Research

A SCIENCE PARTNER JOURNAL

REVIEW ARTICLE

Gut-Brain—-Microbiome Axis in the Regulation
of Cancer Immune Escape and Imnmunotherapy

in Tumors

Wangting Xu'f, Qifan Xu?, Peng Luo®', Xudong Qu*, Dandan Guo?,
Zhao Xie%, Na Hang?, Minjie Kuang®, Enguo Chen’, Ling Wang?,
Zhiping Yan?, Songhua Cai®", Wenjun Mao”", and Bufu Tang*'

'Department of Pulmonary and Critical Care Medicine, Affiliated Sir Run Run Shaw Hospital, Zhejiang
University School of Medicine, Hangzhou, China. 2Dalian Medical University, Dalian, China. *Department of
Oncology Zhujiang Hospital, Southern Medical University, Guangzhou, Guangdong, China. *Department
of Interventional Radiology, Zhongshan Hospital, Shanghai Institute of Medical Imaging, National Clinical
Research Center of Interventional Medicine, Fudan University, Shanghai, China. *University of Edinburgh
Institute, Zhejiang University School of Medicine, Ningbo, Zhejiang, China. ®Department of Thoracic
Surgery, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital &
Shenzhen Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Shenzhen,
Guangdong, China. "Department of Thoracic Surgery, The Affiliated Wuxi People’s Hospital of Nanjing
Medical University, Wuxi People’s Hospital, Wuxi Medical Center, Nanjing Medical University, Wuxi, China.

*Address correspondence to: tangbufu@zju.edu.cn (B.T.); maowenjunl@njmu.edu.cn (W.M.); caisonghua@
cicams-sz.org.cn (S.C.)
tThese authors contributed equally to this work.

Accumulating evidence demonstrates crosstalk involving the intestine and the brain, with the gut
microbiota serving as a critical mediator of this interaction. The gut microbiota, along with its derived
metabolites and bioactive compounds, modulates the immune microenvironment of brain tumors via
the gut-brain axis, thereby influencing tumor initiation, progression, invasion, and metastasis. This
review systematically summarizes the pathophysiological mechanisms underlying gut-brain axis
modulation of brain tumors and examines emerging therapeutic approaches, including advances in
immunotherapy and targeted therapy, that hold promise for future brain tumor treatment strategies.
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Central nervous system (CNS) tumors exhibit exceptionally high
lethality, characterized by extensive tumor heterogeneity, therapeu-
tic resistance, and blood-brain barrier (BBB) restrictions, which
collectively compromise the efficacy of conventional treatments,
resulting in poor prognosis and low survival rates. Emerging evi-
dence highlights that the microbiota—gut-brain axis plays a crucial
role in modulating the immune microenvironment of CNS tumors
and promoting tumor progression, thereby presenting a promising
therapeutic target for immunological and targeted interventions.
Accordingly, it is imperative to innovate in therapeutic approaches
through more profound insight into the microbiota-gut-brain axis
to address these challenges in CNS tumor management.

Neuro-Oncological Imnmunology

Nervous system neoplasms

Classification, incidence, and epidemiological
characteristics of nervous system tumors

Primary intracranial malignancies have a high mortality rate and
constitute a major health burden [1]. In Table 1, we present the
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classification and incidence of CNS tumors. Gliomas, the pre-
dominant category of brain tumors, originate in glial cells and
manifest across all age groups, demonstrating higher prevalence
in adults and males [2]. Adult gliomas are classified into molecu-
lar subtypes with varying outcomes, with isocitrate dehydroge-
nase (IDH) wild-type glioblastomas (GBMs) being the most
lethal [3]. Roughly 90% of GBMs exhibit IDH wild-type status,
and they are classified as World Health Organization (WHO)
grade IV tumors, predominantly affecting older individuals and
characterized by aggressive progression and poor prognosis [4].
Primary central nervous system lymphoma (PCNSL), histologi-
cally classified as large B cell lymphoma, typically develops in
the brain, spinal cord, leptomeninges, or eyes [5], characterized
by high invasiveness, poor prognosis, and frequent recurrence.
The most common molecular subtypes of ependymoma include
posterior fossa group B ependymoma (EPN-PFB), posterior
fossa subependymoma (PF-SE), and supratentorial ependy-
moma with ZFTA fusion (EPN-ZFTA) [6].

Glioblastomas, particularly the IDH wild-type subtype,
account for 49% of cases, while diffuse infiltrating low-grade
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Table 1. Classification and incidence of central nervous system tumors

Five-year
Tumor type Tumor subtype Incidence  survivalrate  Current treatment Reference
Adult diffuse infiltrating  IDH mutated and 1p/19q 30% 36% Combination therapy of [1,347]
low-grade gliomas co-deleted oligodendrogliomas procarbazine, lomustine, and
IDH mutated astrocytomas vincristine with radiotherapy
IDH wild-type glioblastomas Temozolomide combined with
radiotherapy
Primary central nervous B cell ymphoma 7% 30%-40%  High-dose methotrexate [1,5]
system lymphomas induction followed by thiotepa-
conditioned transplantation,
whole-brain radiotherapy, or
single-agent maintenance
consolidation
Malignant EPN-PFB 3% 64.5% Maximal safe resection [1,4,6]
ependymoma PF-SE 67.4% whenever possible; for WHO
EPN-ZFTA 60.3% grade 3 tumors or subtotally
resected grade 2 tumors, local
radiotherapy is administered
Meningiomas WHO grade | (meningothelial, 2% 86.1% Resection or stereotactic [1,4,65,225]

fibrous variants and 7 other
variants)

WHO grade Il (3 variants)
WHO grade Ill (3 variants)

radiosurgery

75.9%-93.6%
66%

gliomas make up 30%, including IDH-mutant oligodendroglio-
mas and astrocytomas. Other tumor types include primary cen-
tral nervous system lymphomas (7%), malignant ependymomas
(3%), and meningiomas (2%), with further subtypes based on
molecular and anatomical characteristics.

Treatment modalities for nervous system neoplasms

Standard treatment for nervous system tumors involves surgery,
alkylating chemotherapy, and radiotherapy, with specific regi-
mens like temozolomide (TMZ) or PCV (procarbazine, lomus-
tine, and vincristine) plus radiotherapy improving survival in
GBM and 1p/19q co-deleted oligodendrogliomas [1]. However,
even with postoperative radiotherapy and chemotherapy, the
improvement in survival for glioma patients remains limited to
approximately 3 months [7]. The standard treatment paradigm
for PCNSL comprises induction chemotherapy with high-dose
methotrexate, followed by consolidation with large-dose cyta-
rabine and radiotherapy for whole brain or autologous stem cell
transplantation, with or without single-agent maintenance
therapy. Unfortunately, approximately 15% to 25% of patients
exhibit primary resistance to standard chemotherapy regimens,
and among those who initially respond to treatment, 25% to 50%
eventually experience relapse [5]. For malignant ependymomas,
maximal safe surgical resection should be pursued when fea-
sible; however, focal radiotherapy is indicated for grade III
tumors or unresectable grade II lesions. Current treatment
strategies remain insufficient to substantially reduce the risk of
recurrence, which most often occurs within 24 months of diag-
nosis [8]. The management of malignant meningiomas typically
involves surgical resection or stereotactic radiosurgery. The
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recurrence rate of grade 2 and grade 3 meningiomas remains
notably high, ranging from 50% to 90% [1]. This underscores
the fact that current treatment options for various types of brain
tumors are still limited. Due to the BBB, which effectively blocks
nearly all large-molecule drugs and approximately 98% of small-
molecule compounds from entering brain tissue, the therapeutic
efficacy of existing drugs is substantially constrained, contribut-
ing to persistently high tumor recurrence rates [7]. Therefore,
the development of novel treatment strategies has become an
urgent priority.

Nervous system immune microenvironment

The CNS microenvironment: Structure and function

The CNS microenvironment comprises specialized cell types,
including neurons, endothelial cells, pericytes, immune cells,
and glial cells [9]. The BBB, established by the neurovascular
unit (NVU) [10], serves as a protective interface between the
bloodstream and neural tissue, shielding the brain from external
threats but also significantly restricting drug delivery [11].
Among glial cells, oligodendrocytes are responsible for main-
taining myelin sheaths and supporting neuronal function. While
astrocytes and microglia orchestrate coordinated responses to
brain injury, astrocytes enhance BBB integrity through hyper-
trophy and scar formation, whereas microglia become activated
to clear cellular debris [12].

CNS immune responses: Cells and cytokines

The CNS immune system involves diverse immune and neural
cell types, including macrophages, lymphocytes, and astrocytes,
alongside cytokines and immune checkpoint molecules [13].
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Border-associated macrophages (BAMs) [14], located at CNS
interfaces like the leptomeninges and choroid plexus [15], play
key roles in neuroimmune responses by producing inflamma-
tory cytokines [e.g., interleukin-1f (IL-1p) and tumor necrosis
factor-o (TNF-a)] and antigen-presenting molecules, increas-
ing BBB permeability, and recruiting granulocytes [16]. They
also modulate systemic anti-inflammatory pathways via cyclo-
oxygenase-2 (COX2) and prostaglandin E2 (PGE2).

CNS-resident T lymphocyte subsets vary in location and
function, influencing either neuroprotection or damage depend-
ing on cytokine secretion, with interferon-y (IFN-y) and IL-4
imbalances disrupting CNS homeostasis [13]. Regulatory T cells
(Tregs) suppress the pyroptosis of microglia through the Toll-
like receptor 4 (TLR4)/MyD88/nuclear factor kB (NF-kB) sig-
naling cascade in demyelination induced by LPC, consequently
ameliorating myelin loss and enhancing cognitive function [17].

Although B cells are few in number in the CNS, they exert
significant immunological effects by producing antibodies, secret-
ing inflammatory cytokines and their inhibitors, and influencing
CNS pathophysiology through both peripheral and local immune
responses [18].

Neutrophils are largely excluded from the healthy CNS due
to the BBB, but under pathological conditions, they can infil-
trate and contribute to BBB breakdown [19].

Mast cells are key CNS-resident immune sensors that detect
microbes and cell damage through pattern recognition receptors.
Following pathogenic stimulation, mast cells undergo degranula-
tion, releasing abundant inflammatory mediators that propagate
immune signals and activate adjacent glial cells, thereby initiat-
ing neuroinflammatory cascades [20]. While this response may
facilitate tissue repair, persistent damage can trigger sustained
pro-inflammatory mediator release, resulting in chronic inflam-
mation that ultimately culminates in neuronal dysfunction and
death [20].

Natural killer (NK) cells, though limited in number, reside
mainly in the CNS parenchyma and perform immune surveil-
lance, with both neuroprotective and neurotoxic roles in CNS
diseases [21].

vd T cells are innate-like lymphocytes that bridge innate
and adaptive immunity in the CNS [22], influencing disease

Table 2. Immune cells in CNS and their functions

pathogenesis through pattern recognition, rapid inflamma-
tory mediator release, and cytokine-driven immunoregula-
tion [23].

Due to limited immune cell access, cytokines play a central
role in CNS immunity. Their dysregulation can trigger inflam-
mation and tissue damage, disrupting CNS homeostasis. This
review highlights key cytokines involved in CNS immune regu-
lation. Specifically, IL-34, synthesized by CNS-resident cells,
orchestrates microglial growth under physiological conditions
and promotes BBB integrity through the up-regulation of tight
junction proteins [24]. IL-33, steadily expressed in the CNS,
protects against tissue damage and promotes repair [24]. TNF-a,
mainly from CD8" T cells, regulates neurogenesis, myelination,
and BBB integrity, but excessive levels can cause excitotoxicity
and neuroinflammation [25]. The function of immune cells in
CNS is shown in Table 2.

Table 2 outlines the roles of various immune cells in the
CNS. BAMs, T cells, B cells, and neutrophils contribute to
neuroinflammation, neuronal damage, and BBB disruption,
while mast cells amplify immune responses by releasing inflam-
matory mediators. NK cells and y8 T cells play dual roles in
immune surveillance, neuroprotection, and neurotoxicity, influ-
encing CNS pathology through cytokine secretion and antigen
recognition.

