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The discovery of microbial communities residing within tumors has unveiled a
new dimension of cancer biology. In lung cancer, the intratumoral microbiome—
comprising bacteria, fungi, and viruses—has emerged as a critical modulator of
tumorigenesis, immune evasion, therapeutic response, and metastasis. This
review comprehensively examines the landscape of the lung tumor microbiota,
highlighting its mechanistic roles in shaping the tumor microenvironment,
altering host immune responses, and reprogramming of cancer metabolism.
We discuss the influence of specific microbial taxa on immunotherapeutic
efficacy, including their interplay with immune checkpoints and pro-
inflammatory signaling pathways. Moreover, we evaluate current evidence
linking microbial signatures for diagnostic and prognostic applications,
emphasizing their potential in biomarker discovery and precision oncology. By
integrating findings from molecular epidemiology, multi-omics profiling, and
preclinical models, this review provides a translational framework for leveraging
the tumor-resident microbiota as both a within tumors, we may develop new
microbiome-based strategies. These strategies could improve treatment
outcomes and help overcome resistance to immunotherapy.

KEYWORDS
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Introduction

Cancer is a multifactorial disease driven by a combination of genetic factors,
environmental influences, and individual lifestyle choices (1). Genetic predisposition and
external exposures shape tumor bacterial content, contributing to interpatient variability.
This variability significantly enhances the structural and functional diversity of tumors.
Consequently, researchers face increasing challenges in designing effective therapeutic
strategies (2-4). The tumor microenvironment (TME) serves as the ecological space
surrounding the tumor, containing elements such as blood vessels, immune cells,
fibroblasts, bone marrow-derived inflammatory cells, signaling molecules, and the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1614731/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1614731/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1614731/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1614731&domain=pdf&date_stamp=2025-07-24
mailto:yidao@qdu.edu.cn
https://doi.org/10.3389/fimmu.2025.1614731
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1614731
https://www.frontiersin.org/journals/immunology

Zhao et al.

extracellular matrix (ECM) (5, 6). This microenvironment is critical
for the initiation and progression of cancer.

Over the past decade, scientists have extensively investigated the
intricate relationship between cancer and its surrounding environment.
Recently, researchers have expanded their focus beyond cancer cells
and their immediate surroundings to include a less visible but
potentially crucial component—the intratumoral microbiota (7, 8).
This shift from focusing on the traditional tumor microenvironment to
the tumor microbe microenvironment (TMEM) represents a key
advancement in cancer biology (8). In lung cancer, microbial
communities, including bacteria, viruses, and fungi, residing within
the tumor exert profound influences on tumor growth, metastasis, and
therapeutic response (7, 9, 10). This change in focus highlights the
essential role of microbial communities in influencing the tumor’s
behavior by interacting with immune and stromal cells, thus altering
cancer progression and therapeutic outcomes (Figure 1).

Additionally, the microbial presence within tumors can
modulate immune responses, which may impact the efficacy of
treatments such as immunotherapy in lung cancer (11-13). The
growing recognition of the tumor microbiome in lung cancer also
opens new research avenues, suggesting that targeting the TMEM
could lead to novel therapeutic approaches, including microbiome-
based therapies and diagnostics. This comprehensive understanding
of the tumor microbe microenvironment is transforming cancer
research, providing fresh insights and promising pathways for
future treatments. Unlike previous reviews that have primarily
focused on bacterial associations within tumor tissues, our
manuscript uniquely integrates trans-kingdom dynamics—
encompassing bacteria, fungi, and viruses—to provide a holistic
view of the intratumoral microbiome. We further emphasize
mechanistic insights derived from functional experimental
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models, moving beyond correlative multi-omics studies. Finally,
we outline translational pathways—such as standardized clinical
microbial profiling, interventional trial frameworks, and regulatory
and ethical considerations—that have not been comprehensively
addressed in the existing literature. This targeted focus on multi-
kingdom interactions, causality, and clinical implementation fills
critical knowledge gaps and charts a clear roadmap for future
research. This review examines the role of intratumoral
microbiota in lung cancer, particularly its influence on disease
onset and progression, and explores its potential as a diagnostic
and prognostic tool to improve cancer treatment outcomes.

Historical perspective

The exploration of microorganisms’ role in cancer has evolved
over time, with periods of intense interest followed by skepticism. In
the late 19th and early 20th centuries, initial observations of bacteria
within tumor tissues sparked debates about their possible
involvement in cancer development. Pioneers like William Russell
(1852-1940) coined the term “cancer parasites,” igniting early
discussions about the microbial causes of cancer (14). However,
due to limited technological capabilities and an incomplete
understanding of cancer biology, scientists did not pursue these
ideas extensively. A resurgence of interest occurred in the mid-20th
century with the discovery of oncogenic viruses, lending more
credibility to the idea that microbes could contribute to cancer
(15, 16). Research on viruses like Epstein-Barr virus and human
papillomavirus established strong links between viral infections and
certain cancers (17). Despite this progress, attention remained
focused on viruses, with less emphasis placed on bacteria and fungi.

Components of the tumor microbe microenvironment (TMEM). The tumor microbe microenvironment refers to the dynamic and complex interplay
between microbial communities (bacteria, viruses, fungi, and other microorganisms) and tumor cells within the tumor niche, alongside host immune,
stromal, and vascular components. The evolution from studying the tumor microenvironment to focusing on the tumor microbe microenvironment
marks a significant progress in the field of cancer biology. This shift emphasizes the vital influence of microbial populations, including bacteria,
viruses, and fungi, within tumors on cancer progression, metastasis, and treatment responses. It highlights the intricate interactions between these
microbial communities and other elements of the tumor microenvironment, such as immune and stromal cells, challenging established perceptions
of tumor behavior and therapeutic strategies. Created with BioRender.com.
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It wasn’t until the late 20th and early 21st centuries, with the advent
of advanced genomic and molecular techniques, that a more
comprehensive understanding emerged. Initiatives such as the Human
Microbiome Project have played a key role in unraveling the complex
interactions between the human body and its microbial residents (18,
19). These technological advancements enabled researchers to detect
and characterize microbial communities within tumor tissues with
unprecedented precision, renewing interest in the bacterial and fungal
components of the tumor microenvironment, including in lung cancer,
where microbial presence has shown microbial presence influences
immune responses and immunotherapy outcomes (20).

The 21st century has seen a surge of research in this area, driven
by advancements in sequencing technologies. Numerous studies have
reported the presence of microbiota within tumors, emphasizing their
critical role in the tumor microenvironment and their impact on
treatment responses, including immunotherapy in lung cancer (21).
The introduction of next generation sequencing has accelerated the
study of intratumoral microbiota. In 2020, Poore et al. explored the
diverse intratumoral microbiota across more than 30 cancer types,
suggesting a novel diagnostic approach based on microbiota analysis
(21). Meanwhile, Ravid Straussman’s team conducted an in-depth
analysis of seven tumor microbiomes, revealing their spatial
distribution and intracellular localization (22). In 2022, this team
uncovered the distribution and synergistic effects of fungi across 35
cancers (23). Concurrently, Dohlman et al. analyzed The Cancer
Genome Atlas data, identifying disease-related fungi in various
cancers and investigating the role of fungal DNA (deoxyribonucleic
acid) in diagnosis and prognosis (24).

10.3389/fimmu.2025.1614731

Today, the field is entering a new era in which intratumoral
bacteria and fungi are no longer viewed as passive bystanders but as
active modulators of tumor behavior (25-27). This shift has
significant implications for lung cancer immunotherapy, as
understanding how the microbiome influences immune
modulation can enhance therapeutic strategies. This historical
progression, from initial observations to current discoveries,
underscores the evolution of scientific thinking and the necessity
of interdisciplinary approaches to unravel the complexities of
cancer, particularly in the context of immunotherapy (Figure 2).

