? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Subir Kumar Juin,
University of Louisville, United States

REVIEWED BY
Sandrine Aspeslagh,

uzbrussel, medical oncology, Belgium
Edmond Rafie,

University of Montreal Hospital Centre
(CRCHUM), Canada

*CORRESPONDENCE

Chinmay T. Jani
ctjanil494@gmail.com

Dionysios C. Watson
dionysios.watson@miami.edu

RECEIVED 25 September 2025
REVISED 20 November 2025

ACCEPTED 28 November 2025
PUBLISHED 15 December 2025

CITATION

Jani CT, Edwards K, Bhanushali C, Zheng X,
Salazar AS, Lopes G and Watson DC (2025)
Leveraging beneficial microbiome-immune
interactions via probiotic use in

cancer immunotherapy.

Front. Immunol. 16:1713382.

doi: 10.3389/fimmu.2025.1713382

COPYRIGHT

© 2025 Jani, Edwards, Bhanushali, Zheng,
Salazar, Lopes and Watson. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction

in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 15 December 2025
Dol 10.3389/fimmu.2025.1713382
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microbiome-immune
Interactions via probiotic

use in cancer immunotherapy

Chinmay T. Jani*, Kyle Edwards*, Charmi Bhanushali?,
Xena Zheng', Ana S. Salazar®, Gilberto Lopes*
and Dionysios C. Watson™

Division of Medical Oncology, Department of Medicine, Sylvester Comprehensive Cancer Center,
University of Miami, Miami, FL, United States, 2Department of Internal Medicine, St Vincent Medical
Center, Worcester, MA, United States

The gut microbiome is a critical regulator of systemic immunity and a major
modulator of response to cancer immunotherapy with immune checkpoint
inhibitors (ICls). However, the clinical implementation of microbiome-inspired
therapies that leverage these associations have proven challenging. Probiotics—
live microorganisms thought to confer health benefits as part of food or food
supplements—have gained increasing attention as readily testable, low-toxicity
agents with potential of favorably influencing host—microbiome—-immune
interactions in the context of cancer immunotherapy. In this review, we
critically evaluate the growing body of evidence supporting the role of
probiotics in enhancing ICl efficacy and summarize published and ongoing
clinical trials formally testing their role as adjuncts to cancer immunotherapy.
Probiotics have been shown in preclinical murine models to exert
immunomodulatory effects, including activation and maturation of dendritic
cells, enhancement of MHC-I-mediated antigen presentation, modulation of
cytokine profiles, and promotion of pro-inflammatory macrophage polarization.
Probiotics also regulate adaptive immunity via microbial metabolites such as
short-chain fatty acids (SCFAs), inosine, and tryptophan derivatives that support
effector T cell activation and reduce T cell exhaustion. Cross-reactivity between
microbial and tumor-associated antigens (molecular mimicry) further
underscores the potential of probiotic strains to stimulate antitumor responses.
In these models, supplementation with specific bacterial strains such as
Bifidobacterium spp., Lactobacillus spp., Clostridium butyricum, and
Akkermansia muciniphila enhanced ICl responses across tumor types including
melanoma, lung cancer, and colorectal cancer. These findings are in part
supported by early-phase clinical studies and retrospective cohorts, particularly
in lung and renal cancers, where probiotic use has been associated with
improved progression-free and overall survival. However, most clinical data are
observational, and the field lacks standardized probiotic formulations and dosing
protocols. To transition probiotics from food supplements to clinically validated

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1713382/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1713382/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1713382/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1713382/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1713382&domain=pdf&date_stamp=2025-12-15
mailto:ctjani1494@gmail.com
mailto:dionysios.watson@miami.edu
https://doi.org/10.3389/fimmu.2025.1713382
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1713382
https://www.frontiersin.org/journals/immunology

Jani et al.

10.3389/fimmu.2025.1713382

immunotherapy adjuncts, rigorous mechanistic, translational, and clinical studies
are necessary. These approaches have the potential to define mechanism-of-
action, identify immunologically active strains, and inform rational clinical trial
design. With careful development, probiotics hold promise as cost-effective,
scalable, and personalized tools to optimize the efficacy and safety of
cancer immunotherapy.

KEYWORDS

tumor micreoenvironment (TME), immune check inhibitor (ICl), probiotics, gut
microbiome, immunotherapy, cancer

1 Introduction

Immunotherapies, particularly immune checkpoint inhibitors
(ICIs), have broadly revolutionized cancer care by enhancing the
immune system’s ability to recognize and destroy cancer cells (1, 2).
ICIs target inhibitory pathways such as CTLA-4 and PD-1/PD-L1
that tumors exploit to suppress T-cell activity, thereby restoring
antitumor immune responses (3, 4). Their clinical success has
transformed the treatment landscape across multiple
malignancies, including melanoma, non-small cell lung cancer
(NSCLCQC), renal cel carcinoma (RCC), and urothelial carcinoma
(5-7). However, a significant proportion of patients do not benefit
from ICIs. Resistance, either primary (no initial response) or
acquired (progression after initial benefit) limits long-term
efficacy (8).

Resistance mechanisms include both tumor-intrinsic factors,
such as loss of antigen presentation, abberations in interferon
signaling, and upregulation of alternate checkpoints (LAG-3,
TIM-3, TIGIT); and tumor-extrinsic factors, such as infiltration
by regulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs), and a broadly immunosuppressive tumor
microenvironment (TME) (9-12).

One of the most compelling emerging areas in immunotherapy
research involves the microbiome’s influence on both ICI efficacy
and toxicity. Distinct microbial ecosystems are present across
multiple mucosal and epithelial surfaces - including the skin,
lungs, and vaginal mucosa (13). These microbiomes each
contribute to site-specific immune regulation - shaping
pulmonary immune tone, maintaining epithelial homeostasis, and
preserving mucosal barrier integrity. Collectively, these microbial
communities influence local inflammation and may indirectly
modulate systemic and antitumor immune responses (14, 15).
Despite this diversity, most mechanistic and clinical investigations
to date have centered on the gut microbiome, owing to its dense
microbial load, metabolic versatility, and evidence of profound
bidirectional interactions with the host immune system.

The gut microbiome, which is often considered the “second
genome” of humans, consists of trillions of microorganisms in the
gastrointestinal tract (16). It plays a central role in regulating
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systemic immunity and shaping responses to cancer
immunotherapy (17-19). It influences cytokine signaling, antigen
presentation, and effector T-cell function (19, 20). Notably,
disruptions in microbial diversity such as those caused by
antibiotics or dysbiosis, defined as a disturbance of gut microbiota
homeostasis due to imbalances in microbial composition, function,
or distribution, are linked to poorer ICI responses (21). In contrast,
enrichment of specific bacterial species including Akkermansia
muciniphila, Clostridium butyricum, Bifidobacterium spp.,
Faecalibacterium spp., and others has been associated with
enhanced antitumor immunity and improved clinical outcomes
(22-26). Bacteria that preserve intestinal mucosal integrity appear
to be particularly favorable in this context (27, 28). While the exact
molecular mechanisms remain under investigation, current
translational strategies aim to leverage this potential through
microbiome-targeted interventions, including: Probiotics (live
beneficial bacteria), Prebiotics (dietary substrates promoting
growth of favorable microbes), Postbiotics (microbial metabolic
products associated with clinical benefits), and Fecal microbiota
transplantation (FMT) from ICI responders or healthy donors
(27, 29). Diet is another critical factor that can modulate the gut
microbiome and thereby influence immunotherapy outcomes.
Numerous studies have shown that dietary patterns, especially
high fiber intake are associated with enrichment of beneficial
microbial taxa and improved progression-free survival in patients
treated with immune checkpoint inhibitors. Notably, the DIET
study showed an increase in ORR to 77% for patients receiving High
Fiber Diet Intervention as compared to control group of patients
(30). Other dietary interventions such as ketogenic diets and
supplementation with prebiotics like inulin and polyphenols (e.g.,
castalagin from camu camu berry) have shown preclinical promise
in modulating the microbiome to enhance ICI response; however,
the clinical utility of these additional diets remains to be
determined (31).

This review first summarizes current knowledge of the gut
microbiome’s influence on immunotherapy and then examines
the emerging evidence for probiotics as potential modulators of
ICI efficacy. By synthesizing insights from mechanistic,
translational, and clinical research, we highlight how probiotics
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may evolve from health supplements to validated adjuncts in cancer
immunotherapy, provided they undergo rigorous clinical validation
in the coming years.

2 Gut microbiome and cancer
immunity

The human gut harbors a complex and dense microbial
ecosystem composed of bacteria, viruses, fungi, and other
microorganisms (32). While historically recognized for its role in
digestion, metabolic regulation, and maintenance of gut barrier
integrity, recent research has highlighted its critical involvement in
shaping immune system development and function (33-35).
Healthy microbial diversity is often associated with resilience
against pathogens, reduced inflammation, and robust immune
function. Conversely, dysbiosis, an imbalance in microbial
composition, has been linked to a range of immune-related
disorders, including autoimmune diseases, allergies, metabolic
conditions, and carcinogenesis (34, 36-38).