Tumor immune microenvironment

The CNS tumor microenvironment (TME) includes various
immune cells, with T lymphocytes being the dominant tumor-
infiltrating lymphocytes (TILs) [26]. However, cytotoxic T cells
often become dysfunctional due to GBM-induced apoptosis,
immunosuppressive cytokines [e.g., transforming growth
factor-f3 (TGF-p) and IL-10] [27], and immune checkpoint up-
regulation (e.g., PD-1, LAG-3, and TIGIT) [26]. T cell infiltra-
tion is further limited by retention in bone marrow [28], and
Treg accumulation is driven by indoleamine 2,3-dioxygenase-
1-expressing (IDO1") dendritic cells (DCs) and CCR4-CCL22
signaling [29]. This immunosuppressive environment hinders
antitumor responses. Additionally, yd T cells in the CNS TME
display NK-like features and recognize antigens indepen-
dently of major histocompatibility complex (MHC) [30]. v T

Immune cell Rolesin CNS Reference

BAMs (macrophages Mediate neuronal damage; mediate systemic anti-inflammatory response [13,15,16]

and monocytes)

Tcells Secrete cytokines with either protective or pathogenic effects on the central nervous system (CNS); [13,17]
monitor pathogens; maintain cognitive and social behavior; inhibit oligodendrocyte pyroptosis to
reduce myelin loss and improve cognition

B cells Synthesize antibodies; secrete cytokines that promote and inhibit inflammation; promote CNS [18]
pathology

Neutrophils Release neutrophil extracellular traps to damage the BBB and neurons [19]

Mast cells Release granules to release mast cell mediators, activate other neuroglial cells, and initiate [20]
inflammation; release pro-inflammatory mediators to amplify inflammation

NK cells Participate inimmune surveillance; play a dual role in neuroprotection and neurotoxicity [21]

yoT cells Recognize antigens; promptly generate inflammatory mediators; secrete cytokines to influence [23]
antibody differentiation
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lymphocytes possess the capacity to detect cellular stress signals
and diverse antigenic molecules, including phosphoantigens
and lipid moieties, thereby facilitating immunosurveillance
[31]. In a seminal study, Choi and colleagues [32] demonstrated
using an orthotopic mouse model that intratumoral administra-
tion of allogeneic y8 T lymphocytes elicits anti-GBM responses
through DNAX accessory molecule-1 (DNAM-1)-dependent
mechanisms. Notably, hypoxic conditions attenuate the anti-
tumor functionality of y8 T lymphocytes, whereas mitigation
of cerebral oxygen consumption or hypoxia-inducible factor-1la
(HIF-1ar) inhibition in these cells can restore their cytotoxic
capacity [33].

Tumor-associated macrophages (TAMs), mainly exhibiting
an immunosuppressive M2 phenotype, are abundant in the
CNS TME and promote tumor growth, angiogenesis, and
metastasis [34]. Their polarization is driven by various factors,
including osteopontin from mesenchymal-like endothelial cells
[35], glioblastoma stem cell (GSC)-derived signals (e.g., exo-
somal miR-200c-3p and CXCL8) [36], lactate, and CCL2/
CD84-SHP2 signaling [37]. M2 TAMs enhance glioma inva-
sion via TLR2-induced matrix metalloproteinase-14 (MMP-
14)/MMP-2 expression and support GSC proliferation [38],
epithelial-mesenchymal transition (EMT), and therapy resis-
tance. Their infiltration correlates with tumor grade and recur-
rence, with cluster of differentiation 47 (CD47) signaling aiding
immune evasion [39]. Macrophage-derived CD47 provides an
inhibitory “don’t eat me” message, facilitating meningioma
immune evasion and disease progression [40]. TAMs also impair
T cell function (e.g., via TBC1D1) [41] and cooperate with GSCs
through PTN-PTPRZ1 signaling [42]. Beyond classical M2
types, novel TAM subsets like lipid-laden macrophages (LLMs)
[43] and hypoxia-adapted Mo-TAMs have been identified, con-
tributing to tumor metabolism and vascular dysfunction, and
are associated with poor prognosis [44].

CXCR2

Adhesion
molecule

Myeloid-derived suppressor cells (MDSCs) play a key immu-
nosuppressive role in the CNS TME, shown in Fig. 1. In GBM,
tumor-derived CXCL1/2/3 and CXCR2 promote polymorpho-
nuclear myeloid-derived suppressor cell (PMN-MDSC) mobi-
lization and expansion [45]. After chemoradiotherapy, increased
endothelial adhesion molecules enhance MDSC recruitment
[46]. MDSCs suppress cytotoxic immune cells via nitric oxide
(NO), IL-10, TGF-, and PD-L1 while promoting Tregs, regula-
tory B cells (Bregs), and M2 TAMs [46]. Their infiltration cor-
relates with higher tumor grade and worse prognosis [26].

MDSC accumulation occurs within the GBM microenviron-
ment through the interaction of tumor-derived chemokines
(CXCL1/2/3) with their receptor CXCR2. Chemoradiotherapy
enhances this recruitment by up-regulating adhesion molecules
on GBM-associated endothelial cells. Within the tumor micro-
environment, MDSCs exert immunosuppressive effects by
releasing nitric oxide (NO), IL-10, and TGF-f. The mediators
inhibit cytotoxic effector cells, including CD8" T lymphocytes,
NK cells, M1 TAMs, and DCs, while promoting immunosup-
pressive populations including Tregs, Bregs, and M2-polarized
TAMs (M2 TAMs). Additionally, MDSCs up-regulate PD-LI,
leading to T cell exhaustion and immune evasion, thereby driv-
ing tumor progression. Red arrows indicate up-regulation,
while blue arrows represent down-regulation.

NK cells play a key role in the CNS TME by targeting GBM
cells with low MHC expression through cytotoxicity and apop-
tosis induction [28]. While activated NK cells are generally
associated with better GBM prognosis [26], they may paradoxi-
cally promote glioma progression via IFN-y [47]. In GBM,
tumor cells suppress NK cell function by down-regulating acti-
vating receptors and up-regulating immunosuppressive mol-
ecules like CD73 and MHC-I [28].

CNS neutrophils originate from nearby bone marrow and
enter tumors as tumor-associated neutrophils (TANs) [48],

CXCL1/2/3

f

—
GBM-associated
endothelial cell

IL-10 TGF-B

e

Fig. 1. The function of MDSCs within the immunosuppressive milieu of CNS tumors.
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with N1 TANs suppressing tumors and N2 TANs promoting
progression [28]. In early GBM, TANs are mostly antitumor
N1 cells but shift to pro-tumor N2 cells as the disease advances,
driven by hypoxia and acrolein [49]. Neutrophils also contrib-
ute to GBM growth via neutrophil extracellular trap (NET)
formation through HMGB1/RAGE/IL-8 signaling [50], while
LC3-associated phagocytosis can induce tumor cell ferroptosis
and necroptosis [51].

DCs play key roles in the CNS TME, with mature DCls
promoting antitumor immunity. However, in high-grade glio-
mas (HGGs), factors like vascular endothelial growth factor
(VEGF) and IL-10 impair DC function and promote immuno-
suppressive regulatory DCs (rDCs) that activate Tregs and
inhibit T cells [26]. GBM stem-like cells can further drive
malignant DC transformation via ZNF148/PTX3 signaling
[52], while tumor-derived exosomes induce ferroptosis in DCs
through modulation of the NRF2/glutathione peroxidase-4
(GPX4) pathway, contributing to tumor progression [53].

Predictive models for neurological tumors

Advances in Al, including machine learning and radiogenom-
ics, have enabled predictive models that enhance CNS tumor
diagnosis, treatment planning, and outcome prediction, offering
new tools for clinical management and future therapies.
Emerging evidence supports predictive models as effective CNS
tumor diagnostic tools. The DEPLOY model was not only
trained and cross-validated using internal datasets but also vali-
dated across 3 independent external clinical cohorts, including
the Digital Brain Tumor Atlas (DBTA), the Children’s Brain
Tumor Network (CBTN), and a National Cancer Institute (NCI)
prospective cohort. These validations encompassed data from
over 2,100 patients and demonstrated exceptionally high overall
accuracy and strong potential for clinical application. However,
several limitations remain before the model can be widely
implemented in clinical settings. These include its current appli-
cability being restricted to only 10 types of CNS tumors, reduced
classification accuracy for rare subtypes with small sample sizes,
and heavy reliance on methylation-matched data during the
training process [54]. Joo et al. [55] developed a magnetic reso-
nance imaging (MRI)-based radiogenomic model using edema
volume, radiomic features, and demographics to accurately
predict meningeal tumor brain invasion, improving diagnostic
precision beyond standard imaging methods.

A range of advanced predictive models is offering new
avenues for precision therapy in glioma. Molecular omics-
based models—including a cuproptosis activity scoring system,
ferroptosis-related gene signatures, classifications defined by
immune cell infiltration states, and circulating tumor DNA
(ctDNA)-based models—can effectively identify potential
therapeutic targets, evaluate tumor aggressiveness and survival
risk, and predict recurrence location and treatment response.
For example, Chen et al. [56] constructed a cuproptosis activ-
ity scoring system to assess glioma aggressiveness and prog-
nosis; Han et al. [57] developed a prognostic model based on
ferroptosis-related genes and identified SLC1A5 as a key bio-
marker; Nam et al. [58] subtyped ependymoma using immune
cell infiltration features and found that subtype A was associ-
ated with superior survival; and Heger et al. [59] developed a
ctDNA-based predictive model for risk assessment in CNS
lymphoma.

In addition, advances in artificial intelligence (AI) and
radiomics show promising potential in brain tumor management.
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For instance, Herrgott et al. [60] leveraged Al with DNA meth-
ylation data to predict treatment outcomes in meningioma;
Zhou et al. [61] proposed a fusion model that achieved precise
tumor segmentation and recurrence prediction; and Fan et al.
[62] introduced RadSurv, a radiomics-derived survival bio-
marker that enables risk stratification in glioma and is associ-
ated with M2 macrophage infiltration as well as predicted
responsiveness to immunotherapy.

Host Immune Responses within the Gut
Microbiota—CNS Tumor Axis

Intestinal bacteria can be categorized based on pathogenicity
into normal flora, opportunistic pathogens, and pathogenic
bacteria. These bacteria contribute to various functions and
harm, such as directly activating neurons or causing CNS dis-
eases. Detection methods for intestinal bacteria incorporate
shotgun metagenomic sequencing, 16S ribosomal RNA (rRNA)
gene sequencing, and RNA sequencing. Animal models, such
as mouse and dog models, are commonly used to study intes-
tinal microbiota. Key metabolites produced by intestinal bac-
teria include tryptophan-derived metabolites, short-chain fatty
acids (SCFAs), and bile acids. Modifications of intestinal bac-
teria involve mechanisms such as amino acid deprivation (e.g.,
tryptophan and arginine), the kynurenic acid pathway, dys-
regulation of microglia, and the involvement of MDSCs.
Furthermore, intestinal bacteria are implicated in multiple cell
death modalities, including ferroptosis, cuproptosis, autophagy,
and apoptosis. The key points outlined above are comprehen-
sively summarized in Fig. 2 for an overall overview.

Fundamentals and characteristics of the
intestinal microbiota
Taxonomic hierarchy and functional diversity of the
intestinal microbiota: Current classification systems
The human gastrointestinal tract hosts a complex ecosystem
of over 100 trillion microorganisms, collectively known as the
gut microbiota. The predominant phyla, Bacteroidetes and
Firmicutes, constitute approximately 90% of the gut microbi-
ome, representing the core microbial community. At the taxo-
nomic level of genus, Bacteroidetes encompasses Bacteroides
and Prevotella, whereas Firmicutes comprises Clostridium,
Enterococcus, Lactobacillus, and Faecalibacterium [63,64].
From a functional and pathogenicity perspective, the gut
microbiota can be categorized into 3 distinct groups: commensals,
opportunistic pathogens, and pathogens. Commensals com-
prise microorganisms that maintain a mutually beneficial rela-
tionship with the host, conferring advantages through biological
antagonism, nutritional support, immune modulation, and
metabolic regulation. Representative commensal genera include
Bifidobacterium, Lactobacillus, and Enterococcus. Opportunistic
pathogens represent microorganisms that typically maintain com-
mensalism but may induce pathological conditions under specific
circumstances, exemplified by Escherichia coli, Salmonella, and
Shigella. Pathogens encompass microorganisms that directly com-
promise host health, as illustrated by Helicobacter pylori [65].
Notably, universally beneficial bacteria are seldom documented
in clinical settings, as perturbations in bacterial populations
can disrupt microbial homeostasis, leading to dysbiosis and
associated pathologies. The ultimate impact of specific bacterial
populations on host health is determined by the complex
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Fig. 2. Overview of intestinal bacteria and their associated functions, detection methods, metabolites, modifications, and roles in cell death.

interplay of host-microbiota and microbiota—-microbiota inter-
actions [65].

Physiological functions and pathological effects of the
intestinal microbiota

Commensal bacteria orchestrate the ontogeny of the local intes-
tinal immunity, regulate intestinal sensory and motor func-
tions, facilitate the degradation of complex dietary compounds,
enhance nutrient absorption, and synthesize essential vitamins.
Select commensal species, particularly Lactobacillus and
Bifidobacterium, employ competitive exclusion mechanisms to
prevent pathogenic colonization. These microorganisms, in
conjunction with their metabolites, particularly SCFAs, main-
tain epithelial cell adhesion and strengthen the intestinal barrier
function [66]. Recent studies have demonstrated that early gut
microbiota can modulate intestinal immune responses through
microbially derived acetate lipids, significantly reducing suscep-
tibility to colitis and regulating ferroptosis-related pathways [67].
Conversely, dysbiosis can compromise intestinal barrier integrity,
resulting in the formation of epithelial discontinuities. This bar-
rier dysfunction facilitates microbial translocation beyond the
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intestinal lumen, triggering excessive immune cell activation
and profound pro-inflammatory cytokine release, potentially
inducing inflammation in both intestinal and extra-intestinal
tissues [68].

