to remain the only—or even the optimal—
format in every indication. Postbiotics, extracellular vesicles, and defined microbial metabo-
lites offer important advantages in stability, dose precision, standardization, and safety,
particularly in immunocompromised patients or in settings where microbial viability
and colonization are difficult to control [351,354,365,369]. These cell-free approaches can
nevertheless retain meaningful immunomodulatory activity, including M2 macrophage
polarization, NF-κB modulation, epithelial barrier repair, and enhancement of vaccine or
checkpoint responses [351,354,365,369]. The future therapeutic landscape will therefore
likely be plural rather than exclusively strain-centric: some conditions may favor self-
renewing engineered microbes capable of in situ sensing and delivery, whereas others may
be better served by standardized postbiotic or metabolite-based formulations with greater
pharmacologic predictability [351,353–355,364,369].

Despite this promise, the translational impact of these advances will depend on solv-
ing several unresolved challenges. Standardized frameworks for strain selection, validated
biomarkers for patient stratification, scalable manufacturing of engineered organisms,
robust biocontainment systems, and harmonized regulatory pathways for live biother-
apeutic products remain major unmet needs [339,353,354,368,370]. Comparable issues
apply to postbiotics, where compositional consistency, quality control, and dose–response
validation are still incompletely established [354,369]. Future clinical development will
therefore require multicenter trials with standardized endpoints, longitudinal microbiome
and immune sampling, and explicit responder analyses rather than simple average-effect
comparisons [350,360,365,366]. In practical terms, profiling-guided use of existing strains

https://doi.org/10.3390/ijms27104527

https://doi.org/10.3390/ijms27104527


Int. J. Mol. Sci. 2026, 27, 4527 37 of 56

and some postbiotic platforms may reach clinical implementation sooner, whereas en-
gineered live biotherapeutics will probably advance more slowly because of biosafety,
manufacturing, and regulatory constraints [339,353,354,369,370].

Several research priorities follow from these limitations. First, mechanistic stud-
ies should identify strain-specific molecular determinants of immune activity, including
surface structures, secreted metabolites, extracellular vesicles, receptor targets, and epige-
netic effects. Second, experimental studies should use standardized strain authentication,
genome-level safety screening, defined culture conditions, dose verification, and harmo-
nized immune endpoints to improve reproducibility. Third, clinical trials should be ade-
quately powered, prospectively registered, strain-specific, and designed with predefined
responder analyses based on age, diet, baseline microbiota, immune phenotype, medication
exposure, and disease subtype. Finally, safety monitoring should include not only conven-
tional adverse events but also bloodstream infection, transferable antimicrobial-resistance
determinants, and inappropriate immune activation in vulnerable populations.

Operationally, this agenda could be translated into three near-term study designs:
(i) head-to-head trials of authenticated strains within the same indication to separate
strain-specific effects from generic probiotic effects; (ii) mechanism-embedded trials that
pair clinical endpoints with prespecified barrier, metabolomic, cytokine, and microbiome
readouts; and (iii) stratified trials in predefined responder groups, including infants, older
adults, immunocompromised patients, and individuals with defined baseline dysbiosis or
inflammatory phenotypes. Such designs would help distinguish true non-response from
inadequate dose, formulation, or patient selection [350,360,365,366,370].

Taken together, the future of probiotic immune modulation lies in moving from
empirical supplementation to precision microbiome therapeutics. The highest-impact
strategies will likely be those that combine mechanistic immune targeting, individual-
ized product selection, and microbiome-guided monitoring within a single clinical frame-
work [339,349,350,353,357,366–368]. If these scientific, technological, and regulatory barri-
ers can be addressed, microbiome-based interventions may, for selected indications and
responder groups, evolve from supportive adjuncts into components of precision medicine
for immune-mediated disease.

10. Discussion
Overall, the evidence synthesized in this review supports a biologically plausible, mul-

tilayered model in which the gut microbiota shapes systemic immunity through microbial
community structure, epithelial barrier function, and metabolite-driven signaling. Across
these layers, short-chain fatty acids, bile-acid derivatives, and tryptophan metabolites
repeatedly emerge as central mediators linking microbial ecology to regulatory T-cell induc-
tion, restraint of Th17-associated inflammation, myeloid-cell programming, and the mainte-
nance of immune tolerance. Conversely, disruption of epithelial integrity converts dysbiosis
into systemic inflammatory signaling by facilitating translocation of microbial products
and amplification of TLR- and NF-κB-dependent pathways. This mechanistic framework
provides the biological rationale for considering probiotics as immune-modulating inter-
ventions rather than merely microbiota-supportive supplements [15–17,24–32,34–39].