Associative studies of the microbiome
and lung cancer

Advancements in genomic and molecular technologies have
dramatically transformed the identification and characterization of
intratumoral bacteria. These innovations have enabled researchers
to not only detect bacterial presence within tumor tissues but also
gain insights into their diversity and potential roles in cancer
development. It is estimated that approximately 20% of all
cancers globally are influenced by microbial factors (42). In recent
years, highly sensitive sequencing technologies have substantially
improved microbiome investigations in tissue samples (43). Various
studies employing metagenomic approaches have uncovered novel
pathogens that are enriched in different cancer types, including lung
cancer, compared to adjacent non-tumorous tissues or tissues from
healthy individuals (44-46). These findings have allowed
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Key research achievements of intratumoral microbiota, tracing back from 1550 BC to the current era. The infographic presents a historical overview
of significant research milestones related to the intratumoral microbiota, tracing developments from ancient times to the present. In 1550 BC,
Imhotep utilized surgical methods to induce infections within tumor swellings as a therapeutic strategy, highlighting the historical acknowledgment
of the microbial impact on tumors (28). By 1200, Peregrine Laziosi experienced spontaneous tumor regression following an infection, suggesting the
potential immune-mediated anti-tumor effects of infections (29). By 1750, initial immunotherapy approaches to cancer began to gain widespread
recognition and acceptance, marking the early integration of immunological concepts into cancer treatment (30). In 1800, William Coley developed
a vaccine to stimulate the immune system against cancer, leveraging the immune response induced by bacterial products to combat tumors (31). In
1900, Thomas Glover and Virginia Livingston-Wheeler proposed a controversial hypothesis linking bacteria to cancer etiology, though it was later
discredited (32). In 1911, discoveries related to CD24 and CD22 began to elucidate their roles in immune evasion within the tumor
microenvironment, with CD24 inhibiting the phagocytosis of tumor cells by macrophages and CD22 acting as a phagocytosis inhibitor in microglia
(33). The successful isolation of Helicobacter pylori in 1983 and its association with gastric ulcers and subsequently with gastric cancer highlighted
the definitive role of specific bacteria in cancer development (34). Most recently, in 2022, G.D. Poore and D. Nejman conducted extensive research
on the microbiome across multiple cancer types, further solidifying the critical impact of microbial communities within different tumor environments
%1 This progression from mere observations to detailed molecular and immunological insights marks significant advancements in the field of cancer
biology and treatment. Moreover, the application prospects of CAR-T cell therapy, ferroptosis, cuproptosis, and alkaliptosis in cancer treatment are
promising, as they offer novel mechanisms to target tumor cells through immune modulation, metabolic disruption, and induction of non-apoptotic
cell death pathways, potentially overcoming resistance to conventional therapies (35-41). Created with BioRender.com.
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researchers to identify microbial DNA signatures in anatomical
regions previously believed to be sterile, supporting the concept of
cancer-specific microbiomes in organs such as the colon, larynx,
and lungs (47-49).

However, while these associative studies provide important
insights, they often leave unanswered questions about whether the
detected microorganisms are simply coexisting with the tumor or
actively contributing to its growth and persistence. The complexity
of metagenomic studies and their connection to cancer, particularly
lung cancer, has led to ongoing debates (50). Challenges such as
differences in microbiome representation in fecal versus biopsy
samples, difficulties in accurately assigning genes in metagenomic
analyses, and the identification of microbial gene origins in paraffin-
embedded tissue samples exemplify some of the obstacles faced in
this field.

Moreover, the low bacterial biomass in tumor samples complicates
distinguishing true microbial signals from background contamination
during DNA extraction. Methodological variations across laboratories
in sample extraction, processing, and data analysis can significantly
influence results. In particular, contamination from DNA extraction kits
(commonly referred to as the “kitome”) has accounted for significant
variance in several metagenomic investigations (7, 51). Replicating
findings across multiple studies and laboratories is essential for
ensuring reliability in this emerging field. Ongoing efforts are actively
working toward the harmonization of sequencing protocols and the
validation of optimal methodologies. Despite being in its early stages,
research shows that a variety of organisms, potentially originating from
sources like oral microbiomes, are present in both primary and
metastatic lung cancer sites. These microbes may contribute to tumor
inflammation through either hematogenous spread or local migration.

This emerging area of research not only challenges conventional
views of cancer but also offers fresh perspectives on how
intratumoral bacteria could be utilized for diagnostic, prognostic,
and therapeutic applications in lung cancer. Continued exploration
of these microbial inhabitants holds the potential to add a new
dimension to our understanding of cancer biology and treatment.

Effect of the intratumoral microbiota
on human body

The mammalian gut, home to trillions of commensal bacteria,
represents one of the most intricate bacterial ecosystems. This
diverse microbiota includes not only bacteria but also archaea,
protists, fungi, and viruses, with bacteria being the most abundant.
These microorganisms play a crucial role in human health by
synthesizing vital metabolites, processing nutrients, and
producing substances that prevent pathogenic infections while
supporting beneficial microbes. They also enhance nutrient
absorption and neutralize harmful agents. By interacting with
stromal and epithelial cells, the gut microbiota regulates
numerous physiological processes. These include preventing
pathogen invasion and proliferation, maintaining mucosal
immune balance, supporting metabolic regulation, and serving as
a protective barrier (52) (Figure 3).
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In addition to the gut, various body sites—including the skin, nasal
passages, respiratory tract, breast ducts, vagina, and gastrointestinal
tract—host diverse microbial communities (53-58). Bacteria regularly
traverse the gastrointestinal mucosal barrier, entering the enterohepatic
circulation, and some may accumulate in tumors, likely due to
abnormal tumor vasculature facilitating their residency. Advances in
next-generation sequencing have significantly improved our
understanding of these microbiotas, addressing the limitations of
traditional culture-based methods. The human gut microbiome,
which contains as many organisms as human cells, possesses a
genome much larger than the human genome itself. Most gut
microbiomes have co-evolved with their hosts and contain metabolic
pathways not found in the host DNA. The host’s diet, immune system,
and epithelial interactions shape the microbiome to fulfill its nutritional
needs. Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria
dominate the gut microbiota (59-61). Early efforts to classify
individuals based on their gut microbiome composition led to the
concept of “enterotypes,” influenced by factors such as diet, geography,
and individual characteristics. However, most microbiome variations
appear to follow a continuum that aligns with dietary habits (62).

While the individual microbiome is generally stable, antibiotics
can cause significant disturbances, and the impacts of intentional
dietary modifications remain insufficiently explored (63). The
interactions among less abundant species may be critical for
preserving the overall microbiome structure. Studies have linked
diet-related bacteria to colon cancer risk, with plant-based diets
associated with lower risk. Microbiota-produced short-chain fatty
acids, such as acetate, propionate, and butyrate, exhibit anti-
inflammatory effects in the colon.

The characteristics of intratumoral
microbiota in lung

The intratumoral microbiota in lung cancer is an emerging area
of research that reveals the complex and often overlooked
relationship between microorganisms and tumor development
(64). Unlike traditional views of tumors as sterile environments,
recent studies have shown that lung tumors harbor distinct
microbial communities, including bacteria, fungi, and viruses,
which can significantly influence tumor progression and
therapeutic outcomes (46, 65, 66). Multiple factors shape these
microbial communities, including the tumor microenvironment,
host immune responses, and underlying comorbidities such as
chronic obstructive pulmonary disease (COPD) and pulmonary
fibrosis, which frequently occur in lung cancer patients (67, 68). In
addition to tumor-intrinsic and immune-mediated factors, the
composition of the intratumoral microbiota is heavily influenced
by a constellation of host genetic and environmental determinants.
Host genetic polymorphisms in immune-regulatory and epithelial
barrier function genes can significantly affect microbial colonization
and niche selection within tumors (69). Lifestyle-related exposures
—including smoking, alcohol consumption, dietary habits, and
chronic medication use—further modulate the diversity and
functional capacity of the tumor-resident microbiome (70).
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Microbiome-Mediated Mechanisms in Cancer Development: Inflammation, Genotoxicity, and Metabolic Modulation. The bacterial microbiome
modulates tumorigenesis through multiple mechanisms. Firstly, disturbances in microbial composition coupled with impaired host immune defenses
can enhance tumorigenesis via inflammation and immune modulation, acting both locally at the tumor site and systemically in distant organs.
Secondly, certain bacterial toxins, including colibactin and cytolethal distending toxin (CDT), enter host cell nuclei and directly induce genotoxicity,
leading to DNA damage within target cells. Lastly, microbiome-driven metabolic activities may activate or produce carcinogenic metabolites such as
acetaldehyde, metabolize dietary pro-carcinogens (e.g., nitrosamines), modulate hormone levels (including estrogen, testosterone), alter bile acid
profiles, and influence host energy metabolism. Conversely, some microbiota-driven processes may also exert protective anti-tumor effects. Created

with BioRender.com.