The intestinal microbiome, through bidirectional communica-
tion via the gut-brain axis, exerts profound influences on neuro-
genesis and neurodevelopment. The intestinal microbiome and
its associated metabolites modulate BBB function through up-
regulation of tight junction proteins, consequently regulating BBB
permeability. These microbial factors affect the evolution and
performance of CNS-resident immune cells and mediate direct
neuronal activation [66,69]. Studies consistently demonstrate that
intestinal microbiome dysregulation represents a significant sus-
ceptibility factor in various neurological diseases, encompassing
autism spectrum disorder, Alzheimer’s disease, Parkinson’s dis-
ease, multiple sclerosis, stroke, anxiety disorders, and schizophre-
nia [70,71]. Furthermore, recent studies have demonstrated that
maternal gut microbiota not only affects maternal neurodevelop-
ment but also significantly modulates offspring gut microbiota
colonization through both direct and indirect pathways, thereby
influencing the neurodevelopment of offspring [72]. Notably,
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studies have demonstrated that transcranial magnetic stimulation
(TMS) can ameliorate cognitive impairment induced by a high-fat
diet in rats by modulating gut microbiota dysbiosis. This finding
further elucidates the critical role of the gut-brain axis in the
regulation of neurological functions. Although repetitive tran-
scranial magnetic stimulation (rTMS) has demonstrated benefits
for cognitive function and intestinal microbiota homeostasis in
metabolic disease models, its role in CNS tumors remains unclear.
The brain-gut axis may exert dual, environment-dependent
effects. On the one hand, it may suppress the initiation and pro-
gression of brain tumors by mitigating neuroinflammation. On
the other hand, it may promote tumor progression by modulating
the tumor immune microenvironment in a manner that favors
tumor development [73].

Advanced methodologies for gut microbiota analysis

The gut microbiome represents a complex microbial ecosystem
that harbors a genetic repertoire exceeding that of the human
host by approximately 100-fold, fundamentally influencing host
metabolism, immunity, and health status. Given that the major-
ity of gut microorganisms remain recalcitrant to traditional
cultivation methods, next-generation sequencing (NGS) tech-
nologies have emerged as essential tools in gut microbiome
research [74]. The primary NGS methodologies encompass 16S
rRNA gene sequencing, shotgun metagenomics sequencing, as
well as RNA sequencing, each possessing distinct advantages
and limitations.

168 rRNA sequencing represents a widely adopted methodol-
ogy for bacterial taxonomic identification. This approach encom-
passes polymerase chain reaction (PCR) amplification of the
bacterial 16S rRNA region, followed by high-throughput sequenc-
ing of the amplified products. Shotgun metagenomics sequencing
initiates with DNA extraction from environmental samples, fol-
lowed by random fragmentation and subsequent ligation of
molecular barcodes and adapters to facilitate multiplexed sequenc-
ing. The generated sequence reads undergo quality control pro-
cessing and subsequent alignment against reference databases for
taxonomic classification and functional annotation. RNA sequenc-
ing employs methodology similar to shotgun metagenomics;
however, it incorporates an additional step wherein RNA frag-
ments undergo reverse transcription to complementary DNA
(cDNA) prior to sequencing library preparation.

16S rRNA sequencing offers several advantages, including
reduced risk of host contamination, minimized false positives,
and enhanced cost-efficiency. Limitations of this approach
include restricted detection to bacteria, reduced taxonomic
resolution at the species level, inability to resolve strain-level
variations, absence of direct functional profiling capabilities,
increased susceptibility to PCR bias, and complex bioinfor-
matics requirements. In contrast, shotgun metagenomics and
RNA sequencing provide comprehensive detection capabili-
ties extending beyond bacteria to include fungi, parasites, and
viruses, with RNA sequencing specifically enabling RNA virus
detection. These methods analyze the complete microbial
genomic content, enabling comprehensive functional charac-
terization—shotgun metagenomics reveals the genetic poten-
tial through analysis of encoded genes, while RNA sequencing
elucidates active gene expression profiles. Both approaches
offer enhanced taxonomic resolution to species and strain
levels, facilitate precise functional analysis, and enable discov-
ery of novel microbial taxa. These methods are limited by
increased computational requirements and higher operational
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costs [75]. We provided a comprehensive summary of the
major sequencing methods for gut microbiota, covering their
types, workflows, advantages, and limitations, as illustrated
in Table 3.

Table 3 summarizes the key sequencing methods for gut
microbiota, highlighting their processes, advantages, and limi-
tations. While 16S rRNA sequencing is cost-effective and mini-
mizes host contamination, it lacks species-level resolution and
functional profiling, whereas metagenomic and RNA sequenc-
ing provide comprehensive taxonomic and functional insights
but require higher costs and computational resources.

Experimental animal models for investigating

gut microbiota

The intestinal microbiome and host organisms maintain a com-
plex mutualistic relationship, mediated through bidirectional
signaling pathways of the gut-brain axis, which orchestrates
the ontogeny and function of immune, endocrine, and nervous
systems. These physiological interactions are fundamentally
linked to health and disease states, as microbiota composition
significantly influences behavioral patterns, and dysbiosis poten-
tially precipitates neurological disorders. Experimental animal
models have emerged as essential platforms for investigating
gut-brain axis functionality, yielding valuable insights into host—
microbiota interactions [76].

Two principal experimental paradigms—germ-free (GF)
mice and antibiotic-mediated gut dysbiosis models—facilitate
the investigation of causal relationships between the gut micro-
biome and brain function [77].

GF mice, characterized by the absence of endogenous micro-
biota, exhibit increased populations of immature microglia
across multiple brain regions, a phenomenon corroborated by
studies utilizing antibiotic-treated mice. Administration of bac-
terially derived SCFAs to GF mice demonstrates restoration of
microglial morphology and function, indicating that microglial-
mediated immune programming is dependent on microbial
metabolites. Supplementation of GF mice with a defined con-
sortium of 4 Bifidobacterium species reveals bacterial regulation
of microglial development and activation via transcriptional
mechanisms. Collectively, these findings demonstrate the gut
microbiotas essential role in microglial development, matura-
tion, and functional activation. As microglia constitute the pri-
mary innate immune cells within the brain, these findings
suggest that gut microbiota modulation of microglial function
may contribute to the pathogenesis of various CNS disorders.
Additionally, GF mice demonstrate compromised BBB integrity,
characterized by reduced tight junction protein expression, indi-
cating that gut microbiota potentially influences CNS pathology
through modulation of BBB permeability [76].

To elucidate the impact of chronic antibiotic treatment on gut
microbiota composition and subsequent glioma progression,
mice received 2 parenteral antibiotics. Following a 2-week treat-
ment period, syngeneic GL261 glioma cells were stereotactically
implanted into the brain. Tumor volume was quantified after
3 weeks of continuous antibiotic administration. Results dem-
onstrated that antibiotic treatment induced significant alterations
in the gut microbiome, leading to modified gut-immune-brain
signaling. These alterations resulted in decreased cytotoxic NK
cell populations and dysregulated microglial inflammatory and
homeostatic protein expression, establishing a CNS microen-
vironment that promotes tumor tolerance and facilitates gli-
oma progression [78]. In a parallel syngeneic glioma model,
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Table 3. The types, steps, advantages, and disadvantages of sequencing methods for gut microbiota

Types of sequencing
method

Sequencing step

Advantage

Disadvantage

Reference

16S rRNA sequencing

Metagenomic
shotgun sequencing

RNA sequencing

Amplify bacterial 16S ribosomal
RNA by PCR and then sequence
the resulting products

Extract the given sample,
randomly fragment the DNA,
attach barcodes and adapters to
both ends of each fragment,
clean and sequence the results,
and then align them with a
reference database

After fragmentation, RNA
fragments are reverse tran-
scribed into cDNA via PCR, and
then processed through a DNA
sequencing pipeline

Low risk of host contamination;
low risk of false positives;
efficient and cost-effective

Can detect bacteria, fungi,
parasites, and viruses; provided
a random subset of microbi-
ome-encoded genes; broader
classification coverage; more
accurate functional analysis;
has the potential to detect
unknown microbial species and
strains

Can detect bacteria, fungi,
parasites, viruses, and RNA
viruses; broader classification
coverage; more accurate
functional analysis; has the

Can only detect bacteria;
limited resolution for
species-level differentiation;
limitations to directly obtain
functional profiles; higher
risk of bias; difficult to
perform bioinformatics
analysis

Higher cost and bioinformat-

ics burden

Higher cost and bioinformat-

ics burden

[75,76]

potential to detect unknown
microbial species and strains

antibiotic administration profoundly affected both gut and
brain metabolomic signatures. The TME exhibited a pro-angio-
genic phenotype characterized by enhanced microglial and gli-
oma cell activation. Enhanced glioma stem cell properties and
their transdifferentiation capacity into endothelial progenitor
cells augmented angiogenic processes. Elevated glycine levels
specifically modulated the brain microenvironment, promoting
glioma growth and progression [79].

Canine models represent valuable platforms for gut micro-
biota research, owing to their greater taxonomic and functional
similarity to the human microbiome compared with murine
models. In a systematic evaluation of ketogenic diets (KDs),
Allenspach et al. [80] administered sequential dietary interven-
tions to 8 healthy adult beagle dogs: a baseline diet followed by
2 distinct KDs (KD1 and KD2, featured by low-carbohydrate,
high-fat, and protein-adequate compositions) for 2-week peri-
ods. Analysis revealed significant alterations in the canine fecal
microbiome, characterized by enrichment of specific taxa (e.g.,
Fusobacteria and Bifidobacteria) and depletion of others (e.g.,
Lactobacilli). Further analyses demonstrated that diet-induced
dysbiosis correlated with altered microbial metabolic functions,
particularly in cholesterol/steroid metabolism and bile acid bio-
synthesis pathways, indicating potential therapeutic efficacy
against glycolipid-dependent cancer stem cells. Moreover, KDs
significantly modulated metabolite profiles, reducing valine and
methionine levels while elevating serotonin and decreasing kyn-
urenine (Kyn) concentrations, collectively contributing to anti-
tumor effects.
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In addition to traditional animal models, 3D bioprinting tech-
nology is being actively explored for studying host-microbiota
interactions. Recent advances have led to the development of a
3-dimensional (3D) bioprinted intestinal model that offers sev-
eral advantages over conventional intestinal organoids. This
model enables precise control of tissue geometry to enhance
reproducibility, better mimics the hypoxic conditions of the
human intestinal tract, and allows coculture of intestinal micro-
biota and epithelial cells to closely replicate their interactions. By
employing sacrificial layer printing techniques, a continuous
open intestinal lumen has been created, along with complex
structures such as villi, crypts, and tight junctions. Looking
ahead, we envision that integrating BBB organoids with this 3D
bioprinted intestinal model will establish a novel platform to
investigate the mechanisms underlying the “gut microbiota—
brain-brain tumor” axis. This system holds the potential to more
accurately simulate the human microphysiological environment,
elucidate how gut microbiota may influence the initiation and
progression of brain tumors via the brain-gut axis, and provide
a high-throughput, controllable in vitro model for drug screening
and mechanistic studies. Ultimately, this approach could acceler-
ate the development of innovative therapeutic strategies targeting
the gut microbiome for brain tumor intervention [81].

Metabolic products of the gut microbiota:

Role in neuro-oncology
Gut microbiota-derived metabolites function as critical media-
tors between the gut microbiome and neurological tumor
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pathogenesis. These metabolites exert their effects through
TME remodeling and regulation of key signaling cascades in
both neoplastic and immune cells [82]. Principal among these
mediators, tryptophan metabolites, SCFAs, and bile acids
orchestrate gut-brain axis communication.

The composition of the intestinal microbiota is highly indi-
vidualized, influenced by a variety of factors, and subject to
dynamic changes in response to environmental conditions.
Even within a single individual, microbial communities can
vary significantly across different regions of the gastrointestinal
tract. A healthy gut microbiota is typically characterized by
greater taxonomic diversity, enriched genetic content, and a
relatively stable core microbial structure. Alterations in the
composition or balance of the gut microbiota can influence the
initiation and progression of brain tumors by modulating
the production and proportion of microbiota-derived metabo-
lites. For example, studies have reported an increased abun-
dance of Akkermansia muciniphila in the intestines of glioma
patients, which may impact the secretion of related metabolites.
Additionally, fecal microbiota sequencing in patients with vari-
ous brain tumor types has revealed increased levels of Bacteroides,
Fusobacteria, and Proteobacteria, alongside decreased abun-
dances of Firmicutes and Actinomycetes, when compared to
healthy controls [83]. These microbial shifts may contribute to
brain tumor development by altering the metabolic landscape
and influencing tumor-associated pathways.

Tryptophan metabolites are synthesized by gut microbiota
through either direct tryptophan conversion or via the Kyn
pathway. The metabolites facilitate the differentiation and acti-
vation of diverse immune cell populations, including M2 mac-
rophages, Treg cells, CD4" T lymphocytes, CD8* T lymphocytes,
IL-10/IL-35-producing Bregs, and IL-22-producing group 3
innate lymphoid cells (ILC3s), thereby maintaining intestinal
mucosal homeostasis [84]. Additionally, these metabolites pro-
mote tumor malignancy and attenuate antitumor immune
responses through aryl hydrocarbon receptor (AHR) activation
[85]. SCFAs, primarily acetate, butyrate, and propionate, rep-
resent major metabolic products of the gut microbiota. These
compounds traverse the BBB and modulate glial cell and neu-
ronal function through epigenetic mechanisms [86]. SCFAs
modulate innate immune responses through TLR signaling,
resulting in activation of NK cells, macrophages, and neutro-
phils [87]. In adaptive immunity, butyrate predominantly
enhances antitumor cytotoxic CD8* T lymphocyte responses
via the IL-12 signaling pathway regulated by ID2 activation,
ultimately augmenting antitumor therapeutic efficacy [88].
Furthermore, SCFAs regulate immune responses by promoting
Treg differentiation and modulating inflammatory processes
[80]. Bile acids, including deoxycholic acid, lithocholic acid,
acetyldeoxycholic acid, and cholic acid, promote antitumor
phenotype adoption in TAMs and enhance the cytotoxic capac-
ity of TILs, thereby potentiating glioma cell elimination [87].