A second key message of the present review is that immune modulation cannot be
inferred from species identity alone. Even within closely related taxa, strains differ sub-
stantially in cytokine induction profiles, regulation of NF-κB and TLR signaling, support of
regulatory T-cell responses, epithelial effects, and the ability to influence clinical endpoints.
This principle was consistent across lactic acid bacteria, bifidobacteria, probiotic yeasts, and
non-traditional candidates such as Escherichia coli Nissle 1917, Akkermansia muciniphila,
and Clostridium butyricum MIYAIRI 588. Accordingly, taxonomy provides only a partial
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guide to function, whereas strain-level characterization remains essential for both mechanis-
tic interpretation and rational clinical use [13,41–49,65–76,79,156–158,185,187,248,263,269].

From a translational perspective, the current clinical evidence is best interpreted as
selective rather than uniformly supportive. However, the strength of clinical inference
remains uneven because many immune readouts are associative, trial designs are heteroge-
neous, and strain-level resolution is frequently incomplete. The most reproducible benefits
were observed in antibiotic-associated and acute infectious diarrhea, selected upper respi-
ratory infections, ulcerative colitis maintenance, pouchitis, and some allergic phenotypes
such as atopic dermatitis. By contrast, evidence remains inconsistent in Crohn’s disease,
broad asthma prevention, generalized immune enhancement, and several metabolic or
systemic inflammatory indications. These differences likely reflect not only strain biology,
but also host age, baseline microbiota composition, disease phenotype, dose, formulation,
timing, and treatment duration. Clinical heterogeneity should therefore not be interpreted
simply as failure of the probiotic concept, but as evidence that immunological benefit
depends on correct alignment between strain mechanism and host context [158,274–310].
This reinforces the need to treat diet, host genetic background, developmental stage, and im-
munosenescence as modifiers of probiotic response rather than peripheral variables. Thus,
even favorable clinical signals are best framed as conditional and implementation-oriented,
with the strongest claims reserved for replicated strain–indication pairs.

Finally, the review indicates that efficacy cannot be separated from safety or method-
ological rigor. Immune modulation is clinically valuable only when it is appropriately
matched to the host, which is especially relevant in immunocompromised or barrier-
disrupted patients, where bloodstream infection risk, product quality, and the possibility of
tissue-inappropriate immune activation remain important concerns. Many inconsistencies
in the literature are also likely amplified by small trials, heterogeneous endpoints, variable
dosing, inconsistent strain identification, and limited use of mechanistic immune readouts.
These constraints help explain why the most promising future directions are strain-resolved
and precision-oriented, including next-generation probiotics, postbiotics, and microbiome-
guided interventions selected according to disease context, immune phenotype, and safety
profile [3–5,7,13,14,311–330,339–378].

11. Conclusions
In conclusion, selected probiotic strains can influence systemic immunity through the

gut microbiota-immune axis, but their effects are not generic properties of probiotic species.
Rather, defined strains act through epithelial, metabolic, innate, and adaptive pathways in a
context-dependent manner, with the clearest evidence for benefit limited to selected strains,
indications, and host contexts [13,15–17,24,41–49,158,301]. At present, the field does not
support class-level conclusions about probiotics as generic immune modulators.

Accordingly, the future of immune-modulating probiotics lies in mechanism-based,
strain-specific, and increasingly personalized interventions. Progress will depend on
rigorous trials with transparent strain identification, standardized formulations, in-
tegrated microbiome-immune readouts, and careful safety surveillance, while next-
generation probiotics and postbiotics may offer more precise tools for selected
indications [3,4,7,13,14,311–316,328–330,339–348,350–370].
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299. Güvenç, I.A.; Muluk, N.B.; Mutlu, F.Ş.; Eşki, E.; Altıntoprak, N.; Oktemer, T.; Cingi, C. Do Probiotics have a role in the Treatment
of Allergic Rhinitis? A Comprehensive Systematic Review and Metaanalysis. Am. J. Rhinol. Allergy 2016, 30, e157–e175. [CrossRef]

300. Lu, C.; Gao, Y.; Dong, S.; Sun, Y.; Sun, M.; Han, X.; Li, B.; Li, C.; Zhang, Y.; Li, M. Efficacy of different probiotic regimens for
allergic rhinitis: A network meta-analysis. Complement. Ther. Clin. Pract. 2025, 59, 101954. [CrossRef] [PubMed]

