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Abstract: The intratumoral microbiota, as an important component of the tumor microen-
vironment, is increasingly recognized as a key factor in regulating responses to cancer
immunotherapy. Recent studies have revealed that the intratumoral microbiota is not uni-
formly distributed but instead exhibits significant spatial heterogeneity, with its distribution
patterns influenced by factors such as tumor anatomy, local immune status, and therapeutic
interventions. This spatial heterogeneity not only alters the interactions between microbes
and the host immune system but may also reshape the immunogenic and immunosuppres-
sive landscapes of tumors. The enrichment or depletion of microbiota in different tumor
regions can influence immune cell infiltration patterns, metabolic pathway activities, and
immune checkpoint molecule expression, thereby driving the development of resistance
to immunotherapy. Moreover, certain bacterial metabolites form concentration gradients
between the tumor core and margins, thereby regulating immune cell function. Therefore,
understanding and manipulating the spatial distribution of intratumoral microbiota, par-
ticularly in resistant patients, holds promise for developing new strategies to overcome
immunotherapy resistance. In the future, precise modulation strategies targeting microbial
spatial heterogeneity, such as engineered bacterial vectors, probiotic combinations, and
phage therapy, may open new avenues for immunotherapy.

Keywords: intratumoral microbiota; immune microenvironment; spatial heterogeneity;
immunotherapy; resistance

1. Introduction
Tumors have long been considered sterile, with the tumor microenvironment (TME)

thought to consist mainly of tumor cells, immune cells, blood vessels, and other com-
ponents [1]. However, recent studies have challenged this traditional view by revealing
the presence of intratumoral microbiota and their critical roles in tumor initiation and
progression [2]. In the 19th century, Koch and Pasteur were among the first to observe
bacteria within tumors [3], indicating that intratumoral microbial communities not only
are specific but also profoundly influence tumor immune responses. Through interactions
with immune cells, these microorganisms may either stimulate immune responses or foster
tumor growth by exerting immunosuppressive effects [4]. The presence of intratumoral
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microbiota as a key part of the tumor microenvironment has driven new approaches in
cancer immunotherapy. Although immune checkpoint inhibitors, such as PD-1/PD-L1
antibodies, have achieved groundbreaking progress in various cancers, the overall response
rates to immunotherapy remain low, with clinical response rates below 30% [5]. The intra-
tumoral microbiota can affect the outcomes of immunotherapy by modulating immune
cell infiltration and function [6]. Thus, targeting the intratumoral microbiota could offer a
promising approach to overcoming resistance to immunotherapy.

In recent years, research into the spatial heterogeneity of intratumoral microbiota has
been increasingly recognized. Different regions within the tumor microenvironment may
harbor distinct microbial communities, and this spatial distribution may play a critical role
in responses to immunotherapy [7,8]. The spatial heterogeneity of microbiota offers new
insights into the differential responses to tumor immunotherapy and highlights the impor-
tance of regulating the local microenvironment [9]. Consequently, future research should
aim to manipulate the microbiota’s composition and spatial distribution to enhance the effi-
cacy of immunotherapy. By thoroughly elucidating the interactions between intratumoral
microbiota and the immune system, it may be possible to pioneer new directions for cancer
immunotherapy and advance more individualized and precise therapeutic strategies.

2. Composition and Sources of Intratumoral Microbiota
Intratumoral microbiota interact with host cells and the tumor microenvironment

(TME), thereby influencing tumor initiation, progression, and therapeutic responses [10].
The composition and origin of intratumoral microbiota have become a research hotspot at
the intersection of tumor biology and microbiology [11]. The dominant microbial species
vary among different cancer types, and their abundance is closely associated with the
tumor microenvironment. The origins of intratumoral microbiota are not fully understood,
but current research suggests they may enter tumor tissues through three main pathways
(Figure 1). First is the migration from disrupted mucosal barriers: Gut microbiota, for
instance, may breach a damaged intestinal barrier to reach tumor tissues [12]. Skin mi-
crobes adjacent to breast cancer could invade via mammary ducts [13]. In pancreatic ductal
adenocarcinoma (PDAC), bacteria may transfer from the injured intestinal mucosa through
pancreatic ducts, reshaping the TME and triggering both innate and adaptive immune
suppression [14]. Second is migration from neighboring tissues or organs: Microbes have
been found even in tumors originating from non-mucosal sites, indicating alternative
sources for intratumoral microorganisms [15]. Nejman et al. discovered that microbial
communities in breast and lung cancers shared similarities with adjacent normal tissues,
implying that nearby healthy tissues could serve as a source of tumor-associated micro-
biota [11]. Additionally, the majority of bacteria detected in tumor tissues were found
intracellularly, mainly within CD45+ immune cells, indicating that host cells may transport
bacteria from nearby normal tissues to tumors [16,17]. Third is dissemination via blood
circulation: Gut microbes may translocate into the bloodstream through the portal vein
system and establish colonies within tumor tissues under certain conditions [18]. Oral
commensal bacteria, such as Fusobacterium nucleatum, can reach tumors like breast cancer
and colorectal cancer through the bloodstream [19,20].
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Figure 1. The sources of intratumoral microbiota. (A) Gut microbes migrate to tumor tissues through
a compromised intestinal barrier, while bacteria in pancreatic ductal adenocarcinoma enter the
pancreas via the pancreatic duct. (B) Normal adjacent tissues are one of the potential sources of
intratumoral microbiota. (C) Intratumoral microbes enter tumor sites through the bloodstream from
the oral cavity, intestines, tumors, and other locations.