Moreover, comorbidities such as diabetes and COPD can establish
an inflammatory or immunosuppressive milieu, selectively favoring
certain microbial taxa (71). Environmental exposures like air
pollutants or occupational chemicals may directly perturb
microbial ecosystems or indirectly influence them via modulation
of host immune responses (72). Therefore, recognizing and
adjusting for these confounding variables through stratified study
designs, rigorous metadata curation, and multivariate statistical
models is essential to accurately elucidate the causal relationships
between the intratumoral microbiome and lung cancer
pathophysiology. Integrating these host-environment-microbiota
interactions into mechanistic frameworks will be critical for the
development of reliable microbial biomarkers and for tailoring
precision microbiome-targeted therapies.

The microbial composition within lung tumors has been shown to
differ markedly from that in adjacent healthy tissue, with bacterial
communities exhibiting a higher abundance of species such as
Firmicutes, Proteobacteria, and Bacteroidetes (73). These microbial
populations interact with tumor cells, immune cells, and the stromal

Frontiers in Immunology

cells of the tumor microenvironment, influencing key biological
processes such as inflammation, immune evasion, and angiogenesis
(74-76). For example, certain bacteria may modulate the immune
response within the tumor, enhancing the activity of immune cells or
promoting tumor-associated inflammation, both of which can either
hinder or promote cancer growth. In addition, several microbial taxa
have been associated with resistance to chemotherapy and
immunotherapy, identifying the intratumoral microbiota as a
potential target for novel therapeutic strategies (46, 77, 78).
Furthermore, evidence suggests that the lung cancer microbiota
contributes to the metabolic reprogramming of tumor cells by
altering nutrient availability and generating metabolites that
support cancer cell survival (79). The unique characteristics of the
intratumoral microbiome in lung cancer underscore its potential as
both a diagnostic marker and a therapeutic target. Understanding
the specific microbial signatures of lung tumors could lead to the
development of microbiome-based therapies or interventions that
enhance treatment efficacy, including the modulation of the
microbiota to restore immune function or overcome drug
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resistance. As research in this field progresses, the role of the
intratumoral microbiota in lung cancer continues to reveal itself

as a critical component in cancer biology.

Mechanisms of interaction between
intratumoral bacteria and lung cancer

The interaction between intratumoral bacteria and lung cancer
is a multifaceted process that involves a complex interplay between
microbial communities and the tumor microenvironment. These
interactions influence tumor progression, immune evasion, and
therapeutic resistance, highlighting the importance of the
intratumoral microbiome in cancer biology. Researchers have
categorized the mechanisms by which bacteria affect lung cancer
into several key pathways.

First, bacteria within the tumor microenvironment can modulate
the immune response. Microbes influence the activation and
polarization of immune cells, particularly macrophages, dendritic
cells, and T lymphocytes, within the tumor microenvironment. For
instance, bacterial-derived molecules such as lipopolysaccharides
(LPS) or peptidoglycans can trigger the activation of pattern
recognition receptors (PRRs) on immune cells, leading to the
production of pro-inflammatory cytokines like IL-6 (interleukin-6),
TNEF-0. (tumor necrosis factor-or), and IL-1B (interleukin-1B) (80).
This inflammatory milieu can either promote or inhibit tumor
growth depending on the nature of the immune response. In some
cases, bacteria can stimulate a chronic inflammatory response that
fosters tumor progression, while in other instances, bacteria may
activate immune pathways that facilitate anti-tumor immunity (81,
82). The specific bacterial species present and their ability to
modulate immune checkpoints, such as PD-1/PD-L1 (Programmed
cell death protein 1/Programmed death-ligand 1) or CTLA-4
(Cytotoxic T-lymphocyte-associated protein 4), can thus have
profound effects on the success of immunotherapies (83, 84).

Second, intratumoral bacteria can influence the metabolic
environment of the tumor (85-87). Tumor cells often exhibit
altered metabolic pathways, such as increased glycolysis (the
Warburg effect), to meet their energy demands (88). Bacteria can
affect these metabolic shifts by influencing the availability of
nutrients, such as amino acids and short-chain fatty acids (SCFAs),
which are crucial for tumor cell proliferation and survival (89). For
example, certain bacterial species produce SCFAs like butyrate, which
can influence histone deacetylation and gene expression, thus altering
the epigenetic landscape of tumor cells and promoting tumor growth
or immune evasion (90-93).

Third, bacteria within the tumor may contribute to tissue
remodeling and the establishment of a permissive microenvironment
for cancer progression (94). By secreting extracellular matrix-degrading
enzymes or by modulating the activity of stromal cells, such as
fibroblasts, bacteria can promote angiogenesis, increase vascular
permeability, and facilitate tumor metastasis (95). Additionally,
microbial products can influence the activation of signaling pathways
such as NF-kB (Nuclear Factor kappa-light-chain-enhancer of activated
B cells), MAPK (Mitogen-Activated Protein Kinase), and TGF-3
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(Transforming Growth Factor-beta), all of which are involved in
regulating tumor cell survival, invasion, and metastasis (96).

Lastly, intratumoral bacteria can play a role in mediating
therapeutic resistance. The presence of certain bacterial species have
been associated with reduced efficacy of treatments like chemotherapy
and immunotherapy (97, 98). For example, bacteria that modulate the
gut-lung axis or influence the immune microenvironment within the
tumor can alter the response to immune checkpoint inhibitors.
Microbial-driven changes in tumor metabolism may also result in
resistance to chemotherapeutic agents by altering drug uptake or
increasing drug efflux (99, 100).

In conclusion, the mechanisms through which intratumoral
bacteria interact with lung cancer are diverse and involve the
modulation of immune responses, metabolic reprogramming,
tissue remodeling, and therapeutic resistance. These findings
suggest that targeting the intratumoral microbiome could offer
novel approaches to enhance lung cancer treatment, including
improving the efficacy of immunotherapies and overcoming
resistance to conventional therapies. As our understanding of
these microbial mechanisms deepens, the potential for
microbiome-based interventions in lung cancer therapy becomes
increasingly promising.

The role of microbiota in lung cancer and
tumorigenesis

The human body hosts a variety of microbial communities,
especially at barrier surfaces such as the skin. While many of these
sites harbor fewer microorganisms compared to the gastrointestinal
tract, researchers are beginning to recognize the role of microbial-
host cell interactions in tumorigenesis (101). Recent studies have
highlighted the role of microbiota in cancer initiation and
progression at body sites, such as the lung, which researchers
previously believed harbored little to no microbial biomass in the
absence of overt infection (42, 102, 103). As a barrier organ exposed
to the external environment with each breath, the lung is vulnerable
to local inflammation triggered by infections, environmental
allergens, pollutants, and cigarette smoke.