2.1 Immunologic role of the gut
microbiome

The gut microbiome exerts its influence on both local and
systemic immune responses through a sophisticated interplay
shaped by various environmental factors (33, 34, 39). The
gastrointestinal tract is lined with gut-associated lymphoid tissue
(GALT), comprising a vast network of immune cells primed to
respond to microbes. Unlike peripheral lymph nodes which are
most of the time sterile and quiescent, GALT is constantly exposed
to foreign antigens from both commensal microbiota and infectious
pathogens (40). Mucosal addressin cell adhesion molecule-1
(MAACAM-1) is a key endothelial adhesion molecule that directs
lymphocyte trafficking into the gut by binding to the 04B7 integrin
on T cells (41). Its expression on high endothelial venules is critical
for Treg homing to the intestinal mucosa, maintaining immune
tolerance and mucosal immune balance (41). Gut dysbiosis or
antibiotic-induced downregulation of MAdCAM-1 increases
systemic migration of Tregs, driving their accumulation in the
TME and impairing responses to immune checkpoint blockade
(42, 43). Restoration of gut MAACAM-1, either by microbial or
molecular intervention, preserves local Treg populations, reduces
tumor infiltration, and enhances the efficacy of immune checkpoint
inhibitors in preclinical models (43).

Through interactions among microorganisms themselves and
between microorganisms and host immune cells, numerous
metabolites and cellular components are produced that regulate
immunity at both the local and systemic levels. At the local level,
the microbiome plays a crucial role in maintaining the gut epithelial
barrier by promoting mucus production, enhancing tight junction
integrity, and preventing pathogenic bacterial overgrowth (33, 34, 39).
It also influences systemic immunity through key metabolites, short
chain fatty acids (SCFAs), tryptophan derivatives, and bile acids,
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which regulate both innate and adaptive immune responses (34, 44,
45). They have been shown to support gut barrier integrity and exert
anti-inflammatory effects (33, 34, 39). Additionally, microbial
structural components known as microorganism-associated
molecular patterns (MAMPs), such as lipopolysaccharide (LPS),
formyl peptides, and peptidoglycan, engage host pattern recognition
receptors (PRRs), initiating immune signaling cascades that contribute
to both immune activation and immune regulation (34). Beyond the
local effects in the gut, microbial metabolites exert systemic
immunomodulatory effects through interactions in the GALT which
supports the diversification, propagation, and possibly selection of
systemic B cells (40).

2.2 Microbial metabolites and immune
signaling pathways

SCFAs, such as acetate, propionate, and butyrate, are produced
via bacterial fermentation of complex carbohydrates (e.g. dietary
fiber) in the colon. These metabolites bind to G protein-coupled
receptors (GPCRs) including GPR41, GPR43, and GPRI09A,
expressed on epithelial and immune cells (45). Activation of these
receptors triggers intracellular signaling cascades that regulate
immune cell activation, cytokine secretion, and inflammatory
responses in the colon. SCFA-GPCR signaling supports Treg
expansion while suppressing the differentiation of pro-
inflammatory Th17 cells within the intestinal immune system
(46). Beyond receptor-mediated signaling, SCFAs, particularly
butyrate, also inhibit histone deacetylase (HDAC) activity, leading
to increased histone acetylation, chromatin relaxation, and altered
gene transcription (47-49). These epigenetic modifications further
promote Treg differentiation through upregulation of FoxP3, a
master transcription factor for Tregs (45, 50). In murine
melanoma and pancreatic cancer models, microbial SCFAs and
butyrate through HDAC inhibition, enhance the anti-tumor activity
of CD8+ cytotoxic T lymphocytes leading to increased effector
cytokine production and proliferation (51).

Tryptophan metabolites also play a central role in immune
regulation, primarily through activation of the aryl hydrocarbon
receptor (AhR) on the dendritic or T cells of the GALT. AhR
signaling enhances the differentiation and proliferation of Tregs
while simultaneously inhibiting pro-inflammatory Th17 cell
development (52). In addition, AhR activation in dendritic cells
promotes a tolerogenic phenotype, limiting their capacity to initiate
inflammatory responses and instead supporting Treg expansion.
Tryptophan metabolites also modulate cytokine production,
downregulating IL-6, TNF-0,, and IL-17, and upregulating IL-10
and TGF-P, thereby reinforcing anti-inflammatory immune
responses (52-54).

Bile acids further exemplify the immunoregulatory capacity of
microbial metabolites. Primary bile acids, synthesized from
cholesterol in the liver, are transformed by gut microbiota into
secondary bile acids (53). These metabolites bind to nuclear and
membrane receptors, including Farnesoid X Receptor (FXR),
Vitamin D Receptor (VDR) and Retinoid-Related Orphan
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Receptor gamma t (RORyt) in the lamina propria and Peyer’s
patches, and G protein-coupled bile acid receptor 1 (GPBARI or
TGR5) on gut macrophages (53, 55). Activation of FXR and VDR
leads to suppression of pro-inflammatory cytokines and inhibition
of NF-xB signaling. Simultaneously, inhibition of RORYt reduces
Th17 cell differentiation, while stimulation of GPBARI promotes a
shift in macrophage polarization toward an anti-inflammatory
phenotype characterized by decreased expression of TNF-o., IFN-
Y, IL-1B, IL-6, and CCL2 (55, 56). In murine colitis models,
activation of GPBARI not only reprogrammed intestinal
macrophages but also reduced the recruitment of circulating
monocytes from the blood into the gut, demonstrating a direct
systemic immune effect alongside local mucosal regulation (55).

Together, these pathways demonstrate that microbial
metabolites influence the immune landscape through both
receptor-mediated signaling and epigenetic regulation. By
modulating the balance between pro- and anti-inflammatory cell
populations and altering gene expression, the gut microbiome
exerts both direct local effects and, via immune and cytokine
trafficking, potentially far-reaching influence on systemic
immunity and tumor sites. (Figure 1)

2.3 Microbiome influence on cancer
immunotherapy

Over the past decade, a growing body of evidence has
underscored the critical role of the gut microbiome in modulating

10.3389/fimmu.2025.1713382

the efficacy of ICIs (57-61). Notably, differences in gut microbial
composition have been observed between patients who respond to
ICIs and those who do not. Early studies reported that greater
baseline gut microbiota richness and diversity were associated with
improved responses to ICIs, including anti-CTLA-4 and anti-PD-1
therapies in melanoma and epithelial cancers, while antibiotic use
was linked to diminished clinical benefit (58-61).

Further research has identified specific microbial taxa
associated with favorable treatment outcomes, including bacteria
from the Ruminococcaceae family, Akkermansia mucinophila,
Alistipes indistinctus, Bifidobacterium longum, and Enterococcus
faecium (58-61). Conversely, the presence of certain bacteria or
an overall loss of microbial diversity (dysbiosis) has been linked to
poor therapeutic responses (59, 60). For example, Enterocloster spp
can modulate the migration of immunosuppressive T cell subsets
into tumors via downregulation of MAdACAM-1 where they
suppress anti-tumor immunity and promote resistance to
immunotherapy (43). These findings underscore the promise of
microbiome-targeted strategies to enhance cancer immunotherapy.
Interventions such as probiotics, prebiotics, postbiotics, and FMT
(Figure 2) are gaining traction for their potential to modulate the
gut microbiome and improve treatment outcomes in cancer.

How to most effectively leverage the growing understanding of
the microbiome’s effect on immunity in the design of therapeutics
remains a subject of intense research. Several strategies are being
explored, ranging from administering live beneficial bacteria
(probiotics) and dietary components that selectively nourish them
(prebiotics), to delivering bioactive microbial metabolites

Microbial

FIGURE 1
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Examples of microbial metabolites and their effect on the immune responses. Short-chain fatty acids (SCFAs), tryptophan metabolites, and secondary
bile acids represent some bioactive postbiotics or metabolites that shape immune responses through receptor-mediated and epigenetic
mechanisms. SCFAs act via GPR41/43/109A and HDAC inhibition, tryptophan metabolites signal through AhR, and bile acids modulate FXR, VDR,
RORyt, and GPBAR1/TGRS. These pathways have been shown to promote Treg differentiation, suppress Th1l7 responses, alter cytokine production,
inhibit NF-xB signaling, and shift macrophages toward an anti-inflammatory phenotype (45-55). Created using Biorender
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FIGURE 2

Probiotics, Prebiotics, Postbiotics, and FMT as Microbiome-Directed Strategies to Enhance ICI Efficacy Probiotics (e.g., Lactobacillus,
Bifidobacterium), prebiotics (e.g., inulin, fructooligosaccharides), postbiotics (e.g., SCFAs, tryptophan, bile acids), and fecal microbiota transplantation
(FMT) can increase beneficial taxa and metabolites, restore microbial diversity, and ultimately enhance antitumor T cell responses to PD-1 blockade

(57-61). Created using Biorender.