Gut microbiota-derived metabolites additionally demonstrate
complex regulatory effects on y8 T cells. SCFAs, particularly
propionate, attenuate yd T cell activity and IL-17 production,
while specific commensal microbes promote yd T cell differentia-
tion. Select phosphorylated microbial metabolites, including
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP)
and amino bisphosphonates, directly activate Y8 T cells, while
others mediate their effects through DCs, intercellular interac-
tions, or cytokine signaling networks [89].
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Mechanistic pathways in gut

microbiota-mediated effects

Figure 3 illustrates the mechanisms by which gut microbiota
modifications influence the TME, highlighting their opposing
effects on tumor promotion and suppression through amino
acid metabolism, kynurenine pathway activation, dysregulation
of microglia, and the activity of MDSCs.

1. Amino acid deprivation (top left):

o Arginine deprivation: Arginine depletion can have oppos-
ing effects. It promotes the reprogramming of M2 microg-
lia/macrophage phenotypes into the pro-inflammatory
M1 phenotype, activates CD8" T cells, and enhances
antitumor immune response. Conversely, it activates the
activating transcription factor 4 (ATF4)-solute carrier
family 7 member 11 (SLC7A11)-glutathione (GSH) axis
in CD4™" T cells, increasing intratumoral Treg accumula-
tion and inducing immunosuppressive effects.

o Tryptophan deprivation: Tryptophan depletion induces
the overexpression of AHR and enhances Kyn uptake,
promoting Treg differentiation via IDO1/TDO (tryp-
tophan 2,3-dioxygenase) pathways and inhibiting DC
function, contributing to tumor immune evasion.

2. Kyn pathway (top right):

o Tryptophan metabolism through the Kyn pathway is
regulated by IDO1, IDO2, and TDO enzymes, which
catalyze the transformation of tryptophan to Kyn. Kyn
crosses the BBB and activates AHR, promoting the AHR/
Akt pathway, increasing rDCs and Tregs, and decreasing
CD8"/CD4" T cells, NK cells, and macrophages. This
creates an immunosuppressive microenvironment, lead-
ing to glioma cell migration and invasion.

3. Dysregulation of microglia (bottom right):

o Microglia exhibit M1 or M2 polarization. Pro-inflammatory
M1 microglia are activated by cell debris, gut-derived com-
pounds [e.g., lipopolysaccharide (LPS)], and cytokines (e.g.,
TNF-oand IFN-y) from Th1 cells or astrocytes. In contrast,
anti-inflammatory M2 microglia are mediated by Th2-
derived IL-4 and IL-13, promoting immunosuppression as
well as tissue regeneration. M2 microglia interact with CNS
tumors and T cells, contributing to immune evasion.

4. MDSCs (bottom left):

o MDSCs strongly suppress the immune response via mul-
tiple mechanisms such as amino acid deprivation, oxida-
tive stress, reduced transport of antitumor effector cells,
and increased responses of Tregs and tolerogenic DCs.
These activities promote tumor progression, angiogen-
esis, invasion, metastasis, and immune evasion.

Red arrows (—) represent activation, promotion, or facilita-
tion of a biological process. Blue T-shaped symbols (L) represent
inhibition, suppression, or down-regulation of a biological pro-
cess or function.

The gut microbiota orchestrates its biological effects through
multiple pathways, including (a) amino acid metabolism
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Fig. 3. Mechanisms of gut microbiota modification and their impact on CNS neoplasm progression.

perturbation (specifically arginine and tryptophan), (b) Kyn
pathway modulation, (c) microglial homeostasis disruption,
and (d) MDSC regulation. These regulatory mechanisms enable
the gut microbiota to mediate both oncogenic and oncolytic
effects within the CNS [90] (Fig. 3).

Arginine auxotrophy represents a characteristic metabolic
feature of GBM [91]. Arginine depletion induces M2-to-M1
microglial repolarization, subsequently activating CD8" T cells
and eliciting robust anticancer immunity [92]. Paradoxically,
arginine depletion also stimulates CD4" T cells, triggering
metabolic and transcriptional remodeling through the ATF4-
SLC7A11-GSH axis, culminating in enhanced intratumoral
Treg accumulation and immunosuppression [93]. Tryptophan
metabolism exhibits heightened activity in brain tumors, par-
ticularly gliomas [94], orchestrating immunosuppressive micro-
environmental changes through multiple mechanisms that
facilitate tumor progression [95]. Tryptophan depletion pro-
motes AHR overexpression and enhances cellular Kyn uptake,
thereby facilitating Treg differentiation and mediating IDO1/
TDO-induced immunosuppression. Additionally, tryptophan
depletion compromises DC function, promoting immune eva-
sion by tumors [96].

The Kyn pathway represents a principal metabolic route for
tryptophan catabolism. IDO1, IDO2, and TDO function as criti-
cal rate-limiting enzymes in the Kyn pathway [97], catalyzing
the conversion of tryptophan to Kyn and its derivatives. Kyn
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functions as an endogenous ligand for the AHR. IDOI1- and
TDO2-derived Kyn triggers AHR activation [98], initiating AHR/
Akt pathway signaling, resulting in expansion of immunosup-
pressive DCs and Tregs [99], while suppressing CD8"/CD4" T
cells, macrophages, and NK cells [100]. This immunosuppressive
microenvironment facilitates glial tumor cell ontogeny, multipli-
cation, and metastasis while conferring therapeutic resistance
[97]. Significantly, the gut microbiota modulates the Kyn pathway
as well as IDO1 activity through regulation of tryptophan acces-
sibility [90]. Gut dysbiosis potentially elevates IDO activity and
the Kyn/Trp ratio, thereby accelerating glioma progression.
Microglia-derived tumor-associated macrophages (TAM-
MGs) predominantly localize to the tumor periphery [95] and
exist in both quiescent and activated states. Activated TAM-MGs
exhibit functional plasticity, differentiating into distinct M1 and
M2 phenotypes. Multiple factors, including injury-induced cel-
lular debris, gut microbiota-derived compounds (particularly
LPS), and T helper 1 (Th1)/astrocyte-derived cytokines (notably
IFN-y and TNF-a), promote M1 phenotype polarization, initiat-
ing inflammatory responses. Conversely, cytokines IL-4 and IL-13
derived from Th2 promote M2 phenotype polarization, orches-
trating immunosuppression and tissue repair processes [101]. In
GBM, microglia undergo severe oxidative stress, activating the
NR4A2-SQLE axis and consequently enhancing tumor prolifera-
tion [102]. Within CNS tumors, microglia establish complex
interactions with neoplastic cells as well as infiltrating peripheral
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immunocytes, fundamentally reshaping the TME. In low-grade
gliomas (LGGs), cancer stem cells secrete CX3CL1 to facilitate
microglial recruitment, which subsequently promotes tumor
growth through CCLS5 secretion. Anti-inflammatory microglia
elevate platelet-derived growth factor receptor f (PDGFRB)
expression levels in glioma cells, a phenomenon particularly
prevalent in HGGs. In sonic hedgehog-activated medulloblas-
toma mouse models, tumor cells undergo transdifferentiation
into astrocyte-like cells, synthesizing IL-4 that activates TAM-
MGs. Activated TAM-MGs produce insulin-like growth factor
1 (IGF1), which functions through autocrine/paracrine signaling
to regulate the development and progression of pediatric epen-
dymomas. In microglia-T cell interactions, CX3CR1-dependent
CXCL10 expression mediates microglial recruitment to the tumor
site, where they implement T cell suppression through multiple
immune checkpoints, including PD-1, cytotoxic T lymphocyte-
associated protein 4 (CTLA-4), and forkhead box P3 (Foxp3).
Attenuation of TAM-MG-mediated T cell suppression requires
down-regulation of V-domain immunoglobulin suppressor of T
cell activation (VISTA) and PD-L1 signaling pathways. Within
GBM, mechanistic target of rapamycin (mTOR) signaling func-
tions as a critical regulator of TAM-MG immunosuppressive
phenotype acquisition. Collectively, microglia undergo pheno-
typic transformation in the TME, adopting immunosuppressive
characteristics that promote tumor growth [103].

MDSCs represent a heterogeneous population of pathologi-
cally activated immature monocytes and neutrophils. MDSCs
exhibit potent immunosuppressive capabilities and orchestrate
multiple processes in tumor biology, involving malignant pro-
gression, angiogenesis, invasion, metastasis, and immune escape,
thereby correlating with poor clinical outcomes [104,105].
MDSCs modulate the immune microenvironment through
multiple mechanisms, including amino acid metabolism disrup-
tion, oxidative stress induction, impairment of antitumor effector
cell trafficking, and enhancement of Treg and DC responses [105].
MDSCs suppress antigen-specific CD8" T cell function predomi-
nantly through elevated expression of ARG, inducible nitric
oxide synthase (iNOS), and reactive oxygen species (ROS) [106].

Regulatory mechanisms of gut microbiota in
programmed cell death

Figure 4 illustrates the roles of gut microbiota and their derived
metabolites in mediating or influencing 4 principal types of cell
death—ferroptosis, cuproptosis, apoptosis, and autophagy—
and their implications in tumor progression, immunity, ther-
apy, and prognosis.

1. Ferroptosis (top left):

o Ferroptosis is triggered by iron accumulation, lipid per-
oxidation, and excessive ROS, leading to cell membrane
damage and rupture. Key signaling pathways include
ROS-MAPK, TP53, and Hippo.

0 Metabolites from intestinal flora, especially bile acid and
tryptophan metabolites, facilitate the differentiation and
function of immunosuppressive cells, including rMacs,
rDCs, MDSCs, and Tregs, which collectively inhibit
ferroptosis.

o Incontrast, inflammatory factors derived from gut micro-
biota and certain bacteria, such as Salmonella, induce fer-
roptosis in tumor cells.
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. Cuproptosis (top right):

o Cuproptosis is initiated by abnormal accumulation of
copper ions (Cu**), which interact with lipoacylated
proteins in the tricarboxylic acid (TCA) cycle, leading
to protein accumulation, proteotoxic stress, and cell
dysfunction.

o Gut microbiota-derived butyrate enhances the expres-
sion of cuproptosis-related genes, potentially regulating
tumor progression by influencing this form of cell death.

o Apoptosis (bottom left):

0 Apoptosis is characterized by cell membrane blebbing,
cytochrome c release from mitochondria, nuclear mem-
brane destruction, protein catabolism, and DNA frag-
mentation into nucleosomes.

o Gut microbiota, such as Bifidobacterium, and microbial
metabolites, such as ursodeoxycholic acid (UDCA), induce
apoptosis through regulation of apoptosis-related proteins,
involving caspases and BCL-2.

3. Autophagy (bottom right):

o Autophagy is a degradation pathway mediated by lyso-
some, involving autophagosome formation, their fusion
with lysosomes, and the recycling of cellular components.

o Microbial species, such as E. hirae and Bifidobacterium
lactate subspecies, promote autophagy by facilitating auto-
phagosome formation and lysosomal degradation.

Red arrows (—) represent activation, promotion, or facilita-
tion of a biological process.

Diverse types of programmed cell death, involving ferroptosis,
copper-dependent cell death, apoptosis, and autophagy, contribute
critically to the maintenance of cellular homeostasis (Table 4).
Accumulating evidence demonstrates that gut microbiota and their
metabolites extensively modulate these cell death pathways, pro-
foundly affecting tumor initiation, progression, immune responses,
therapeutic outcomes, and clinical prognosis.