Non-small cell lung cancer (NSCLC), the most prevalent form
of lung cancer, remains the leading cause of cancer-related deaths
globally (104). Understanding the various factors contributing to its
carcinogenesis and treatment response is of utmost importance for
public health. Additionally, the lung microbiome is emerging as a
potential contributor to lung cancer (10). However, the exact role of
the lung microbiome in NSCLC is still underexplored, and several
studies suggest that viable microbial cells are difficult to isolate from
healthy lungs, potentially due to low microbial biomass or technical
limitations in detection. Despite this, over half of NSCLC patients
have a recent history of bacterial pneumonia or other pulmonary
infections (105, 106). Epidemiological studies have demonstrated a
strong association between Chlamydia pneumoniae infection,
chronic inflammation, and lung tumorigenesis.

In NSCLC tissues, the presence of specific microbial taxa has
been linked with oncogenic transcriptome profiles, such as the
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activation of ERK (Extracellular Signal-Regulated Kinase) and PI3K
(Phosphoinositide 3-Kinase) signaling pathways (107-109). Further
validation came from studies where airway epithelial cells were
exposed to bacteria like Prevotella, Streptococcus, and Veillonella
activated PI3K (Phosphatidylinositol 3-Kinase) and AKT (protein
Kinase B) signaling both in vitro and in vivo (110-112). The
enrichment of oral bacteria in lung tissue and their role in
triggering pathways that contribute to early stages of host cell
transformation presents new opportunities for research into lung
cancer (113).

In addition to molecular epidemiological studies using human
tissues, preclinical models have also been employed to explore the
mechanisms by which microbiota may promote lung cancer
tumorigenesis (114, 115). Jin et al. demonstrated that depleting the
microbiota with an antibiotic cocktail in a lung adenocarcinoma mouse
model (KP model, which carries a Kras mutation and p53 deletion)
significantly reduced lung tumor growth (116, 117). Specifically, they
found that a dysbiotic lung microbiota, characterized by an imbalance
between symbiotic and pathogenic bacteria, created a pro-
inflammatory and pro-tumorigenic tumor environment by
stimulating IL-17-producing yd T cells (118) (Figure 4).

Researchers observed a marked increase in bacterial load,
notably from taxa belonging to the Herbaspirillum genus and the
Sphingomonadaceae family (120, 121). In this study, microbial
products (e.g., LPS and peptidoglycan) triggered the activation of
TLRs (toll-like receptors), alveolar macrophages and neutrophils,
elevated tissue levels of IL-1f and IL-23, and increased the presence
of activated lung-resident Y3 T cells (122) (Figure 5).

The detection of microorganisms in organs previously
considered sterile or of low biomass, in the absence of infection,
may signal the loss of immune-microbial balance, contributing to
chronic inflammation, which is a known risk factor for cancer.
Persistent dysbiosis during tumor development and progression can
alter the immune system, thereby influencing patient outcomes.
Chronic inflammation, in particular, is a well-established risk factor
for NSCLC, making further mechanistic studies necessary to
understand the contribution of microbiota to its initiation and
progression (127, 128) (Figure 6).

Mechanisms of intratumoral microbiota in
lung cancer metastasis

One of the key mechanisms through which intratumoral
bacteria influence lung cancer metastasis is by promoting
epithelial-to-mesenchymal transition (EMT), a crucial process for
metastasis (91, 129). EMT allows epithelial cells to acquire
migratory and invasive characteristics, enabling cancer cells to
break away from the primary tumor and invade other tissues.
Bacteria such as Fusobacterium nucleatum and Bacteroides fragilis
have been found to enhance the ability of cancer cells to adhere to
endothelial cells, facilitating their extravasation into the
bloodstream (130, 131). Once in the bloodstream, these cancer
cells can spread to distant organs, a fundamental step in metastasis.
Additionally, bacterial species present in the lung tumor
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microenvironment can activate signaling pathways like ERK
(extracellular regulated kinases) and PI3K (phosphatidyl-inositol
3-kinase), which further enhance the invasive capabilities of lung
cancer cells (132, 133).

Intratumoral microbiota also contribute to the formation of a
premetastatic niche (PMN), an environment that prepares distant
organs for the successful colonization by metastatic cells (133-135).
This occurs through the stimulation of inflammatory pathways that
promote immune cell infiltration, blood vessel formation, and the
remodeling of the extracellular matrix. For example, bacteria such as
Prevotella and Streptococcus have been shown to trigger the activation
of pro-metastatic signaling pathways, which prepare the secondary
organs for tumor cell colonization (136). Through these mechanisms,
the microbiota actively shapes the tumor microenvironment, making
it more conducive to the metastatic spread of cancer cells.

Moreover, intratumoral bacteria have been shown to modulate
the immune system, contributing to immune evasion and facilitating
metastasis (89). Bacteria can stimulate immune cells such as
macrophages and neutrophils, which release pro-inflammatory
cytokines that create a microenvironment favorable for tumor
growth and metastasis (137, 138). For instance, the presence of
Fusobacterium nucleatum has been shown to activate the NF-xB
pathway, which increases the expression of cytokines like IL-6 and
TNF-o. (139). These inflammatory signals enhance tumor cell
survival, angiogenesis, and invasion. Additionally, certain bacteria
may modulate the immune checkpoint pathways such as PD-1/PD-
L1, which are critical for immune evasion in tumors (140). By
promoting the accumulation of immunosuppressive immune cells
such as regulatory T cells (Tregs) and myeloid-derived suppressor
cells (MDSCs), the microbiota can enhance the tumor’s ability to
escape immune surveillance and facilitate metastasis (141).

Preclinical models and studies on the role
of microbiota in lung cancer metastasis

In addition to molecular epidemiological studies using human
tissue, preclinical models have provided deeper insights into the
mechanisms by which the microbiota contributes to lung cancer
metastasis (142-144). For example, studies using mouse models of
lung adenocarcinoma, such as the Kras mutation and p53 deletion
(KP) model, have shown that depletion of the microbiota using
antibiotic cocktails significantly reduces both primary tumor
growth and metastasis (131). These findings underscore the
important role of the microbiota in promoting metastasis through
immune modulation and the creation of a pro-inflammatory
environment. The depletion of microbiota in these models also
revealed that a dysbiotic microbial community—characterized by
an imbalance between beneficial and pathogenic bacteria—can
create a tumor-promoting milieu by enhancing the activation of
immune cells, such as y0 T cells, that are known to facilitate tumor
progression and metastasis (119, 145).

Furthermore, metagenomic analysis of bronchoalveolar lavage
fluid in tumor-bearing mice showed increased bacterial diversity,
particularly the enrichment of pathogens from the Herbaspirillum
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Commensal Microbiota Drive Lung Cancer via y3 T Cell-Mediated Inflammation. The indigenous microbial community incites inflammation linked to
lung adenocarcinoma through the stimulation of resident y3 T cells within the lungs. Mice devoid of microbiota or those treated with antibiotics
exhibited a marked resistance to the progression of lung cancer triggered by Kras mutation and p53 deficiency (119). On a mechanistic level, resident
bacteria prompted myeloid cells to generate IL-1B and IL-23 in a Myd88-reliant manner, which in turn spurred the multiplication and stimulation of
Vy6+V381+ ¥3 T cells. These cells secreted IL-17 along with additional effector molecules, fostering an environment conducive to inflammation and
the proliferation of tumor cells. A definitive connection has been established between the interplay of local microbiota and the immune system in
the emergence of lung tumors, pinpointing crucial cellular and molecular agents that could be pivotal in the strategic intervention of lung cancer.
Left Under normal physiological conditions, lungs maintain a balanced microbiota and immune cell homeostasis, involving alveolar macrophages,
neutrophils, and yd T cells that collectively contribute to tissue immune surveillance and microbial balance. Right In lung cancer conditions, local
dysbiosis occurs with altered microbiota composition and increased bacterial burden. This microbial dysbiosis activates lung-resident myeloid cells
(alveolar macrophages and neutrophils) to produce pro-inflammatory cytokines IL-1B and IL-23. Subsequently, these cytokines stimulate the
proliferation and activation of local y8 T cells (predominantly the Vy6+ subset), promoting their differentiation into IL-17-producing y3 T cells (5 T17).
Activated 8 T17 cells then recruit additional neutrophils and secrete tumor-promoting cytokines (IL-17, IL-22, and amphiregulin [Areg]), contributing
to tumor cell proliferation and growth. This positive feedback loop amplifies inflammation and fosters a tumor-supportive microenvironment in the

lung, ultimately facilitating lung adenocarcinoma development. Created with BioRender.com.

genus and Sphingomonadaceae family, which correlated with
increased metastasis and tumor growth (146-148). The activation
of TLRs by bacterial products, such as LPS (Lipopolysaccharide)
and peptidoglycan, leads to the activation of alveolar macrophages
and neutrophils, which further contribute to a pro-inflammatory
microenvironment. This increased immune cell activity results in
elevated levels of cytokines such as IL-1P and IL-23, which promote
tumor metastasis (149).