(postbiotics) and performing fecal microbiota transplantation
(FMT) using material from ICI responders or healthy donors.
The Food and Agriculture Organization (FAO) and the World
Health Organization (WHO) define probiotics as “live
microorganisms which, when administered in adequate amounts,
confer a health benefit on the host.” (62) These beneficial microbes
are sometimes also delivered through fermented foods like yogurt
and cheese, as well as fermented fruits, and vegetables (63, 64).
Frequently used probiotic strains include Bifidobacterium spp. and
Lactobacillus spp., although other Gram-positive genera such as
Streptococcus, Bacillus, Enterococcus, and various yeasts are also
utilized (65). Besides treatment with live bacteria to alter the
microbiome, other studies focus on supplementing dietary
content of molecules that are metabolized by microbes
(prebiotics) to produce downstream metabolites previously linked
to a desired effects. Recent studies have demonstrated the role of
inulin, a naturally occurring prebiotic fiber that can reinforce cancer
immunosurveillance by activating YT cells, which play a crucial role
in the anti-tumor immune response (66). Furthermore, inulin
supplementation has been associated with increased production
of SCFAs by microbes in the gut, which have in turn been shown to
promote a favorable immune environment and improve systemic
immune responses (67). Inulin supplementation was shown to
inhibit tumor growth in melanoma and colorectal cancer mouse
models by shifting gut microbiota taxa towards those that increase
anti-tumor immune activity (68). Additionally, inulin has been
shown to enhance the effects of various cytotoxic drugs. It can
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modulate the microbiota, resulting in increased fecal SCFA levels
and improved systemic antitumor immunity in mouse models
treated with anti-PD-1 antibodies (69, 70). In contrast, postbiotics
are non-viable microbial cells or their components including
structural fragments, peptides, and metabolites (SCFA,
tryptophan, Bile acids) that can exert health benefits despite
lacking viability. The International Scientific Association for
Probiotics and Prebiotics (ISAPP) defines postbiotics as “a
preparation of inanimate microorganisms and/or their
components that confer a health benefit on the host.” (63, 65)

FMT, which involves transferring fecal material from healthy
or ICI-responsive donors to patients, offers a comprehensive
approach to restoring gut microbial diversity and function.
Preclinical studies have shown that FMT from ICI responders
enhances antitumor efficacy in germ-free mice and non-responder
patients (59, 60, 71). Gopalakrishnan et al. reported improved
outcomes in mice receiving FMT from melanoma responders,
whereas transplants from non-responders failed to confer benefit
(59). Similarly, Sivan et al. demonstrated that oral administration
of Bifidobacterium spp. in melanoma and bladder cancer murine
models improved tumor control by enhancing dendritic cell
function and CD8+ T cell priming and infiltration in the tumor
microenvironment (71). Early-phase clinical trials by Baruch,
Davar, Routy and Kim have shown that FMT followed by anti-
PD-1 therapy can overcome resistance in refractory melanoma,
with sustained microbial changes and clinical benefit (20, 61,
72, 73).

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1713382
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jani et al.

Among these microbiome-targeted strategies, probiotics
warrant particular attention because they represent a practical,
scalable, and non-invasive approach to modulating gut microbial
composition. Probiotics can be standardized, administered orally,
and integrated into routine clinical care with relative ease.

3 Probiotics as ICl therapy adjuncts

An expanding body of research highlights the capacity of
probiotics to modulate host immune responses and enhance the
efficacy of cancer immunotherapy. These live microorganisms,
when administered in adequate amounts, can influence both
systemic and local immune pathways, with emerging data
supporting their role as adjuncts to ICIs. Preclinical and clinical
studies suggest that specific probiotic strains can shape the TME,
promote effector T cell function, and modulate the gut microbiota
to favor antitumor immunity.

Growing clinical evidence highlights the role of microorganisms
in both promoting and preventing cancer. Certain microbes, such as
Helicobacter pylori, are known to contribute to carcinogenesis, for
example in gastric cancer (74). In contrast, various probiotic strains
have demonstrated protective effects. Administered as a probiotic in
preclinical models, Lactobacillus rhamnosus GG has been shown to
promote apoptosis in colon cancer cells, while findings from the
EPIC Italy cohort study revealed that yogurt consumption rich in
Streptococcus thermophilus and Lactobacillus delbrueckii subsp.
bulgaricus was inversely associated with colon cancer risk
(74, 75). L.
freudenreichii co-administered as a probiotic supplement in

rhamnosus LC705 and Propionibacterium

human intervention studies was found to limit aflatoxin
absorption and may help reduce liver cancer risk (76). Similarly,
Lactobacillus casei strain Shirota has also been associated with
enhanced macrophage and T-cell activity, potentially reducing the
recurrence of bladder and colorectal cancers (77, 78).

Beyond prevention, probiotics have shown clinical promise in
enhancing treatment efficacy. Probiotic supplementation has been
associated with improved gut microbiota composition that resemble
that of healthy individuals, reduction in species such as
Fusobacterium and Peptostreptococcus, which are commonly
isolated in cancer patients with poor outcomes, and strengthened
intestinal barrier function (79). In colorectal cancer, several clinical
studies have demonstrated that probiotics can augment
chemotherapy response. For instance, probiotic strains with
Lactobacillus acidophilus and L. casei increased apoptosis in
colorectal cancer cells treated with 5-fluorouracil, even in resistant
cell lines (79). L. plantarum enhanced 5-fluorouracil sensitivity by
disrupting the Wnt/B-catenin signaling pathway (79). In the
perioperative setting, probiotic administration in colorectal cancer
surgery led to reduced bacterial translocation, preserved mucosal
integrity, and improved postoperative recovery (80). Additionally, a
retrospective study found that pancreatic cancer patients receiving
probiotics, regardless of the type alongside palliative chemotherapy
may experience improved overall survival (OS) (12 vs 10 months,
p = 0.026) (81).
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A critical application of probiotics in oncology involves
mitigating treatment-related toxicities. In lung cancer patients
receiving chemotherapy, Clostridium butyricum administration
was associated with decreased incidence of diarrhea and
modulation of systemic inflammation (82). A systematic review of
eight randomized clinical trials found that probiotic supplements
which utilized strains such as Lactobacillus spp. and
Bifidobacterium spp. were associated with decreased TNF levels
and improved quality of life in breast cancer survivors with
lymphedema (74). Another umbrella meta-analysis found that
probiotics decreased infection rates, oral mucositis, and overall
treatment-related complications in patients with malignancies (83).

Although colon cancer cell models have been widely used to
study the antiproliferative effects of probiotics, they inadequately
capture the complex host-microbiome-immune interactions
central to probiotic efficacy in immuno-oncology. Notably,
Spencer et al. reported that non-standardized, commercially
available Lactobacillus spp. and Bifidobacterium spp. probiotic
supplements were associated with impaired ICI response and
reduced interferon-y-positive cytotoxic T cells in both preclinical
models and melanoma patients, suggesting potential detrimental
effects during checkpoint blockade (84). Importantly, it analyzed
consumer-grade supplements, rather than pharmaceutical or
characterized single strains, both in preclinical (murine) models
and a large prospective human cohort (84). In contrast, a meta-
analysis integrating eight retrospective and four prospective studies
including the Spencer et al. cohort found a positive association
between probiotic use, OS, and ORR among patients receiving ICIs
(85). However, limited data prevented subgroup analyses by
probiotic type, duration, ICI class, or cancer type, leading to
heterogeneity in outcomes. Collectively, these divergent findings
highlight the need for well-designed, randomized trials with strain-
level resolution to clarify the conditions under which probiotics
may serve as safe and effective adjuncts to ICI therapy (85).

3.1 Mechanisms of action

Probiotics can modulate both innate and adaptive immune
responses, notably by enhancing dendritic cell (DC) function,
antigen presentation, cytokine production, and T cell activation
within the tumor microenvironment. A key mechanism involves
probiotic-induced activation and maturation of DCs, which
improves MHC-I-mediated antigen presentation in lymphoid
tissues like Peyer’s patches and lymph nodes, thereby increasing
tumor-specific CD8+ T cells (71, 86-88). In a murine melanoma
model, oral Bifidobacterium spp. administration led to expanded T
cell populations in tumor-draining lymph nodes and increased
IFN-y production, likely driven by DC activation. This was
accompanied by upregulation of genes involved in MHC-I
presentation (Tapbp), DC maturation (Relb), chemokine signaling
(Cxcl9), and type I interferon pathways (Irfl), promoting robust
CD8+ T cell-mediated antitumor responses in the TME (71).
Supporting this, another study identified 11 bacterial strains that
enhanced T cell activation via DC-MHC I interaction (89).
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Probiotics also regulate cytokine production. Commensal
bacteria interact with DCs and epithelial cells in the gut through
pattern recognition receptors, leading to the release of cytokines
such as TNF-o, TGF-B, IL-12, and IL-10 locally (90). This gut-
derived cytokine milieu induces maturation and activation of innate
and adaptive immune cells, which can lead to systemic effects,
including priming and recruitment of effector T cells in secondary
lymphoid organs and ultimately the tumor microenvironment in
murine models (86, 90, 91) Macrophage polarization
represents another important axis of probiotic-driven immune
modulation. Tumor-associated macrophages typically exhibit
immunosuppressive (“M2-like”) polarization. Orally administered
Bifidobacterium spp. and Bacteroides fragilis in mouse colon
adenocarcinoma models, were showed to accumulate in the TME
using bacterial tracing and cultures (92, 93). Furthermore, in the
EG7 lymphoma mode, Bifidobacterium selectively accumulated