3. Mechanism of Spatial Heterogeneity Formation of
Intratumoral Microbiota

Intratumoral microbiota refers to microbial communities residing within tumor tissues,
including bacteria, fungi, and viruses [2,21]. However, intratumoral microbiota exhibit spa-
tial heterogeneity, which can be reflected by significant differences in microbial composition
and abundance across different cancers (Table 1).

For example, in colorectal cancer, Fusobacterium, Bacteroides, Campylobacter, and Pep-
tostreptococcus are notably enriched [22,23]. Breast cancer frequently harbors Methylobac-
terium radiotolerans, Bacillus, Enterobacteriaceae, Staphylococcus, and Staphylococcus epider-
midis [24–26]. In pancreatic cancer, species such as Gammaproteobacteria, Pseudoxanthomonas,
Streptomyces, Saccharopolyspora, and Bacillus clausii are dominant [27,28]. Additionally,
Malassezia species have also been detected in pancreatic cancer [29]. In colorectal cancer,
fungi like Candida, Malassezia, and Aspergillus are present and may be associated with
immunosuppression [30,31]. Some viruses, including human papillomavirus (HPV) [32],
hepatitis B virus (HBV) [33], and herpesviruses [34], are established oncogenic pathogens.
However, their classification as part of the “intratumoral microbiota” is still debated. Even
within the same tumor, the distribution of intratumoral microbiota varies across inter-
nal regions, correlating with hypoxic zones, necrotic areas, or immune cell infiltration
regions [35]. The spatial arrangement of intratumoral microbes and their interactions with
the host significantly shape the tumor microenvironment, with such heterogeneity closely
linked to tumor localization, microenvironmental properties, and host immune dynamics.
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Table 1. Microbial heterogeneity in different tumors.

Tumor Type Microorganisms Abundance
Changes Function

Oral squamous
cell carcinoma

Parvimonas, Peptoniphilus,
Fusobacterium [22] Increase Reduces the protein expression of the tumor

suppressor p53

Eubacterium infirmum, Actinobaculum,
Selenomas [36] Down Related to immune therapy resistance

Colorectal cancer

Fusobacterium, Bacteroides [22] Increase Activates the MAPK signaling pathway

Campylobacter, Peptostreptococcus [23] Increase Related to tumor progression

Candida [30] Increase Related to tumor progression

Malassezia, Aspergillus [31] Increase Related to tumor high KRAS and
MSI mutation

Breast cancer
Methylobacterium radiotolerans [24,25] Increase Promotes tumor progression

Bacillus, Enterobacteriaceae, Staphylococcus,
Staphylococcus epidermidis [26] Increase Related to tumor progression

Pancreatic ductal
adenocarcinoma

Gammaproteobacteria [27] Increase Mediates response to gemcitabine-based
chemotherapy

Pseudoxanthomonas, Streptomyces,
Saccharopolyspora, Bacillus clausii [28] Increase Induces an antitumor response and

activation of the immune system

Malassezia [29] Increase Inhibits tumor growth

Abbreviations: KRAS, Kirsten rat sarcoma viral oncogene homolog; MAPK, mitogen-activated protein kinase;
MSI, microsatellite instability.