Frontiers in Immunology

Impact on lung cancer diagnosis and
prognosis of intratumoral microbiota

The growing body of evidence surrounding the role of
intratumoral microbiota in cancer has opened new avenues for its
application as both a diagnostic and prognostic biomarker in lung
cancer, particularly NSCLC. The TME is known to be a complex
ecosystem that includes not only tumor cells but also stromal cells,
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The bacterial microbiome influences NSCLC development via various pathways. The image illustrates the potential role of microbial pathogens and
commensal bacteria in promoting NSCLC progression via epithelial barrier disruption and immune modulation. Specifically, microbes such as
Streptococcus, Veilonella, and Chlamydia pneumoniae induce Toll-like receptor (TLR)-mediated signaling, stimulating the secretion of pro-
inflammatory cytokines (IL-1B, IL-23), subsequently activating yd T cells and Th17 cells to release IL-17 (123-125). This inflammatory cytokine cascade
leads to epithelial cell changes, immune cell infiltration, and contributes to the tumor-promoting inflammatory microenvironment associated with
lung cancer pathogenesis. Mechanistically, these microbiota can directly stimulate the activation of the PI3K-PDPK1 (PDK1)-AKT signaling pathway
(96, 126). This microbial-driven signaling promotes oncogenic processes. Additionally, these microbes trigger immune responses characterized by
enhanced inflammatory cytokine production, contributing further to tumorigenesis in the lung microenvironment. Created with BioRender.com.

immune cells, and microorganisms. The microbial communities
residing within the tumor tissue have been shown to influence
various aspects of tumor biology, including immune modulation,
inflammation, and tumor progression. Understanding the specific
microbial signatures associated with lung cancer can therefore
provide novel insights into the mechanisms of carcinogenesis
and metastasis.

Recent research has demonstrated that the microbial
composition within NSCLC tumors significantly correlates with
the activation of key oncogenic signaling pathways, including the
ERK and PI3K/AKT pathways, which are involved in cell survival,
proliferation, and metastasis (46, 110, 150, 151). These microbial
signatures have been shown to modulate the host immune response,
particularly through the activation of pro-inflammatory cytokines
and immune checkpoint molecules, which can promote tumor
immune evasion (152). The diversity and specific composition of
the intratumoral microbiota have been linked to the presence of
certain bacterial species that can either support a pro-tumorigenic
microenvironment or enhance antitumor immunity. For instance,
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certain microbial species, such as Fusobacterium nucleatum and
Bacteroides fragilis, have been implicated in the promotion of
cancer cell proliferation, invasion, and metastasis, through
mechanisms like EMT and the activation of pro-inflammatory
pathways (131, 153).

The ability to profile the intratumoral microbiota in clinical
samples provides a promising approach for the early detection of
lung cancer. By characterizing microbial communities within tumor
biopsies or even non-invasive samples such as sputum, liquid
biopsies, or bronchoalveolar lavage fluid, it is possible to identify
specific microbial signatures that are uniquely associated with the
presence of cancer. These microbial profiles could complement
traditional diagnostic methods, potentially offering a more sensitive
and specific tool for early cancer detection, particularly in patients
with limited clinical symptoms or those at high risk for lung cancer.

In addition to its diagnostic potential, the intratumoral microbiota
holds significant promise as a prognostic biomarker in lung cancer
(102, 154, 155). The microbial diversity within tumors has been shown
to correlate with patient outcomes, including overall survival and

frontiersin.org


http://www.BioRender.com
https://doi.org/10.3389/fimmu.2025.1614731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhao et al.

04

Carcinogenesis
DNA destruction ‘

. 4¢2; Metabolite
R

FIGURE 6

10.3389/fimmu.2025.1614731

N
/ Inflammation

° %

/ ©® Inflammatory factors

Mechanisms of Intratumoral Bacteria in Lung Cancer Development. The relationship between intratumoral bacteria and cancer cells involves
complex mechanisms that are not yet fully elucidated. Current understanding suggests three primary pathways through which these bacteria may
influence cancer progression: firstly, the production of genotoxic substances that induce genetic mutations; secondly, the engagement with host
cellular signaling pathways implicated in carcinogenesis; and thirdly, the promotion of inflammatory responses and immune system modulation,
which can facilitate cancer initiation. These interactions highlight the multifaceted role of intratumoral microbiota in oncogenesis. Created with

BioRender.com.

response to treatment. For example, certain bacteria present in the
TME have been linked to improved responses to immunotherapies,
such as immune checkpoint inhibitors, by modulating the immune
system to promote a more favorable antitumor immune response.
Conversely, dysbiosis, or an imbalance in the microbial community,
can result in an immunosuppressive environment, contributing to
immune escape and resistance to therapy. As such, microbial profiling
could provide critical information on the likelihood of response to
specific treatments, including chemotherapy, targeted therapy, and
immunotherapy, thereby guiding personalized treatment strategies.

The potential of intratumoral microbiota as a diagnostic and
prognostic marker in lung cancer is a promising frontier in cancer
research. By leveraging advanced sequencing technologies and
bioinformatics approaches to profile the microbial communities
within tumors, it is possible to gain a deeper understanding of the
complex interplay between microbiota and cancer biology. The
identification of specific microbial signatures associated with
NSCLC could pave the way for new diagnostic platforms and
therapeutic strategies, including microbiome-based interventions
aimed at restoring a healthy microbial balance in the TME to
enhance treatment efficacy and improve patient outcomes.
Continued research in this area will undoubtedly expand the role
of the microbiota in lung cancer management, offering a novel layer
of precision medicine for patients with lung cancer.

Therapeutic implications

The discovery of intratumoral microbiota has profound
implications for the development of new cancer therapies. By
understanding the roles these microorganisms play within
tumors, we can explore novel treatment strategies that target or
utilize these microbial residents.

The recognition of intratumoral microbiota as a key player in
lung cancer progression has profound implications for therapeutic
strategies. Recent studies have illuminated the complex interactions
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between microbial communities and tumor cells, revealing that the
microbiota within the TME can modulate tumor biology, immune
responses, and treatment outcomes. These findings suggest that
targeting the intratumoral microbiota could offer novel therapeutic
approaches, complementing existing treatments such as
chemotherapy, targeted therapy, and immunotherapy.

One of the most promising therapeutic implications of
intratumoral microbiota is the potential to modulate the immune
system to enhance the effectiveness of immunotherapy (156). The TME
is characterized by a complex interplay between tumor cells, stromal
cells, immune cells, and microorganisms. Certain microbial species
within the TME have been shown to influence immune cell function,
including the activation and polarization of macrophages, dendritic
cells, and T lymphocytes. For instance, bacteria such as Fusobacterium
nucleatum and Bacteroides fragilis have been implicated in promoting a
pro-inflammatory tumor microenvironment, which can enhance
immune evasion and facilitate tumor progression. Conversely, other
microbial species have been associated with enhanced antitumor
immunity by promoting the activation of cytotoxic T lymphocytes
and natural killer (NK) cells (157).