10.3389/fimmu.2025.1713382

within the hypoxic regions of the TME following systemic
administration (93). Within the tumor, these bacteria are sensed
by infiltrating macrophages and dendritic cells, which activate the
STING pathway in response to bacterial DNA and signals. This
activation triggers type I interferon production and polarizes
macrophages toward the pro-inflammatory, antitumor (M1-like)
phenotype (93-96). (Figure 3)

Probiotics also shape adaptive immunity through multiple
mechanisms. Microbial-derived pathogen- and microbe-associated
molecular patterns (PAMPs/MAMPs) can cross the gut mucosal
barrier, reach lymphoid organs or tumor sites, and prime T cells for
antitumor responses via molecular mimicry. Probiotic metabolites
further drive immune activation; for instance, inosine produced by
Bifidobacterium pseudolongum which was administered as a
probiotic in murine cancer models, enhanced MHC-I expression
and activates IFN-y and TNF signaling, leading to increased CD8+
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Potential mechanisms by which probiotics enhance antitumor immunity and improve ICl responses. This schematic summarizes key and emerging
pathways by which probiotics and their metabolites may modulate host immunity and augment the efficacy of immune checkpoint inhibitors (ICls),
as described in current preclinical and translational literature: Probiotics can influence both local and systemic immune responses through multiple
mechanisms. In the gut, probiotics and commensal bacteria produce short-chain fatty acids (SCFAs) such as butyrate, which acts through G-
protein-coupled receptors (GPCRs) on epithelial and immune cells, supporting regulatory T cell (Treg) expansion and suppressing pro-inflammatory
Th17 cells. Butyrate and other SCFAs also act as histone deacetylase (HDAC) inhibitors, leading to increased histone acetylation at gene promoters
(e.g., SOCSL, FoxP3), chromatin relaxation, and improved gene transcription favoring antitumor T cell differentiation and immune tolerance (45-53,
106). Pattern-recognition of microbial molecules (PAMPs/MAMPs) by dendritic cells (DCs) and epithelial cells in the gut initiates DC activation and
migration from the gut-associated lymphoid tissue (GALT) to tumor-draining lymph nodes (TDLNs). There, enhanced antigen presentation by DCs
promotes naive T cell priming and expansion, including cross-priming via molecular mimicry between microbial and tumor antigens (89-91, 97, 101,
102). Probiotic bacteria and their metabolites may also translocate to the tumor microenvironment (TME), where they are sensed by infiltrating DCs
and macrophages, activating the STING pathway and inducing Type | interferons (Type 1 IFNs). This signaling polarizes tumor-associated
macrophages from an immunosuppressive M2 phenotype toward the antitumor M1 phenotype, further enhancing CD8+ T cell recruitment and
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T cell proliferation and reduced PD-1 expression, thereby limiting T
cell exhaustion in TME (97).

However, our understanding of how the potential effects of
probiotics on the immune system translates to beneficial
reprogramming of the tumor microenvironment and
enhancement of ICI response remains incomplete. Most
mechanistic insights are derived from murine models, which may
not fully recapitulate human immune-microbiome interactions.
In humans, evidence largely consists of correlative studies or
small pilot trials, leaving uncertainty about causality,
optimal strains, and dosing strategies. Key questions remain
regarding the identification of the most effective probiotic strains,
strategies to account for patient-specific microbiome variability,
and the safety of administering live microorganisms in
immunocompromised populations.

3.2 Preclinical evidence supporting
probiotic—ICI synergy

Some studies have suggested that probiotic supplementation
can help restore microbiome composition, preserve gut barrier
integrity, and prevent systemic immunosuppression, potentially
maintaining or improving response to ICI therapy (61, 98-100).
It is found that while ICIs can “release the brakes” on T cells, the
presence of certain commensal bacteria appears to intensify this T-
cell mediated attack. Commensal bacteria act as natural adjuvants,
priming innate and adaptive immunity in the gut through microbial
products that activate Toll-like receptors and inflammasome
pathways, enhancing DC maturation and cytokine production to
support T cell activation (61),.

Similarly, Bifidobacterium breve and Bifidobacterium longum
have been shown to facilitate DC activation and T-cell priming. In
mouse models of melanoma, oral administration of Bifidobacterium
spp. significantly enhanced antitumor immunity to a degree
comparable to PD-L1 blockade. When combined, the two
treatments nearly eradicated tumors, suggesting a synergistic
effect likely mediated by increased CD8+ T cell infiltration (71).
Further mechanistic insights were provided by Vetizou et al., who
found that the antitumor activity of CTLA-4 inhibition depends on
specific Bacteroides species, including B. thetaiotaomicron and B.
fragilis. Oral supplementation with B. fragilis in murine models
induced Thl immune responses in tumor-draining lymph nodes
and promoted DC maturation within tumors. Even in germ-free
mice, this intervention enhanced CTLA-4 blockade efficacy via IL-
12-dependent Th1 responses (101). In human pancreatic cancer, T
cells were shown to recognize both bacterial antigens and
homologous tumor neoantigens (102), suggesting that if matching
antigens were delivered through probiotic administration, it could
potentially be used to prime or boost antitumor T cell responses via
molecular mimicry. In the Bacteroides—-CTLA-4 model, T cell
responses against B. thetaiotaomicron and B. fragilis were
correlated with tumor regression (101).

Akkermansia muciniphila has also been shown to strengthen
the gut lining and help DC maturation, which leads to more CD8+
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T cells entering tumors (25, 61, 84, 103). Lactobacillus rhamnosus
and Lactobacillus reuteri can also influence T-cell differentiation
and cytokine production, potentially reversing immune exhaustion
in patients resistant to ICI (84). In a melanoma mouse model, daily
oral administration of Lactobacillus reuteri alongside PD-L1 and
CTLA-4 inhibitors significantly improved antitumor activity and
survival (104). Lactobacillus reuteri was found to reach tumors
outside the gut and reshape the TME into a more immune-
activating state, characterized by IFN-y production from CD4+
Thl and CD8+ Tcl cells. This was accompanied with increased
immune cell proliferation and upregulation of CCL5 and CCL4 in
CD8+ T cells, enhancing their recruitment into the tumor. These T
cells also showed higher Granzyme B expression, reflecting greater
cytotoxic potential (104).

In mice with colorectal cancer, supplementation with
Lacticaseibacillus rhamnosus enhanced the effectiveness of ICI.
This effect was driven by increased production of SCFAs
particularly butyric acid, which promoted CD8+ T cell infiltration
and activity while suppressing Tregs in the TME (105). Notably,
butyrate generated by Faecalibacterium prausnitzii in murine
colorectal cancer models, acts as a histone deacetylase (HDAC)
inhibitor, leading to acetylation of histone proteins at the
suppressor of cytokine signaling 1 (SOCS1) promoter (106). This
upregulates SOCS1, dampens the JAK-STAT signaling pathway,
and mediates tumor-suppressive and immunomodulatory effects in
vivo in the TME (25).

Together, these preclinical studies (Table 1) demonstrate
that probiotics may augment ICI responses through
diverse mechanisms, including improved antigen presentation,
modulation of cytokine signaling, restoration of microbial
homeostasis, and production of immunoregulatory metabolites.
However, while murine models provide critical mechanistic
insights and proof-of-concept data, their predictive value for
human efficacy is limited due to differences in microbiome
composition, immune architecture, and reliance on germ-free or
antibiotic-treated conditions. Consequently, translating these
findings into clinical benefit requires rigorous validation through
human correlative studies and well-designed clinical trials.

3.3 Probiotics-ICI synergy in clinical studies

Several bacterial strains have demonstrated immunostimulatory
properties that may potentiate the effects of cancer immunotherapy.
These findings have led to the development of rationally
designed probiotics, combining strains with complementary
immunomodulatory effects to optimize immunotherapy
outcomes. Several retrospective studies from Japan between 2020
and 2022 explored the impact of various probiotics in patients with
non-small cell lung cancer (NSCLC). One of the earliest studies
evaluated 118 patients with advanced NSCLC, 39 of whom received
the Clostridium butyricum MIYARI 588 strain before or after ICI
therapy. Probiotic use was associated with increased
Bifidobacterium spp. abundance, reduced gut epithelial damage,
and prolonged median progression-free survival (PFS) (250 vs. 111
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TABLE 1 Preclinical Evidence supporting Probiotics- ICl synergy.