3.1. Tumor Anatomical Location and Local Microenvironment Subsection

Gastrointestinal tumors are directly exposed to the luminal microbiota, resulting in a
high similarity between their intratumoral microbiota and gut microbiota [18]. Moreover,
numerous oral microbes can colonize tumors through hematogenous dissemination. For
instance, Fusobacterium nucleatum can reach the breast through the bloodstream, inhibit
tumor-infiltrating T cell accumulation, and promote tumor growth and metastasis [20].
The FadA adhesin of Fusobacterium nucleatum can bind to E-cadherin on colorectal cancer
(CRC) cells, mediating bacterial adhesion, invasion, and colonization [37]. Studies have
shown that intratumoral E. coli can breach the gut vascular barrier, spread to the liver,
and promote pre-metastatic niche formation, driving CRC liver metastasis [18]. Therefore,
hematogenous dissemination is crucial both for microbial colonization within tumors and
for the distant spread of tumor cells.

The microbial composition varies heterogeneously across different regions within
the same tumor. Tumorigenesis undergoes angiogenesis, leading to defective blood ves-
sels, hypoxic regions, and heterogeneous tumor cell populations through biological and
metabolic adaptations [38] (Figure 2). Porphyromonas gingivalis thrives in the hypoxic mi-
croenvironment of PDAC and enhances the tumorigenic activities of pancreatic cancer
cells [39]. Clostridium butyricum and other nonpathogenic clostridia widely proliferate in
hypoxic regions of tumors [40]. Fusobacterium nucleatum localizes within hypoxic areas
of colorectal cancer and negatively correlates with CD3+ T cell density, contributing to
immune suppression [41]. Yamamoto et al. found that in colorectal cancer, Fusobacterium
nucleatum preferentially accumulates at the invasive tumor front and increases with tumor
progression [42]. In breast cancer, Fusobacterium nucleatum predominantly localizes in
tumor cell-rich areas and promotes cell proliferation and migration via the MAPK signaling
pathway [43] (Figure 3). The Warburg effect in tumors increases lactate production, creating
an acidic microenvironment that selects for pH-tolerant microbial strains [44]. Hezaveh
et al. found that in pancreatic cancer mouse models, tumor-associated macrophage AhR
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activity relies on intratumoral lactobacilli metabolizing tryptophan into indole, suppressing
CD8+ T cell accumulation and correlating with rapid disease progression and mortality [45].
In PDAC, intratumoral bacteria may retrogradely migrate from the duodenum via the
pancreatic duct, possibly due to bacterial preference for neutral or slightly alkaline pH
environments [46,47].

 

Figure 2. Spatial distribution of intratumoral microbiota. Tumor formation undergoes angiogenesis,
resulting in biological changes and adaptive metabolism, leading to the development of defective
vessels, hypoxic regions, and heterogeneous tumor cell populations. The defective vascular system
permits bacteria to infiltrate tumors. Most bacteria predominantly replicate within hypoxic tumor
regions, which are characterized by immunosuppression, nutrient richness, and low oxygen levels.

Figure 3. Cont.
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Figure 3. Intratumoral microbiota show uneven spatial distribution within tumors. (A) RNAscope
FISH and CISH analyses demonstrate the heterogeneous distribution of F. nucleatum in breast tumor
tissues, characterized by focal clustering in specific tumor regions. The scale bar is shown in the figure,
1 mm and 50 µm [43]. (B) Microbial distribution in PDAC and LUAC is spatially heterogeneous.
Immunofluorescence (IF) images of CK19 (green), LPS (red), and nuclei (DAPI, blue), and heatmaps
of LPS. Scale bars:2 mm (left), 200 µm (right) [48]. Abbreviations: CK19: cytokeratin 19; LPS:
lipopolysaccharide; LUAC lung adenocarcinoma; PDAC: pancreatic ductal adenocarcinoma.

3.2. Bidirectional Regulation of the Immune System

Tumor cells employ multiple mechanisms to evade immune system recognition, lead-
ing to insufficient immune activity within tumors and facilitating bacterial colonization [49].
Bacteria are highly organized into microniches associated with immune and epithelial cell
functions that promote cancer progression. Galeano Niño et al. reported that bacterial
communities mainly reside in microenvironments with poor vascularization, high immuno-
suppression, and association with malignant cells with low Ki-67 expression [22]. Y. Li et al.
applied spatial analysis methods and found that intratumoral microorganisms and T cells
co-localize, and this co-dependence is coordinated by T cells, promoting the persistence
of microbes within tumors. Furthermore, T cells may enhance tumor vascularization,
subsequently favoring microbial enrichment [48]. In addition, bacteria can secrete various
immunosuppressive factors to evade immune surveillance and colonize immune-cold
regions. For example, the Fap2 protein of Fusobacterium nucleatum binds to the inhibitory
receptor TIGIT on NK and T cells, thereby inhibiting NK cell-mediated cytotoxicity [50].
Thus, in colorectal adenocarcinoma, despite Fusobacterium nucleatum recognizing the over-
expressed Gal-GalNAc via Fap2, its distribution through the hematogenous route is still
uneven [19]. Moreover, the lipopolysaccharide (LPS) of Fusobacterium nucleatum can activate
host immune responses through Toll-like receptor 4 (TLR4) [51]. Fusobacterium nucleatum
can also recruit tumor-infiltrating myeloid-derived suppressor cells (MDSCs) with potent
immunosuppressive activity [52]. Additionally, intratumoral microbes may recruit neu-
trophils, enhancing infiltration and promoting the formation of neutrophil extracellular
traps (NETs), and thus capturing and killing some bacteria and causing uneven microbial
distribution [53]. T. Zhang et al. found that Fusobacterium nucleatum can invade gastric
cancer cells and induce the recruitment of tumor-associated neutrophils, thereby altering
the tumor immune microenvironment [54].