This dynamic between microbial communities and immune
responses offers a potential strategy to modulate the TME to favor
antitumor immunity. One approach could involve manipulating the
microbiota using probiotics or targeted microbial therapies to restore
a healthy microbial balance within the TME. This could promote
immune activation and improve the efficacy of immune checkpoint
inhibitors, such as anti-PD-1 and anti-CTLA-4 therapies. Recent
studies have shown that the composition of the gut microbiome can
influence the response to immunotherapy, with certain bacterial
species enhancing the antitumor immune response. Extending this
concept to the lung cancer TME could lead to the development of
microbiome-based therapeutic interventions that improve the
effectiveness of immunotherapy in lung cancer patients.

Another therapeutic implication involves targeting microbial-
driven inflammation, which is a known contributor to
tumorigenesis and metastasis. Chronic inflammation, often
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induced by dysbiosis in the TME, is a key factor in the development
and progression of lung cancer. Inflammation promotes tumor cell
proliferation, angiogenesis, and metastasis while also contributing
to immune suppression. Microbial species that drive chronic
inflammation, such as those producing LPS or other pro-
inflammatory metabolites, could be targeted to reduce the
inflammatory burden in the TME. By using antibiotics or specific
antimicrobial agents that deplete pro-inflammatory bacteria, it may
be possible to mitigate tumor-promoting inflammation and
improve treatment responses. However, the risk of disrupting the
overall microbial diversity and causing unintended consequences
must be carefully managed, as the TME is home to a variety of
microbial species that may exert both beneficial and harmful effects.

Additionally, the microbiota’s influence on cancer cell
metabolism and resistance to therapies represents another
promising therapeutic target. Intratumoral bacteria have been
shown to alter the metabolic landscape of tumors, providing
essential nutrients that support tumor cell growth and survival.
For example, certain bacteria produce SCFAs, which can influence
the tumor’s epigenetic landscape and promote tumor growth (158).
By targeting the metabolic pathways influenced by the microbiota,
such as those related to SCFA production or nutrient availability, it
may be possible to disrupt the metabolic support that tumors rely
on, impairing their growth and enhancing the effectiveness of
conventional therapies.

Finally, the role of intratumoral microbiota in modulating
cancer cell plasticity, stemness, and metastasis suggests that
microbial-targeted therapies could reduce the metastatic potential
of lung cancer. Bacteria like Bacteroides fragilis have been shown to
activate stemness-associated pathways such as the Notch and Wnt/
B-catenin pathways, which are crucial for cancer cell survival,
proliferation, and metastasis. By targeting these bacterial species
or the pathways they influence, it may be possible to reduce cancer
cell plasticity, preventing metastasis and improving patient
prognosis. Moreover, disrupting the interaction between bacteria
and cancer cells could reduce the invasive behavior of tumor cells,
impairing their ability to invade surrounding tissues and spread to
distant organs (159).

In conclusion, the therapeutic implications of intratumoral
microbiota in lung cancer are vast and diverse. By modulating the
microbiota within the tumor microenvironment, it may be possible
to enhance the effectiveness of immunotherapies, reduce tumor-
promoting inflammation, disrupt cancer cell metabolism, and
prevent metastasis. These insights open the door to microbiome-
based therapies, offering new opportunities to improve treatment
outcomes and personalize cancer care for lung cancer patients.
However, further research is essential to fully understand the
complex relationships between the microbiota and the TME and
to develop safe and effective strategies for clinical application.

Challenges and future directions

While recent advancements have shed light on the potential role
of microbes in cancer, including their existence and activities within
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tumors, this field remains in its early stages and continues to face
significant hurdles (156). One of the primary challenges is the
presence of microbial communities, including bacteria and fungi, in
tumors previously thought to be sterile. This notion remains
contentious, and further studies are needed to definitively
characterize the microbiota within these tumors, especially in the
context of cancers like lung cancer, where microbial involvement in
tumorigenesis and progression is still poorly understood.
Characterizing these low-biomass tumor microbiomes is
complicated by several technical and biological obstacles, such as
contamination risks, batch effects, inaccurate data allocation, and
imperfections in analytical methods. Moreover, identifying
intracellular bacteria and understanding their relationship to specific
tumor phenotypes remains a daunting task (156). To advance our
understanding, the use of animal models and organoid cultures in the
study of bacterial invasion will be pivotal in determining the extent of
intratumoral bacterial colonization and its role in cancer progression.
These models, particularly in lung cancer research, can provide
valuable insights into how bacterial populations interact with cancer
cells and how these interactions affect tumor behavior. However,
rigorous control measures and analytical methods are essential to
eliminate experimental and computational contaminations, as
demonstrated by the recent resolution of debates surrounding the
existence of a placental microbiome.

Another critical challenge lies in distinguishing the effects of
extracellular microbes from those of intracellular bacteria that
invade tumor cells. While advances in bacterial identification
techniques have improved, deciphering the variations at species
and subspecies levels in low-biomass microbial environments
remains a significant challenge. Often, bacteria are classified only
by their genus, which may overlook their inherent diversity and
specific virulence factors that could contribute to lung cancer
progression. Moving from correlational studies and predictions to
experimentally determining causality and molecular mechanisms is
another key obstacle. For instance, contradictory findings regarding
Fusobacterium nucleatum in colorectal cancer suggest that not all
bacterial strains are capable of stable colonization or cancer
promotion (160). This highlights the need for comprehensive
evaluations using multiple experimental platforms to conclusively
understand the causative roles of intratumoral microbes in cancer.
In the context of lung cancer, further research is required to
elucidate the mechanisms by which specific microbial
communities contribute to lung carcinogenesis and metastasis.
Looking forward, research will also need to address the complex
interactions between bacteria and other microorganisms, such as
viruses, fungi, and eukaryotic microbes, within the tumor
microenvironment. Understanding these trans-kingdom
interactions will be crucial for fully comprehending the role of the
microbiome in cancer. Transitioning from cellular models and
animal systems to clinical applications presents a complex
challenge, but it also offers immense potential for developing
novel diagnostic tools and therapeutic strategies. In the case of
lung cancer, this could include microbiome-targeted therapies
aimed at modulating microbial communities to enhance
treatment efficacy and improve patient outcomes (Figure 7).
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Clinical Implications of the Microbiome in Lung Cancer Diagnostics and Therapy. The bacterial microbiome has important clinical applications in
oncology, facilitating lung cancer diagnosis and treatment through multiple strategies. These include detection of circulating microbial DNA in
peripheral blood for cancer diagnosis, surveillance of micro-metastatic disease progression, prognostic assessment, tailoring personalized
therapeutic regimens, and integration with artificial intelligence approaches to anticipate treatment responses and potential treatment-related

adverse events.

The growing understanding of the microbiome’s components
has significantly advanced our knowledge of the immunological
interactions within the body. Microorganisms such as bacteria,
phages, and fungi interact directly with both innate and adaptive
immune systems, regulating immune responses through their
metabolites. The study of intratumoral microbiota has emerged as
a promising area of cancer research, offering fresh insights into the
complexity of cancer biology and opening new possibilities for
diagnosis and treatment (161). The TMME plays a multifaceted role
in shaping the tumor’s immune landscape, which presents an
opportunity to enhance the efficacy of immunotherapy. The
identification and characterization of intratumoral microbiota are
paving the way for innovative diagnostic tools and therapeutic
strategies. The potential to use microbial signatures as biomarkers
for cancer diagnosis and prognosis is particularly compelling. This
approach could lead to more personalized and effective treatments
tailored to the individual’s tumor microbiome, particularly in lung
cancer, where recent studies have revealed how specific bacterial
populations in the tumor microenvironment can influence tumor
progression, immune evasion, and response to treatment (162).
Similarly, targeting the microbiota as a therapeutic strategy holds
great promise, either as a standalone treatment or in combination
with conventional therapies like chemotherapy, targeted therapy, or
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immunotherapy. In lung cancer, for instance, studies have
suggested that the presence of specific bacteria could either
enhance or hinder the effectiveness of immune checkpoint
inhibitors. Thus, microbiome-targeted therapies could potentially
improve the clinical outcomes of such treatments. This review has
emphasized the strides made in understanding the presence,
diversity, and functional impact of microbial communities within
cancer ecosystems, including lung cancer. These findings challenge
the traditional view of cancer as solely a disease of human cells and
reveal a dynamic interaction between the host, the tumor, and
the microorganisms.