Location

Type of

study

Cancer
of focus

Probiotic

10.3389/fimmu.2025.1713382

Results

High baseline F. prausnitzii abundance predicts

Ob. tional
Faecalibacterium prausnitzii hul:e:::a:on Faecalibacterium prausnitzii better immune checkpoint inhibitor response. Oral
uj u: i
strain EXLO1 boosts efficacy of | France NSCLC . P administration of the EXLO1 strain restores ICI
. o Mouse (strain EXLO1) S . .
immune checkpoint inhibitors. . efficacy after antibiotic-induced microbiota
preclinical . . . . L
disruption without altering fecal diversity.
. i . Observational Bifidobacterium longum,
The commensal microbiome is human stud; Collinsella aerofaciens, and
associated with antiPD1 v 7 All patients with beneficial/nonbeneficial OTU ratio
R R USA + mouse fecal | Melanoma Enterococcus faecium .
efficacy in metastatic X i X K > 1.5 achieved a RECIST-defined response.
melanoma patients microbiota (beneficial Operational
P ' transplant Taxonomic Unit- OUT)
Advanced
Gut microbiome influences Observational
efficacy of PD-1-based human stud; cancers
X Y R France Y (eg- Akkermansia muciniphila OR 4.73 (95% CI: 1.79-12.5, p= 0.002).
immunotherapy against + mouse FMT
epithelial tumors. experiment NSCLG,
P : P RCO)
. Responders had greater relative abundance of
. . Observational X . .
Gut microbiome modulates human + Metastatic bacteria from the Ruminococcaceae family (p <
response to antiPD1 USA Ruminococcaceae 0.01). Fecal transplants from responders into germ-
i Mouse FMT melanoma K o X
immunotherapy. . free mice led to significantly improved tumor control
experiment
(log-rank P < 0.05).
M
oufe. Bacteroides fragilis, thetaiotaomicron on fecal
. . preclinical i ;
Anticancer immunotherapy by study + Bacteroides fragilis. Bacteroids transplant into germ-free mice restored CTLA-4
CTLA-4 blockade relies on the | France Y Melanoma ) [TAgS, blockade efficacy, reduced colitis, and showed higher
K X human- thetaiotaomicron o
gut microbiota. i i fecal abundance of B. fragilis (P < 0.01) that
microbiota R . X
inversely correlated with tumor size after treatment.
FMT
. - Human - .
Dietary fiber and probiotics observational For probiotic use, median PFS 17 vs. 23 months
influence the gut microbiome Oral probiotics (not strain- (HR = 1.30, 95% CI 0.82-2.07, p = 0.27) and
USA + mouse Melanoma . )
and melanoma preclinical specific); dietary fiber. response rate 59% vs. 68% (OR = 0.79, 95% CI 0.37-
i th X 1.66, p = 0.52
immunotherapy response study P )
Preclinical
Dietary tryptophan metabolite mouse
released by intratumoral melanoma Daily oral administration of Lactobacillus reuteri
Lactobacillus reuteri facilitates | USA study + Melanoma Lactobacillus reuteri alongside PD-L1 and CTLA-4 inhibitors significantly
immune checkpoint inhibitor human improved antitumor activity and survival
treatment. correlative
data
Lacticaseibacillus rhamnosus
Probio-M9 enhanced th M
ro‘ 10 enhanced the X R ous'e' Colorectal X L Probio-M9 intervention strengthened the anti-PD-1-
antitumor response to anti- China preclinical Lacticaseibacillus rhamnosus .
K cancer based tumor inhibition (p<0.05).
PD-1 therapy by modulating study
intestinal metabolites.
Lysates of Lactobacillus
acidophilus combined with
C"ll“L f 41 ll)llockin lantit::; ldies Mouse Colorectal Significantly reduced tumor incidence (p = 0.014),
. & . . China preclinical Lactobacillus acidophilus improved body weight (p = 0.009), and enhanced
enhance antitumor immunity cancer . .
X study CD8+ T cell infiltration (p < 0.05).
in a mouse colon cancer
model.
Commensal Bifidobacterium Mouse Tumor growth was significantly reduced and CD8+
promotes antitumor immunity USA ceclinical Melanoma Bifidobacterium s T cell infiltration enhanced (p = 0.01) in the group
and facilitates anti-PD-L1 Etu i PP with combination of Bifidobacterium spp. and oPD-
efficacy. Y L1 compared to controls treated with alPD-L1 only.
Mel tients:
Dietary fiber and probiotics Preclinical Commercially available ¢ anorrTa },)a rents
. . . . HR probiotic users vs. nonusers= 1.30, 95% CI, 0.82-
influence the gut microbiome and probiotic supplements
USA . Melanoma . . . 2.07.
and melanoma observational containing Bifidobacterium . e
i o OR for response with probiotic use= 0.79, 95% CI,
immunotherapy response. study longum (probiotic 1) and
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TABLE 1 Continued
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Title Location Type of Cancer Probiotic Results
study of focus

Lactobacillus rhamnosus GG Preclinical mouse models:

(probiotic 2) mice receiving probiotics had significantly larger
tumor volumes compared to controls (p=0.04 and
p=0.01 for two probiotic formulations).

Post-Antibiotic Gut Mucosal Alph'a dlflersﬁy P0§t—antlb10tlc never returned to
L. L . Melanoma baseline in probiotics users even 5 months post-
Microbiome Reconstitution Is Preclinical i i L o o .
K o USA mouse 11-strain commercial probiotic | treatment, while it was restored within 1-2 days in
Impaired by Probiotics and mouse study
models the autologous FMT and spontaneous groups (p <
Improved by Autologous FMT . .
0.01 at all timepoints through day 180).

days) and median overall survival (OS) (not reached vs. 361 days),
even among those who had received antibiotics (107).

In a larger retrospective cohort, Morita et al. assessed 927
patients with advanced NSCLC. Among those treated with ICI
monotherapy, commercially available multi-strain and single-
strain probiotic use significantly improved PFS (7.9 vs. 2.9
months) and OS (not attained vs. 13.1 months). In patients
receiving ICIs combined with chemotherapy, probiotics
improved OS (not attained vs. 22.6 months) but had no
significant effect on PFS (8.8 vs. 8.6 months) (108). Similarly,
Takada et al. al analyzed 294 NSCLC patients receiving PD-1
inhibitors and found that probiotics (including Bifidobacterium
spp., C. butyricum, and antibiotic-resistant lactic acid bacteria)
were associated with improved disease control and longer PFS
(HR 1.73 [1.42-2.11]), although OS was not significantly affected
(HR 1.40 [1.13-1.74]). Subgroup analyses suggested greater
benefit in never-smokers and patients with poor ECOG
performance status (109).

One of the few prospective studies evaluating probiotics in lung
cancer included 253 patients with advanced disease, of whom 71
received commercially available multi-strain probiotic
formulations, most often including Lactobacillus acidophilus,
Bifidobacterium lactis, Streptococcus thermophilus, Bacillus subtilis,
Enterococcus faecium, Lactobacillus rhamnosus, and Bacillus
licheniformi. While no significant difference in median
progression-free survival (PFS) was seen among NSCLC patients
(16.5 vs. 12.3 months, p = 0.56), patients with small cell lung cancer
(SCLC) showed significantly improved PFS with probiotic use (11.1
vs. 7.0 months, p = 0.049), indicating potential histology-specific
benefits) (110). This discrepancy from prior studies may reflect
differences in patient baseline gut microbiome diversity, probiotic
strain and dosing heterogeneity, or the influence of cancer histotype
on microbiome-immune reaction. Another prospective study from
China assessed the impact of antibiotics and probiotics on
immunotherapy outcomes in patients with advanced EGFR-
mutant NSCLC. Probiotic use did not influence PFS, but
antibiotic use was associated with shorter PFS, suggesting that gut
microbiome disruption from antibiotics may impair clinical benefit
from immunotherapy. Additionally, responders to immune
checkpoint inhibitors exhibited distinct metabolic profiles, with
higher levels of deoxycholic acid, glycerol, and quinolinic acid,
whereas non-responders had elevated L-citrulline (111).

Frontiers in Immunology

Beyond lung cancer, an open-label single-center study by
Dizman et al. assessed Clostridium butyricum (CBM588) in
treatment-naive metastatic renal cell carcinoma (mRCC) patients.
Those receiving nivolumab-ipilimumab plus CBM588 had
significantly improved PFS (12.7 vs. 2.5 months) and a
numerically higher ORR (58% vs. 20%) (112). In a follow-up
study of treatment-naive mRCC patients receiving cabozantinib
and nivolumab, the CBM588 group again showed superior ORR
(74% vs. 20%, p = 0.01) and higher 6-month PFS (84% vs. 60%),
indicating enhanced clinical activity (113). However, no differences
in Bifidobacterium spp. abundance or alpha diversity were observed
between arms, which suggests that while probiotic supplementation
appears to enhance ICI efficacy, the absence of consistent biomarker
changes means that the underlying mechanisms remain poorly
defined. In a retrospective study of 352 patients with advanced
digestive tract cancers (hepatocellular, colorectal, and gastric
cancers) those treated with PD-1 inhibitors plus antiangiogenic
agents and probiotics had a higher ORR (OR 2.4, 95% CI: 1.2-4.7;
p =0.013) (114).

A meta-analysis of six studies involving 1,123 patients with
NSCLC, mRCC, and melanoma showed that probiotic
supplementation with various strains was associated with a
significant improvement in OS (HR: 0.527) and ORR (OR: 2.831),
with trends toward improved PFS and DCR (85). Subgroup analysis
in NSCLC patients receiving ICIs and probiotics demonstrated
significantly longer PFS (HR: 0.532; 95% CI: 0.354-0.798; p =
0.002), improved OS (HR: 0.528; 95% CI: 0.306-0.912; p = 0.022),
higher ORR (OR: 2.552; 95% CI: 1.279-5.091; p = 0.008), and DCR
(OR: 2.439; 95% CI: 1.534-3.878; p < 0.001). An updated meta-
analysis including 8 retrospective and 4 prospective studies with
3,142 patients further confirmed that probiotics significantly
prolonged OS (HR: 0.58 0.54-0.81; p < 0.001) and PFS (HR: 0.66
0.54-0.81; p < 0.001), and improved ORR (OR: 1.75; 1.27-2.40; p =
0.001) and DCR (OR: 1.93; 1.11-3.35; p = 0.002). Notably, in
NSCLC patients exposed to antibiotics, probiotics mitigated the
negative effects on OS (HR: 0.45; 0.34-0.59; p < 0.001) and PES (HR:
0.48; 95% CI: 0.38-0.62; p < 0.001) (16).