Biomedicines 2025, 13, 1261 7 of 19

3.3. Interactions Among Microorganisms

During the progression from adenoma to carcinoma, the abundance of intratumoral
microbiota also changes. Nakatsu et al. found that in adenomas, Proteobacteria were
predominant, and as they were replaced by Firmicutes, the malignancy of tumors increased.
Members of Proteobacteria and Firmicutes often exhibit a mutually exclusive relationship
in cancers [55]. Consequently, Firmicutes can form a single dominant population. The
abundances of Bacteroides and Parvimonas both increase in colorectal cancer, showing a sym-
biotic relationship. These microorganisms possess a competitive advantage in colonization,
altering the overall microbial profile and thereby modulating the tumor microenvironment.
Certain bacteria participate in amino acid metabolism within tumor cells, leading to their
localized enrichment. Anaerobic streptococci are involved in glycine fermentation, whereas
fermentation of alanine, glutamate, and lysine requires Clostridia [56]. It is likely that
the increase in amino acids produced by intratumoral microbes may favor the catabolism
of tumor cells, thereby promoting CRC initiation and progression. Interactions between
intratumoral fungi and bacteria also influence cancer progression. Malassezia has been
identified as a potential driver in the progression from adenoma to CRC. The bacteria genus
Streptomyces shows a positive correlation with Malassezia, whereas Eubacterium and Dorea
are negatively correlated with Malassezia [31].

3.4. Effects of Therapeutic Interventions

Meanwhile, the spatial heterogeneity of intratumoral microbiota is influenced by
various therapeutic interventions, particularly chemotherapy and antibiotic treatments.
Chemotherapeutic agents exert their effects by directly killing tumor cells, but they also sig-
nificantly impact the tumor microenvironment, particularly by disturbing the intratumoral
microbiota [57–59]. For example, 5-fluorouracil (5-FU), a commonly used chemotherapeutic
agent, can inhibit the growth of Fusobacterium nucleatum (Fn) [60]. After 5-FU treatment,
microbiota changes are characterized by increased intratumoral microbiota heterogene-
ity, which may induce immunosuppression and thereby impair therapeutic efficacy [61].
Antibiotics further intensify this effect. Antibiotics, by killing certain bacteria, may shift
the tumor microbiota composition [14,62]. Although antibiotic treatment can temporarily
reduce the abundance of certain pathogens, its non-selective antimicrobial effects may
disturb the entire ecosystem, leading to a loss of beneficial microbiota and consequent
dysbiosis [63].

In summary, the spatial heterogeneity of intratumoral microbiota is closely associ-
ated with the efficacy of immunotherapy. During treatment, the microbiota composition,
metabolic products, and their interactions with immune cells vary across different regions
of the tumor microenvironment. These changes may influence differences in treatment
responses. Chemotherapy and antibiotic treatments commonly lead to increased spatial het-
erogeneity of the microbiota. This may promote the enrichment of drug-resistant bacteria
and suppress immune function.