301. Estevinho, M.M.; Yuan, Y.; Rodríguez-Lago, I.; Sousa-Pimenta, M.; Dias, C.C.; Acosta, M.B.; Jairath, V.; Magro, F. Efficacy and
safety of probiotics in IBD: An overview of systematic reviews and updated meta-analysis of randomized controlled trials. United
Eur. Gastroenterol. J. 2024, 12, 960–981. [CrossRef]

302. Shen, J.; Zuo, Z.-X.; Mao, A.-P. Effect of Probiotics on Inducing Remission and Maintaining Therapy in Ulcerative Colitis, Crohn’s
Disease, and Pouchitis. Inflamm. Bowel Dis. 2014, 20, 21–35. [CrossRef]

303. Estevinho, M.M.; Rodriguez-Lago, I.; Dias, C.C.; Acosta, M.B.-D.; Magro, F. P793 Efficacy and safety of probiotics in inflammatory
bowel disease: An umbrella review and updated meta-analysis of randomized controlled trials. J. Crohn’s Colitis 2024, 18, i1472.
[CrossRef]

304. Jonkers, D.; Penders, J.; Masclee, A.; Pierik, M. Probiotics in the Management of Inflammatory Bowel Disease. Drugs 2012,
72, 803–823. [CrossRef]

305. Chen, M.; Feng, Y.; Liu, W. Efficacy and safety of probiotics in the induction and maintenance of inflammatory bowel disease
remission: A systematic review and meta-analysis. Ann. Palliat. Med. 2021, 10, 11821–11829. [CrossRef] [PubMed]

306. Mozafarybazargany, M.; Khonsari, M.; Sokoty, L.; Ejtahed, H.-S.; Qorbani, M. The effects of probiotics on gastrointestinal
symptoms and microbiota in patients with celiac disease: A systematic review and meta-analysis on clinical trials. Clin. Exp. Med.
2023, 23, 2773–2788. [CrossRef] [PubMed]

307. Poto, R.; Laniro, G.; de Paulis, A.; Spadaro, G.; Marone, G.; Gasbarrini, A.; Varricchi, G. Is there a role for microbiome-based
approach in common variable immunodeficiency? Clin. Exp. Med. 2023, 23, 1981–1998. Correction in Clin. Exp. Med. 2023,
23, 1999. https://doi.org/10.1007/s10238-023-01006-3. [CrossRef] [PubMed]

308. Tunc, H.A.; E Childs, C.; Swann, J.R.; Calder, P.C. The effect of oral probiotics on response to vaccination in older adults: A
systematic review of randomised controlled trials. Age Ageing 2024, 53, ii70–ii79. [CrossRef]

309. Blázquez-Bondia, C.; Parera, M.; Català-Moll, F.; Casadellà, M.; Elizalde-Torrent, A.; Aguiló, M.; Espadaler-Mazo, J.; Santos, J.R.;
Paredes, R.; Noguera-Julian, M. Probiotic effects on immunity and microbiome in HIV-1 discordant patients. Front. Immunol.
2022, 13, 1066036. [CrossRef]

310. Akker, C.H.v.D.; van Goudoever, J.B.; Szajewska, H.; Embleton, N.D.; Hojsak, I.; Reid, D.; Shamir, R. Probiotics for Preterm
Infants. J. Pediatr. Gastroenterol. Nutr. 2018, 67, 103–122. [CrossRef]

311. Ye, W.-Y.; Cai, Y. Akkermansia muciniphila: A microbial guardian against oxidative stress–gut microbiota crosstalk and clinical
prospects. J. Transl. Med. 2025, 23, 1–23. [CrossRef]

312. Jian, H.; Liu, Y.; Wang, X.; Dong, X.; Zou, X. Akkermansia muciniphila as a Next-Generation Probiotic in Modulating Human
Metabolic Homeostasis and Disease Progression: A Role Mediated by Gut–Liver–Brain Axes? Int. J. Mol. Sci. 2023, 24, 3900.
[CrossRef]

313. Cheng, D.; Xie, M. A review of a potential and promising probiotic candidate—Akkermansia muciniphila. J. Appl. Microbiol. 2020,
130, 1813–1822. [CrossRef]

314. Ni, Z.; Ye, D. The impact of gut microbiota modulation on responses to immune checkpoint inhibitors in cancer. Acta Microbiol.
Immunol. Hung. 2026, 73, 13–19. [CrossRef] [PubMed]

