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Abstract
Introduction: The gut microbiome, host redox homeostasis, and immune regulation 
are mechanistically interdependent. However, their integrated role in driving 
resistance to immune checkpoint inhibitors remains incompletely defined.
Objective: This review introduces the gut microbiome, immune, and antioxidant 
(GIA) axis as a unifying, systems-level conceptual framework to explain treatment 
heterogeneity and optimize cancer immunotherapy outcomes.
Scope: We synthesize current mechanistic and translational evidence linking 
microbiota-derived metabolites, including short-chain fatty acids, bile acids, and 
tryptophan derivatives, to oxidative stress responses, mitochondrial fitness, and anti-
tumor immune competence across colorectal, hepatobiliary, and neuro-oncologic 
malignancies.
Key findings: Disruption of the GIA network promotes immunotherapy resistance 
through excessive oxidative burden, pathological Nrf2 signaling, and the 
expansion of immunosuppressive myeloid populations. Conversely, targeted 
microbiome interventions, including probiotics, postbiotics, and fecal microbiota 
transplantation, can successfully restore redox-immune equilibrium, remodel the 
tumor microenvironment, and enhance the efficacy of checkpoint blockade.
Conclusion: We propose a precision immuno-oncology framework utilizing 
composite GIA-axis biomarker profiling for patient stratification. Integrating 
these multidisciplinary insights identifies actionable translational opportunities 
to overcome therapeutic resistance and transition host-microbiome-immune 
integration from conceptual promise to clinical reality.
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1. Introduction
Cancer remains one of the leading causes of morbidity 
and mortality worldwide. According to GLOBOCAN 
2020 estimates, there were approximately 19.3 million new 
cancer cases and nearly 10 million cancer-related deaths 
globally, with projections suggesting a rise to 28.4 million 
new cases annually by 2040 due to population growth and 
aging.1 The global cancer burden is increasingly shifting 
toward low- and middle-income countries, where limited 
screening, late-stage diagnosis, and constrained access to 
advanced therapies exacerbate mortality disparities.1,2

Despite advances in molecular oncology, targeted 
therapies, and immune checkpoint blockade (ICB), 
durable responses remain restricted to a subset of patients. 
Resistance—both primary and acquired—limits the long-
term efficacy of chemotherapy, radiotherapy, targeted 
agents, and immunotherapy.3,4 Moreover, therapeutic 
toxicities, tumor heterogeneity, and the immunosuppressive 
tumor microenvironment (TME) contribute to suboptimal 
outcomes.3,5

These limitations underscore a critical unmet need: the 
identification of modifiable host-related determinants that 
influence tumor initiation, progression, and therapeutic 
responsiveness. Increasing evidence suggests that 
systemic factors, particularly the gut microbiome, redox 
homeostasis, and immune regulation, may play pivotal 
roles in shaping cancer risk and treatment outcomes.6-9

The human gut microbiota, comprising trillions 
of microorganisms, exerts profound effects on host 
metabolism, immune maturation, and epithelial integrity. 
Dysbiosis, characterized by reduced microbial diversity 
and altered taxonomic composition, has been implicated 
in colorectal, hepatocellular, pancreatic, lung, and breast 
cancers.7,10 Mechanistically, microbial metabolites such as 
short-chain fatty acids (SCFAs), secondary bile acids, and 
tryptophan derivatives modulate epithelial proliferation, 
DNA damage responses, and immune signaling 
pathways.8,11

Certain bacterial taxa, such as Fusobacterium 
nucleatum and enterotoxigenic Bacteroides fragilis, 
appear to promote tumorigenesis through inflammatory 
signaling, the production of genotoxic metabolites, and 
immune evasion.10,12 Conversely, commensals such as 
Akkermansia muciniphila and Bifidobacterium species have 
been associated with enhanced anti-tumor immunity and 

improved responses to immune checkpoint inhibitors.13,14

Reactive oxygen species (ROS) are central regulators of 
oncogenic signaling. While moderate ROS levels promote 
proliferation and survival by activating pathways such 
as NF-κB, MAPK, and PI3K/AKT, excessive oxidative 
stress induces DNA damage, genomic instability, and 
tumor progression.15,16 Cancer cells frequently exhibit 
reprogrammed antioxidant systems, including the 
upregulation of nuclear factor erythroid 2-related factor 
2 (Nrf2)-mediated transcriptional programs, to maintain 
redox balance and resist therapy-induced oxidative 
injury.16,17

Importantly, the gut microbiota contributes directly to 
host redox homeostasis. Microbial metabolites influence 
glutathione metabolism, mitochondrial function, and 
systemic antioxidant capacity.9,18 Dysbiosis can exacerbate 
oxidative stress through increased lipopolysaccharide 
(LPS) translocation, chronic inflammation, and impaired 
barrier integrity.7,9

The success of immunotherapies, particularly PD-1/
PD-L1 and CTLA-4 inhibitors, depends on the effective 
priming and activation of cytotoxic T lymphocytes within an 
immunologically permissive microenvironment. Multiple 
landmark studies have demonstrated that gut microbiome 
composition correlates with ICB responsiveness across 
melanoma, lung cancer, and renal cell carcinoma 
cohorts.13,14,19 Fecal microbiota transplantation (FMT) 
from ICB responders into germ-free or antibiotic-treated 
mice restores anti-tumor immunity, providing causal 
evidence of microbiota-driven immunomodulation.13,19

Redox signaling further intersects with immune 
function. ROS regulate T-cell activation, differentiation, 
and exhaustion, while antioxidant pathways influence the 
function of myeloid-derived suppressor cells (MDSCs) and 
macrophage polarization.15,20 Excess oxidative stress within 
the TME may impair T-cell persistence and responsiveness, 
thereby contributing to immunotherapy resistance.20

Although microbiome research, redox biology, 
and tumor immunology have traditionally evolved as 
distinct fields, accumulating evidence suggests they are 
mechanistically interdependent. The gut microbiota 
shapes systemic immune tone and redox balance. In turn, 
oxidative stress modulates immune cell function and 
microbial ecology, and immune responses reciprocally 
influence microbial composition and epithelial oxidative 
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states.

We therefore propose the conceptual framework of the 
GIA axis, defined as a bidirectional, systems-level network 
linking intestinal microbial ecology, host redox signaling 
pathways, and anti-tumor immunity. This integrated 
perspective provides a unifying model to explain 
variability in cancer susceptibility, tumor progression, and 
immunotherapy responsiveness.

This review seeks to establish and mechanistically 
delineate the GIA axis as an integrative conceptual 
framework linking microbial ecology, redox homeostasis, 
and tumor immunobiology. It synthesizes current 
preclinical and clinical evidence elucidating how alterations 
in gut microbiota composition influence oxidative stress 
signaling and immune regulation, thereby shaping cancer 
initiation, progression, and metastatic potential. Particular 
emphasis is placed on the translational relevance of the 
GIA axis in determining responsiveness and resistance 
to ICB. Furthermore, this review critically examines 
microbiome-targeted and redox-modulating therapeutic 
strategies, including probiotic supplementation, dietary 
interventions, FMT, antioxidant-based approaches, and 

rational combination immunotherapies designed to restore 
host-microbial-redox equilibrium. Finally, it identifies key 
unresolved questions and future research priorities, with 
particular attention to precision oncology strategies that 
integrate host, microbial, and oxidative stress-associated 
determinants of tumor behavior. By consolidating 
multidisciplinary evidence within this systems-level 
framework, this review aims to advance the mechanistic 
understanding of host-tumor interactions and uncover 
novel opportunities for therapeutic innovation in cancer 
management (Figure 1).

1.1. Defining the GIA axis and its status as a 
conceptual framework

The gut microbiome, immune, and antioxidant (GIA) 
axis is proposed herein as a bidirectional, systems-level 
network through which intestinal microbial ecology, host 
redox signaling, and anti-tumor immune competence 
continuously influence one another to shape cancer risk 
and immunotherapy outcomes. It is crucial to emphasize 
that the GIA axis currently functions as an integrative, 
heuristic framework rather than a definitively validated 

Figure 1. Multiscale mechanistic framework of the gut-immune-antioxidant (GIA) axis in cancer. Intestinal microbial states and microbial metabolites 
regulate epithelial integrity and systemic redox tone, which converge on antioxidant signaling pathways and redox-sensitive immune circuits in the tumor–
immune microenvironment (TIME). Feedback from inflammatory and immune processes further reshapes microbial ecology and barrier function, 
establishing the GIA axis as a bidirectional network rather than a linear pathway. Schematic created by the authors. 
Abbreviations: H2S: Hydrogen sulfide; LPS: Lipopolysaccharide; MDSC: Myeloid-derived suppressor cells; NOX: NADPH oxidase; Nrf2: Nuclear factor 
erythroid 2-related factor 2; ROS: Reactive oxygen species; SCFA: Short-chain fatty acid; Treg: Regulatory T cell.
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biological model. While substantial mechanistic evidence 
supports discrete interactions within this network, such 
as microbiota-derived SCFAs modulating local redox 
states or specific bacterial taxa correlating with immune 
checkpoint inhibitor responsiveness, the comprehensive 
three-way integration remains largely hypothetical. 
Consequently, this review carefully distinguishes claims 
supported by direct experimental or clinical evidence from 
those that represent our integrative hypothesis. As the field 
advances, rigorous prospective validation will be required 
to transition the GIA axis from a conceptual scaffold into 
an established biological paradigm.

1.2. Relationship of the GIA axis to existing 
microbiome immunity frameworks

The relationship between the gut microbiota, host 
immunity, and oxidative stress has been the subject 
of extensive investigation, leading to the development 
of several conceptual models. Existing literature has 
robustly described bilateral interactions, including 
microbiome-immune crosstalk, microbiome-mediated 
redox regulation, and metabolic-immune integration. We 
explicitly acknowledge these foundational concepts and 
do not claim priority over them. Rather than presenting 
the GIA axis as an entirely unprecedented discovery, we 
propose it as a necessary evolution of these prior models, 
designed to synthesize disparate observations into a 
unified, tripartite network.

The primary novelty of the GIA framework lies in 
its explicit nomination of redox signaling as the central 
integrative hub. While previous models have often treated 
oxidative stress as a downstream consequence of microbial 
dysbiosis or immune activation, the GIA axis posits that 
redox homeostasis is the primary mechanistic conduit 
through which microbial metabolites calibrate anti-tumor 
immune competence. By positioning redox biology at the 
center of this network, the framework provides a more 
cohesive explanation for how specific microbial signatures 
translate into distinct immunological phenotypes within 
the TME.

Furthermore, the GIA axis offers enhanced predictive 
and translational value through two key conceptual 
extensions. First, it incorporates a route-dependent, 
multi-organ perspective, as detailed in Section 3.4, which 
elucidates how gut-derived signals propagate systemically 
to influence extra-intestinal malignancies. Second, it 
introduces the concept of composite biomarker profiling, 
outlined in Section 6.2, which integrates microbial, 
redox, and immune metrics to stratify patients for 
immunotherapy. 

1.3. Literature search strategy

This narrative review used a structured, non-systematic 
literature search to identify relevant preclinical, 
translational, and clinical studies. Comprehensive searches 
were performed across the PubMed/MEDLINE, Scopus, 
and Web of Science databases from their inception through 
July 2026. The primary search strategy utilized Boolean 
combinations of the following key terms: (“gut microbiome” 
OR “gut microbiota” OR “intestinal microbiome”) 
AND (“oxidative stress” OR “redox homeostasis” OR 
“antioxidant” OR “Nrf2”) AND (“immunity” OR 
“immune checkpoint” OR “immunotherapy” OR “tumor 
microenvironment”) AND (“cancer” OR “tumor” OR 
“oncology”). The search was restricted to English-language 
articles. Article selection prioritized peer-reviewed original 
research, comprehensive reviews, and meta-analyses. 
Priority was given to recent publications (within the last 
five years) to capture the rapidly evolving translational and 
clinical landscape, while foundational mechanistic studies 
were included regardless of publication date. Additional 
relevant articles were identified through manual screening 
of the reference lists of included studies.