4. Mechanisms of Spatial Heterogeneity Regulating Immunotherapy
Intratumoral microbiota inhabit the tumor microenvironment (TME), which is highly

heterogeneous, with significant regional differences in microbiota distribution, abundance,
and function [64,65]. This spatial heterogeneity modulates the response to immunotherapy
by influencing multiple aspects, including immune cell infiltration, metabolic microenvi-
ronment, immune checkpoint expression, and therapeutic resistance.
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4.1. Local Regulation of Immune Cell Infiltration by Microbial Spatial Distribution

Recent studies have revealed not only that microbes in the tumor microenvironment
(TME) are merely passive residents, but also that their spatial distribution significantly im-
pacts immune cell infiltration and functional states [49]. For instance, commensal Clostridi-
ales strains can induce high levels of intratumoral CD8+ T cell infiltration, enhancing tumor
immunogenicity [66]. In colorectal cancer (CRC), Fusobacterium nucleatum invades tumor
tissues and induces the production of inflammatory cytokines (e.g., IL-12, TGF-β, and TNF-
α), promoting FOXP3+ CD4 T cell expansion and forming specific spatial co-localization,
which is closely associated with poor prognosis [67]. This phenomenon of “spatial co-
localization” is not incidental. Studies have shown that tumor-associated microbes locally
regulate immune cell recruitment and activation through signaling pathways.

On one hand, microbial components, such as peptidoglycans, LPS, lipopeptides, and
flagellin, can activate local immune sensing pathways like TLRs or NOD-like receptors, trig-
gering MyD88-dependent signaling to induce chemokine secretion (e.g., CXCL9, CXCL10,
CCL2) and promoting immune cell infiltration, especially T cells, monocytes, and dendritic
cells [68–70]. On the other hand, intratumoral bacteria can inhabit both tumor cells and
immune cells. In melanoma patients, bacterial peptides can be presented by tumor cells,
influencing T cell immune responsiveness and reshaping the local immune landscape [71].
In pancreatic ductal adenocarcinoma, increased abundance of three anaerobes, including
Bacteroides, Lactobacillus, and Peptostreptococcus, is significantly associated with suppressed
effector T cell infiltration and poor prognosis [72]. In lung adenocarcinoma, intratumoral
bacteria form immune interaction networks with the host, where increased malignancy is as-
sociated with upregulation of γδ T cells and neutrophils, indicating enhanced inflammation
and suppressed antitumor immunity, leading to poor overall survival [73].

Moreover, technologies like spatial transcriptomics, spatial FISH imaging, and mass
spectrometry have revealed that microbes do not exist in isolation but form “immune-
microbiota niches” with local immune cells, playing decisive roles in immune activation or
suppression within the TME [43,74]. The Fap2 protein of Fusobacterium nucleatum directly
interacts with TIGIT, inhibiting NK cell cytotoxicity [50]. Additionally, F. nucleatum uses
its surface protein CbpF to activate the inhibitory receptor CEACAM1 on T cells, thereby
suppressing T cell function and enabling tumor immune evasion [75], providing a novel
spatial intervention target for clinical therapy.

4.2. Spatial Gradient Regulation of Immune Responses by Microbial Metabolites

Besides spatial distribution, intratumoral microbiota also regulate the immune system
by shaping immune cell functions through spatial gradients of their metabolic products [76].
These metabolic products often establish concentration gradients in the local microenviron-
ment, thereby inducing functional heterogeneity of immune cells across different spatial
regions [77]. For example, short-chain fatty acids (SCFAs) like butyrate and propionate are
locally produced by anaerobic bacteria in the colon [78]. Intratumoral F. nucleatum produces
abundant butyrate, which inhibits histone deacetylases (HDACs) in CD8 T cells, induces
H3K27 acetylation at the TBX21 promoter, thereby suppressing PD-1, alleviating CD8 T
cell exhaustion, and enhancing effector functions [79]. Schulz et al. found in a high-fat
diet-induced intestinal cancer model that administration of butyrate could recruit dendritic
cells in gut-associated lymphoid tissues, thereby attenuating tumor progression [80]. Bu-
tyrate produced by Roseburia can inhibit HDAC2 and increase H3K27 acetylation at the
H19 promoter, thereby inducing M2 macrophage polarization and promoting lung cancer
metastasis [81].

Moreover, the tryptophan metabolism pathway also plays a crucial role. Intratumoral
microbes can induce indoleamine 2,3-dioxygenase (IDO) expression in macrophages, creat-
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ing a toxic environment with low tryptophan and high kynurenine levels, further impairing
peripheral lymphocyte function, inhibiting IFN-γ secretion, and forming an “immune
tolerance zone” in tumors or inflamed tissues [50,82].

Finally, lactate, as a co-metabolite of certain bacteria and tumor cells, accumulates
locally, acidifies the microenvironment, suppresses effector T cell function, and promotes
regulatory T cell development, thereby impeding anti-tumor immune responses [83,84].
However, the impact of lactate on cancer and immune cells within the tumor immune
microenvironment can be highly complex. Contrary to lactate’s immunosuppressive effect,
Feng et al. demonstrated that sodium lactate enhances the immune protection of stem-like
CD8+ T cells during cancer therapy [85]. In summary, the role of metabolic reprogram-
ming within the tumor immune microenvironment in regulating tumor progression is
highly complex.