Ferroptosis is an iron-dependent, non-apoptotic form of cell
death characterized by intracellular iron accumulation, lipid per-
oxidation, and excessive ROS production, ultimately resulting in
cell membrane damage and rupture. Multiple molecular mecha-
nisms regulate ferroptosis, including ROS-MAPK (mitogen-
activated protein kinase), TP53, and Hippo signaling pathways,
while key subcellular organelles such as lysosomes, mitochondria,
and endoplasmic reticulum play critical roles in the execution
and regulation of this process [107-109]. Gut microbiota-
mediated ferroptosis orchestrates tumorigenesis, disease progres-
sion, and immunotherapeutic responses through extensive
reprogramming of TME immune cells. Gut microbiota-derived
metabolites, including both immunosuppressive and inflamma-
tory mediators, modulate ferroptosis through distinct effects on
immune cell differentiation and function. Specifically, immuno-
suppressive metabolites, particularly bile acid and tryptophan
derivatives, facilitate the differentiation and activation of immu-
noregulatory cells—including regulatory macrophages (rMacs),
rDCs, MDSCs, and Tregs—thereby attenuating ferroptotic
processes. Conversely, inflammatory metabolites, notably
microbiota-derived inflammatory cytokines, potentiate ferrop-
totic cell death [110]. The gut microbiota directly mediates fer-
roptosis, as exemplified by Salmonella-induced suppression of

1


https://doi.org/10.34133/research.0885

Research

Three pathways

ROS-MAPK

Ferroptosis

Lipid peroxidation

o,
90,
?00009900

Bile acid metabolites

WDH
Hiv

NH,
Tryptophan metabolites

Ferroptosm

MDSCs Treg

-~ TCAl ﬁﬁﬁ related gene
. cycle
¢ S Gut T~ «/
Inflammatory factors Sg;n\()/nella Q Q BoteInacoumu B tion
microbiota
and cell

A
>\;<// N 'Q‘

Bifidobacterium \
Z:B Apoptosis
' Regulate go; 5 protein UDCA J
<

Apoptosis bod

y

Mltochondrla DNA
. L) ;/ DN
Release
« x '
eoeo > & 4 2 9
eo0® o0
Cell membrane ) CeIIuarproteln Nuclear membrane e
blebbing Cytochrome C  catabolism destruction Nucleosome
Apoptosis
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GPX4 expression, resulting in ferroptotic cell death and subse-
quent inhibition of glioma progression [111].

Cuprotosis represents a distinct type of programmed cell death
featured by copper ion dysregulation. This process is mechanisti-
cally characterized by aberrant intracellular copper ion accumula-
tion, which disrupts acyltransferase function in the TCA cycle,
triggering a cascade of events including protein aggregation, pro-
teotoxic stress, cellular dysfunction, and eventual cell death [112].
The extent of copper-dependent cell death demonstrates a positive
correlation with macrophage infiltration, simultaneously promot-
ing immune activation while facilitating immune escape mecha-
nisms. Consequently, quantification of copper-dependent cell
death signatures could be valuable prognostic indicators in glioma
and predict immunotherapy efficacy, with elevated levels correlat-
ing with poor clinical outcomes [113]. Evidence indicating that
the gut microbiota metabolite butyrate up-regulates copper-
dependent cell death-related genes suggests that the intestinal
flora and its metabolites may orchestrate tumor immunity and
influence disease progression through modulation of copper-
dependent cell death pathways [114].

Apoptosis represents a highly orchestrated form of pro-
grammed cell death governed by BCL-2 proteins and caspases,
featured by sequential events including mitochondrial cyto-
chrome c release, nuclear envelope breakdown, systematic pro-
tein degradation, membrane blebbing, and nucleosomal DNA
fragmentation, while preserving plasma membrane integrity.
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Apoptosis proceeds through 2 distinct pathways—extrinsic and
intrinsic—distinguished by their initiating stimuli and differen-
tial engagement of death receptors [115,116]. Emerging evidence
demonstrates that gut microbiota and their metabolites serve as
critical regulators of apoptotic processes. Specifically, the probi-
otic Bifidobacterium exhibits antineoplastic properties through
dual mechanisms: induction of mitochondria-mediated apop-
tosis and suppression of growth factor signaling pathways [117].
The gut microbiota-derived metabolite ursodeoxycholic acid
(UDCA) triggers endoplasmic reticulum stress-associated apop-
tosis, thereby attenuating GBM progression and exhibiting thera-
peutic potential [118].

Autophagy constitutes a lysosome-dependent protein deg-
radation pathway, with autophagic cell death representing a
unique type of non-apoptotic programmed cell death [119,120].
Autophagy exhibits context-dependent functions: During early
tumorigenesis, it suppresses tumor initiation and progression;
however, in advanced stages, it facilitates tumor survival,
metastasis, and invasion [121]. In gliomas, both cytotoxic and
cytoprotective autophagy critically influence tumorigenesis,
therapeutic resistance, and cellular differentiation. Furthermore,
CNS cancer stem cells frequently display dysregulated autopha-
gic flux [120]. The gut microbiota exerts multifaceted effects
on autophagy, thereby modulating tumor development, pro-
gression, and therapeutic responses. Enterococcus hirae induces
autophagy in intestinal cells through enhanced local dopamine
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Table 4. The forms, mechanisms, relevant bacterial microbiota, and their metabolites of cell death

The associated gut microbiota and their

Cell death form Related mechanism metabolites Reference
Ferroptosis Iron accumulation increases, lipid peroxidation, Bile acid metabolites [107108,110,111]
and excessive generation of ROS cause cell Tryptophan metabolites
membrane damage, rupture, and death Gut microbiota inflammatory factors
Salmonella
Cuproptosis Copper ions abnormally accumulate in cells Butyrate [112-114]
and interact with acylase enzymes in the
tricarboxylic acid cycle, causing protein
accumulation, protein toxicity stress, impaired
cellular function, and eventual cell death
Apoptosis Cytochrome cis released by mitochondria, the  Bifidobacterium [115-118]
nuclear membrane is disrupted, proteins inside  Ursodeoxycholic acid
the cell undergo extensive cleavage, vesicles
and genomic DNA break down into nucleoso-
mal structures, while the integrity of the
cytoplasmic membrane is preserved
Autophagy Depend on lysosomal protein degradation Enterococcus E. hirae [119-124]

Lactobacillus subsp. SF

signaling while concurrently stimulating immune responses
and restructuring the host microbiome, collectively enhancing
therapeutic efficacy [122]. Bifidobacterium animalis subsp. lac-
tis SF potentiates tumor apoptosis and autophagy through
multiple mechanisms: attenuation of intestinal inflammation,
reduction of TGF-f translocation, and suppression of phos-
phatidylinositol 3-kinase (PI3K)/Akt signaling, ultimately aug-
menting irinotecan efficacy [123]. Comparative studies between
GF and conventional mice demonstrated that Taohong Siwu
Decoction administration resulted in enhanced autophagy and
suppressed glioma cell proliferation, indicating gut microbiota-
dependent modulation of its therapeutic efficacy [124].

Table 4 summarizes the relationship between different cell
death forms and gut microbiota. Ferroptosis is driven by iron
accumulation and lipid peroxidation, influenced by bile acid and
tryptophan metabolites, as well as inflammatory factors from
gut bacteria like Salmonella. Cuproptosis results from copper
ion accumulation disrupting cellular functions, with butyrate as
a related microbial metabolite, while apoptosis and autophagy
are regulated by specific gut bacteria such as Bifidobacterium,
Enterococcus E. hirae, and Lactobacillus subsp. SF

Advanced Cancer Inmunotherapy and
Molecular-Targeted Therapeutic Approaches

Figure 5 illustrates the major approaches in advanced therapeutic
strategies targeting brain tumors, focusing on immunotherapy and
targeted therapies. Immunotherapy strategies include the thera-
peutic modulation of immune checkpoints (e.g., PD-1/PD-L1,
CTLA-4, TIM-3, LAG-3, TIGIT, CD47, and CD73) and adoptive
cell therapy with CAR-modified immunocytes, especially CAR-T
cells, CAR-neutrophils, CAR-NK cells, and CAR-macrophages.
Regulated and programmed cell death pathways—ferroptosis,
cuproptosis, apoptosis, and autophagy—are also explored as
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therapeutic targets. Advanced drug delivery systems, including
engineered probiotics and bacteria-based tumor vaccines, enhance
therapeutic precision. Nanomaterial-based platforms, such as
polymer-based, biomimetic, and inorganic nanomaterials, provide
innovative solutions for targeted delivery and controlled release
of therapeutic agents. The approaches are collectively intended to
boost therapeutic effect and overcome the challenges in brain
tumor treatment.

Definition of immunotherapy

Immunotherapy has revolutionized cancer treatment by restor-
ing and enhancing endogenous antitumor immunity through
multi-level modulation of the immune response. Current strat-
egies include immune checkpoint blockade, adoptive cell
therapy, oncolytic virotherapy, cancer vaccines, and cytokine
therapies, all of which have shown substantial efficacy across a
range of malignancies and driven major advances in tumor
immunology [125,126].

Importantly, the gut-brain axis has emerged as a critical
regulator of immunotherapy outcomes. Through microbiota-
mediated signaling, neuroimmune modulation, and systemic
immune priming, this bidirectional communication network
influences the activation of immune cells, the remodeling of
the TME, and therapeutic responsiveness. Understanding
and targeting the gut-brain-immune axis thus offers new
opportunities to enhance the efficacy of cancer immuno-
therapies [127].

Therapeutic modulation of immune cells: Engineering
CAR-based cellular therapeutics

Tumor-infiltrating immune cells within the CNS TME exert
dual roles in tumor progression and immune surveillance,
forming the basis for immune cell-based therapeutic strategies
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[128]. Among these, chimeric antigen receptor (CAR)-modified
immune cells—including T cells, NK cells, neutrophils, and
macrophages—have emerged as transformative platforms for
CNS malignancies.

CAR-T cells, engineered to recognize tumor-associated anti-
gens (TAAs) such as IL13Ra2, HER2, epidermal growth factor
receptor (EGFR)/EGFRVIIL, and B7-H3, have shown promise in
GBM and pediatric brain tumors [129,130]. However, their effi-
cacy is limited by intratumoral heterogeneity, TME immunosup-
pression, and delivery challenges [130]. Intrathecal delivery of
CAR-T cells targeting HER2, EPHA?2, and IL13Ra2—alone or
with azacitidine, has shown encouraging outcomes in medullo-
blastoma and ependymoma [131]. Success in clinical translation
demands optimization of delivery, T cell persistence, therapeutic
windows, multi-targeting strategies, and synergy with standard
treatments [132]. CAR-neutrophils, enabled by CRISPR/Cas9
editing, overcome the BBB and deliver TME-responsive nano-
therapeutics to GBM, despite inherent challenges such as short
lifespan and low transfection efficiency [133]. CAR-NK cells exert
both direct cytotoxicity and indirect immunomodulation via DC
support. Although endogenous NK cells are suppressed in GBM,
cytokine activation and CAR engineering restore functionality
and tumor specificity, supporting their therapeutic application
[134]. CAR-macrophages, engineered in situ via DNA nanocar-
riers (such as ErbB2-specific CARs), enhance phagocytic clear-
ance of tumor cells, offering a novel approach particularly
effective in brainstem glioma [135].
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Targeting immune checkpoints

Immune checkpoints are key regulators of immune activity that
can be co-opted by CNS tumors to enable immune evasion.
Therapeutic blockade of checkpoint molecules—such as PD-1/
PD-L1, CTLA-4, TIM-3, LAG-3, TIGIT, CD47, and CD73—
aims to reverse immunosuppression and restore antitumor
immunity [127,136,137].

Among them, the PD-1/PD-L1 axis plays a central role in
GBM by suppressing T cell function and promoting an immu-
nosuppressive microenvironment. PD-1 is widely expressed on
T cells, NK cells, macrophages, B cells, DCs, and other myeloid
cells, while PD-L1 is up-regulated on tumor and antigen-
presenting cells (APCs) via multiple oncogenic and cytokine-
driven pathways. Key pathways and regulators of PD-L1 expression
include EGFR/PI3K/Akt/mTOR and Ras/RAF/MAPK, acti-
vated by TNF-o and EGF; PTEN loss, which enhances Akt sig-
naling; IFN-y, via IFN-yR-Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) signaling; IL-6, through
JAK/STAT3 pathway activation; and hypoxia, via HIF-1a stabi-
lization (Fig. 6). Within the GBM TME, PD-1/PD-L1 signaling
contributes to CD8" T cell dysfunction and apoptosis, CD4"
T cell exhaustion and cytokine dysregulation, expansion of Tregs
and Bregs, M1-to-M2 macrophage polarization, and MDSC-
mediated immunosuppression.

Collectively, these mechanisms foster an immunosuppres-
sive milieu that promotes tumor progression and presents criti-
cal targets for checkpoint-based immunotherapy [138].
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The engagement of T cell-expressed PD-1 with tumor cell-
derived PD-L1 orchestrates immunosuppressive signaling cas-
cades, thereby promoting tumor immune escape mechanisms.
Multiple pathways up-regulate PD-L1 expression.

o EGFR signaling: TNF-a and EGF activate EGFR, which
initiates the Ras/RAF/MAPK and PI3K/Akt/mTOR sig-
naling pathways, leading to increased PD-L1 expression.

« PTEN mutations: Homozygous mutation or loss of the
PTEN gene enhances PI3K/Akt/mTOR signaling, promot-
ing Akt activation and up-regulating PD-L1 expression.

« IFN-y: Engagement of cell surface IFN-yR receptors
induces PD-L1 expression.

o IL-6 signaling: IL-6 triggers the JAK/STAT pathway,
leading to STAT phosphorylation and subsequent PD-L1
up-regulation.

 Hypoxia: Hypoxic conditions enhance PD-L1 expression
through HIF-1.

Beyond PD-1/PD-L1, several inhibitory immune check-
points, including CTLA-4, LAG-3, TIM-3, and TIGIT, play
pivotal roles in modulating antitumor immunity, particularly
in CNS tumors [139] (Fig. 7).