While these findings suggest a potential benefit of probiotic
supplementation in enhancing ICI efficacy, most studies to date are
retrospective, with small sample sizes and heterogeneous study
designs (Table 2). Additionally, it is important to note that
majority of clinical studies evaluated a wide range of
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commercially available probiotics, often multi-strain formulas or
single-strain agents, without standardization. For example, in the
studies by Morita et al. and Takada et al,, patients received a
heterogeneous mix of probiotic products such as Clostridium
butyricum, Bifidobacterium spp., and antibiotic-resistant lactic
acid bacteria (108, 109). Similarly, in the prospective lung cancer
study by Tong et al., patients used diverse multi-strain formulations
including Lactobacillus acidophilus, Bifidobacterium lactis,
Streptococcus thermophilus, Bacillus subtilis, Enterococcus faecium,
Lactobacillus rhamnosus, and Bacillus licheniformi according to
product instructions, starting with immunotherapy and
continuing until progression (110). In contrast, some studies,
such as that by Ebrahimi et al., used a defined dosing regimen
with CBM588 at 80 mg twice daily (113).

TABLE 2 Clinical studies supporting Probiotics- ICI synergy.

10.3389/fimmu.2025.1713382

3.4 Probiotics and immune-related adverse
events

IrAEs are common toxicities associated with ICIs and are
thought to reflect immune system overactivation. Probiotics have
emerged as a potential strategy to modulate these responses
(Table 3) (115, 116). Certain microbial signatures have been
associated with either increased or reduced irAE risk. Firmicutes
have been linked to higher irAE rates, whereas Bacteroidetes spp.,
Bifidobacterium spp., and Desulfovibrio spp. may have protective
effects (117). In murine models, Bifidobacterium spp.
supplementation reduced ICI-induced colitis by increasing Tregs
and enhancing Lactobacillus abundance, while Lactobacillus
resolved colitis by reducing activation of innate lymphoid cells

Location Type of Cancer of Probiotic
study focus
Non- 1 PES 2 . 101 s HR 0.37,
Association of Probiotic Clostridium butyricum . on-Smal Clostridium mPES 250 vs. 101 days 03
i K Retrospective Cell Lung K P =0.001
Therapy with Survival and Response to Immune Japan butyricum (MIYAIRI
. . . . study Cancer . OS not reached vs. 361 days; HR
Checkpoint Blockade in Patients with Lung Cancer. 588 strain)
(NSCLC) 0.20, P < 0.001.
ICI monotherapy:
mPFS 7.9 vs. 2.9 months; HR
0.54, p <.001. OS not reached vs.
Impacts of probiotics on the efficacies of immune i o i P not reached vs
oo K i Retrospective Oral probiotics (strain | 13.1 months; HR 0.45, p <.001.
checkpoint inhibitors with or without chemotherapy Japan NSCLC .
for patients with advanced non-small-cell lung cancer study not specified) ICL + chemotherapy:
P & ' mPFS 8.8 vs. 8.6 months; HR
0.89, p = 0.43. OS not reached vs.
22.6 months; HR 0.61, p = 0.03.
Clinical impact of probiotics on the efficacy of anti-
PD-1 monotherapy in patients with nonsmall cell lung Japan Retrospective NSCLC Oral probiotics (strain | Overall Response Rate: OR 0.43,
cancer: A multicenter retrospective survival analysis P study not specified) 95% CI 0.29- 0.63, p <.0001.
study with inverse probability of treatment weighting.
Hepatocellul
Concomitant Medications Alter Clinical Outcomes in °p fi oceliuiar
carcinoma,
Patients with Advanced Digestive Tract Cancer China Retrospective Colorectal Oral probiotics (strain | Overall Response Rate: OR 2.4,
Receiving PD-1 Checkpoint Inhibitors Combined with study Gastri not specified) 95% CI 1.2-4.7, p = 0.013.
cancer, Gastric
Antiangiogenetic Agents.
cancer
SCLC: mPFS: 11.1 months vs 7.0
Evaluating Oral Probiotic Supplements as Advanced months, p = 0.049.
Complementary Treatment in Advanced Lung Cancer China Prospective Lung Cancer Oral probiotics (strain | NSCLC: mPFS: 16.5 months vs
i
Patients Receiving ICIs: A Prospective Real-World study (SCLC and not specified) 12.3 months, p = 0.56.
Study. NSCLC) Overall Response Rate 57.7% vs
58.1%, p>0.26.
Antibiotic use:
Correlation of distribution characteristics and dynamic mPFS 4.8 months vs 6.7 months;
changes of gut microbiota with the efficacy of Chi Prospective EGFR-mutant NA hazard ratio 3.18; 95% CI 1.48-
ina
immunotherapy in EGFR-mutated non-small cell lung study NSCLC 6.85; p=0.003.
cancer. OS: 7.4 vs. 16.1 months; HR 3.64;
95% CI 1.30- 10.17; p=0.014.
Anti-PD-1 responders had
Lo . . significantly higher gut
Gut microbiome modulates response to anti-PD-1 Prospective . 4 . L
i X i USA Melanoma Ruminococcaceae microbiome alpha diversity (P <
immunotherapy in melanoma patients. study
0.01) and greater abundance of
Ruminococcaceae (P < 0.01).
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TABLE 2 Continued

Location Cancer of Probiotic Results

focus

Baseline gut microbiome
composition predicted
immunotherapy response in

A panel of species,
including

Bifidobacteri
Predicting Response to Immunotherapy for Melanoma | UK, Prospective Hhdobacterium melanoma in the UK cohort

With Gut Microbiome and Metabolomics (PRIMM). Netherlands study Melanoma gseuioc?tenulatulz, (P = 0.05) but not in the
oseburia spp. an Netherlands cohort, with no
significant association for 12-

month PFES in either group.

Akkermansia
muciniphila

Analysis of 14 accrued patients
A Multicenter Phase 1b Randomized, Placebo- demonstrated that SER-401 +

controlled, Blinded Study to Evaluate the Safety, Unresectable SER-401: nivolumab arm showed a 25%
Tolerability and Efficacy of Microbiome Study Phase 1b . Ruminococcaceae and | overall response rate, while the
. L. L. L. . USA L X or Metastatic . K
Intervention Administration in Combination With Clinical Trial Melanoma other spore-forming placebo + nivolumab arm showed
Anti-PD-1 Therapy in Adult Patients With microbes 67%, but the study was

Unresectable or Metastatic Melanoma. underpowered due to poor
accrual.

Objective response rate 74%
compared to 20%, mPFS of 84%
versus 60% at 6 months.

No significant changes in the
Cabozantinib and nivolumab with or without live Metastatic abundance of Bifidobacterium

Phase 1 CBM588 (bifid i
bacterial supplementation in metastatic renal cell USA ase renal cell (bifidogenic spp. or overall gut bacterial
diversity after 13 weeks of

X ) K Clinical Trial K probiotic)
carcinoma: a randomized phase 1 trial. carcinoma
treatment. However, there was a
specific increase in

Ruminococcaceae in the
experimental arm

PFS 12.7 months compared to 2.5
months with a HR of 0.15 (p <
Nivolumab plus ipilimumab with or without live Metastatic 0.001). Overall survival was not
Phase 1 CBMS588 (bifids i
bacterial supplementation in metastatic renal cell USA ase renal cell (bifidogenic reached. ORR 58% compared to
20%, though this difference was

X . K clinical trial K probiotic)
carcinoma: a randomized phase 1 trial. carcinoma
not statistically significant
(P = 0.06).

Akkermansia sp. (correlation
coefficient R = 0.44, p = 0.05) and
Neoadjuvant nivolumab or nivolumab plus . . . P )
o X Phase 2 Ruminococcus and Bifidobacterium sp. (R = 0.47, p =
ipilimumab in operable non-small cell lung cancer: the | USA L. . NSCLC ) .
. . clinical trial Akkermansia spp. 0.04) were positively correlated

phase 2 randomized NEOSTAR trial. . . .

with Major Pathologic Response

(MPR).

PES: HR: 0.585, 95% CI: 0.328-
Cancer 1.045, p = 0.070.

(overall with Oral probiotics (strain | OS: HR: 0.526, 95% CI: 0.341-
subgroup not specified) 0.812, p = 0.004.

analysis) ORR: OR: 2.831, 95% CI: 1.578-
5.076, p < 0.001.

The correlation between probiotic use and outcomes
of cancer patients treated with immune checkpoint China Meta-analysis
inhibitors.