2. Core components of the GIA axis
2.1. Gut microbiota and redox homeostasis

A eubiotic gut microbiota is characterized by high 
taxonomic diversity, functional redundancy, and 
dominance of health-associated commensals such as 
Faecalibacterium, Akkermansia, Bifidobacterium, and 
Lactobacillus species, which collectively sustain epithelial 
barrier integrity, immune tolerance, and redox balance.21,22 
In this state, microbial metabolic outputs, including SCFAs, 
indole derivatives, and other small molecules, support 
antioxidant defenses, limit endotoxemia, and prevent 
chronic low-grade inflammation that would otherwise 
drive oxidative stress and carcinogenesis.21,23 

By contrast, dysbiosis in cancer and pre-malignant 
conditions is frequently characterized by reduced microbial 
diversity, expansion of pathobionts (e.g., Fusobacterium 
and genotoxin-producing Escherichia coli), and loss of key 
butyrate producers, together with altered redox tolerance 
across the community.23-25 Experimental profiling of fecal 
and isolate-level oxidative-stress responses indicates that 
exposure to ROS reshapes community structure, favoring 
aerotolerant and pro-inflammatory taxa at the expense 
of obligate anaerobes.23 This shift promotes barrier 
dysfunction, enhances LPS translocation, and perpetuates 
a feed-forward loop of inflammation and oxidative damage 
that can modulate cancer risk and therapy responses.21,23-25 
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2.1.1. Taxonomic and functional signatures of the GIA 
axis

The gut microbiota is a highly complex and heterogeneous 
community rather than a uniform system, in which 
individual microbial taxa play distinct, sometimes 
opposing roles within the GIA axis (Table 1). Beneficial 
commensals, such as Akkermansia muciniphila and 
Bifidobacterium species, help maintain intestinal barrier 
integrity and enhance systemic anti-tumor immune 
responses. In contrast, opportunistic pathogens like 

Fusobacterium nucleatum disrupt these protective 
mechanisms by promoting a pro-tumorigenic 
environment.26 These harmful microbes drive the GIA 
axis toward persistent inflammation through mechanisms 
that include oxidative stress generation, often mediated by 
enzymes such as spermine oxidase, and the recruitment 
of immunosuppressive cell populations.21 Recognizing 
these taxonomic and functional distinctions is critical for 
defining microbial profiles that may serve as biomarkers 
for cancer susceptibility and response to therapy.27

Table 1. Pro- and anti-tumor activities of key gut microbiota: mechanistic insights and immuno-redox interactions

Bacterial taxon GIA role (pro- or 
anti-tumor) Primary mechanism of action Impact on redox/immune signaling Ref.

Akkermansia 
muciniphila 
(AKK-OMVs, 
Amuc_1434)

Anti-tumor

The OMVs containing Amuc_1434 
contribute to mucosal integrity and 
acetate production. Furthermore, 
they exert an antitumor effect 
by downregulating PD-L1 and 
activating CD8⁺ T cells.

Increases CD8⁺ T cell proliferation and infiltration; 
elevates IFN-γ and IL-2 levels; enhances antitumor 
immunity; reduces tumor growth

28

Bifidobacterium 
spp. Anti-tumor

Modulates dendritic cell maturation 
to regulate host immune responses 
and enhance the efficacy of ICIs, 
offering potential synergistic effects 
in immunotherapy.

Improves antitumor immunity; may enhance ICI 
responsiveness; mechanisms involve immune 
activation pathways, though precise molecular 
interactions and redox-related effects remain to be 
fully elucidated.

29

Fusobacterium 
nucleatum Pro-tumor

Induces chronic inflammation via 
IL-1β, IL-6, and TNF-α; adheres 
to epithelial cells through FadA, 
disrupting junctions and promoting 
EMT; alters gut microbiota and 
activates Wnt/β-catenin signaling.

Increases ROS production leading to DNA 
damage; suppresses immune responses; promotes 
immunosuppressive microenvironment; enhances 
tumor progression, metastasis, and therapy resistance

30

Faecalibacterium 
prausnitzii

Anti-inflammatory / 
Anti-tumor

F. prausnitzii: SCFA (butyrate) 
production, HDAC inhibition, 
MAM secretion, Treg induction, 
epithelial barrier enhancement. 

Regulates Th17/Treg balance; activates SCFA–GPR 
signaling; suppresses pro-inflammatory cytokines; 
enhances barrier integrity; reduces oxidative stress 

31

Bacteroides fragilis 
(ETBF) Pro-tumor

Produces BFT; modulates tumor-
immune microenvironment in liver 
metastases

Increases CD68⁺ macrophage infiltration; reduces 
FOXP3⁺ regulatory T cells (Tregs); promotes immune 
evasion without affecting CD8⁺ T cells or B cells

32

Abbreviations: BFT: Bacteroides fragilis toxin; EMT: Epithelial–mesenchymal transition; GPR: G-protein-coupled receptor; ICI: Immune checkpoint 
inhibitor; IFN: Interferon; IL: Interleukin; OMV: Outer membrane vesicle; ROS: Reactive oxygen species; SCFA: Short-chain fatty acid; TNF-α: Tumor 
necrosis factor alpha.

Microbial metabolites serve as central mediators 
linking the microbiota to host redox homeostasis. SCFAs 
such as butyrate, acetate, and propionate, produced by 
fermentation of dietary fiber, regulate redox status via 
multiple mechanisms: inhibition of histone deacetylases 
(HDACs), activation of G-protein-coupled receptors 
(e.g., GPR41/43), and upregulation of antioxidant and 
detoxification genes, partly through Nrf2-dependent 
transcriptional programs. Butyrate enhances glutathione 

synthesis, improves mitochondrial efficiency, and reduces 
ROS production, thereby limiting oxidative DNA damage 
in the intestinal epithelium and shaping the tumor-
immune microenvironment (TIME).22,33 

Bile acids, extensively modified by gut microbes, also 
exert strong redox-modulating effects. While activation of 
FXR and TGR5 by specific bile acid species can dampen 
inflammation and oxidative stress, accumulation of 
hydrophobic secondary bile acids (e.g., deoxycholic acid) 
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promotes mitochondrial dysfunction, ROS generation, 
and DNA damage in hepatocytes and colonic epithelial 
cells.24,25 Tryptophan-derived indole metabolites act 
through the aryl hydrocarbon receptor (AhR) to maintain 
barrier integrity, regulate antioxidant gene expression, and 
modulate mucosal immune tone, whereas dysregulated 
tryptophan catabolism skews toward immunosuppressive 
kynurenine pathways that may foster a pro-oxidant, tumor-
permissive milieu.21,25 Hydrogen sulfide (H₂S), produced 
by both host and bacterial enzymes, further exemplifies 
this duality: at physiological levels, it acts as a gaseous 
signaling molecule with cytoprotective and antioxidant 
effects, but at higher concentrations it becomes cytotoxic, 
contributing to epithelial damage and genotoxic stress.22,25

Collectively, these data support a model in which the 
functional metabolic wiring of the gut microbiota, rather 
than taxonomic composition alone, critically determines 
host redox homeostasis and, by extension, the behavior 
of the TIME. Within the GIA axis, microbiota-derived 

metabolites continually calibrate systemic oxidative tone, 
influencing immune cell programming and responsiveness 
to anticancer therapies (Figure 2).

2.1.2. The metabolite “highways” of redox signaling

Communication between the gut microbiota and the 
TME is primarily driven by a wide range of microbial 
metabolites that function as signaling mediators along 
the GIA axis (Table 2). Among these, SCFAs, especially 
butyrate, play a pivotal role as epigenetic regulators by 
maintaining redox balance through Nrf2 activation and 
by supporting the differentiation of regulatory T cells, 
as detailed in Section 2.1. In contrast, other metabolites, 
such as lipopolysaccharide (LPS) and certain secondary 
bile acids, can push the system toward a pro-oxidative 
state, leading to mitochondrial impairment and enhanced 
systemic inflammation. Overall, this table highlights how 
these metabolic intermediates serve as signaling pathways 
that shape the direction and intensity of the host immune 
response.

Figure 2. The three metabolite pathways of the gut–immune–antioxidant (GIA) axis. Microbiota-derived metabolites are major functional mediators 
linking gut ecology to host redox homeostasis. Short-chain fatty acids (SCFA) promote glutathione synthesis, mitochondrial efficiency, and Nrf2-
associated antioxidant programs; bile acid derivatives signal through protective FXR/TGR5 pathways or, when skewed toward hydrophobic secondary 
bile acids, drive mitochondrial dysfunction and reactive oxygen species (ROS) accumulation; and tryptophan-derived indoles support barrier integrity 
and antioxidant gene expression through AhR, whereas kynurenine-biased routing favors an immunosuppressive, pro-oxidant state. Together, these three 
metabolite pathways calibrate whether the mucosal environment remains redox-balanced or shifts toward oxidative injury and tumor-permissive drift. 
Schematic created by the authors. 
Abbreviations: AhR: Aryl hydrocarbon receptor; BAS: Bile acids; HDAC: Histone deacetylase; Nrf2: Nuclear factor erythroid 2-related factor 2; ROS: 
Reactive oxygen species; SCFA: Short-chain fatty acid.
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2.1.3. Extracellular vesicles and microbiota-derived 
signaling particles

Beyond soluble metabolites, membrane-bound 
extracellular vesicles constitute an additional, less 
extensively characterized signaling modality within the 
GIA axis. Outer membrane vesicles (OMVs) released 
by Gram-negative commensals, exemplified by the 
Akkermansia muciniphila OMVs discussed in Table 1, can 
carry metabolic enzymes, immunomodulatory proteins, 
and antigenic cargo capable of engaging host pattern-
recognition receptors and modulating anti-tumor T-cell 
responses at sites distant from their release.38 Because 
vesicular cargo is protected from luminal degradation, 
extracellular vesicles may allow microbiota-derived signals 
to act with greater spatial and temporal precision than free 
metabolites. We identify microbiota-derived extracellular 
vesicles as an emerging axis of GIA signaling meriting 
dedicated mechanistic and translational investigation.

2.2. Oxidative stress and antioxidant systems in the 
tumor–immune microenvironment

The tumor–immune microenvironment (TIME) is 

characterized by highly heterogeneous redox landscapes, 
shaped by ROS and reactive nitrogen species (RNS) 
produced by both malignant and immune cells. 
Mitochondria are major sources of ROS via electron leakage 
at complexes I and III of the electron transport chain, and 
elevated metabolic flux in proliferating tumor cells and 
activated immune cells enhances ROS production.39,40 
Additional enzymatic sources include NADPH oxidases 
(NOX1-5, DUOX1/2) in tumor, stromal, and immune 
cells, xanthine oxidoreductase, and peroxisomal oxidases, 
whereas RNS are generated mainly via inducible nitric 
oxide synthase (iNOS) in macrophages, dendritic cells, 
and other myeloid populations.41,42 In the TIME, hypoxia, 
nutrient deprivation, and oncogenic signaling converge 
to amplify ROS and RNS, resulting in oxidative stress 
that impacts genomic stability, cell death pathways, and 
immune cell function.43,44 

To survive in this oxidatively stressed context, both 
tumor and stromal cells deploy layered antioxidant defense 
systems. Central to this is the Nrf2-Keap1 pathway: under 
basal conditions, Keap1 targets Nrf2 for proteasomal 
degradation, whereas oxidative or electrophilic stress 

Table 2. Microbial metabolites as redox and immune modulators

Metabolite class Example Redox impact Immunomodulatory effect Ref.

SCFAs (livestock 
application) Butyrate

Enhances antioxidant capacity, activates NRF2, 
improves mitochondrial efficiency, and reduces 
oxidative stress.

By inhibiting HDACs, these metabolites 
promote a healthy Treg/Th1 balance and 
improve gut barrier integrity. Furthermore, they 
reduce inflammation, modulate the microbiota, 
and support mucosal immunity by enhancing 
IL-22 production.