CTLA-4, expressed on activated T cells, binds B7 molecules
on APCs to suppress CD28-mediated costimulation. It trans-
duces inhibitory signals via SYP/p52SHC and PI3K/Akt path-
ways, leading to Treg expansion, inhibition of B and NK cell
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functions, and broad immunosuppression that promotes tumor
immune evasion [140,141].

LAG-3 is highly expressed on exhausted T cells and subsets
of Tregs [142]. Through interaction with ligands such as MHC
class II, FGLI, and galectin-3, LAG-3 disrupts T cell receptor
(TCR) signaling by limiting ZAP70 phosphorylation, uncou-
pling Lck from CD4" and CD8™ T cell co-receptors, and alter-
ing synaptic signaling. It also undergoes extracellular cleavage
via ADAM10/17. These mechanisms collectively drive T cell
dysfunction and immune exhaustion [143].

TIM-3 is predominantly expressed on TAMs in gliomas and
correlates with poor clinical prognosis [144]. It modulates mul-
tiple innate immune pathways, including TLR2/4, TLR7/9,
cGAS-STING, and the NLRP3 and NLRC4 inflammasomes.
These cascades contribute to T cell exhaustion, M2 macrophage
polarization, NK cell dysfunction, and impaired DC matura-
tion, thereby reinforcing an immunosuppressive TME [145].

TIGIT is broadly expressed on CD4" and CD8" T cells,
Tregs, NK cells, and TILs [146]. It competes with CD226 for
binding to CD155 and CD112, thereby attenuating costimula-
tory signaling. TIGIT also suppresses glycolytic metabolism,
cooperates with HIF-1o under hypoxic conditions, and recruits
SHIP1 to inhibit NF-kB, MAPK, and PI3K pathways. These
actions lead to impaired NK cytotoxicity, DC maturation block-
ade, M2 macrophage skewing, and Treg induction. Notably,
TIGIT is often coexpressed with PD-1, and their dual blockade
exhibits synergistic therapeutic effects [147].
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Figure 7 depicts the mechanisms through which TIGIT
mediates immune suppression within the TME, divided into
2 sections:

o Left panel: TIGIT competes with CD226 for binding to
CD155 and CD112, impairing CD226 activation and
function. It down-regulates the expression of the TCR
complex, blocks glycolysis, and synergizes with HIF-1a.
Upon binding to CD155, TIGIT recruits SHIP1 to sup-
press the PI3K, MAPK, and NF-«B signaling pathways,
further enhancing its immunosuppressive effects.

o Right panel: Through these mechanisms, TIGIT sup-
presses NK cell cytotoxicity, suppresses the maturation
of DCs, promotes M2 macrophage differentiation, and
induces T cell differentiation into Tregs, thereby facili-
tating tumor immune evasion.

CD47 is an immunoregulatory checkpoint molecule highly
expressed on tumor cells and regulated through diverse mecha-
nisms. Its expression is transcriptionally activated by Myc, HIF-
1, and NRF-1, up-regulated by proinflammatory cytokines such
as TNF-a and IFN-y, and negatively regulated posttranscrip-
tionally by microRNAs and long noncoding RNAs (Fig. 8).

CD47 binds 2 principal ligands, thrombospondin-1 (TSP-1)
and signal regulatory protein o (SIRPa), mediating distinct
immunological and biological outcomes. The CD47-TSP-1
axis suppresses angiogenesis via VEGFR?2 inhibition, thereby
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limiting tumor growth and metastasis, modulating inflamma-
tory responses, and promoting tissue regeneration. More criti-
cally, CD47 interaction with SIRPa on myeloid cells initiates a
“don’t-eat-me” signal that enables tumor cells to evade phago-
cytosis by macrophages and neutrophils. This axis also impairs
APC function, dampening T cell-mediated immune responses
and contributing to tumor immune escape [148].

CD47 is regulated at multiple levels. Its expression is up-
regulated through transcription factors, particularly Myc, HIF-
1, and NRF-1, as well as cytokines, including TNF-a, IFN-y,
and ILs. Conversely, microRNAs (miRNAs) and long noncoding
RNAs (IncRNAs) attenuate CD47 expression. CD47 interacts
with 2 primary ligands: TSP-1 and SIRPa. The CD47-TSP-1
interaction inhibits tumor angiogenesis, reduces inflammation,
and promotes stem cell regeneration. On the other hand, the
CD47-SIRPa binding transmits a “don’t eat me” signal, prevent-
ing phagocytosis of tumor cells by neutrophils and macro-
phages. Additionally, CD47-SIRPu signaling may impair APC
function, causing T lymphocyte dysfunction and promoting
immune evasion. Red arrows indicate activation, promotion,
or up-regulation of a biological process. Inhibition symbols
(T-shaped lines) indicate suppression, inhibition, or down-
regulation of a biological process.

Ecto-5'-nucleotidase (CD73) is a highly expressed immu-
noregulatory checkpoint on tumor cells and a key enzyme in
purinergic signaling. By converting extracellular adenosine
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triphosphate (ATP) to adenosine, CD73 contributes to immu-
nosuppressive reprogramming of the TME. The accumulated
adenosine engages A2A and A2B receptors on immune cells,
broadly suppressing T cell function, skewing DCs toward a
tolerogenic phenotype, impairing NK cell development and
activity, and modulating the responses of Tregs, macrophages,
and neutrophils. Beyond immune suppression, the CD73-ade-
nosine axis directly promotes tumor progression by enhancing
cancer cell proliferation, invasiveness, and metastatic potential.
It also stimulates angiogenesis and drives EMT, further support-
ing tumor growth and dissemination [149].

Table 5 summarizes key immune checkpoints, their expres-
sion sites, related signaling pathways, and their roles in the
tumor microenvironment. Immune checkpoints like PD-1,
CTLA-4, LAG-3, and TIM-3 primarily contribute to T cell
exhaustion, immune suppression, and the promotion of regula-
tory cell populations. Other checkpoints, such as CD47 and
CD?73, help tumor cells evade immune detection by inhibiting
phagocytosis, suppressing antigen-presenting cells, and altering
immune cell functions.

Therapeutic development of immune checkpoint-targeting
antibodies and blocking agents

Extensive profiling of immune checkpoints in CNS malignan-
cies has prompted the development of targeted antibodies and
blocking agents. However, monotherapy with PD-1/PD-L1
inhibitors has demonstrated limited efficacy in GBM, largely
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due to the immunosuppressive TME [150,151]. To overcome
this, combination strategies have shown promising results.

Metabolic targeting, such as inhibition of hexokinase 2 (HK2)
or GLUT1, synergizes with PD-1 blockade by reversing immune
evasion and T cell exhaustion [152]. Similarly, Chek2 inhibition
enhances antigen presentation and STING activation, improv-
ing responsiveness to PD-1 therapy [153]. Targeting immune
checkpoints expressed on myeloid cells, including Siglec-9 and
TREM?2, reprograms macrophages and augments T cell infiltra-
tion [154]. Other approaches, including ELTD1 depletion, IL-8/
CXCR1/2 axis blockade, and chlorogenic acid co-administration,
remodel the TME to potentiate PD-1 inhibition [155-157].
Innovative delivery systems such as injectable thermogels and
intranasal small interfering RNA (siRNA), as well as gut micro-
biota modulation (e.g., high-glucose diet), further enhance thera-
peutic outcomes [158,159].

Novel modalities like long half-life IL-2, intratumoral DNX-
2401, low-intensity pulsed ultrasound (LIPU) with microbubbles,
and bacterial photothermal therapy have demonstrated the ability
to enhance CNS penetration and anti-PD-1 efficacy [160-163].
STING pathway agonists (e.g., f-mangostin) and IL-12-secreting
mesenchymal stem cells further promote cytotoxic T cell
responses and M1 polarization, establishing durable antitumor
immunity [164,165]. Losartan, by mitigating cerebral edema, also
improves PD-1 blockade outcomes [166].

CTLA-4 targeting has emerged as a complementary strategy.
Nanoparticle (NP)-based delivery of anti-CTLA-4 antibodies
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Table 5. Immune checkpoint types, expression sites, relevant mechanistic pathways, and functions

Types of immune

Relevant mechanism or

checkpoints Site of expression pathway Function in the tumor microenvironment  Reference
PD-1 T lymphocytes, monocytes—  Ras/RAF/MAPK PI3K/Akt/  Induce exhaustion of CD4* and CD8" [139]
macrophages, B lympho- mTOR IFN-y/IFN-yR JAK/ T cells, induce differentiation of T cells
cytes, DCs, myeloid cells, STAT PD-1/PD-L1 and B cells into regulatory cells, induce
and NK cells early M1 polarization of GAMs and
followed by late M2 polarization
CTLA-4 Activate T cells CTLA-4/B7 CTLA-4/SYP/ Inhibit activation and multiplication of [141,142]
p52SHC CTLA-4/PI3K/Akt Tregs, enhance generation and survival
of Tregs, inhibit activation of B cells and
antibody production, reduce NK cell
degranulation activity, and suppress
secretion of IFN-y
LAG-3 Macrophages LAG3/MHC class Il LAG3/ Destroy T cell function and induce their [143,144]
LSECtin LAG3/GAL-3 LAG3/  exhaustion
FGL1 LAG3/TCR-CD3 LAG3/
prefoldin-o LAG3/synuclein
fibrils
TIM-3 Depleted T cells and Interfere with TLR2/4 and Induce T cell exhaustion and [145,146]
numerous Tregs NF-xB, TLR7/9, cGAS- dysfunction, promote macrophage M2
STING, NLRP3, and NLRC4 polarization, activate or deplete NK cells,
inflammasomes inhibit DC maturation and function
TIGIT CD4* T cells, CD8" T cells, Binding to CD155 recruits Inhibit NK cell cytotoxic activity, [147148]
NK cells, Tregs, and TILs SHIP1 to inhibit the PI3K, suppress DC maturation, promote
MAPK, and NF-xB pathways  macrophage M2 polarization, induce
T cell differentiation into Tregs
CD47 Tumor cells CD47/TSP-1CD47/SIRPa Inhibit angiogenesis, suppress the [149]
phagocytosis of tumor cells by
macrophages and neutrophils, inhibit
the function of APC leading to
T lymphocyte dysfunction
CD73 Tumor cells CD73/A,, or A,z adenosine Inhibit T cell function, induce DC toward [150]

receptors

a pro-tumor phenotype, suppress NK cell
maturation and function, regulate Tregs,
macrophages, and neutrophils

enhances BBB penetration and local immune activation. Fc-
enhanced anti-CTLA-4 antibodies (e.g., botensilimab) achieve
selective Treg depletion in the TME while preserving peripheral
tolerance, synergizing with PD-1 inhibitors [167,168].

Second-generation checkpoints, including TIM-3, LAG-3, and
TIGIT, are gaining attention. TIM-3 blockade has shown efficacy
in diffuse midline glioma [169]. TIGIT-targeted therapies,
including synNotch-programmed NK cells and anti-TIGIT/
PD-1 dual blockade, reverse MDSC-mediated immunosup-
pression and promote T cell infiltration [142,170]. While
LAG-3 remains a promising target, effective therapeutic
agents are still in development.

CD47 blockade represents a compelling approach to over-
come phagocytic suppression in GBM. Hydrogel-based local
delivery of anti-CD47 with TMZ enhances macrophage and
NK cell activation [171]. Targeting CD47 phosphorylation (via
EGFR/c-SRC), radiosensitization strategies, and CI-994 co-
administration significantly improve therapeutic outcomes
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[172-174]. Focused ultrasound-mediated BBB opening further
enhances delivery efficacy [175]. Similar benefits have been
observed in meningioma models [176].

CD?73 inhibition disrupts adenosine-mediated immuno-
suppression. NPs down-regulating CD73 expression improve
T cell activation and show synergy with radiotherapy [177].
Intranasal delivery of CD73 siRNA has demonstrated TME
remodeling and tumor regression in preclinical glioma mod-
els [178].

Collectively, these strategies underscore the necessity of
combinatorial and multimodal approaches targeting meta-
bolic pathways, novel checkpoints, and TME components to
optimize immune checkpoint therapy in CNS tumors. These
emerging combination immunotherapies for CNS tumors
may be further enhanced by modulation of the gut-brain
axis, which influences systemic immunity, T cell function,
and the TME via microbial metabolites and immune signal-
ing. Thus, targeting the gut microbiota offers a promising
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avenue to synergize with immune checkpoint blockade and
improve therapeutic outcomes in brain tumors.

Programmed and regulated cell death mechanisms
Multiple regulated cell death (RCD) pathways, including fer-
roptosis, cuproptosis, apoptosis, and autophagy, play essential
roles in the pathogenesis and therapy resistance of CNS malig-
nancies, particularly gliomas. Therapeutic modulation of these
pathways offers a promising strategy to overcome the chal-
lenges of tumor recurrence, invasion, and resistance.

Ferroptosis, an iron-dependent lipid peroxidation-driven cell
death mechanism, has emerged as a dominant RCD form in
gliomas. Inhibition of GPX4 induces immunogenic ferroptosis,
enabling the development of ferroptotic cancer vaccines [179].
Engineered NPs and pharmacological agents targeting GPX4,
SLC7A11, NQOI, or SOAT1 have been shown to enhance fer-
roptotic sensitivity and potentiate radiotherapy or immunother-
apy [180,181]. Strategies such as cysteine/methionine deprivation,
TRIM7 or PRR11 knockdown, and Hsp90-Acsl4 or SIRT3 axis
modulation have further demonstrated synergy with conven-
tional treatments [182-186]. Ferroptosis not only promotes
tumor regression but also reprograms the tumor immune micro-
environment, rendering resistant GBMs more susceptible to
TMZ [187].