PFS: HR = 0.66, 95% CI: 0.54-
Cancer 0.81, p < 0.001.
UK and (overall with Oral probiotics (strain | OS: HR = 0.58, 95% CI: 0.46-

effectiveness and antibiotic-mediated resistance in Chi Meta-analysis
ma

Assessing the impact of probiotics on immunotherapy

subgroup not specified) 0.73, p < 0.001.
analysis) ORR: OR = 1.75, 95% CI: 1.27-
240, p = 0.001.

cancer: a systematic review and meta-analysis

(116). Findings such as these highlight the importance of rigorous  chemotherapy, increased rates of colitis and hypophysitis were
clinical and translational studies to better understand the optimal ~ reported. No significant associations were observed for other
application of probiotics. irAEs such as hypothyroidism, pneumonitis, hepatitis, or

Clinical data on probiotics and irAEs remain mixed. In thelarge  nephritis, though small subgroup sizes may have limited the
retrospective study by Morita et al., probiotic use was not associated ~ findings. Other microbes, such as Faecalibacterium prausnitzii,
with a higher incidence of irAEs in patients on ICI monotherapy  have also been studied for their anti-inflammatory properties. In
(108). However, among those receiving combination therapy with ~ a murine model, F. prausnitzii alleviated ICI-induced colitis while
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TABLE 3 Studies on Probiotics and Immune-Related Adverse Events (IrAEs).

10.3389/fimmu.2025.1713382

Location Type of IrAE Probiotic Results
study
Faecalibacterium prausnitzii TR . s .
i . F. prausnitzii mitigated ICI-induced colitis in preclinical
Abrogates Intestinal Toxicity and . X .
. Mouse . . . mouse models by reducing inflammation and immune cell
Promotes Tumor Immunity to . . ICI-induced Faecalibacterium | .
China preclinical . o infiltration.
Increase the Efficacy of Dual colitis prausnitzii i . ",
. study Patients receiving ICIs who developed colitis had lower
CTLA4 and PD-1 Checkpoint bund - itzii in their eut microbiot
abundance of F. prausnitzii in their gut microbiota.
Blockade. P §
Correlation of the Gut
i . i Ruminococcus Ruminococcus callidus and Bacteroides xylanisolvens were
Microbiome and Immune-Related i IrAEs in i K K X R R i
i . K X Prospective X . callidus and enriched in patients without severe irAEs, while
Adverse Events in Gastrointestinal | China gastrointestinal . . . . . o
. . study Bacteroides Bifidobacterium dentium, Rothia mucilaginosa, and Gemella
Cancer Patients Treated with cancer Janisol h | ignificantly higher in irAE patient
anisolvens aemolysans were significantly higher in ir atients.
Immune Checkpoint Inhibitors. ¥ 4 8 t P
The Gut Microbiome Associates
. . . ) Ruminococcaceae UCG 13 was enriched in patients with OS
with Immune Checkpoint . IrAEs in Non- Ruminococcaceae
o : X Prospective > 12 months.
Inhibition Outcomes in Patients Japan Small Cell UCG 13 and X i X i
. study Agathobacter was enriched in patients with favorable ORR
with Advanced Non-Small Cell Lung Cancer Agathobacter
and PFS > 6 months.
Lung Cancer.
Prospective correlation between Of 34 lung cancer patients, Bifidobacterium spp. (p = 0.001
P . L. . Bifidobacterium & e P _pp (p‘ )
the patient microbiome with . . and Desulfovibrio spp. (p = 0.0002) were enriched in
Prospective | IrAEs in Lung spp. and . X . .
response to and development of USA o patients without immune-related adverse events (irAEs),
. K study Cancer Desulfovibrio . o .
immune-mediated adverse effects s while Clostridiales (p = 0.018) and Rikenellaceae (p = 0.016)
to immunotherapy in lung cancer. PP were increased in responders to chemoimmunotherapy.

preserving or even enhancing antitumor immunity, marked by
increased tumor-infiltrating T cells and minimal systemic
inflammation. Notably, patients who developed ICI-induced
colitis had lower baseline levels of F. prausnitzii (118). A
prospective study of 95 patients with gastrointestinal cancers
treated with ICIs found that higher levels of Lactobacillus spp.
and Bifidobacterium spp. correlated with fewer irAEs in gastric
cancer (119). Similar findings have been reported in NSCLC, where
higher abundance of these genera was associated with reduced
incidence or severity of irAEs (117, 120, 121).

4 Integrative approaches to study
probiotics and immunotherapy

Advances in microbiome sequencing, including 16S rRNA and
metagenomic shotgun approaches, have consistently revealed
distinct microbial signatures between responders and non-
responders of ICI, supporting microbiome profiling as a
promising tool for patient stratification and predictive biomarker
development in immunotherapy (122, 123). However, to move
beyond correlative associations and define causality, it is critical
to establish a robust framework of mechanistic assays and models.
Elucidating how probiotics influence immune responses to
checkpoint blockade requires dynamic and longitudinal
investigation. Single-time-point assessments fall short in
capturing the evolving interplay between the gut microbiota and
the host immune system during ICI therapy. Notably, longitudinal
studies have shown that key microbial and immune differences
between responders and non-responders may only emerge after
treatment initiation (124). Thus, serial monitoring of the
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microbiome and immune parameters is essential to understand
the timing, durability, and infer causality of probiotic-
induced effects.

Integrating these longitudinal data with experimental platforms
such as ex vivo co-culture systems, germ-free animal models, organ-
on-chip technologies, and multi-omics profiling can provide high-
resolution insight into host-microbe-immune interactions. These
complementary tools allow researchers to dissect functional
mechanisms, evaluate safety, and identify optimal intervention
points. Ultimately, this systems-level approach offers a roadmap for
developing microbiome-based adjuvants or biomarkers that enhance
ICI efficacy and aligns with the broader goals of precision oncology.

4.1 Ex vivo immune assays

Mechanistic insights into probiotic and ICI interactions can be
initially explored through ex vivo immune assays that replicate
tumor-microbe-immune cell interactions in controlled settings.
These assays involve co-culturing patient-derived immune cells,
such as peripheral blood mononuclear cells or T lymphocytes, with
tumor cells, followed by the introduction of selected probiotic
strains or their metabolites (125, 126). This approach allows
direct evaluation of how probiotics influence immune activation,
including cytokine secretion and tumor cell cytotoxicity, outside the
complexity of a living organism. Outputs such as T cell
proliferation, cytotoxic activity, and cytokine levels (e.g., IFN-v,
IL-2, TNF-0) can be measured to identify probiotic strains with the
strongest anti-tumor effects (126, 127). These ex vivo assays offer a
rapid and informative readout of probiotic-driven immune
modulation and help guide the design of follow-up in vivo studies.
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4.2 Animal models with defined microbiota

Findings from cell-based assays can be expanded using animal
models, particularly germ-free or gnotobiotic mice. Germ-free
mice offer a sterile gut environment that allows for controlled
colonization with specific probiotic strains or defined microbial
communities. Researchers can then evaluate tumor responses to
ICIs within this tailored microbial landscape (128, 129). Seminal
studies have demonstrated that commensal bacteria can
significantly influence the efficacy of immunotherapy. Sivan et al.
(2015) found that mice colonized with Bifidobacterium spp.
exhibited enhanced tumor control during anti-PD-L1 treatment
(71). Similarly, Vetizou et al. (2015) showed that Bacteroides
species were essential for optimal responses to anti-CTLA-4
therapy (101). More recent work has confirmed that fecal
microbiota transplants from ICI-responsive cancer patients into
germ-free or antibiotic-treated mice produce stronger anti-tumor
effects than transplants from non-responders, emphasizing the
microbiome’s role in modulating immune responses. Expanding
on these findings, germ-free mice can be colonized with candidate
probiotic strains to assess their influence on tumor growth, ICI
efficacy, and immune cell infiltration in vivo (72, 130, 131). These
models allow for mechanistic end-point analyses, such as
measuring changes in intratumoral T cell activation or myeloid
cell phenotypes in the tumor microenvironment (132-134).
Overall, the use of germ-free mice colonized with defined
microbiota offers a powerful and tightly controlled in vivo system
to study the therapeutic and immunological impacts of probiotics
in cancer immunotherapy.

4.3 Gut-on-a-chip microfluidic models

Animal models can be complemented by advanced
microphysiological systems that help bridge the gap between
mouse and human biology. Gut-on-a-chip technology offers a
high-fidelity in vitro platform that simulates the human intestinal
ecosystem, enabling controlled investigation of microbiota and
immune system interactions. These microfluidic devices culture
living human intestinal epithelial cells under dynamic flow
conditions and can support co-culture with live bacteria for
extended periods (135). Gut-on-a-chip models replicate key
aspects of the intestinal environment, including three-dimensional
tissue architecture, mechanical forces similar to peristalsis, and
oxygen gradients. This setup allows for long-term maintenance of
both host cells and commensal microbes in close proximity (135).
Incorporation of immune components, such as circulating or
tissue-resident immune cells, enables the recreation of the
intestinal mucosal immune interface. For example, placing
peripheral immune cells in a basal channel to represent the
lamina propria has demonstrated that exposure to bacterial
molecules like lipopolysaccharide triggers cytokine responses (IL-
8, IL-6, IL-1B, TNF-o) that closely mimic in vivo inflammation
(135). This platform allows researchers to introduce specific
probiotic strains or their metabolites to human gut epithelium
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under flow and directly observe resulting changes in immune cell
activation, barrier function, and inflammatory signaling. Overall,
gut-on-a-chip technology provides a physiologically relevant,
human-based model to study probiotic and immune interactions
with strong translational potential for clinical applications.