315. Effendi, R.M.R.A.; Anshory, M.; Kalim, H.; Dwiyana, R.F.; Suwarsa, O.; Pardo, L.M.; Nijsten, T.E.C.; Thio, H.B. Akkermansia
muciniphila and Faecalibacterium prausnitzii in Immune-Related Diseases. Microorganisms 2022, 10, 2382. [CrossRef]

316. Han, E.J.; Ahn, J.-S.; Chae, Y.J.; Chung, H.-J. Immunomodulatory Roles of Faecalibacterium prausnitzii and Akkermansia muciniphila
in Autoimmune Diseases: Mechanistic Insights and Therapeutic Potential. Clin. Rev. Allergy Immunol. 2025, 68, 77. [CrossRef]

317. Segers, A.; de Vos, W.M. Mode of action of Akkermansia muciniphila in the intestinal dialogue: Role of extracellular proteins,
metabolites and cell envelope components. Microbiome Res. Rep. 2023, 2, 6. [CrossRef]

318. Shaheen, N.; Khursheed, W.; Gurung, B.; Wang, S. Akkermansia muciniphila: A key player in gut microbiota-based disease
modulation. Microbiol. Res. 2025, 301, 128317. [CrossRef] [PubMed]

319. Li, L.; Li, M.; Chen, Y.; Yu, Z.; Cheng, P.; Yu, Z.; Cheng, W.; Zhang, W.; Wang, Z.; Gao, X.; et al. Function and therapeutic prospects
of next-generation probiotic Akkermansia muciniphila in infectious diseases. Front. Microbiol. 2024, 15, 1354447. [CrossRef]

https://doi.org/10.3390/ijms27104527

https://doi.org/10.7205/MILMED-D-13-00546
https://www.ncbi.nlm.nih.gov/pubmed/24902123
https://doi.org/10.2500/aap.2019.40.4227
https://doi.org/10.1542/peds.2013-0246
https://doi.org/10.2500/ajra.2016.30.4354
https://doi.org/10.1016/j.ctcp.2025.101954
https://www.ncbi.nlm.nih.gov/pubmed/39837158
https://doi.org/10.1002/ueg2.12636
https://doi.org/10.1097/01.MIB.0000437495.30052.be
https://doi.org/10.1093/ecco-jcc/jjad212.0923
https://doi.org/10.2165/11632710-000000000-00000
https://doi.org/10.21037/apm-21-2996
https://www.ncbi.nlm.nih.gov/pubmed/34872306
https://doi.org/10.1007/s10238-022-00987-x
https://www.ncbi.nlm.nih.gov/pubmed/36609792
https://doi.org/10.1007/s10238-023-01006-3
https://doi.org/10.1007/s10238-023-01006-3
https://www.ncbi.nlm.nih.gov/pubmed/36737487
https://doi.org/10.1093/ageing/afae033
https://doi.org/10.3389/fimmu.2022.1066036
https://doi.org/10.1097/MPG.0000000000001897
https://doi.org/10.1186/s12967-025-07149-z
https://doi.org/10.3390/ijms24043900
https://doi.org/10.1111/jam.14911
https://doi.org/10.1556/030.2025.02719
https://www.ncbi.nlm.nih.gov/pubmed/41196286
https://doi.org/10.3390/microorganisms10122382
https://doi.org/10.1007/s12016-025-09093-8
https://doi.org/10.20517/mrr.2023.05
https://doi.org/10.1016/j.micres.2025.128317
https://www.ncbi.nlm.nih.gov/pubmed/40845731
https://doi.org/10.3389/fmicb.2024.1354447
https://doi.org/10.3390/ijms27104527


Int. J. Mol. Sci. 2026, 27, 4527 54 of 56

320. Cani, P.D.; Depommier, C.; Derrien, M.; Everard, A.; de Vos, W.M. Akkermansia muciniphila: Paradigm for next-generation
beneficial microorganisms. Nat. Rev. Gastroenterol. Hepatol. 2022, 19, 625–637. Correction in Nat. Rev. Gastroenterol. Hepatol. 2022,
19, 682. https://doi.org/10.1038/s41575-022-00631-9. [CrossRef]

321. Bae, M.; Cassilly, C.D.; Liu, X.; Park, S.-M.; Tusi, B.K.; Chen, X.; Kwon, J.; Filipčík, P.; Bolze, A.S.; Liu, Z.; et al. Akkermansia
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