Cuproptosis, a copper-dependent form of cell death, is gaining
recognition as a novel glioma vulnerability. Copper overload or
disrupted copper homeostasis, via agents like elesclomol, Cu-based
nanozymes, or regorafenib-based nanoplatforms, induces mito-
chondrial protein aggregation and metabolic collapse. Cuproptosis
can synergize with ferroptosis and immune activation, offering
dual-mode lethality. Notably, FDX1, a key mediator of cuproptosis,
correlates with immunosuppression and poor prognosis, suggest-
ing its therapeutic relevance [188-192].

Apoptosis, as a classical programmed cell death pathway,
remains a cornerstone in CNS tumor therapy. Targeted strate-
gies, including BCL-2 inhibition, CD133 CRISPR editing, and
mitochondrial dysfunction induction via agents such as quer-
cetin, venetoclax, or Mito-LND, have shown efficacy in promot-
ing apoptosis and sensitizing tumors to chemotherapy or
radiotherapy. Inflammatory cytokine environments further
sensitize glioma cells to apoptosis via TAK1 inhibition or cas-
pase activation [193-199].

Autophagy, a double-edged sword in cancer, displays both
tumor-promoting and tumor-suppressing roles. In gliomas, its
activation may enhance therapy by promoting immunogenic
HMGBI release or reshaping TAMs toward a pro-inflammatory
state. Agents like imipramine or alkylating drugs benefit from
this mechanism. Conversely, autophagy inhibition, via agents
disrupting autophagosome-lysosome fusion (e.g., regorafenib-
Cu™* systems and NEO214), can block survival pathways and
overcome resistance, particularly in TMZ-refractory gliomas
[200-204].

Opverall, therapeutic exploitation of RCD pathways offers a
multifaceted approach to CNS tumor treatment, particularly
GBM, by directly inducing tumor cell death, reversing resistance
phenotypes, and reshaping the immune microenvironment. Recent
studies have demonstrated that the gut-brain axis microecology
plays a pivotal role in regulating multiple forms of programmed
cell death in CNS tumors, particularly ferroptosis and autophagy
[107]. This regulation is mediated through microbial metabolites
such as SCFAs, lactic acid, and LPSs, which influence the tumor
immune microenvironment and therapeutic responsiveness.
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Moreover, dysbiosis of the intestinal microbiota can modulate
glioma cell sensitivity to ferroptosis by altering inflammatory
signaling and metabolic pathways, thereby offering novel thera-
peutic targets for CNS malignancies.

Advanced drug delivery systems and platforms

The TME, which exhibits distinct characteristics including
hypoxia, acidosis, and necrotic regions, creates favorable condi-
tions for bacterial colonization, thereby enabling the develop-
ment of bacteria-based platforms for targeted delivery of
therapeutic agents [205,206]. Subsequently, engineered probi-
otics and bacteria-based tumor vaccines have evolved into a
promising frontier in cancer therapeutics, particularly for CNS
malignancies.

Emerging evidence indicates that bacteria-based therapeutic
approaches provide distinct advantages, including precise con-
trollability, enhanced immune activation, and potent oncolytic
effects. Gurbatri etal. [206] engineered a probiotic-based
delivery system for immune checkpoint inhibitors specific to
CTLA-4 and PD-1, incorporating a proteolytic release mecha-
nism to precisely control nanobody production and release.
This system, in conjunction with probiotic-derived granulocyte-
macrophage colony-stimulating factor (GM-CSEF), effectively
promoted T cell activation and enhanced immunological
memory in tumor-bearing mice, resulting in robust systemic
immune responses and tumor regression. The approach dem-
onstrated superior safety and targeting efficiency compared to
conventional delivery systems, optimizing checkpoint blockade
therapy. Zhang et al. [207] developed a novel Salmonella deliv-
ery vector (SDV) utilizing attenuated Salmonella typhimurium
(VNP20009) formulated within a hydrogel matrix. Following
intracavitary administration, the system specifically targeted
GBM cells, whereupon bacterial components triggered immune
activation and enhanced phagocyte recruitment, facilitating
tumor antigen presentation and inducing tumor cell pyroptosis.
This therapeutic approach demonstrated significant efficacy
against highly recurrent malignancies, particularly GBM mul-
tiforme. In advancing cancer vaccine strategies, Chen et al.
[208] engineered an inactivated E. coli Nissle 1917 platform
co-loaded with tumor antigens and p-glucan immunostimu-
lant. Upon subcutaneous administration, the vaccine construct
(BG/OVA@EcN) was efficiently internalized by macrophages,
subsequently orchestrating DC recruitment and maturation,
T cell activation, and M1-type macrophage polarization. This
comprehensive immune response established trained immunity
and immunological memory, conferring prophylactic protec-
tion, therapeutic efficacy, and recurrence prevention in tumor
models.

Therapeutic applications of nanomaterials
Nanomaterials, characterized by dimensions between 1 and
100 nm, offer distinctive advantages, including ultrafine par-
ticle size, superior drug loading capacity, enhanced physico-
chemical stability, and exceptional biocompatibility [209].
These unique properties have positioned nanomaterials as
promising candidates for cancer therapeutics, particularly in
addressing the challenges of brain tumor treatment.
Nanomaterials can be systematically categorized into 3 major
classes: polymer-based, biomimetic, and inorganic platforms.
Polymer-based platforms incorporate various biocompatible
polymers, including polyethylene glycol (PEG), polylactic acid
(PLA), poly (lactic-co-glycolic acid) (PLGA), p-1,3-d-glucan,
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polyvinylpyrrolidone (PVP), alginate, and chitosan (CS) [209].
In a pioneering research, Yin and colleagues engineered a novel
PLGA-lysoGM1/DOX micellar system that effectively encapsu-
lated doxorubicin (DOX), demonstrating controlled release
kinetics and enhanced cellular internalization ex vivo. Subsequent
in vivo experiments suggested efficient BBB penetration, selec-
tive tumor accumulation, and potent antitumor efficacy in GBM
models [210]. Gu and colleagues [211] engineered a ground-
breaking therapeutic delivery system by conjugating the vascular
disrupting agent DMXA A with polyethylene glycol-grafted poly
(lactic-co-glycolic acid) (PLGA-PEG) to synthesize PLGA-PEG/
DMXAA (PPD) NPs. This innovative system facilitated photo-
thermal therapy and simultaneously activated the cGAS-STING
pathway, thereby promoting intratumoral thrombosis and elicit-
ing systemic antitumor immune responses. Biomimetic nanocar-
riers encompass a diverse range of platforms, including CS,
liposomes, exosomes, red blood cell membrane-derived vehicles,
and biomimetic “leukocyte-like” particles [209]. Wu et al. [212]
engineered a lipid membrane-coated cabazitaxel nanocrystal
system (pV-Lip/cNC), wherein the lipid coating significantly
enhanced stability and systemic circulation. Its core component
is a drug nanocrystal, utilizing a pHA- and VAP-containing tar-
geting ligand. When evaluated in glioma models, pV-Lip/cNC
exhibited exceptional tumor-targeting capabilities, efficient pen-
etration through both the BBB and blood-brain tumor barrier
(BBTB), and superior tumor spheroid infiltration, culminating
in robust tumor cell cytotoxicity. Wu and colleagues [213] devel-
oped a sophisticated delivery platform comprising AS1411
aptamer-modified macrophage exosomes containing catalase
(CAT)-loaded silica NPs. This innovative platform exhibited
enhanced BBB permeability, selective tumor cell targeting,
exceptional biocompatibility, and extended circulation time in
GBM treatment, highlighting its promise for clinical translation.
Inorganic nanomaterials encompass diverse platforms, includ-
ing silica-based structures, gold architectures, silver nanostruc-
tures, titanium dioxide constructs, iron oxide formulations, and
semiconductor nanocrystals [209]. Zhang et al. [214], exploiting
gold's intrinsic properties and tumor-specific affinity, synthesized
near-infrared-II (NIR-II)-responsive Au(I)-based ferroptosis
nanoparticles using a thiolated benzothiazole-based phosphine
(TBTP) ligand (TBTP-Au NPs), which demonstrated efficient
BBB penetration, precise tumor targeting, and controlled fer-
roptosis induction. Chung et al. [215] engineered iron oxide NPs
that generated stable siRNA complexes via electrostatic binding,
facilitating efficient delivery to glioma cells. The incorporation
of dual-targeting moieties—chlorotoxin and cell-penetrating
peptide polyarginine—significantly enhanced siRNA transfec-
tion efficiency, achieving robust gene silencing and improved
sensitization to TMZ therapy (Fig. 9).

Figure 9 illustrates the 3 main categories of nanomaterials
utilized in brain tumor treatment: polymer-based nanomateri-
als (left), biomimetic nanomaterials (middle), and inorganic
nanomaterials (right).

+ Polymer-based nanomaterials: Examples include PEG,
PLA, PLGA, f-1,3-p-glucan, PVP, alginate, and CS. For
instance, Gu et al. developed PPD NPs by integrating
the vascular-disrupting agent DMXAA into PLGA-PEG
copolymers. These NPs mediate photothermal therapy
and induce cGAS-STING pathway activation, trigger-
ing thrombosis within tumors and systemic antitumor
immunity.
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o Biomimetic nanomaterials: Common carriers include
CS, liposomes, exosomes, red blood cell membranes, and
leukocyte-mimicking systems. Wu et al. designed a pV-
Lip/cNC. It comprises a lipid membrane-encapsulated
core containing a pure drug nanocrystal, which is sur-
face-functionalized with a Y-shaped pHA/VAP targeting
ligand. It demonstrates exceptional capacities in crossing
the BBB and BBTB, and penetrating tumor spheroids to
effectively kill GBM cells.

o Inorganic nanomaterials: Examples include silica NPs,
gold NPs, silver NPs, titanium dioxide NPs, iron oxide
NPs, and semiconductor nanocrystals. For instance,
Chung et al. developed iron oxide NPs that form com-
plexes with siRNA through electrostatic interactions and
successfully deliver the siRNA to GBM cells. Targeting
ligands such as chlorotoxin and the cell-penetrating
peptide polyarginine further enhance siRNA transfec-
tion efficiency, achieving high gene silencing rates and
improved sensitivity to TMZ therapy.

Advances in nanotechnology have enabled the development
of therapeutic strategies encompassing immune cell activation,
targeted immune checkpoint blockade, and programmed cell
death induction, substantially expanding the therapeutic arsenal
for brain cancer treatment. Emerging evidence demonstrates that
nanomaterial-based approaches significantly augment immune
cell activation therapies. Zhu etal. engineered an innovative
CAR-T cell platform (PLX-Lip/AZO-T cells) through the strategic
conjugation of PLX-containing liposomes (PLX-Lip) with CAR-T
cells. In a GBM mouse model, this system demonstrated efficient
BBB penetration and preferential tumor accumulation. Following
PLX-Lip uptake by TAMs in the TME, the platform induced
M1-like macrophage polarization, thereby potentiating CAR-T
cell-mediated tumor suppression. Zhang and colleagues [216]
engineered a biomimetic NP system incorporating PLGA-coated
TMZ and IL-15 NPs encased within cRGD-modified NK cell
membranes (R-NKm@NP). Upon targeting the GBM site,
R-NKm@NPs orchestrated comprehensive TME remodeling
through controlled release of IL-15 and TMZ, which synergisti-
cally promoted NK cell multiplication and activation. This cascade
further induced DC maturation and CD8" cytotoxic T lympho-
cyte infiltration, resulting in robust anti-GBM efficacy. Extensive
study underscores the promise of nanotechnology for therapeutic
applications in enhancing immune checkpoint blockade therapies.
Wang and colleagues [217] designed a BBB-permeable copolymer
platform utilizing 2-methacryloyloxyethyl phosphorylcholine
(MPC) via free radical polymerization, subsequently function-
alizing it with anti-PD-L1 antibodies via pH-responsive cleavable
linkers to generate therapeutic NPs. In preclinical GBM models,
these NPs demonstrated efficient BBB penetration and facilitated
selective anti-PD-L1 antibody release within the acidic TME,
resulting in enhanced immune checkpoint blockade efficacy .
Nie et al. [218] engineered a novel bioconjugate system by cou-
pling azide-functionalized M1 macrophage-derived exosomes
with dibenzocyclooctyne-modified anti-SIRPa and anti-CD47
antibodies via pH-responsive linkers . This engineered nano-
bioconjugate system achieved tumor targeting through specific
CDA47 recognition and facilitated controlled release of anti-SIRPa
and anti-CD47 antibodies within the acidic TME [218]. The dual-
blocking mechanism effectively neutralized the “don’t eat me”
signal by simultaneously targeting SIRPa on macrophages and
CD47 on tumor cells, thereby circumventing tumor immune
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evasion[218]. Notably, nanotechnology-based approaches have
demonstrated remarkable potential in modulating programmed
cell death pathways. Wang et al. [219] engineered a sophisti-
cated metal-organic complex comprising diethyldithiocarbamate
(DDC) chelated with copper and ferrous ions (DDC/Cu-Fe),
subsequently encapsulated within albumin and lactoferrin NPs
(Alb/LF NP). This dual-targeted delivery system specifically rec-
ognized nutrient transporters in gliomas, facilitating enhanced
DDC/Cu-Fe accumulation in the brain. The accumulated com-
plexes effectively induced tumor cell ferroptosis, significantly
extending survival in tumor-bearing mice. Xu et al. [220] devel-
oped copper selenide-coated gold NPs that systematically alka-
lized lysosomes, resulting in autophagic flux inhibition and
suppression of protective autophagy in GBM. This mechanism
concurrently enhanced GBM radiosensitivity through impair-
ment of DNA repair pathways.