4.4 Next-generation sequencing

NGS has become an indispensable tool for uncovering
molecular determinants that influence responses to ICIs.Beyond
tumor genomics, NGS has also enabled detailed characterization of
the gut microbiome to stratify patients based on ICI response.
Shotgun metagenomic sequencing of fecal samples has revealed
microbial composition and functional potential associated with
therapeutic outcomes (136, 137). Notably, genome-resolved
metagenomic approaches have uncovered baseline subspecies-
level microbial signatures predictive of response, moving beyond
strain-level analyses (137). Structural variants (SVs) within bacterial
genomes offer an even more granular layer of microbiome
heterogeneity, with recent analyses identifying SVs associated
with ICI responsiveness, survival outcomes, and irAEs across
seven clinical trials involving 996 patients (138). Building on
these findings, integrative meta-analyses leveraging NGS data
have led to the development of Gut OncoMicrobiome Signatures
(GOMS), a standardized framework for identifying reproducible
microbial biomarkers across diverse patient cohorts and therapeutic
regimens (28). Together, these NGS-enabled approaches provide a
comprehensive view of host and microbial factors that shape ICI
efficacy, supporting their continued integration into precision
oncology strategies.

4.5 Multi-omics to map microbiome—
immune interactions

Because gut microbiota and host immune interactions span
multiple biological layers, a multi-omics approach is essential to
fully understand the mechanisms underlying probiotic and ICI
interplay. Integrating metagenomics (microbial composition and
genes), metatranscriptomics (gene expression), metabolomics
(small-molecule metabolites), and proteomics (protein signaling)
enables comprehensive mapping of how probiotics influence the
host-microbe ecosystem (139, 140). Recent multi-omic studies in
immunotherapy patients have identified specific microbial taxa and
metabolites linked to treatment outcomes. SCFAs and tryptophan
derivatives, such as indoles, have emerged as candidate biomarkers
associated with improved ICI responses (139). Combining
microbiome sequencing with host immune and metabolic
profiling can help pinpoint molecular mediators of probiotic
effects. For instance, analyzing stool metagenomes alongside
cytokine levels or immune transcriptomes from blood or tumor
tissue has revealed associations between specific microbes and
metabolic pathways that enhance T cell infiltration into
tumors (141).
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5 Clinical implications and challenges

As the gut microbiome is an emerging critical modulator of
immune responses in cancer therapy, integrating microbiome-
targeted strategies such as probiotics into immuno-oncology
regimens presents a promising yet complex challenge. While
preclinical and clinical data support the potential of gut
microbiota to enhance ICI efficacy, translating these findings into
clinical practice requires careful consideration of numerous
confounding variables and implementation barriers.

The gut microbiota is influenced by several host-specific factors,
including ethnicity, race, diet, and lifestyle habits (142, 143).
Although it remains unclear whether these same variables directly
impact the immunomodulatory effects of probiotics, studies suggest
that dietary interventions particularly Mediterranean or high-fiber
diets can enrich gut microbial diversity and improve
immunotherapy outcomes (144). High-fiber diets have been
associated with increased populations of SCFA producing bacteria
and improved responses to ICIs. For example, melanoma patients
consuming high dietary fiber had significantly longer progression-
free survival compared to those with low fiber diet or probiotics
(84). However, accounting for such lifestyle, geographical and
ethnic factors as confounders in clinical trials remains a challenge
and highlights the importance of nutritional context in
microbiome-targeted interventions.

Beyond host-related factors, inconsistencies across studies may
also stem from the lack of standardization in probiotic strain
selection, dosage, and administration schedules. Although meta-
analyses have not demonstrated major differences among probiotic
subgroups, direct head-to-head comparisons of individual strains
and consortia remain limited (16, 108). The strain type, relative
abundance, and formulation strategy appear to be as critical as the
bacterial species itself in determining clinical outcomes.
Furthermore, many studies rely on commercially available
probiotics, where labeling inaccuracies and suboptimal viability of
the declared strains raise additional concerns and introduce further
variability (145). The absence of unified regulatory frameworks
governing probiotic formulation, strain identity, and potency
contributes to wide heterogeneity across products and
supplements. Therefore, probiotic use in cancer immunotherapy
should be approached with caution outside rigorously controlled
research settings. Only a few prospective studies, such as those
evaluating CBM588 in renal cell carcinoma, have applied consistent
probiotic regimens (112, 113). Rational design of defined microbial
consortia with validated immunostimulatory properties is a major
area of ongoing research.

Probiotics are generally well tolerated, yet safety data in
oncology populations remain sparse. In a clinical study assessing
CBM588 alongside ICIs, common grade 3 or higher toxicities
included transaminitis (10%), hypertension (7%), and diarrhea
(7%), with no significant difference between arms (113). However,
emerging concerns suggest that indiscriminate use of over-the-
counter probiotics may reduce microbial diversity or interfere with
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endogenous commensals (84, 146-150). Certain strains may fail to
durably engraft or even compete with native microbes, potentially
undermining the very immune mechanisms that ICIs aim to
stimulate. One prevailing hypothesis is that single- or limited-
strain supplements may outcompete beneficial resident taxa,
reducing microbial functional capacity and compromising
antitumor immunity (151).

Another critical variable is the effect of concurrent medications.
Antibiotic use is known to impair ICI efficacy, but other commonly
prescribed agents such as corticosteroids, proton pump inhibitors
(PPIs), NSAIDs, statins, and metformin may also modulate
immune responses (111, 152). Notably, PPIs have been linked to
shorter OS in patients receiving ICIs for melanoma and NSCLC
(152, 153). However, a contrasting study suggested that therapeutic,
but not prophylactic, PPI use might improve outcomes (114). These
findings emphasize the need to carefully account for medication
history in any clinical trial evaluating the efficacy of probiotics
alongside immunotherapy.

While immunomodulation by probiotics likely involves a
network of interactions spanning multiple signaling pathways,
immune cell subsets, and microbial metabolites, mechanistic
understanding of probiotics’ effects in cancer immunotherapy
remains incomplete. These complexities make it difficult to
attribute therapeutic effects to any single microbe or metabolite.
Additionally, many existing studies capture only static microbiome
snapshots, missing the dynamic shifts that occur throughout the
treatment course. Longitudinal sampling combined with multi-
omics integration, and functional immune assays will be essential
to clarify the evolving host-microbe-immune landscape over time
(139, 140).

Looking forward, future trials must be thoughtfully designed to
address these challenges. Trials should incorporate longitudinal
multi-omics sampling to assess dynamic shifts in microbiota and
immune parameters, use standardized and well-characterized
probiotic formulations, and account for confounding variables such
as diet, lifestyle, and concurrent medications. Stratification based on
baseline microbiome profiles or responder-associated microbial
signatures may enhance patient selection. Multi-center
collaboration and harmonized protocols will help validate findings
across populations and cancer types. However, logistical barriers
remain: probiotics pose limited patentability, which dampens
industry incentives, and investigational new drug (IND)
applications require complex chemistry, manufacturing, and
controls (CMC) documentation that is rarely available for
probiotics sold as food supplements. These regulatory and
economic constraints have contributed to a lack of pharmaceutical
investment in this space. Consequently, academic institutions, non-
profit organizations, and public-private partnerships may need to
lead efforts in clinical development to ensure rigorous testing and
broader access. By embracing a systematic approach that integrates
clinical, microbial, and immunological data, future studies can
provide actionable insights into how best to leverage the
microbiome to improve cancer immunotherapy outcomes.
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6 Conclusion

The gut microbiome is now widely recognized as a critical
modulator of immune responses to cancer therapy, particularly
ICIs. Among microbiome-targeted strategies, probiotics have
emerged as a promising potential adjunct to enhance both the
efficacy and safety of ICIs. Preclinical and early-phase clinical
studies have shown that specific strains - such as Bifidobacterium
spp. Lactobacillus spp., Clostridium butyricum, and Akkermansia
muciniphila can augment dendritic cell activation, boost cytotoxic
T-cell function, strengthen gut barrier integrity, and counteract
dysbiosis-associated resistance. Retrospective and prospective studies
across multiple tumor types similarly suggest improved response rates
and survival in patients receiving probiotics alongside ICIs.

However, unmeasured confounders, including diet, antibiotic
exposure, ethnicity, and baseline microbiome composition, may
influence these associations in retrospective and meta-analytic data.
Moreover, the precise mechanisms driving probiotic-mediated benefits
in prospective settings remain to be fully elucidated. Based on current
evidence, probiotic supplementation should be considered only within
the context of rigorously designed clinical trials for patients undergoing
immunotherapy. As enthusiasm for probiotic-ICI synergy continues
to grow, translating these findings into practice will require
coordinated, high-quality efforts integrating longitudinal microbiome
profiling, immune monitoring, and randomized clinical trials to define
optimal strains, dosing, and patient selection. With a more complete
understanding of host-microbiome-immune interactions, probiotics
hold the potential to become scalable, cost-effective, and personalized
tools to optimize immunotherapy outcomes.
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