34

TCM formula–
microbiota–bile 
acid axis

Xiayuxue 
decoction 
(XYXD)

Modulates bile acid metabolism via gut 
microbiota (↑BSH activity → ↑primary bile acids, 
↓secondary bile acids); indirectly influences 
oxidative balance in liver microenvironment.

Activates hepatic natural killer T cells via 
primary bile acids → ↑IFN-γ production → anti-
HCC immune response.

35

Indoles 
(therapeutic)

Indole-3-
carboxaldehyde 
(IAld)

Activates AhR/AMPK signaling; preserves 
mitochondrial integrity; promotes autophagy; 
reduces TNF-α-induced oxidative stress.

Enhances intestinal barrier (↑ tight junctions); 
maintains mucosal homeostasis; reduces 
inflammation in colitis.

34

Gasotransmitters Hydrogen 
sulfide (H₂S)

Regulates redox homeostasis via the 
transsulfuration pathway (TSP) and SQR-
mediated oxidation; modulates mitochondrial 
and cytosolic energy metabolism; signals 
through persulfidation and reactive polysulfides.

Modulates macrophage inflammatory 
phenotype; reduces proinflammatory activation; 
influences gene expression, transcription factors, 
and immune signaling pathways.

36

Pyranocoumarin 
(natural 
compound)

Decursinol 
angelate (DA)

Inhibits NADPH oxidase (NOX) and iNOS → 
reduces ROS generation; blocks MAPK (Raf–
ERK) signaling.

Inhibits NFκB translocation; suppresses IL-1β 
and IL-6; prevents M1 macrophage polarization 
and inflammatory activation.

37

Abbreviations: BSH: Bile salt hydrolase; HCC: Hepatocellular carcinoma; HDAC: Histone deacetylase; IFN-γ: Interferon gamma; IL: Interleukin; NFκB: 
Nuclear factor kappa B; Nrf2: Nuclear factor erythroid 2-related factor 2; SCFA: Short-chain fatty acid; TCM: Traditional Chinese medicine; Th1: T 
helper cell 1; Treg: Regulatory T cell.
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disrupts this interaction, allowing Nrf2 to accumulate, 
translocate to the nucleus, and drive transcription of a 
broad cytoprotective program encompassing glutathione 
synthesis (GCLC, GCLM), detoxification enzymes, and 
ROS-scavenging systems.45,46 Persistent activation of Nrf2 
is a common event in human cancers, where it supports 
metabolic rewiring, ferroptosis resistance, and therapy 
tolerance, and is increasingly recognized as a key regulator 
of the TIME and immunotherapy responsiveness.47,48 

The glutathione (GSH) system constitutes a major redox 
buffer, with GSH/GSSG cycling controlled by glutamate-
cysteine ligase, glutathione synthetase, glutathione 
peroxidases, and glutathione reductase.49 In many tumors, 
increased GSH pools and glutathione peroxidase (GPX) 
activity mitigate chemotherapy- and radiotherapy-
induced ROS, while also shaping redox signals in 
infiltrating lymphocytes and myeloid cells.50 In parallel, 
the thioredoxin (Trx) system (Trx1/Trx2, thioredoxin 
reductases, and peroxiredoxins) maintains redox-sensitive 
cysteine residues in metabolic and signaling proteins, 
influencing antigen processing, cytokine production, and 
cell survival.51 Superoxide dismutases (SODs) and catalase 
further detoxify superoxide and hydrogen peroxide, 
collectively preventing uncontrolled oxidative damage 
yet simultaneously constraining ROS-dependent immune 
activation.

Recent work underscores that antioxidant pathways 
are not merely protective but immunomodulatory. Nrf2 
activation in tumor cells and myeloid cells can dampen 
inflammatory cytokine production, limit type I interferon 
(IFN) signatures, and reduce immune-cell infiltration, 
thereby fostering immune evasion and resistance to ICB.52,53 
Conversely, targeted modulation of Nrf2, glutathione 
metabolism, or mitochondrial ROS production is emerging 
as a strategy to recondition the TIME and enhance anti-
tumor immunity, placing redox biology at the heart of 
rational attempts to manipulate the GIA axis.

2.3. Redox-sensitive immune pathways

ROS and RNS act as critical secondary messengers in 
immune cells, with concentration, localization, and 
duration of the signal determining whether they support 
activation or drive dysfunction. In antigen-presenting 
cells, moderate ROS levels promote efficient antigen 
processing, cross-presentation, and upregulation of 
costimulatory molecules. In contrast, excessive oxidative 
stress impairs proteasomal function, destabilizes MHC-
peptide complexes, and can induce dendritic cell apoptosis, 
reducing the priming of tumor-specific T cells.54 In T 
lymphocytes, tightly regulated ROS pulses downstream 

of T-cell receptor (TCR) engagement, originating from 
mitochondrial electron transport and NOX2 activity, 
amplify proximal signaling, sustain calcium influx, and 
activate redox-sensitive transcription factors such as 
NFAT, NF-κB, and AP-1.55 When ROS levels exceed 
buffering capacity, however, they drive lipid peroxidation, 
DNA damage, and metabolic exhaustion, leading to T-cell 
dysfunction and apoptosis within the TIME.56 

Distinct immune subsets exhibit differential redox 
vulnerability. Effector CD8⁺ T cells, which rely heavily on 
oxidative phosphorylation and glycolysis, are particularly 
sensitive to mitochondrial ROS-driven exhaustion; 
strategies that restore mitochondrial fitness and fine-tune 
ROS levels have been shown to reinvigorate exhausted T 
cells and improve responses to checkpoint inhibitors.57 
Regulatory T cells (Tregs) and MDSCs often thrive in 
oxidative, metabolite-depleted niches. MDSCs generate 
high levels of ROS and peroxynitrite that nitrates TCR 
and MHC molecules, blunting antigen-specific T-cell 
recognition, while Tregs harness distinct antioxidant 
programs that allow them to maintain suppressive function 
under oxidative stress.58,59

These cellular effects are embedded within a broader 
network of redox-sensitive transcriptional pathways. 
Nrf2, NF-κB, and type I/II IFN signaling intersect 
extensively in the TIME. On the one hand, ROS activate 
NF-κB and IRF family transcription factors, promoting 
the production of pro-inflammatory cytokines and IFN, 
which are necessary for effective anti-tumor immunity.60 
On the other hand, sustained oxidative stress and 
chronic Nrf2 activation in tumor cells, tumor-associated 
macrophages, and other myeloid populations can skew 
signaling toward immunosuppressive phenotypes, with 
reduced IFN signatures, enhanced expression of inhibitory 
ligands, and metabolic barriers to T-cell infiltration.61,62 
Recent studies show that Nrf2 hyperactivation can directly 
reduce immune-cell infiltration and polarize tumor-
associated macrophages toward cancer-promoting states, 
thereby undermining checkpoint blockade and other 
immunotherapies.63,64

Within the GIA axis framework, these findings highlight 
ROS/RNS not simply as byproducts of inflammation or 
metabolism, but as integrative signals through which the 
gut microbiota, antioxidant systems, and immune pathways 
continuously communicate. Modulating redox-sensitive 
immune circuits through microbiota-derived metabolites, 
targeted redox therapies, or combined immunomodulatory 
strategies represents a key opportunity to rewire the TIME 
toward durable anti-tumor immunity.21
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2.3.1. Redox–immune interactions and therapeutic 
resistance

The effectiveness of immunotherapy is strongly shaped by 
the oxidative balance within the TME, which is significantly 
modulated by systemic GIA-related signaling (Table 3). 
Elevated levels of ROS, along with enhanced activation of 
antioxidant defense mechanisms, such as the Nrf2 pathway, 
in tumor cells, create conditions unfavorable for cytotoxic 

T lymphocytes. This oxidative stress contributes to T-cell 
metabolic dysfunction, reduced survival, and diminished 
antitumor activity. Understanding the interplay between 
redox regulation and immune escape mechanisms reveals 
that resistance to PD-1/PD-L1 blockade frequently reflects 
an imbalance within the GIA regulatory network. Table 
3 summarizes how distinct redox alterations are linked 
to both intrinsic and acquired resistance mechanisms 
observed in cancer immunotherapy.65

Table 3. Redox signaling crosstalk in immunotherapy resistance

Redox factor Effect on TME Impact on immunotherapy response Ref

Nrf2 
overexpression

Enhances antioxidant defense, detoxification pathways, 
and metabolic adaptation of cancer cells under oxidative 
stress.

Promotes therapy resistance, immune evasion, and 
reduced sensitivity to ferroptosis and immune checkpoint 
blockade.

66

High ROS in TME
Promotes oxidative stress, DNA damage, genomic 
instability, and activation of proliferative signaling 
pathways.

Reduces immune cell function and contributes to 
resistance against immunotherapies. 67

Cadmium-
induced HIF-1α 
stabilization

Enhances K63-linked ubiquitination, promotes ER 
stress, blocks autophagy, and supports IL-8 and VEGF 
expression under normoxic conditions.

Favors immune suppression and tumor progression 
through hypoxia-like signaling, inflammatory cytokine 
production, and angiogenesis, potentially reducing 
immunotherapy efficacy.

68

GSH depletion
Weakens intracellular antioxidant defense, increases 
sensitivity to oxidative stress, disrupts mitochondrial 
metabolism, and impairs endothelial barrier integrity.

May enhance oxidative-based therapies but can suppress 
adaptive immune responses through reduced T-cell 
proliferation and function.

69

Abbreviations: ER: Endoplasmic reticulum; GSH: Glutathione; HIF-1α: Hypoxia-inducible factor 1-alpha; IL: Interleukin; Nrf2: Nuclear factor erythroid 
2-related factor 2; ROS: Reactive oxygen species; TME: Tumor microenvironment; VEGF: Vascular endothelial growth factor. 

3. Cancer-specific manifestations of the GIA 
axis
3.1. Colorectal cancer

Colorectal cancer (CRC) is the prototypical malignancy 
in which the GIA axis is most clearly discernible at the 
mucosal interface. CRC patients consistently exhibit a 
CRC-specific dysbiosis characterized by enrichment of 
pro-inflammatory and genotoxic taxa (e.g., Fusobacterium 
nucleatum, enterotoxigenic Bacteroides fragilis, and pks⁺ 
Escherichia coli) and depletion of butyrate-producing 
commensals such as Faecalibacterium prausnitzii, 
Roseburia, and Eubacterium rectale.70,71 This shift is observed 
across sporadic, adenoma-bearing, and carcinoma stages, 
and is accentuated in colitis-associated CRC, suggesting 
an early and progressive remodeling of the colonic GIA 
axis. Mechanistically, dysbiosis promotes chronic mucosal 
inflammation, epithelial barrier disruption, and sustained 
ROS and RNS generation, creating a mutagenic niche that 
accelerates genomic instability and clonal evolution.72,73 

In both sporadic and inflammatory bowel disease 
(IBD)-associated CRC, oxidative stress is a central 
mediator linking dysbiosis to carcinogenesis. Dysregulated 
gut communities increase luminal and mucosal ROS via 
several routes: induction of inflammatory cascades (NF-
κB activation, cytokine release) in epithelial and immune 
cells; secretion of bacterial toxins (e.g., colibactin, B. fragilis 
toxin) that trigger DNA damage and redox imbalance; and 
production of metabolites such as secondary bile acids 
and hydrogen sulfide (H₂S), which impair mitochondrial 
function and promote lipid peroxidation.74 In IBD, 
recurrent cycles of inflammation and injury amplify these 
redox insults, accelerating the sequence from dysplasia 
to carcinoma, with elevated oxidative DNA lesions (e.g., 
8-oxo-dG) and defective DNA repair frequently reported 
in colitis-associated neoplasia.75 