Currently, NP-based drug delivery technologies have entered
the stage of clinical translation in certain brain tumors. Among
them, liposome-based nanoparticles have been evaluated in mul-
tiple clinical trials for glioma treatment, demonstrating modest
survival benefits. Notably, pegylated liposomes combined with
chemotherapy have shown a median overall survival approxi-
mately 40 weeks longer than other second-line therapies. However,
most clinical trials have failed to meet their primary efficacy
endpoints and have not demonstrated significant clinical advan-
tages. Nonetheless, with ongoing advancements and optimization
in nanotechnology, the clinical application of NPs in brain tumor
treatment continues to hold considerable promise [7].
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Discussion

CNS tumors are a major contributor to global cancer mortality,
ranking second overall [221]. Contemporary standard-of-care
treatments for CNS tumors primarily comprise surgical resec-
tion, multi-modal alkylating agent chemotherapy, and radio-
therapy. The therapeutic efficacy is substantially compromised
by the existence of the BBB and BBTB, coupled with the inher-
ent heterogeneity of CNS tumors. These challenges contribute
to high recurrence rates and the current absence of curative
interventions [1]. Optimal therapeutic outcomes necessitate
effective drug delivery and target specificity. Moreover, standard
treatment-induced immunosuppression presents a significant
barrier to immunotherapy implementation, constituting a criti-
cal challenge in the field [222]. This review comprehensively
examines the gut-brain axis, encompassing CNS tumor clas-
sification, predictive models, and experimental approaches in
gut microbiota research, including metabolomic profiles, micro-
biota modifications, and their mechanistic relationships with
cell death pathways. Additionally, this review evaluates emerg-
ing immunotherapeutic and targeted therapeutic strategies for
CNS tumors, with particular emphasis on the integration of
advanced nanomaterial-based approaches.

This section elucidates the complex immune microenviron-
ment of CNS cancers. The CNS TME is characterized by dys-
functional and depleted cytotoxic T cell populations, resulting
from multifaceted suppression mediated by tumor cells, immu-
nosuppressive factors, and diverse immune checkpoint pathways.
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Concurrently, tumor cells promote the enrichment of Tregs,
while YT cells, present in smaller populations, demonstrate a
unique dual functionality in immunosurveillance and antitu-
mor responses. TAMs, especially the immunosuppressive M2
phenotype, are regulated by complex mechanisms including
endothelial cell (EC)-mediated sequential transcriptional acti-
vation via Twist1/SATBI and the XCR2-JAK2/STAT?3 signaling
axis involving CXCL8. M2 TAMs up-regulate the CD47 “don’t
eat me” signal, facilitating tumor immune evasion. MDSCs
undergo expansion through CXCR-mediated recognition of
tumor-derived CXCL1/2/3. Enhanced expression of tumor-
associated adhesion molecules promotes MDSC recruitment,
subsequently reinforcing the immunosuppressive microenvi-
ronment via the secretion of NO, TGF-f, and IL-10. NK cells
exhibit dual functionality: Their antitumor activity is mediated
by granzyme/perforin and Fas/FasL pathways while paradoxi-
cally promoting tumor malignant transformation via IFN-y
signaling. TANs demonstrate temporal phenotypic plasticity,
comprising early-stage N1 phenotype, which induces tumor
cell ferroptosis and necroptosis, and late-stage N2 phenotype,
which facilitates tumor progression through the HMGB1/RAGE/
IL-8 signaling axis. DCs demonstrate functional duality: They
orchestrate antitumor responses through tumor antigen presen-
tation while concurrently suppressing cytotoxic T cell recruit-
ment and down-regulating costimulatory molecule expression,
thereby promoting immunosuppression via IL-10 and TGF-f
secretion.

Preclinical investigations of gut microbiota predominantly
utilize murine and canine models. Prolonged antibiotic admin-
istration induces significant alterations in murine gut microbiota
and associated metabolomic profiles in both gut and brain. These
changes lead to reduced cytotoxic NK cell populations through
gut-brain axis modulation, establishing a tumor-permissive
CNS microenvironment and enhancing tumor growth through
microglial and glioma cell-mediated angiogenesis. Canine stud-
ies implementing ketogenic dietary intervention demonstrated
elevated levels of Fusobacteria and Bifidobacteria, with concur-
rent reduction in Lactobacilli populations in fecal microbiota.
These alterations were accompanied by significant modifications
in cholesterol/steroid metabolism and bile acid synthesis path-
ways, characterized by decreased valine, methionine, and Kyn
levels, and elevated serotonin, suggesting enhanced resistance to
glycolipid-dependent cancer stem cells. While clinical validation
remains pending, extensive investigation is warranted to facilitate
successful translational applications from preclinical findings to
clinical practice.

With the rapid advancement of Al radiomics, and molecular
omics, various predictive models have demonstrated great poten-
tial in the diagnosis, treatment, and prognostic evaluation of CNS
tumors. In particular, Al has enabled more accurate tumor clas-
sification and prediction of recurrence sites. Radiomics and
imaging genomics, through the integration of imaging features
and clinical data, can assist in risk stratification, assessment
of tumor invasiveness, and prediction of immunotherapy res-
ponse. Molecular omics-based models, such as those involving
cuproptosis- or ferroptosis-related signatures, also offer promis-
ing tools for targeted drug screening and serve as potential prog-
nostic biomarkers. However, most of these predictive models
remain in the preclinical research phase. To facilitate clinical
translation, it is essential to expand datasets, enhance external
validation, and reduce dependence on methylation-based data,
among other improvements.
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Contemporary therapeutic approaches primarily encompass
immune cell activation, immune checkpoint modulation, and
programmed cell death induction. Selective activation of T lym-
phocytes, neutrophils, NK cells, and macrophages in the CNS
TME facilitates the reversal of immunosuppression and enhances
antitumor responses through dual mechanisms: immunosuppres-
sion antagonism and enhanced phagocytic activity. Therapeutic
antibodies and checkpoint inhibitors targeting diverse immune
checkpoint pathways effectively alleviate tumor-mediated immune
cell suppression, thereby reinvigorating antitumor immunity.
Engagement of multiple cell death pathways, including ferroptosis,
copper-dependent cell death, apoptosis, and autophagy, contrib-
utes to significant tumor growth inhibition and enhanced thera-
peutic responsiveness. Integration of these targeted approaches
with advanced engineered probiotics, cancer vaccines, and nano-
material-based delivery platforms presents compelling transla-
tional potential for clinical applications. This comprehensive
therapeutic strategy is anticipated to enhance treatment outcomes
through multiple mechanisms: overcoming resistance to standard
therapies, facilitating drug penetration across the BBB and BTB,
enabling precise tumor targeting, expanding available treatment
options, and ultimately improving therapeutic efficacy in brain
cancer management.

Several limitations warrant consideration in this review, par-
ticularly regarding the depth of mechanistic analyses. Current
investigations of the gut-brain axis predominantly rely on murine
and canine models, which inadequately represent the intricate
pathological crosstalk between human gut microbiota and brain
tumor pathogenesis. When using animal models to investigate
the relationship between gut microbiota and brain tumors, sev-
eral key limitations arise due to interspecies physiological and
microbiological differences. These include disparities in intes-
tinal structure and microbiota composition, BBB permeability,
immune system responses, and the mechanisms underlying brain
tumor initiation and progression. Moreover, the standardized
diets and specific pathogen-free (SPF) environments in which
laboratory animals are maintained differ markedly from real-life
human conditions, further limiting the clinical translatability of
findings derived from such models. Notably, emerging 3D bio-
printed gut models offer a promising alternative, as they can more
accurately replicate the complex architecture and hypoxic micro-
environment of the human intestine. These models hold signifi-
cant potential for advancing research on the gut-brain axis and
for developing in vitro platforms to explore microbiota-based
interventions for brain tumors. As such, they may represent a
critical direction for future research [81]. The absence of large-
scale cohort studies impedes robust statistical validation of the
proposed associations between gut-brain axis dysregulation and
brain tumorigenesis. The inherent complexity of gut-brain axis
research, encompassing interactions among the CNS, digestive
system, and immune system, necessitates further comprehensive
investigation to elucidate underlying mechanisms.

Emerging immunotherapeutic and targeted approaches,
including CAR-T cell therapy, PD-1 pathway blockade, CD47-
targeted nanotherapeutics, engineered probiotics, and ferroptosis-
inducing cancer vaccines, demonstrate substantial promise
in brain tumor treatment. Notably, recent findings suggest that
the gut-brain axis and microbiota-derived metabolites, such
as SCFAs, tryptophan catabolites, and secondary bile acids, play
critical immunomodulatory roles that may synergize with these
therapies. For instance, SCFAs regulate vy T cell activity and
IL-17 production to adjust the TME responsiveness to
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checkpoint blockade. Additionally, engineered probiotics offer
anovel route for local or systemic delivery of immune-activating
molecules, further linking microbiota dynamics to antitumor
immunity. However, the underlying mechanisms of host-
microbiota interactions in CNS tumors remain incompletely
understood. Interindividual variability in microbiome compo-
sition, BBB integrity, and metabolite availability may all con-
tribute to inconsistent therapeutic responses. Furthermore, the
safety and efficacy of gut-targeted interventions in glioma
patients, who often have disrupted gut integrity due to chemo-
therapy or corticosteroids, require cautious validation.

Probiotic interventions, particularly those involving engi-
neered strains, represent promising avenues for delivering immu-
nomodulating agents in a targeted manner, either locally or
systemically, and may be tailored to reshape the tumor immune
microenvironment. Fecal microbiota transplantation (FMT) has
also shown potential in restoring microbial diversity and enhanc-
ing antitumor immunity in other cancer contexts. Nevertheless,
its application in CNS tumors must be carefully evaluated, espe-
cially considering the altered gastrointestinal environment often
seen in glioma patients undergoing treatment. Furthermore,
targeted modulation of microbial metabolites, such as SCFA
supplementation or manipulation of the tryptophan metabolic
pathway, holds potential to reshape both systemic and CNS-
specific immune responses [223]. Microbiome engineering, as a
next-generation strategy, enables precise modulation of host-
microbiota interactions, offering opportunities to enhance thera-
peutic efficacy while minimizing off-target effects. Taken together,
these strategies present exciting prospects for clinical translation.
Nonetheless, challenges remain, particularly those related to
interindividual variability in microbiome profiles, BBB perme-
ability, and metabolite bioavailability. Therefore, further mecha-
nistic investigations and well-controlled clinical trials are urgently
needed to determine therapeutic efficacy, optimize patient selec-
tion, and ensure safety in CNS tumor populations. Highlighting
these approaches will help establish a more comprehensive road-
map for the integration of microbiota-targeted therapies into
brain tumor treatment paradigms.

Currently, there is no direct clinical evidence indicating that
individuals with gut microbiota dysbiosis are more susceptible
to CNS tumors. However, several preclinical studies and clinical
observations in brain tumor patients suggest a potential asso-
ciation between gut dysbiosis and CNS tumorigenesis. For
example, fecal DNA sequencing analyses in patients with malig-
nant brain tumors have revealed a significant reduction in
microbial diversity, accompanied by an increased relative abun-
dance of Bacteroides, Fusobacteria, and Proteobacteria, and a
decreased abundance of Firmicutes and Actinomycetes. In
addition, animal studies have shown pronounced disruptions in
the gut microbiota of mice implanted with gliomas, further sup-
porting the potential involvement of the gut-brain-microbiota
axis in brain tumor development [83]. A recent Mendelian
randomization study provided further insight by identifying a
positive correlation between brain cancer risk and the presence
of Lactobacillus and Clostridium family 1, and a negative cor-
relation with Defluviitaleaceae UCG-011 and Flavonifractor.
This was the first study to suggest a potential causal link
between gut microbial imbalance and the development of brain
cancer [224]. Building on these findings, an increasing number
of studies are now exploring the integration of immunotherapy
with microbiome modulation to enhance therapeutic efficacy
against brain tumors.

Xu et al. 2025 | https://doi.org/10.34133/research.0885

Future research should aim to delineate the causal relation-
ships between specific microbial signatures and treatment out-
comes, identify reliable microbiome-derived biomarkers for
patient stratification, and develop rational combination strategies
involving microbiome modulation and CNS-targeted immuno-
therapies. Ultimately, leveraging the gut-brain-immune axis
may unlock personalized, microbiota-informed approaches to
enhance treatment efficacy and improve prognosis in brain
tumor patients.
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