Despite significant progress, translating microbiome discoveries
into clinical applications faces multifaceted challenges. Technical
limitations persist in characterizing the tumor microenvironment’s
complexity, particularly in low-biomass settings like lung cancer
where contamination risks (environmental/reagent-derived DNA),
batch effects from procedural variability, and inadequate signal-to-
noise ratios threaten data validity. Standardization deficits in sample
collection, DNA extraction, and sequencing protocols further
compromise reproducibility. These methodological constraints
necessitate: (1) advanced technologies for reliable microbial detection,
(2) personalized treatment approaches to address interpatient microbial
heterogeneity, and (3) rigorous ethical frameworks for microbiome
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modulation. Concerted efforts to overcome these barriers are critical for
advancing translational applications. In particular, the impact of
“kitome”—microbial DNA contamination introduced by laboratory
reagents—poses a significant obstacle in low-biomass studies.
Reagent-derived signals can obscure true biological variation and lead
to erroneous interpretations of microbial presence. To mitigate this, the
implementation of rigorous negative controls at every experimental
stage is essential. Furthermore, cross-laboratory validation using
standardized protocols can enhance data reliability and facilitate
meta-analyses across studies. These quality control measures are
indispensable for distinguishing genuine tumor-associated microbial
signals from experimental artifacts and ensuring the reproducibility of
microbiome research in oncology. To move beyond observational
associations and establish causality, the use of experimental models is
indispensable. Tools such as germ-free mice, antibiotic-treated models,
and tumor-derived organoids provide controlled environments for
investigating how specific microbes influence tumor progression and
therapeutic response. These systems enable mechanistic dissection of
host-microbe interactions and allow researchers to validate the
functional roles of candidate microbial species identified through
sequencing studies. In the context of lung cancer, where the microbial
biomass is particularly low and confounding factors are numerous, such
experimental models are essential for distinguishing true microbial
contributors from correlational bystanders. Incorporating these
approaches will be critical for translating microbiome findings into
actionable clinical interventions.

While multi-omics approaches have significantly advanced our
understanding of microbial signatures associated with tumors, they
remain largely correlative in nature. To unravel the causal and
mechanistic roles of microbiota in tumor biology, functional studies
are indispensable. These include in vitro assays, microbial metabolite
profiling, gene knockdown experiments, and in vivo validation using
germ-free or gnotobiotic models. Such investigations are crucial for
dissecting how microbial-derived factors modulate oncogenic
signaling pathways, immune responses, and therapeutic resistance.
Integrating functional evidence with multi-omics data will provide a
more comprehensive and actionable understanding of host-
microbiota interactions in cancer. The spatial heterogeneity of the
intratumoral microbiome introduces a critical dimension to tumor
biology that remains underexplored (163-165). Emerging evidence
indicates that microbial communities exhibit considerable variation
not only between patients but also across distinct regions within the
same tumor (166). Such heterogeneity may profoundly affect localized
immune modulation, therapeutic response, and microbial-driven
oncogenic pathways. To accurately delineate these spatial patterns,
future studies should incorporate region-specific sampling and
spatially resolved multi-omics or imaging approaches. Elucidating
this intratumoral variability is essential for refining microbiome-based
diagnostics and tailoring precise, region-informed therapeutic
interventions. To elucidate the spatial dynamics and functional
relevance of the intratumoral microbiome, advanced technologies
such as spatial transcriptomics and single-cell sequencing should be
employed (163, 167, 168). These approaches enable high-resolution
mapping of microbial localization within tumor tissues and facilitate
the identification of direct or indirect interactions between microbes
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and specific cell populations, including immune cells, cancer cells, and
stromal components. By integrating spatial and single-cell data,
researchers can gain mechanistic insights into how the microbiota
modulates tumor biology, immune responses, and therapeutic efficacy
at a cellular and molecular level. Such tools are essential for moving
beyond descriptive associations toward a more comprehensive
understanding of microbe-host interactions in the tumor
microenvironment. The realization that cancer is not only driven by
cellular factors but also by microbial elements represents a paradigm
shift in our understanding of oncogenesis. This new perspective
enriches our comprehension of cancer biology and propels the
development of potentially transformative therapeutic interventions.
As we continue to explore the role of intratumoral microbiota, it is
becoming increasingly clear that the microbial inhabitants of tumors
are far from passive bystanders—they play an integral role in shaping
cancer progression and response to treatment.

Beyond bacteria, other microbial kingdoms such as fungi and
viruses have emerged as influential constituents of the tumor
microenvironment (20, 65, 169-171). Recent studies highlight the
significance of trans-kingdom interactions—dynamic relationships
among bacteria, fungi, and viruses—in shaping tumor immunity and
disease progression (172). For instance, fungal dysbiosis has been
associated with pro-tumorigenic inflammation, while certain
oncogenic viruses can modulate immune evasion and treatment
resistance (114). These microbial communities do not exist in
isolation; rather, their synergistic or antagonistic interactions may
orchestrate host immune responses, metabolic reprogramming, and
even therapeutic efficacy. Therefore, comprehensive multi-kingdom
analyses are essential to fully understand the ecological and functional
dynamics of the tumor-associated microbiota. Integrating microbial
profiling into clinical workflows holds considerable promise for
advancing precision oncology. By identifying patient-specific
microbial signatures, clinicians could stratify patients based on
predicted responses to immunotherapy, select the most appropriate
treatment regimens, and monitor microbial dynamics as a biomarker
for therapeutic efficacy or resistance. For example, the enrichment of
certain bacterial taxa may serve as a predictive biomarker for
response to immune checkpoint inhibitors. However, translating
these insights into actionable clinical tools presents multiple
challenges. These include the need for rapid, cost-effective, and
standardized sequencing technologies; validation of microbial
biomarkers across diverse patient populations; and the integration
of microbiome data with existing clinical and multi-omics datasets.
Furthermore, ethical, regulatory, and logistical hurdles must be
addressed before personalized microbiome-based interventions can
be routinely implemented in clinical practice.

While modulating the intratumoral microbiome holds therapeutic
promiise, it also raises critical ethical, safety, and regulatory challenges.
Ethically, informed consent must explicitly address potential long-term
perturbations of the host microbiome and off-target effects. From a
safety perspective, live microbial therapeutics require rigorous
preclinical evaluation to exclude risks such as horizontal gene
transfer, systemic dissemination, and immunopathology. Regulatory
frameworks for Live Biotherapeutic Products (LBPs) demand
adherence to Good Manufacturing Practice (GMP) standards,
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comprehensive quality control assays, and phased clinical trials to
demonstrate both safety and efficacy. Harmonizing these requirements
across jurisdictions will be essential for the responsible translation of
microbiome-based interventions into oncology practice. To capture
dynamic host-microbiota interactions over time, longitudinal cohort
studies are indispensable. By serially sampling tumor tissues, blood, or
non-invasive specimens (e.g,, sputum, stool) before, during, and after
treatment, researchers can delineate temporal shifts in microbial
composition and function. Such designs enable the identification of
early microbial signatures predictive of therapeutic response or relapse
and facilitate causal inference through time-series analyses. Moreover,
integrating longitudinal microbiome data with clinical outcomes and
multi-omics layers will accelerate the discovery of robust, time-resolved
biomarkers and inform adaptive intervention strategies tailored to
individual disease trajectories. To translate preclinical insights into
patient benefit, randomized interventional trials targeting the tumor
microbiome are imperative. Strategies such as adjunctive probiotics,
selective antibiotic regimens, and fecal microbiota transplantation
(FMT) should be evaluated for their capacity to modulate
intratumoral and systemic microbial communities, enhance
treatment efficacy, and maintain safety. Early-phase studies must
incorporate rigorous endpoints, including changes in microbial
composition, immune correlates, and clinical outcomes, alongside
comprehensive safety monitoring for off-target effects and dysbiosis.
Designing such trials in lung cancer cohorts will establish proof-of-
concept for microbiome modulation, inform optimal dosing and
delivery methods, and pave the way for larger efficacy studies.