Within this colonic GIA axis, microbial metabolites 
act as fine-tuners of redox and immune tone. As 
detailed in Section 2.1, butyrate and other SCFAs 
support epithelial barrier integrity, fuel colonocytes, 
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and upregulate antioxidant and detoxification pathways, 
thereby constraining ROS accumulation and pro-
tumor inflammation.76 Conversely, dysbiosis-associated 
accumulation of secondary bile acids (e.g., deoxycholic 
acid) and H₂S enhances mitochondrial ROS, DNA damage, 
and inflammasome activation, tipping the balance toward 
a pro-oxidant, tumor-permissive microenvironment.77 
CRC lesions are therefore embedded in a rewired local 
GIA axis in which pathogenic taxa and their metabolites 
sustain redox stress, recruit immunosuppressive myeloid 
and T-cell subsets, and blunt anti-tumor immunity, while 
loss of eubiotic SCFA-producing consortia removes key 
antioxidant and immunoregulatory brakes.78

3.2. Hepatobiliary and pancreatic malignancies

3.2.1. Gut–liver–pancreas interactions and oxidative 
injury

The gut-liver-pancreas axis provides a direct anatomical 
and metabolic route through which the intestinal 
microbiota modulates hepatobiliary and pancreatic 
carcinogenesis. Portal venous drainage delivers microbe-
associated molecular patterns (MAMPs) such as LPS, 
peptidoglycan, and bacterial DNA, along with microbially 
modified bile acids and other metabolites, directly to the 
liver. In chronic liver disease and metabolic dysfunction–
associated steatotic liver disease, dysbiosis and increased 
intestinal permeability amplify this portal influx, activating 
TLR4 and related pattern-recognition receptors on Kupffer 
cells, liver sinusoidal endothelial cells, and hepatic stellate 
cells.79 Downstream, NADPH oxidases, mitochondrial 
respiratory chain enzymes, and inducible nitric oxide 
synthase (iNOS) generate abundant ROS and RNS, driving 
lipid peroxidation, stellate-cell activation, and progressive 
fibrosis that sets the stage for hepatocellular carcinoma 
(HCC).80 

Bile acid metabolism forms a second major redox-
sensitive conduit within this axis. Gut microbes convert 
primary bile acids to secondary bile acids, thereby 
modulating FXR and TGR5 signaling in hepatocytes, 
cholangiocytes, and immune cells. In HCC, dysbiosis-
driven alterations in the bile acid pool foster oxidative 
stress by inducing mitochondrial dysfunction and 
NOX-dependent ROS production, while simultaneously 
reshaping immune cell recruitment and function in the 
hepatic TME.81 Recent integrative reviews highlight that gut 
dysbiosis and bile acid dysregulation collectively damage 
the gut-vascular barrier, alter intratumoral microbiota 
composition, and sculpt an immunosuppressive, pro-
oxidant hepatic niche that undermines surveillance and 
promotes HCC progression.82 

The pancreas is likewise embedded in this GIA 

circuitry. Translocation of oral and intestinal bacteria 
into the pancreatic ductal system or parenchyma, 
together with systemic dissemination of microbial 
metabolites, contributes to chronic pancreatitis, 
pancreatic ductal fibrosis, and the initiation of pancreatic 
ductal adenocarcinoma (PDAC).83 Pancreas-associated 
microbiota have been shown to modulate local immune 
infiltration, stromal activation, and redox balance: certain 
taxa can shield tumor cells from oxidative damage, whereas 
others promote smoldering inflammation and ROS and 
RNS generation that facilitate oncogenic transformation 
and therapy resistance.84 Microbiome-focused reviews 
emphasize that gut, oral, and intrapancreatic communities 
influence PDAC risk, desmoplastic remodeling, and 
responses to chemotherapy and immunotherapy, partly 
via bile acid and SCFA signaling, NOX activation, and 
modulation of myeloid cell phenotypes within the 
pancreatic TME.85 

3.2.2. Fibrosis, carcinogenesis, and therapy response

Across hepatobiliary and pancreatic cancers, the GIA axis 
shapes both fibrogenesis and therapeutic vulnerabilities. 
In HCC, gut dysbiosis–driven oxidative stress accelerates 
stellate-cell activation and extracellular matrix deposition, 
thereby promoting cirrhosis and providing a fibrotic 
scaffold for malignant transformation. Intratumoral and 
portal microbiota also modulate response to locoregional 
therapies and immunotherapy; HCC cohorts with 
favorable gut microbial signatures exhibit stronger 
intrahepatic immune activation and better survival under 
ICB, whereas dysbiotic profiles correlate with exhausted 
T-cell phenotypes and impaired IFN signaling.86

In PDAC, microbiota-conditioned redox and 
immune landscapes contribute to the profound therapy 
resistance that characterizes this disease. Elevated ROS 
within hypoxic, desmoplastic pancreatic tumors can 
both promote mutagenesis and select for clones with 
upregulated antioxidant defenses, reducing susceptibility 
to ROS-dependent cytotoxic therapies. Microbiome-
targeted strategies, including antibiotics, probiotics, 
engineered consortia, and FMT, are being explored to 
reconfigure the pancreatic GIA axis, dampen pro-tumor 
oxidative signaling, relieve immunosuppression, and 
sensitize tumors to chemotherapy, radiotherapy, and 
immunotherapy.87

Although the mechanistic evidence for hepatobiliary 
and pancreatic malignancies is currently less mature than 
that for CRC, emerging multi-omic studies are rapidly 
elucidating the specific microbial metabolites and redox 
signatures that drive therapy resistance in these contexts, 
representing a critical frontier for future GIA axis research.
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3.3. Extra-intestinal and CNS tumors

3.3.1. Systemic spillover of inflammatory and redox 
mediators

The influence of the GIA axis is not confined to the gut 
and hepatopancreatic systems. Systemic spillover of 
inflammatory mediators, ROS and RNS, and microbiota-
derived metabolites links intestinal dysbiosis to cancers 
in distant organs, including lung, breast, and hematologic 
malignancies. Chronic gut-derived endotoxemia 
and cytokine release promote a state of low-grade 
metaflammation in which redox-sensitive pathways 
(e.g., NF-κB, STAT3) are tonically activated in peripheral 
tissues, biasing toward oncogenic signaling, epithelial-
mesenchymal transition, and immune dysfunction.88 
Circulating metabolites such as SCFAs, tryptophan-
derived kynurenines, and bile acid derivatives further 
modulate systemic antioxidant defenses and immune 
cell differentiation, creating organ-specific niches that 
can either restrain or favor tumor growth depending on 
context and metabolite balance.89

In this systemic perspective, the GIA axis functions as 
a body-wide rheostat, in which gut microbial composition 
and metabolism simultaneously tune redox homeostasis 
and immune tone across multiple anatomical sites. Tumors 
arising outside the intestine thus inherit a background of 
GIA programming shaped by diet, antibiotics, comorbid 
inflammatory disease, and other host-environment 
interactions.

3.3.2. The Gut–brain–tumor axis in glioma

Gliomas and glioblastoma provide a clear example of an 
extra-intestinal malignancy influenced by a gut-brain-
tumor branch of the GIA axis. The gut microbiota affects 
central nervous system (CNS) physiology via immune, 
neural, endocrine, and metabolic routes, including vagal 
signaling, modulation of circulating cytokines, and 
production of BBB-permeable metabolites such as SCFAs, 
tryptophan derivatives, and microbial neurotransmitter 
analogs. Recent reviews highlight that dysbiosis in glioma 
patients is associated with altered inflammatory and 
metabolic profiles, microglial activation, and changes in 
BBB integrity, all of which are tightly coupled to redox 
signaling in the brain TME.90 

Within gliomas, microglia and tumor-associated 
macrophages are key executors of redox-dependent 
immunomodulation. Gut-derived signals can skew these 
cells toward pro-tumor phenotypes characterized by 
high NOX activity, ROS production, and secretion of 
immunosuppressive cytokines, thereby fostering glioma 
cell proliferation, invasion, and resistance to therapy. 
Conversely, restoration of eubiotic microbiota or targeted 

modulation of specific taxa has been shown in pre-
clinical models to recalibrate microglial activation states, 
reduce oxidative stress, and enhance anti-tumor immune 
responses, including improved efficacy of immune 
checkpoint inhibitors and radiotherapy.91 

Clinical and translational studies now describe a 
glioma-specific GIA signature, wherein gut microbial 
profiles correlate with systemic oxidative and inflammatory 
markers, intratumoral immune infiltration, and patient 
outcomes. Integrative analyses of the gut-brain-immune 
axis in glioma propose that microbiota-driven modulation 
of Nrf2, NF-κB, and interferon pathways, both peripherally 
and within the CNS, critically shapes glioma biology 
and treatment response. Conceptually, gliomas sit at the 
distal end of a gut-brain-tumor conduit, where intestinal 
dysbiosis, redox imbalance, and immune dysregulation 
converge to regulate tumor growth, progression, and 
susceptibility to immunotherapeutic and cytotoxic 
interventions.92

3.3.3. Systemic microbiome remodeling beyond the 
gut

Although the GIA axis is conceptualized primarily 
around the intestinal microbiota, treatment-associated 
microbial remodeling is not restricted to the gut. Emerging 
longitudinal evidence indicates that other mucosal microbial 
niches, including the oral and salivary microbiomes, 
undergo significant disease- and chemotherapy-associated 
compositional shifts during systemic cancer therapy. 
For instance, longitudinal alterations in the salivary 
microbiome have been documented in breast cancer 
patients undergoing neoadjuvant chemotherapy.93 Such 
findings suggest that the GIA concept may extend to extra-
intestinal mucosal microbial compartments, representing 
an additional dimension of host-microbe-redox interaction 
that warrants further investigation beyond the gut-centric 
framework.

3.4. Comparative GIA manifestations across tumor 
sites

The behavior of the GIA axis varies according to tumor 
location and the pathways through which microbial 
signals spread (Table 4). In CRC, these interactions occur 
locally through direct contact with the gut environment. In 
contrast, tumors of the hepatobiliary system and the CNS 
are influenced through indirect mechanisms, including 
portal blood flow and gut-brain communication pathways. 
The accompanying comparison outlines how microbial 
imbalance, oxidative damage, and immune alterations 
collectively contribute to disease progression in CRC, 
HCC, PDAC, and glioma. It emphasizes route-dependent 
transmission along the GIA axis and highlights the distinct 

https://doi.org/10.36922/EJMO026240265


Eurasian Journal ofEurasian Journal of
Medicine and OncologyMedicine and Oncology Host-microbial crosstalk in cancer immunotherapy response

Volume X Issue X (2026)	 12� doi: 10.36922/EJMO026240265

oxidative stress conditions characteristic of each affected 
organ.94 

We selected CRC as the principal model for illustrating 
the GIA axis in this review because it is the malignancy 
for which direct mucosal contact with the gut microbiota, 
the largest volume of mechanistic and clinical evidence 
linking dysbiosis to redox-driven carcinogenesis, and the 
most mature microbiome-immunotherapy correlative 
data currently exist. The comparatively shorter treatment 
of hepatobiliary, pancreatic, and glioma manifestations 
presented above reflects the earlier stage of mechanistic and 
clinical evidence currently available for these tumor types, 

rather than an assessment of their biological importance 
within the GIA framework. We acknowledge this 
asymmetry explicitly as a limitation of the current evidence 
base, as discussed further in Section 6.3. As longitudinal 
cohort studies, intratumoral microbiome profiling, 
and multi-omic integration expand for hepatocellular 
carcinoma, pancreatic ductal adenocarcinoma, and CNS 
malignancies, we anticipate that the GIA axis will be 
elaborated with equivalent mechanistic depth across these 
tumor types. Until such data mature, the present review 
necessarily relies on CRC as the most fully characterized 
exemplar of microbiome-redox-immune integration at the 
mucosal interface (Figure 3).

Table 4. Manifestations of the GIA axis across different malignancies

Cancer type Primary GIA route Dominant redox stressor Key immune shift Ref.