4.3. Spatial Regulation of Immune Checkpoint Molecules by Microbes

In the era of immunotherapy, immune checkpoint molecules such as PD-1/PD-L1
and CTLA-4 have become critical targets, and microorganisms can regulate the expres-
sion and function of these molecules spatially [86,87]. Programmed cell death protein
1 (PD-1), an immune checkpoint receptor, is abundantly expressed on activated T cells,
whereas tumor cells frequently overexpress its ligand, programmed cell death 1 ligand 1
(PD-L1), facilitating immune escape [88]. Immune checkpoint therapies trigger anti-tumor
immune responses by blocking the receptor–ligand interactions on T cells and have been
applied to treat numerous types of malignancies [89]. PD-1, as the most widely used
immune checkpoint inhibitor, plays a pivotal role in immunotherapy research [90]. Intra-
tumoral microorganisms can influence the efficacy of PD-1/PD-L1-mediated anti-tumor
immunotherapy [91]. Fusobacterium nucleatum can upregulate PD-L1 expression in breast
cancer cells and suppress CD8+ T cell-mediated cytotoxicity via the NF-κB/PD-L1 signal-
ing pathway, with expression hotspots typically located at tumor margins coinciding with
bacterial aggregates [92]. Intratumoral microbes upregulate tumor cell PD-L1 expression
via LPS-mediated TLR4/MyD88 signaling, reshaping the tumor immune microenviron-
ment, with expression hotspots often corresponding to bacterial aggregation sites [93].
Galeano Niño et al. found that in OSCC tumors, the T cell inhibitory receptor PD-1 was
overexpressed in bacteria-positive niches, and subsequent RNAscope and IHC analyses
confirmed that intratumoral microbes promoted the enrichment of CD11b+ and CD66b+
myeloid cells while inhibiting the accumulation of CD4+ and CD8+ T cells [22]. The spatial
variation in expression results in distinct effects of immune checkpoint blockade therapies
across tumor regions, possibly accounting for the clinical phenomenon of “partial lesion
regression and partial lesion progression” during treatment.

4.4. Microbial Spatial Heterogeneity and Immune Therapy Resistance

Immune checkpoint inhibitors (ICIs) have brought revolutionary breakthroughs to the
treatment of advanced tumors, yet their response rates remain limited across various solid
tumors. Recent studies have shown that the spatial heterogeneity of tumor-associated mi-
croorganisms can influence the efficacy of cancer immunotherapy [94]. The distribution of
microorganisms within tumor tissues is highly uneven, with spatial heterogeneity manifest-
ing as the enrichment of specific genera in regions such as the tumor core, invasive margins,
and immune-exclusion zones [95]. By spatial analysis techniques, Y. Li et al. found that
in tumors with low T cell abundance, the microbial composition supports tumor growth,
while in tumors rich in T cells, microbes promote B cell infiltration and upregulate immune-
stimulatory molecules in intratumoral macrophages, explaining the dual role of microbes
in both promoting chemotherapy resistance and tumor progression, and triggering anti-
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tumor immunity [49]. Moreover, intratumoral microbes can regulate the local metabolic
environment, leading to uneven distribution and activity of immunotherapeutic drugs.
Geller et al. discovered that Gammaproteobacteria can metabolize the chemotherapeutic drug
gemcitabine into its inactive form [46]. Therefore, microbial spatial heterogeneity is not only
a complex feature of the tumor ecosystem but may also be a key determinant of individual
variability in immunotherapy responses. Targeting and recognizing these heterogeneous
niches holds promise for overcoming the existing bottlenecks of ICI treatment.

5. Immunotherapeutic Potential of Targeting Tumor-Intrinsic Microbial
Spatial Heterogeneity

The spatial heterogeneity of intratumoral microbiota can profoundly influence the
anti-tumor immune response by reshaping the immune microenvironment, modulating
immune cell functions, and altering metabolic interactions [96,97]. Based on this, targeting
the spatial heterogeneity of intratumoral microbes has gained increasing clinical applica-
tion, with emerging strategies such as biomarker development, tumor-targeted engineered
bacteria, probiotics, and bacteriophages being explored to enhance cancer immunother-
apy efficacy. Currently, multiple clinical trials are focusing on combining microbiome
modulation approaches with immunotherapy to overcome therapeutic barriers through
microbiota-immune synergy, while also evaluating their safety and clinical translational
potential (Table 2).