GI cancers 
(general)

Direct local mucosal
Interaction; 
microbial metabolite signaling

Oxidative stress from redox 
imbalance (ROS, H₂S, NO, SCFAs 
dysregulation)

Chronic inflammation with immune 
dysregulation (DNA damage, mutation 
accumulation)

95

Colorectal 
(CRC)

Local mucosal (direct bacterial 
interaction)

Bacterial genotoxins (e.g., colibactin, 
CDT that lead to DNA damage & 
ROS-mediated oxidative stress)

•	 Genomic instability with impaired 
immune surveillance 
•	 loss of SCFA-mediated Treg/Th17 
balance

78

Hepatocellular 
(HCC)

Portal circulation + bile acid 
accumulation/lymphatic 
dissemination

Bile acid–induced redox imbalance 
(cholestasis, oxidative stress from 
bile acid overload)

Suppressed natural killer T cell recruitment; 
M2-like TAM polarization that leads to an 
immunosuppressive microenvironment & 
enhanced metastasis

96

Pancreatic 
(PDAC)

Systemic translocation and stromal–
tumor interaction

Hypoxia-driven ROS modulation, 
desmoplastic stroma–mediated 
redox buffering (CAFs shielding)

Stromal-driven immune modulation with 
myeloid polarization (TAMs/MDSCs) and 
inflammatory cell recruitment

97

Glioma 
(GBM)

Gut–brain axis (microbiota–
metabolite signaling)

Metabolite-driven redox 
modulation (glycine, 
β-hydroxybutyrate) with altered 
brain metabolome

Microglia-driven pro-angiogenic TME; 
astrocyte-mediated pro-inflammatory 
activation (KD-induced)

98

Abbreviations: CAF: Cancer-associated fibroblast; CDT: Chemodynamic therapy; GIA: Gut microbiome, immune, and antioxidant; H₂S: Hydrogen 
sulfide; MDSC: Myeloid-derived suppressor cell; NO: Nitric oxide; ROS: Reactive oxygen species; SCFA: Short-chain fatty acid; TAM: Tumor-associated 
macrophage; TME: Tumor microenvironment; Treg: Regulatory T cell.

4. Modulating the GIA axis: Microbiome-
directed strategies
4.1. Probiotics, prebiotics, synbiotics, and 
postbiotics

Microbiome-directed interventions provide a tractable 
way to modulate the GIA axis by reshaping microbial 
composition, metabolite outputs, and host redox-
immune signaling. Probiotics, prebiotics, synbiotics, and 
postbiotics converge on several shared mechanisms. These 
include ecological remodeling through the displacement of 
pathobionts and enrichment of SCFA-producing taxa; redox 

reprogramming via increased antioxidant metabolites and 
upregulation of Nrf2-dependent cytoprotective genes; and 
immune recalibration characterized by reinforced barrier 
integrity, reduced lipopolysaccharide translocation, and 
attenuation of pro-inflammatory cytokine signaling:99

4.2. Therapeutic innovation: Tuning the GIA axis

Harnessing the GIA axis for therapeutic applications calls 
for a comprehensive, multi-layered strategy that combines 
modulation of the microbiome with pharmacological 
approaches targeting redox pathways (Table 5). Existing 
approaches span from broad interventions, such as 
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Table 5. Therapeutic interventions targeting the GIA axis

Strategy Target component Proposed mechanism Status/Challenge Ref.

Fecal microbiota 
transplantation Gut microbiome

Restores microbial equilibrium by re-establishing 
eubiotic diversity and correcting dysbiosis; also 
indirectly modulates immune and epithelial 
responses

Variable donor composition; safety 
concerns; need for standardized 
screening and long-term efficacy 
validation

100

Next-gen probiotics 
Microbiome / 
immune system / 
gut barrier

Production of bioactive anti-tumor metabolites, 
competitive inhibition of pathogens, modulation 
of immune cell activity, and strengthening of gut 
mucosal barrier; potential use in targeted delivery 
and combination or engineered therapies

Promising but still under development; 
challenges include strain identification, 
targeted delivery optimization, safety 
validation, and regulatory approval.

101

Dietary fiber
Gut microbiota 
/ intestinal 
metabolites

Promotes microbiota shift toward increased butyrate 
(SCFA) production, activates AMPK signaling, 
improves intestinal epithelial gene expression 
and barrier integrity, and reduces trimethylamine 
N-oxide, triglyceride, and glucose levels

Response depends on microbiota 
composition; variable metabolic and 
clinical outcomes across individuals; 
mechanism strongly influenced 
by diet–microbiome interaction 
variability.

102

Nrf2 inhibitors
Antioxidant defense 
system (Nrf2 
pathway)

Disrupting redox homeostasis to overcome 
ROS-driven drug resistance and restore treatment 
sensitivity

Limited selectivity; risk of systemic 
toxicity due to interference with normal 
cellular redox balance

103

Postbiotics Metabolite / redox 
pathways

Administration of inactivated microbial products 
or components (e.g., SCFAs, indole derivatives) to 
modulate metabolism, reduce inflammation, improve 
antioxidant status, and enhance gut barrier and 
immune function.

Promising safety and stability 
advantages over probiotics, but requires 
further optimization of efficacy, 
targeted delivery, and standardized 
clinical validation.

104

Abbreviations: GIA: Gut microbiome, immune, and antioxidant; Nrf2: Nuclear factor erythroid 2-related factor 2; ROS: Reactive oxygen species; SCFA: 
Short-chain fatty acid.

FMT and increased dietary fiber intake, to more refined 
strategies, such as targeted postbiotics and Nrf2 inhibitors, 
aimed at enhancing tumor sensitivity to immune responses. 
Despite this progress, translating these approaches into 
routine clinical practice remains challenging due to issues 
related to large-scale production, patient variability, and 

inconsistent dosing standards. Framing these therapies 
within the GIA axis enables clinicians to design more 
individualized treatment plans that focus on the patient’s 
overall systemic environment rather than solely on the 
tumor.

Pre-clinical and translational work increasingly 
frames these interventions as GIA-axis tuners rather than 
purely gut-localized agents. For example, comprehensive 
analyses of microbial therapeutics in oncology highlight 
that probiotic and synbiotic formulations can expand 
butyrate-producing Lactobacillus and Bifidobacterium 
species, lower mucosal ROS, upregulate tight-junction 
proteins, and reduce IL-6 and TNF-α signaling, thereby 
shifting the colonic niche from a pro-oxidant, pro-tumor 
configuration toward one that favors epithelial repair and 
immune surveillance.105

In inflammation-associated CRC models, particularly 
AOM/DSS-induced colitis-associated carcinogenesis, 
probiotic interventions have demonstrated consistent 
chemopreventive effects. Strains such as Lactobacillus 

rhamnosus GG, L. casei, Bifidobacterium longum, and 
defined multi-strain consortia reduce tumor burden 
and dysplasia severity. These effects are accompanied by 
attenuation of mucosal oxidative stress, as evidenced by 
reduced ROS levels and decreased oxidative DNA damage. 
Probiotic administration also modulates the inflammatory 
milieu, characterized by suppression of pro-inflammatory 
cytokines (IL-6, IL-17, and TNF-α) and enhancement of 
the anti-inflammatory cytokine IL-10. Concomitantly, 
these interventions restore microbial ecological balance 
by enriching SCFA-producing commensals while reducing 
the abundance of pathobionts such as Fusobacterium 
species, collectively contributing to protection against 
colitis-associated tumorigenesis.106

These effects are consistently accompanied by enhanced 
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antioxidant capacity (higher glutathione levels, induction 
of Nrf2-regulated enzymes) and improved barrier function, 
situating probiotics and synbiotics squarely as interventions 
that act along all three arms of the GIA axis: gut microbial 
ecology, redox homeostasis, and immune tone. Diet-based 
prebiotics (inulin, resistant starches, specific fibers, and 
polyphenol-rich substrates) further potentiate these effects 
by fueling beneficial taxa and increasing colonic butyrate, 
thereby reducing oxidative stress and suppressing colitis-
associated tumorigenesis in rodent models.107

Postbiotics extend this concept by delivering defined 
microbial products without live organisms. Butyrate 
and other SCFAs, exopolysaccharides, and cell-wall 
components have demonstrated anti-proliferative, pro-
apoptotic, and immunomodulatory effects in CRC models, 
often linked to reduced ROS, modulation of mitochondrial 
function, and interference with oncogenic signaling such 
as Wnt/β-catenin. Recent focused reviews on postbiotics in 
CRC underscore how butyrate and related metabolites can 
simultaneously constrain oxidative DNA damage, enhance 
DNA repair, and foster a more immunologically active 
TME.108

4.3. Treatment-related mucosal injury

Chemotherapy-, radiotherapy-, and targeted therapy-
induced mucositis and enteritis represent prototypical GIA-
axis injuries, characterized by epithelial barrier disruption, 
microbiota collapse, and ROS-driven inflammation. 
Pre-clinical and early clinical evidence indicate that 
microbiome-targeted interventions can attenuate these 
toxicities through coordinated redox and immune 
modulation. Probiotic and synbiotic formulations reduce 
chemotherapy-induced mucosal injury by decreasing 
epithelial ROS, suppressing pro-inflammatory cytokines, 
and promoting mucosal regeneration. In parallel, 
prebiotics restore SCFA-producing bacteria after cytotoxic 
therapy, increasing luminal butyrate, strengthening barrier 
integrity, and reducing bacterial translocation, thereby 
dampening systemic inflammation.109 Postbiotic strategies, 
particularly butyrate-based interventions, further mitigate 
mucosal damage by enhancing tight junction integrity and 
reducing oxidative stress in CRC and therapy-induced 
mucositis models .110

Recent integrative reviews in cancer patients highlight 

Figure 3. Route-specific propagation of the gut–immune–antioxidant (GIA) axis across tumor sites. The GIA axis influences different malignancies 
through distinct patterns of anatomical dissemination. In colorectal cancer (CRC), dysbiosis acts primarily through a local mucosal route within the 
colonic niche. In hepatobiliary and pancreatic malignancies, gut-derived microbial products and metabolite flux reach downstream tissues through the 
portal circulation. In glioma, gut signals influence the brain through multi-channel gut–brain communication involving immune, neural, and circulating 
metabolite pathways. This route-based framework highlights how a shared GIA concept manifests differently across organ systems. Schematic created by 
the authors.
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that targeted use of probiotics, prebiotics, and postbiotics 
can lessen gastrointestinal toxicity, protect against oxidative 
damage, and potentially preserve treatment intensity, with 
emerging data in breast, colorectal, and gastrointestinal 
malignancies. Mechanistically, these interventions reduce 
epithelial DNA damage, curtail NOX-mediated ROS 
generation, and maintain a more balanced microbiota, 
thereby maintaining a more favorable GIA axis during 
therapy and creating conditions that may support better 
immunotherapy and chemotherapy tolerance.111

The GIA axis is a key pathway influencing both 

treatment effectiveness and the adverse effects of therapy. 
Approaches such as probiotics, prebiotics, and postbiotics 
act as systemic modulators that help restore microbial 
balance and reduce ROS-associated inflammation, 
which is commonly seen in chemotherapy-induced 
mucositis. By elevating SCFA levels, particularly butyrate, 
these interventions activate Nrf2-mediated antioxidant 
pathways, strengthen epithelial tight junction integrity, 
and limit systemic endotoxin leakage. As outlined in 
Table 6, these integrated strategies connect experimental 
microbiome models with clinical approaches to prevent 
mucosal damage.

Table 6. Mechanistic interventions targeting the gut microbiome–immune–antioxidant (GIA) axis and mucosal protection

Intervention 
category

GIA component 
impacted Primary mechanism of action Clinical/Protective outcome Ref.

Probiotics & 
synbiotics

Gut microbiota / 
Immune system

Restoration of microbial balance; inhibition 
of pathogen colonization; enhancement of 
mucosal barrier; production of antimicrobial 
compounds; modulation of immune response (↑ 
anti-inflammatory cytokines, ↓ pro-inflammatory 
signals)

Prevention and management of 
gastrointestinal disorders (e.g., antibiotic-
associated diarrhea, irritable bowel 
syndrome, infections); improved intestinal 
integrity and systemic health support

112

Postbiotics 
(e.g., butyrate, 
SCFAs)

Redox / Metabolic / 
Mitochondrial axis

Enhances mitochondrial respiration and biogenesis 
(ATP production); activates antioxidant defenses; 
regulates mitophagy and inflammatory signaling

Reduced oxidative stress and epithelial 
apoptosis; improved barrier integrity; 
attenuation of intestinal inflammation and 
inflammatory bowel disease severity

113

Prebiotic 
fibers

Metabolic / Gut 
microbiota

Plant-derived dietary fibers serve as substrates 
for beneficial gut microbes, supporting probiotic 
survival and activity, enhancing fermentation 
processes and SCFA production, and maintaining 
gastrointestinal functional balance.

Improved gut homeostasis, enhanced 
digestive and excretory function, and 
reduced risk of inflammatory gut disorders 
and colon-related dysfunction

114

FMT 
(Ecosystem 
Reset)

Gut–brain–immune 
axis (multi-tissue Trp–
KYN network)

Reprogramming tryptophan metabolism via 
α-diversity restoration, IDO1/TDO blockade, 
circadian alignment, and engineered microbial 
consortia shifting the KYN pathway toward indole/
kynurenic acid balance

Reduction of immunosuppressive 
kynurenine signaling; improved response to 
immunotherapy; protection from immune-
related toxicity and restoration of immune–
metabolic homeostasis

115

4.4. Fecal microbiota transplantation (FMT)

4.4.1. FMT as an ecosystem-level reset of the GIA axis

Unlike single-strain probiotics or isolated metabolite 
therapies, FMT is an ecosystem-level intervention that 
transfers a complete microbial community from donor to 
recipient. Within the GIA framework, FMT functions as a 
global reset of microbial-immune-redox homeostasis. At 
the intestinal level, it restores alpha-diversity, re-establishes 
keystone SCFA-producing taxa, and suppresses 
inflammation- and oxidative stress-associated pathobionts. 
Immunologically, FMT reshapes host signaling by 

modifying microbial-derived ligands, including TLR 
agonists, and altering antigenic exposure, thereby 
influencing both myeloid and lymphoid cell populations. 
At the redox level, the reconfigured metabolite landscape, 
comprising SCFAs, bile acids, and tryptophan derivatives, 
modulates key stress-response and inflammatory pathways, 
including Nrf2, NF-κB, and interferon signaling, ultimately 
improving ROS homeostasis locally and systemically. 
From this perspective, FMT extends beyond microbial 
replacement to a systems-level therapeutic strategy that 
simultaneously reprograms interconnected microbial, 
metabolic, and immune networks.116
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4.4.2. Experimental colon carcinogenesis

In mouse models of colon carcinogenesis, FMT studies 
reinforce the idea that microbial communities can drive 
or restrain tumor development. Transferring microbiota 
from CRC-bearing or colitis-prone donors accelerates 
tumorigenesis, increases colonic oxidative stress, and 
amplifies inflammatory signaling. In contrast, FMT 
from healthy donors or from animals enriched in SCFA-
producing taxa mitigates tumor burden, reduces mucosal 
ROS, and restores barrier integrity.117

Mechanistically, these effects are associated with 
reduced NOX-dependent ROS production and lipid 
peroxidation within the colonic epithelium, reflecting 
improved redox homeostasis. In parallel, antioxidant 
defense systems and DNA repair pathways are 
upregulated, supporting enhanced cellular resilience 
to oxidative stress. Immunologically, FMT and related 
microbiome interventions remodel the tumor and 
mucosal immune landscape, characterized by increased 
infiltration and activity of CD8⁺ T cells, alongside reduced 
immunosuppressive populations, including MDSCs and 
regulatory T cells. These changes are accompanied by 
normalization of bile acid and SCFA profiles, collectively 
consistent with restoration of a balanced GIA axis.118

Recent reviews on the microbiome-immune interface 
in cancer synthesize these data and emphasize that 
FMT, together with dietary and prebiotic modulation, 
can be used experimentally to swap tumor-permissive 
versus tumor-protective GIA configurations, enabling 
mechanistic dissection of microbiota-dependent redox 
and immune pathways in CRC.119

4.4.3. Early clinical experience in oncology

Clinically, FMT has expanded beyond its established role 
in Clostridioides difficile infection to emerging applications 
in oncology, particularly as a strategy to modulate 
responses to ICB. Early-phase I studies in patients with 
anti-PD-1-refractory metastatic melanoma have shown 
that FMT derived from long-term ICB responders, when 
re-challenged with PD-1 inhibition, is safe and associated 
with objective clinical benefit in a subset of patients. 
These responses are accompanied by durable engraftment 
of donor-like microbial communities enriched in taxa 
previously linked to ICB responsiveness. At the tumor 
level, FMT is associated with increased intratumoral 
CD8⁺ T-cell activation and reduced IL-8-producing 
myeloid populations. Systemically and within the TME, 
transcriptomic profiling reveals signatures consistent 
with enhanced interferon signaling alongside suppression 
of immunosuppressive and pro-oxidant pathways. 
Subsequent work, including research highlights, narrative 

reviews, and updated analyses, has framed these trials as 
first-in-human evidence that targeted modulation of the 
GIA axis via FMT can overcome primary or acquired 
resistance to PD-1 blockade.120 More recently, clinical 
trials have extended this strategy to advanced solid tumors 
beyond melanoma, including gastrointestinal cancers: 
responder-derived FMT combined with anti-PD-1 in 
refractory solid tumors has shown sustained microbiota 
shifts and encouraging response rates, and has begun to 
identify specific bacterial strains that potentiate or inhibit 
anti-tumor immunity.121

Parallel efforts are exploring FMT in CRC and other 
GI malignancies, both to modulate immunotherapy 
responsiveness and to mitigate treatment-related toxicity. 
Pre-clinical and translational CRC-focused reviews 
describe how FMT from favorable donors, or from animals 
or patients with robust SCFA production and lower 
inflammatory tone, can enhance checkpoint inhibitor 
activity, improve mucosal healing, and potentially remodel 
ferroptosis and redox pathways within the TME.122

Collectively, these data position FMT as a powerful yet 
still experimental tool for rewiring the GIA axis in cancer 
patients. Key challenges remain: inter-individual variability 
in donor and recipient microbiomes, risks of pathogen 
transfer, lack of standardization in preparation and delivery, 
and uncertainty over how durable and specific the desired 
GIA reprogramming will be. Nevertheless, convergent 
pre-clinical and early clinical evidence suggests that FMT, 
especially when guided by a mechanistic understanding 
of microbial metabolites and redox-immune pathways, 
could become a cornerstone of future microbiome-based 
strategies to sensitize tumors to immunotherapy and to 
protect normal tissues from oxidative injury.

Despite these promising early clinical observations, it 
is imperative to acknowledge the current limitations in 
the clinical evidence supporting responder-derived FMT 
and defined microbial consortia. These interventions 
remain strictly investigational and are currently supported 
only by early-phase, small-cohort studies. They have not 
yet been replicated in adequately powered, randomized 
controlled trials, which are necessary to definitively 
establish their efficacy, safety, and reproducibility across 
diverse patient populations. Consequently, while FMT 
represents a compelling proof of concept for GIA axis 
modulation, its application outside of controlled clinical 
research settings remains premature. Future large-scale, 
multicenter trials are essential to validate these preliminary 
findings, establish standardized therapeutic protocols, 
and determine the long-term viability of ecosystem-level 
microbiome resetting in oncology.
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5. The GIA axis and immunotherapy
5.1. Microbiome correlates of ICI response and 
toxicity

Association studies in melanoma, non–small cell lung 
cancer (NSCLC), and renal cell carcinoma have consistently 
shown that baseline gut microbiome composition 
correlates with ICI response. Responders typically 
harbor greater microbial diversity and enrichment of 
taxa such as Akkermansia muciniphila, Faecalibacterium, 
Bifidobacterium, and certain Ruminococcaceae, whereas 
non-responders exhibit expansion of pathobionts (e.g., 
Fusobacterium, Escherichia/Shigella, Enterococcus) and 
reduced SCFA producers. Landmark studies in melanoma 
and lung cancer demonstrated that favorable microbiomes 
were associated with increased intratumoral CD8⁺ T-cell 
infiltration, augmented interferon signaling, and improved 
progression-free survival under anti-PD-1 therapy. At the 
same time, unfavorable configurations correlated with 
myeloid-dominant, immunosuppressive TME and primary 
resistance to ICI. These findings have been extended and 
synthesized in recent reviews of the microbiome-immune 
interface, which emphasize that similar patterns are 
emerging in CRC and other solid tumors.123

Parallel analyses of ICI-related toxicity (particularly 
colitis) reveal partially overlapping but distinct signatures. 
Some cohorts show that taxa associated with robust ICI 
responses also predispose to immune-related adverse 
events, whereas others describe configurations enriched 
in Enterococcus and Veillonella that are linked to severe 
colitis and systemic inflammation. Together, these studies 
suggest that the GIA axis encodes both efficacy and toxicity 
signals, with microbial community structure shaping the 
balance between anti-tumor immunity and off-target 
tissue damage.124

Functionally, microbial metabolic pathways provide 
a mechanistic link between compositional shifts in the 
microbiome and immune checkpoint inhibitor outcomes. 
Metagenomic and metabolomic analyses of responder-
associated microbiomes consistently demonstrate 
enrichment of SCFA production, particularly butyrate 
and propionate, which support epithelial barrier integrity, 
regulate Nrf2-dependent antioxidant responses (as 
detailed in Section 2.1), and enhance mitochondrial 
fitness and memory or effector T-cell function. In parallel, 
bile acid metabolism is reconfigured toward profiles 
that activate FXR and TGR5 signaling while limiting 
the accumulation of pro-oxidant secondary bile acids 
that contribute to inflammation and T-cell exhaustion. 
Tryptophan metabolism is likewise balanced, with 
increased production of indole derivatives that engage 
the aryl hydrocarbon receptor (AhR) to sustain mucosal 

and immune homeostasis, alongside reduced diversion 
toward the kynurenine pathway, which is associated with 
immunosuppression and T-cell dysfunction.125

Recent work on microbial-derived metabolites as 
metabolic mediators of anti-tumor immunity underscores 
that SCFA, bile acids, and tryptophan derivatives 
converge on redox-sensitive circuits (Nrf2, NF-κB, STATs, 
interferons) and T-cell metabolic programming, thereby 
linking microbiome configuration to both redox balance 
and T-cell durability during ICI therapy.126

5.2. Redox modulation of ICI efficacy

The efficacy of immune checkpoint inhibitors is critically 
dependent on a finely tuned redox balance within the 
TIME. While moderate levels of ROS and RNS are essential 
for immunogenic cell death, antigen processing, and 
effective T-cell activation, sustained or excessive oxidative 
stress shifts this balance toward immune suppression. 
Within the tumor milieu, ROS generated by mitochondrial 
dysfunction, NOX enzymes, and inflammatory myeloid 
cells can enhance tumor antigenicity and danger signaling 
at intermediate levels, thereby promoting immunogenic 
cell death. However, at higher levels, oxidative stress drives 
DNA damage and genomic instability, facilitating the 
selection of immune-evasive clones, downregulating the 
antigen presentation machinery, and increasing PD-L1 
expression. In parallel, excessive ROS promotes lipid 
peroxidation and metabolic exhaustion in CD8⁺ T cells, 
ultimately impairing effector function and limiting the 
therapeutic efficacy of ICI.127

Conversely, tumor and myeloid antioxidant systems 
(Nrf2, glutathione, thioredoxin) buffer ROS and blunt 
these danger signals. Hyperactivation of Nrf2 in cancer 
cells and tumor-associated myeloid cells reduces type 
I interferon and NF-κB-dependent inflammatory 
programs, promotes an immunologically cold tumor, and 
is increasingly recognized as a driver of ICI resistance. 
Redox-adapted tumors may thus appear poorly antigenic 
and microenvironmentally hostile to effector T cells, 
even when checkpoint pathways are pharmacologically 
blocked.128

Integration of microbiome-derived signals into redox-
sensitive immune circuits is a central feature of the GIA axis 
during immune checkpoint inhibitor therapy. Microbial 
metabolites, including SCFAs, bile acid derivatives, 
and tryptophan catabolites, modulate mitochondrial 
biogenesis, oxidative phosphorylation, and ROS dynamics 
in T cells, thereby influencing the balance between 
memory and exhausted phenotypes. These metabolites 
also regulate key stress-response pathways, including Nrf2 
and NF-κB, in both tumor and immune compartments, 
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reshaping cytokine landscapes and checkpoint molecule 
expression. In parallel, they influence the differentiation 
and suppressive activity of MDSCs and regulatory T cells, 
populations that are highly sensitive to changes in redox 
state and metabolic signaling.129

Systems-level analyses of systemic metabolism and 
tumor-immune interactions further emphasize that host 
metabolic and redox changes, including those driven 
by the gut microbiome, feed into antigen presentation, 
costimulatory signaling, and the relative abundance 
of effector versus suppressor populations under ICI. 
Conceptually, ICI is therefore acting on an immune system 
whose responsiveness has already been pre-tuned by the 
GIA axis.