Table 2. Clinical trials on intratumoral microbiota modulation and antitumor immunotherapy.

Identifier Cancer Types Phase of Trial Intervention Primary Outcome
Measures Ref.

Biomarker

NCT03618641 Melanoma Phase II TLR9 agonist vidutolimod +
anti-PD-1 nivolumab

Major pathologic
response (MPR) [98]

NCT04649476 Oral squamous
cell carcinoma Phase II Neoadjuvant

immunotherapy
Event-free

survival (EFS) [36]

Engineered Bacteria

U1111-1225-
7729

Colorectal
cancer Phase I/II

E. coli Nissle 1917 (EcN) +
PD-L1 inhibitor + CTLA-4
inhibitor

Colonization
status of the
microbiota

[99]

NCT02718444 Solid neoplasm,
lymphoma Phase I SYNB1891 ORR –

Probiotics

NCT03775850 Colorectal
cancer Phase I/II EDP1503 + pembrolizumab ORR [100]

NCT05032014 Liver cancer Phase I/II Probiotic-M9 + PD-1
inhibitor ORR –

NCT03829111 Kidney cancer Phase I Probiotic CBM588 + PD-1
inhibitor + CTLA-4 inhibitor ORR –

Bacteriophage

– Colorectal
cancer Pre-clinical Fn-binding M13 phage +

silver nanoparticles (AgNP) Survival rate [101]

5.1. Biomarker Development

The microbial communities within the tumor microenvironment exhibit significant
spatial heterogeneity, which can directly affect immune cell distribution and the nature
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of immune responses, thereby influencing the efficacy of immunotherapy. For instance,
Fusobacterium nucleatum has been associated with immunosuppressive environments and
drug resistance in colorectal cancer [102], whereas the abundance of certain probiotics cor-
relates positively with the activity of tumor-infiltrating T cells [103]. Characteristics of the
tumor-associated microbiome can be utilized to predict the outcomes of immunotherapy.
By comparing tumor microbiota profiles before and after immunotherapy, it has been found
that spatial heterogeneity of the microbiota is closely related to immune responses [11]. The
tumor core is typically an ischemic and hypoxic region, often enriched with immunosup-
pressive microbes, closely associated with immune evasion characteristics [35]. Therefore,
the spatial characteristics of the tumor microbiome can serve as novel predictive biomarkers
for forecasting patient responses to immunotherapy.

5.2. Engineered Bacteria

The microbiota within the tumor microenvironment (TME) plays a crucial role in
immune evasion and resistance mechanisms [104]. The spatial heterogeneity of intra-
tumoral microbiota, particularly in the context of tumor immune evasion, has emerged
as a novel area of research. Local delivery of bacteria, especially engineered Escherichia
coli, to immune-cold tumor regions has become a strategy for remodeling the TME [105].
The Escherichia coli Nissle 1917 (EcN) can convert ammonia into L-arginine in the tumor
microenvironment, thereby increasing the intratumoral L-arginine concentration. This
metabolic intervention significantly enhances T cell infiltration into tumors and acts syn-
ergistically with PD-L1 blockade antibodies in antitumor effects [106]. Thus, Escherichia
coli Nissle 1917 (EcN) has been widely used clinically due to its high safety profile and
its selective colonization, survival, and proliferation in hypoxic tumor regions [107,108].
Gurbatri et al. engineered EcN to locally release the cytokine GM-CSF and block PD-L1 and
CTLA-4 using nanobodies at the tumor site, resulting in approximately a 50% reduction
in tumor burden [99]. Similarly, engineered Escherichia coli can colonize tumor areas and
induce localized immune responses by expressing specific immunomodulatory factors,
such as cytokines or immune regulators [109]. Moreover, “cold tumors” exhibit low T-cell
infiltration and immune checkpoint molecule expression, leading to T-cell exhaustion and
resistance to immune checkpoint inhibitors in a significant proportion of patients [110].
Engineered Escherichia coli can reshape the tumor immune environment by modulating
specific microbial communities, thereby overcoming resistance to immunotherapy [111].