5.3. Microbiome- and redox-based interventions to 
enhance immunotherapy

Given this mechanistic integration, multiple GIA-targeted 
interventions are being investigated as adjuvants to 
ICI. These can be grouped into microbiome-directed 
approaches (diet, probiotics/synbiotics, FMT, targeted 
microbial products) and redox-modulating strategies that 
intersect with microbiome effects.

5.3.1. Diet, probiotics/synbiotics, and targeted 
metabolites

High-fiber, plant-rich diets that increase SCFA production 
have been associated with improved ICI outcomes in 
observational cohorts, consistent with the enrichment 
of SCFA-producing taxa in responders. Pre-clinical 
models support a causal role: fiber or resistant starch 
supplementation enhances butyrate production, improves 
T-cell metabolic fitness, and augments anti-tumor 
immunity under checkpoint blockade.130

Building on this framework, probiotics and synbiotics 
are increasingly being investigated as adjuncts to immune 
checkpoint inhibitor therapy. Mechanistic and translational 
evidence suggests that selected strains, including 
Bifidobacterium, Lactobacillus, and Faecalibacterium-
enriched consortia, can expand SCFA-producing microbial 
communities and normalize bile acid metabolism. These 
shifts are associated with reduced NOX-dependent ROS 
generation and attenuation of epithelial oxidative injury. 
In parallel, they enhance dendritic cell activation and 
improve CD8⁺ T-cell priming, thereby strengthening 
antitumor immune responses. Collectively, these effects 
may increase effector lymphocyte infiltration within the 
TME, supporting improved responsiveness to ICI therapy. 
Postbiotics and targeted metabolites, such as butyrate, 
propionate, and defined microbial products, are also being 
evaluated for their ability to modulate redox and immune 

pathways without live organisms, with pre-clinical data 
showing reduced oxidative stress, altered checkpoint 
expression, and improved responses to cytotoxic and 
immune-based therapies in CRC and melanoma models.131

Across CRC, melanoma, and lung cancer, recent reviews 
describe combinations of ICI with microbiome-modulating 
diets, probiotics, or metabolite supplementation that 
enhance tumor control in mice, often by restoring a more 
responder-like microbiome, boosting SCFA levels, and 
improving T-cell mitochondrial fitness.

5.3.2. FMT and ecosystem-scale modulation

At the ecosystem level, FMT has provided the clearest human 
proof-of-concept that deliberate GIA reprogramming can 
recover ICI responsiveness. As discussed earlier, phase 
I trials in anti-PD-1-refractory melanoma showed that 
FMT from long-term responders, combined with renewed 
PD-1 blockade, induced objective responses in a subset 
of patients and re-established donor-like microbiomes 
enriched in favorable taxa. Immune profiling revealed 
increased intratumoral CD8⁺ T cells, reduced myeloid-
derived suppressor signatures, and enhanced interferon 
and antigen presentation pathways, consistent with a 
coordinated microbiome-redox-immune reset.121

More recent studies extending FMT to advanced solid 
tumors, including gastrointestinal cancers, report improved 
anti-PD-1 efficacy and durable microbiota shifts, and begin 
to define specific bacterial strains and metabolic outputs 
that potentiate ICI. In CRC and hepatobiliary tumors, 
pre-clinical models show that responder-derived FMT 
reduces oxidative stress, enhances ferroptosis sensitivity, 
and increases CD8⁺ T-cell infiltration, suggesting a direct 
impact of the remodeled GIA axis on tumor redox biology 
and immune surveillance.132

In glioma and other CNS tumors, emerging work on the 
gut-brain-tumor axis indicates that microbiome-targeted 
strategies (diet, probiotics, and experimental FMT) can 
modulate microglial activation states, oxidative stress, and 
response to radiotherapy and ICI. However, clinical data 
remain early and largely exploratory.

5.3.3. Redox-targeted combinations

Finally, redox-modulating strategies are being investigated 
in combination with microbiome-targeted interventions 
to further enhance tumor sensitivity to ICB. Preclinical 
studies indicate that pharmacologic suppression of tumor-
intrinsic antioxidant systems, including Nrf2 signaling, 
glutathione synthesis, and thioredoxin pathways, can elevate 
immunogenic ROS levels, thereby promoting antigen 
presentation, amplifying type I interferon responses, 
and improving the efficacy of checkpoint inhibition. In 
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contrast, selective reinforcement of antioxidant capacity in 
T cells, particularly through mitochondrial ROS buffering, 
helps prevent functional exhaustion and preserve effector 
activity under sustained antigenic stimulation. Together, 
these complementary approaches highlight the therapeutic 
potential of fine-tuning redox balance in both tumor and 
immune compartments to optimize antitumor immunity.127

Integrative reviews emphasize that successful 
combinations will likely require precision targeting: 
dampening tumor- and MDSC-centric antioxidant 
programs while supporting T-cell redox resilience, ideally 
in the context of a microbiome configuration that favors 
SCFA-rich, low-endotoxin, low-oxidative inflammatory 
tone. In this sense, microbiome-directed and redox-
based interventions are not separate strategies, but 
complementary levers for tuning the GIA axis to maximize 
the therapeutic window of immunotherapy.

6. Translational perspectives and future 
directions
6.1. Towards “GIA-guided” combination strategies

A conceptual overview of this translational framework is 
presented in Figure 4.

As the field moves toward clinical application, it is 

essential to stratify proposed translational strategies 
by their current level of evidentiary support. First, 
preclinical and mechanistic evidence robustly supports 
the biological plausibility of microbiome-redox-immune 
crosstalk, particularly in murine models of CRC and 
melanoma. Second, early-phase clinical and observational 
studies provide emerging, albeit preliminary, support for 
specific interventions, such as FMT or targeted probiotic 
supplementation, to modulate immune checkpoint 
inhibitor responses in small patient cohorts. Finally, 
multidimensional approaches, including composite 
GIA-axis biomarker profiling, GIA-guided patient 
stratification, and algorithm-driven treatment allocation, 
remain purely hypothetical constructs. These advanced 
strategies currently lack prospective clinical validation and 
should not be misconstrued as established clinical tools. 
Recognizing these distinct evidentiary tiers ensures that 
future research priorities are appropriately aligned with the 
current maturity of the underlying science.

The emerging evidence across tumor types supports 
a shift from considering the microbiome, redox balance, 
and anti-tumor immunity as parallel, largely independent 
modifiers of outcome, to viewing them as components of an 
integrated GIA axis that can be deliberately manipulated. 
Within this framework, GIA-guided strategies aim to 

Figure 4. Translational precision oncology framework based on the gut–immune–antioxidant (GIA) axis. Schematic overview of a proposed GIA-guided 
precision oncology pipeline. Left panel: Patient biospecimens (stool, blood, and tumor biopsy) provide complementary information on microbial ecology, 
oxidative/redox balance, and immune contexture. Middle panel: Multi-omic profiling data are integrated into a central analytical framework to derive 
a composite GIA score reflecting microbiome status, redox burden, immune activation, and inflammatory tone. Right panel: Patients are stratified into 
dominant GIA dysregulation phenotypes and linked to matched therapeutic approaches, followed by longitudinal response monitoring and biomarker-
based treatment adaptation. Schematic created by the authors. 
Abbreviation: FMT: Fecal microbiota transplantation.
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co-target microbial ecosystems, redox homeostasis, and 
immune checkpoints to recondition the TIME, enhance 
response durability, and limit treatment-related toxicity.133

Translating the GIA framework into clinical practice 
requires developing a precision oncology pipeline guided by 
GIA principles that integrates multi-omics data to classify 
and stratify patients. This approach uses defined microbial 
and redox biomarkers, such as the balance between 
commensal Akkermansia and pathobiont Enterococcus, 
as well as systemic GSH/GSSG ratios, to forecast patient 

responsiveness to ICB therapies. Early identification of 
these dysregulated signatures enables clinicians to apply 
targeted strategies, including FMT from responders or 
pharmacological modulation of redox pathways, to reshape 
the TME into an immunologically active state. Table 7 
summarizes the key biological correlates and outlines 
priority areas for further research needed to standardize 
this systems-level therapeutic framework.

At the microbiota level, dietary interventions, probiotics, 
synbiotics, postbiotics, FMT, and next-generation live 

Table 7. GIA-guided precision oncology: correlates and clinical roadmap.

GIA pillar Favorable (responder) signature Dysregulated (resistance) signature Proposed translational action Ref.

Microbial 
ecology

Enrichment of Akkermansia 
muciniphila and Faecalibacterium 
prausnitzii (anti-inflammatory, 
barrier-protective microbiota)

Depletion of beneficial taxa with 
a shift toward pro-inflammatory 
dysbiosis (loss of microbiome 
balance)

Probiotics/synbiotics, microbiome 
modulation, and targeted microbial 
restoration strategies for immune and 
cancer-related disorders

134

Metabolic 
output

High SCFA flux; Indole metabolites 
(e.g., indole-3-aldehyde → AhR 
activation); effective VDR–AhR 
crosstalk promoting IL-22, 
autophagy, barrier repair

Reduced SCFA production; loss of 
indole–AhR signaling; impaired VDR 
activation; weakened IL-22–mediated 
epithelial repair and tight-junction 
integrity

Prebiotics to enhance SCFA production; 
strain-specific probiotics supplying indole 
ligands; standardized postbiotics for 
controlled AhR activation; vitamin D/
VDR modulation to restore AhR–VDR axis 
balance

135

Redox/
Immune tone

Controlled ROS homeostasis; strong 
antitumor immune activity with 
active dendritic cell maturation and 
IFN-related signaling

High ROS-related gene signature; 
suppressed antitumor immunity; 
impaired dendritic cell activation; 
poor immunotherapy response

ROS-targeted therapeutic modulation; 
patient stratification for immunotherapy; 
combination strategies to restore immune 
activation and redox balance

136

Knowledge 
gap: MetS 
biomarker 
landscape

Integrated multi-marker profile 
(hs-CRP, IL-6, TNF-α, adiponectin/
leptin ratio, SCFAs, miR-122/miR-
223) indicating early metabolic 
imbalance detection

High inter-individual variability, 
inconsistent cutoff values, and 
overlapping signals between 
inflammation, obesity, and insulin 
resistance

Standardization of GIA-biomarker assays.
AI-driven validation across large multi-
ethnic cohorts + harmonized diagnostic 
thresholds

137

Abbreviations: AhR: Aryl hydrocarbon receptor; AI: Artificial intelligence; IFN: Interferon; hs-CRP: High-sensitivity C-reactive protein; GIA: Gut 
microbiome, immune, and antioxidant; IL: Interleukin; ROS: Reactive oxygen species; SCFA: Short-chain fatty acid; TNF-α: Tumor necrosis factor alpha; 
VDR: Vitamin D receptor.

biotherapeutic products are being developed to enrich 
health-associated taxa, restore SCFA production, normalize 
bile-acid and tryptophan metabolism, and suppress pro-
oxidant, pro-inflammatory pathobionts. In parallel, 
redox-modulating approaches, including pharmacologic 
inhibition of tumor antioxidant programs, modulation of 
ferroptosis, and targeting metabolic pathways that govern 
ROS production, aim to create a redox environment that 
favors immunogenic stress in cancer cells while preserving 
the functional integrity of effector lymphocytes. These 
GIA-directed interventions are increasingly conceived 
as upstream conditioning tools for ICB and other 

immunotherapies, whose efficacy depends on antigenicity, 
interferon signaling, and the balance between effector and 
suppressor populations within the TME.138 

The clinical positioning of GIA-guided strategies is likely 
to be stage-specific. In prevention and early interception, 
the emphasis will be on low-toxicity, primarily dietary 
and microbiome-friendly measures that sustain eubiosis, 
reduce mucosal oxidative stress, and dampen chronic 
inflammation in high-risk individuals such as those with 
long-standing inflammatory bowel disease, cirrhosis, or 
metabolic dysfunction. In perioperative and neoadjuvant 
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settings, short-term modulation of the GIA axis, for 
example, via perioperative synbiotics, antioxidant-tuned 
nutrition, and judicious use of antibiotics, may improve 
surgical outcomes, decrease infection and mucosal injury, 
and optimize immune competence at the time of curative-
intent therapy. In advanced disease, rational combinations 
of immune checkpoint inhibitors with microbiome-
directed therapies and selective redox modulators are 
emerging as a central translational focus, with the long-
term goal of embedding GIA-guided decision-making into 
precision oncology algorithms.139

6.2. Candidate biomarkers of the GIA axis

Realizing a GIA-guided approach in practice will require 
biomarkers that capture the three pillars of the axis, 
microbiome, redox status, and immune function, in 
a clinically tractable manner. On the microbial side, 
numerous studies have identified taxa associated with 
improved or impaired responses to immune checkpoint 
inhibition, including enrichment of Akkermansia, 
Faecalibacterium, and Bifidobacterium in responders, and 
expansion of Fusobacterium, Escherichia/Shigella, and 
Enterococcus in non-responders or in patients with severe 
immune-related adverse events. However, single-taxon 
markers show limited reproducibility across cohorts. 
As a result, increasing attention is focused on functional 
descriptors, such as SCFA biosynthesis capacity, bile-acid 
transformation patterns, tryptophan metabolic routing, 
and microbiota-linked ferroptosis and redox pathways, as 
more robust readouts of the microbiome’s contribution to 
the GIA axis.140

Beyond the gut, systemic and intratumoral redox 
measurements provide a second layer of candidate 
biomarkers. Circulating indices of oxidative damage (e.g., 
8-oxo-dG, F2-isoprostanes, protein carbonyls), plasma 
and tissue redox couples (GSH/GSSG, NADPH/NADP⁺), 
and expression or activity of Nrf2, Keap1, glutathione, and 
thioredoxin pathway components in tumor and myeloid 
compartments are being explored as correlates of prognosis 
and immunotherapy responsiveness. Combining these 
redox measures with microbiome-derived features may 
help to identify patients with particularly maladaptive 
GIA states, for example, those harboring dysbiotic, low-
SCFA microbiomes and tumors with strongly upregulated 
antioxidant signatures, who might benefit from aggressive 
GIA modulation in conjunction with immunotherapy.141

The third pillar comprises immune and cytokine 
signatures that integrate microbial and redox influences 
into measurable immune phenotypes. Established 
predictors of checkpoint inhibitor efficacy, such as tumor 
mutational burden, PD-L1 expression, and CD8⁺ T-cell 

infiltration, can be augmented by type I/II interferon 
gene signatures, detailed profiling of exhausted versus 
stem-like CD8⁺ T cells, regulatory T cells, and MDSCs, 
and plasma cytokine/chemokine panels reflecting 
systemic inflammatory and oxidative tone. Several recent 
frameworks propose composite GIA biomarker panels that 
weave together microbial taxa and pathways, metabolic 
and redox markers, and immune signatures to stratify 
patients, select appropriate GIA-modifying co-therapies, 
and monitor dynamic responses over time.142

6.3. Key knowledge gaps and research priorities

Notwithstanding the conceptual appeal of the GIA axis, 
current evidence is limited by substantial methodological 
and biological heterogeneity. Microbiome-immunotherapy 
studies often differ in sequencing depth, analytical 
pipelines, dietary and antibiotic confounders, and 
sampling timing, contributing to inconsistent taxonomic 
findings across cohorts. Redox and immune phenotyping 
are rarely standardized or longitudinal, making it difficult 
to capture the temporal evolution of the GIA axis 
during therapy. Most human data remain associative; 
causal inference relies heavily on pre-clinical models 
that, while mechanistically informative, may not fully 
recapitulate human tumor biology, microbial complexity, 
or environmental exposures. Even in the context of FMT 
and responder-derived consortia, the specific strains 
and metabolites responsible for clinical benefit are only 
beginning to be resolved.143

Despite the conceptual appeal of the GIA axis, 
translating this framework into clinical practice is 
currently constrained by substantial methodological and 
biological heterogeneity. Microbiome studies frequently 
exhibit significant inter-cohort variability, driven by 
differences in sequencing methodologies, bioinformatic 
pipelines, and analytical depths. Furthermore, the gut 
microbiome is highly susceptible to common clinical 
confounders, including recent antibiotic exposure, 
proton pump inhibitor use, dietary habits, obesity, and 
broader lifestyle factors, which can obscure disease-
specific microbial signatures. Sampling-site heterogeneity 
presents an additional challenge, as stool-based analyses 
may not accurately reflect the mucosa-associated or 
intratumoral microbial communities that directly interact 
with the local immune and redox microenvironment. This 
discrepancy likely contributes to the observed differences 
in GIA axis manifestations across various cancer types. 
Compounding these microbiome-related challenges 
is the lack of standardized assays to measure systemic 
and intratumoral oxidative stress, making it difficult 
to reliably quantify the redox component of the axis in 
human cohorts. Consequently, the scarcity of prospective, 
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longitudinal clinical validation remains a critical barrier. 
Until these methodological inconsistencies are resolved 
through harmonized profiling and standardized redox 
measurements, the predictive and translational utility of 
the GIA framework will remain largely exploratory.

Questions of generalizability and safety further 
complicate translation. The bulk of microbiome-
immunotherapy data originates from melanoma and 
a limited set of solid tumors in high-income settings; 
whether similar GIA configurations and intervention 
responses apply to colorectal, hepatobiliary, lung, and CNS 
malignancies in diverse populations remains uncertain. 
Moreover, FMT and live biotherapeutic products raise 
non-trivial safety and regulatory concerns, including the 
risk of pathogen transmission, unintended immune or 
metabolic consequences, and long-term ecological shifts 
that are not yet fully understood.144

Against this backdrop, several research priorities 
emerge. Mechanistically, gnotobiotic models, strain-
resolved microbiome engineering, and targeted 
perturbation of redox and immune pathways are needed to 
disentangle causal microbial-metabolite-host interactions 
relevant to anti-tumor immunity. Clinically, prospective 
randomized trials should embed comprehensive GIA 
profiling into the design of immunotherapy combinations, 
testing, for example, responder-derived FMT or defined 
consortia, high-fiber and SCFA-augmenting diets, and 
redox-modulating agents alongside checkpoint blockade 
in CRC, melanoma, lung cancer, and glioma, with 
stratification by baseline GIA biomarkers. Harmonization 
of sampling, sequencing, redox assays, and immune 
profiling across studies will be essential to enable robust 
meta-analyses and the development of validated composite 
GIA scores. Finally, equitable representation of diverse 
dietary, environmental, and genetic backgrounds will be 
critical to ensure that future microbiome- and redox-based 
interventions are broadly applicable rather than tailored to 
a narrow subset of patients.145

If these challenges can be addressed, the GIA axis has 
the potential to evolve from a conceptual construct into 
a practical framework for designing and personalizing 
cancer prevention strategies, perioperative optimization, 
and combination treatments in advanced disease.

6.3.1. Systems biology and network-based 
approaches to the GIA axis

Realizing the composite, multi-omics stratification 
approaches discussed throughout this review will require 
methodological tools capable of integrating heterogeneous 
microbiome, redox, and immune data into coherent 
predictive models. Network medicine and systems biology 

approaches, which model disease states as perturbations 
of interconnected molecular and cellular networks 
rather than as isolated pathway abnormalities, provide a 
natural methodological foundation for this integration.146 
Furthermore, emerging multi-omics data-integration 
frameworks that combine metagenomic, metabolomic, 
transcriptomic, and immune-profiling data offer the 
computational architecture necessary to map these 
complex host-microbe interactions.147 Applying these 
network-based and multi-omics approaches to GIA-axis 
data could support the development of the composite 
biomarkers and precision-oncology tools proposed in 
Section 6.2. We therefore identify this methodological 
integration as a critical research priority, alongside the 
clinical and mechanistic priorities discussed above. We 
also prioritize optimization and combination treatments 
in advanced disease.

6.4. Future directions: roadmap for GIA axis 
translation

Although the GIA axis provides a strong conceptual 
framework, significant knowledge gaps remain to be 
addressed before it can be translated into clinical practice. 
Key obstacles include substantial variability in microbiome 
sequencing methods, the absence of standardized assays 
for redox measurements, and the necessity for longitudinal 
sampling throughout therapeutic interventions. The table 
below outlines the main research priorities for establishing 
the GIA axis as a clinically reliable tool, with particular 
emphasis on conducting randomized, biomarker-informed 
trials across heterogeneous patient populations.148

7. Conclusions
The body of evidence reviewed in this article supports the 
GIA axis as a unifying framework for understanding how 
the microbiome, redox homeostasis, and host immunity 
jointly shape cancer risk, tumor evolution, and response 
to therapy. Rather than acting as isolated modulators, 
gut microbial communities, oxidative and antioxidant 
networks, and immune circuits form a tightly interwoven 
system in which changes in one component reverberate 
across the others. Dysbiosis-driven alterations in microbial 
metabolites remodel redox tone and immune polarization 
in local and distant tissues; redox signaling feeds back on 
microbial ecology and immune effector function; and, in 
turn, immunologic pressures select for specific microbial 
and metabolic configurations. Within this integrated view, 
cancer can be seen as arising and progressing within GIA 
states that either constrain or promote carcinogenesis and 
that strongly influence the efficacy and toxicity of modern 
treatments, particularly immune checkpoint inhibitors.

Translationally, this perspective opens the door to 
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GIA-guided oncology, in which microbiome- and redox-
informed biomarkers and interventions complement 
conventional molecular and clinical stratifiers. In 
principle, composite GIA signatures could help identify 
individuals at elevated risk who might benefit from 
preventive modulation of diet and microbiota; guide 
perioperative strategies to protect barrier function, limit 
oxidative injury, and preserve immune competence; and 
inform combination regimens in advanced disease that 
pair ICB with microbiome-directed therapies and redox-
targeted agents. At the same time, substantial challenges 
must be addressed before GIA-based approaches can be 
routinely incorporated into practice. Heterogeneity across 
studies, limited causal inference in humans, incomplete 
generalizability beyond selected tumor types and 
populations, and unresolved safety and regulatory issues 
with live biotherapeutic products and FMT underscore 
the need for rigorously designed, biomarker-embedded 
clinical trials.

Overall, the GIA axis provides a mechanistic scaffold 
that connects diverse observations in microbiome science, 
redox biology, and tumor immunology into a coherent 
systems model. If future work can translate this model into 
robust biomarkers, standardized assays, and safe, scalable 
interventions, GIA-guided strategies have the potential 
to refine cancer prevention, enhance the precision and 
durability of immunotherapy, and mitigate treatment-
related toxicity, moving host-microbiome-immune 
integration from conceptual promise to clinical reality.
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