5.3. Probiotics

Probiotics, as safe and easily applicable microbiota modulators, have the potential
to regulate immune responses [112]. For instance, oral administration of Bifidobacterium
combined with anti-PD-1 antibody can specifically enhance T-cell responses and dendritic
cell (DC) functions, thereby promoting CD8+ T-cell priming and accumulation in the tumor
microenvironment and preventing melanoma progression [113]. In addition, probiotics
can modulate the efficacy of immunotherapy by influencing tumor-associated gut micro-
biota [114]. For example, intratumoral Ruminococcus gnavus (Rg) and Blautia producta (Bp)
can degrade lysophosphatidylglycerol, promoting CD8+ T cell activation and maintaining
CD8+ T cell immunosurveillance, thereby enhancing antitumor immune responses and
controlling colorectal cancer progression [115]. Probiotics can enhance the response to
immunotherapy. A clinical trial (NCT03775850) showed that the combination of EDP1503
and pembrolizumab was safe and well tolerated, exerting its effects by enhancing the CD8+
T cell-to-Treg and CD8+ T cell-to-exhausted CD8+ T cell ratios [100]. Another clinical study
(NCT05032014) confirmed that probiotic M9 (Lactobacillus rhamnosus) combined with PD-1
inhibitors also exerts effects in hepatocellular carcinoma.
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Although probiotics hold great promise in tumor immunotherapy, several challenges
remain. Issues such as the variability in probiotic strain efficacy, the complexity of the
tumor microenvironment, and the long-term safety and tolerability of probiotics require
further investigation.

5.4. Bacteriophage

Bacteriophage therapy offers an alternative targeted strategy by specifically elimi-
nating certain microbial populations and modulating the microbial composition within
the tumor microenvironment, thereby enhancing the efficacy of immunotherapy [116,117].
Studies have shown that Fusobacterium nucleatum impairs the efficacy of immunotherapy
by promoting the expansion of immunosuppressive T cells and inhibiting effector T cell
functions [41]. Dong et al. developed a phage-guided nanodrug by assembling antibacterial
silver nanoparticles onto phage surfaces, enabling specific accumulation at tumor sites colo-
nized by Fusobacterium nucleatum to exert bactericidal effects. Inhibiting the proliferation of
Fusobacterium nucleatum effectively suppresses the recruitment of immunosuppressive cells
within the colonic tumor microenvironment [101] Additionally, bacteriophage therapy can
precisely target pathogenic bacteria within the tumor microenvironment without disturb-
ing normal tissues or microbiota balance, offering high selectivity and low toxicity [118].
Nevertheless, clinical application of phage therapy still faces challenges such as resistance
development, targeting efficiency, and optimal timing, all of which require further research
and optimization.

In conclusion, phage therapy holds significant immunotherapeutic potential by target-
ing microbial spatial heterogeneity within the tumor microenvironment and may become a
major approach in future cancer treatments.

6. Conclusions
The spatial heterogeneity of the tumor microbiome has emerged as a critical and

rapidly evolving area in cancer immunotherapy. With the rapid progress of cancer im-
munotherapy, dynamic changes in the tumor microenvironment (TME) microbiota are
believed to play pivotal roles in immune evasion and resistance to immunotherapy [77].
Spatial heterogeneity of the microbiota—referring to the diversity and distribution differ-
ences across tumor regions—not only influences immune cell infiltration and function but
may also determine immunotherapy outcomes [119].

Although targeting the spatial heterogeneity of tumor-associated microbiota offers
new therapeutic potential, it still faces numerous challenges. Primarily, the complexity and
heterogeneity of the tumor microbiota make precise localization and targeted interventions
difficult. The composition and spatial distribution of tumor microbiota vary significantly
across different tumor types and among individual patients. More importantly, current
research on the tumor microbiome faces several technical challenges, such as the risk
of contamination during sample collection, limited detection sensitivity, and insufficient
spatial resolution, all of which may affect the accurate determination of microbial distribu-
tion [120,121]. In addition, intervention strategies targeting the tumor microbiome must
fully consider potential risks, such as microbial dysbiosis and off-target effects. Therefore,
implementing strict aseptic procedures and multimodal detection approaches may help
mitigate the aforementioned risks and enhance the reliability of research and its poten-
tial for clinical translation [11,122]. Finally, the specific mechanisms by which microbes
influence immunotherapy remain to be fully elucidated. Nevertheless, strategies such as en-
gineered bacteria, probiotics, and phage therapy have shown promising preliminary results
in preclinical and clinical studies. These therapies not only reshape the microbial landscape
within the TME but also enhance the tumor immune milieu by activating immune cells and
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suppressing immunosuppressive microbes. Furthermore, microbiota modulation can be
combined with other immunotherapies, such as immune checkpoint inhibitors (ICIs) and
immune cell therapies, to further boost therapeutic efficacy. By integrating microbiology,
immunology, and oncology, microbial spatial heterogeneity within tumors is expected
to play a crucial role in future cancer therapies, offering more personalized and effective
treatment options. With technological innovation, the prospects of cancer immunotherapy
will become increasingly promising.
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