Conclusions

The exploration of the intratumoral microbiome in lung cancer has
unveiled its profound influence on tumorigenesis, immune
modulation, therapeutic response, and metastasis. This review
highlights the dynamic interplay between microbial communities
(bacteria, fungi, and viruses) and the tumor microenvironment,
emphasizing their roles in shaping immune evasion, metabolic
reprogramming, and therapeutic resistance. Key findings underscore
the potential of microbial signatures as diagnostic and prognostic
biomarkers, while also pointing to novel microbiome-based
therapeutic strategies, such as modulating microbial composition to
enhance immunotherapy efficacy or overcome drug resistance.

Despite significant advancements, challenges remain, including
technical limitations in characterizing low-biomass microbiomes,
the need for standardized protocols, and the imperative to establish
causal relationships beyond correlative observations. Future

References

1. Romero Y, Tittenbrun Z, Trapani D, Given L, Hohman K, Cira MK, et al. The
changing global landscape of national cancer control plans. Lancet Oncol. (2025) 26:
e46-54. doi: 10.1016/S1470-2045(24)00405-4

2. Laguna JC, Garcia-Pardo M, Alessi J, Barrios C, Singh N, Al-Shamsi HO, et al.
Geographic differences in lung cancer: focus on carcinogens, genetic predisposition,

Frontiers in Immunology

14

10.3389/fimmu.2025.1614731

research should focus on integrating multi-omics approaches,
spatial profiling, and preclinical models to elucidate mechanistic
insights and translate findings into clinical applications. By
harnessing the intratumoral microbiome’s potential, we may
revolutionize precision oncology, offering innovative tools and
therapies to improve lung cancer outcomes. This paradigm shift
underscores the importance of interdisciplinary collaboration to
fully unlock the microbiome’s role in cancer biology and treatment.

Author contributions

YZ: Writing - original draft, Methodology. ZY: Writing -
original draft, Software. DW: Writing - review & editing. HZ:
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by the Shandong Province Natural Science Foundation grants
(grant no. ZR2022QH372).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

and molecular epidemiology. Ther Adv Med Oncol. (2024) 16:17588359241231260.
doi: 10.1177/17588359241231260

3. Joksi¢ I, Zmrzljak UP, Ninic A, Ratkovi¢ T, Munjas J. Genetic predisposition for
ovarian cancer development. Arch Pharm. (2025) 75:32-43. doi: 10.5937/arhfarm?75-
55120

frontiersin.org


https://doi.org/10.1016/S1470-2045(24)00405-4
https://doi.org/10.1177/17588359241231260
https://doi.org/10.5937/arhfarm75-55120
https://doi.org/10.5937/arhfarm75-55120
https://doi.org/10.3389/fimmu.2025.1614731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhao et al.

4. Kiemeney LA, Rothman N, Koutros S, Prokunina-Olsson L, Verhaegh G,
Vermeulen SH. Genetic predisposition to bladder cancer. In: Biology of Bladder
Cancer: From Molecular Insights to Clinical Strategies. Springer (2025). p. 23-55.

5. Jin R, Neufeld L, McGaha TL. Linking macrophage metabolism to function in the
tumor microenvironment. Nat Cancer. (2025) 6:239-52. doi: 10.1038/s43018-025-00909-2

6. Ikeda H, Kawase K, Nishi T, Watanabe T, Takenaga K, Inozume T, et al. Inmune
evasion through mitochondrial transfer in the tumour microenvironment. Nature.
(2025) 638:225-36. doi: 10.1038/s41586-024-08439-0

7. Che S, Yan Z, Feng Y, Zhao H. Unveiling the intratumoral microbiota within
cancer landscapes. Iscience. (2024) 27:109893. doi: 10.1016/j.isci.2024.109893

8. Zou Y, Zhang H, Liu F, Chen Z-S, Tang H. Intratumoral microbiota in
orchestrating cancer immunotherapy response. | Transl Intern Med. (2025) 12:540-
2. doi: 10.1515/jtim-2024-0038

9. Bano Y, Shrivastava A, Shukla P, Chaudhary AA, Khan S-U-D, Khan S. The
implication of microbiome in lungs cancer: mechanisms and strategies of cancer
growth, diagnosis and therapy. Crit Rev Microbiol. (2025) 51:128-52. doi: 10.1080/
1040841X.2024.2324864

10. Emadi R, Saki S, Yousefi P, Tabibzadeh A. A perspective on lung cancer and lung
microbiome: insight on immunity. Immunity Inflammation Dis. (2025) 13:€70145.
doi: 10.1002/iid3.70145

11. Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre M-L, et al. The
commensal microbiome is associated with anti-PD-1 efficacy in metastatic melanoma
patients. Science (80-). (2018) 359:104-8. doi: 10.1126/science.aa03290

12. Liu K, Deng S, Zhou Y, Xu B, Zhang Y, Li W, et al. Crosstalk between the skin
environment and microbial community in immune-related skin diseases. Clin Rev
Allergy Immunol. (2025) 68:1-16. doi: 10.1007/s12016-025-09029-2

13. Wang H, Hu J, Ma Y, Abulimiti Y, Zhou Y. Lung commensal bacteria promote
lung cancer progression through NK cell-mediated immunosuppressive
microenvironment. Int ] Med Sci. (2025) 22:1039-51. doi: 10.7150/ijms.107026

14. White MK, Pagano JS, Khalili K. Viruses and human cancers: A long road of
discovery of molecular paradigms. Clin Microbiol Rev. (2014) 27:463-81. doi: 10.1128/
CMR.00124-13

15. Dzutsev A, Badger JH, Perez-Chanona E, Roy S, Salcedo R, Smith CK, et al.
Microbes and cancer. Annu Rev Immunol. (2017) 35:199-228. doi: 10.1146/annurev-
immunol-051116-052133

16. Blaser MJ. Understanding microbe-induced cancers. Cancer Prev Res. (2008)
1:15-20. doi: 10.1158/1940-6207.CAPR-08-0024

17. Torne AS, Robertson ES. Epigenetic mechanisms in latent Epstein-Barr virus
infection and associated cancers. Cancers (Basel). (2024) 16:991. doi: 10.3390/
cancers16050991

18. Joos R, Boucher K, Lavelle A, Arumugam M, Blaser MJ, Claesson M]J, et al.
Examining the healthy human microbiome concept. Nat Rev Microbiol. (2025) 23:192-
205. doi: 10.1038/s41579-024-01107-0

19. Walker AW, Hoyles L. Human microbiome myths and misconceptions. Nat
Microbiol. (2023) 8:1392-6. doi: 10.1038/s41564-023-01426-7

20. Wang Y, Wang Y, Zhou Y, Feng Y, Sun T, Xu J. Tumor-related fungi and
crosstalk with gut fungi in the tumor microenvironment. Cancer Biol Med. (2024)
21:977-94. doi: 10.20892/j.issn.2095-3941.2024.0240

21. Poore GD, Kopylova E, Zhu Q, Carpenter C, Fraraccio S, Wandro S, et al.
Microbiome analyses of blood and tissues suggest cancer diagnostic approach. Nature.
(2020) 579:567-74. doi: 10.1038/s41586-020-2095-1

22. Nejman D, Livyatan I, Fuks G, Gavert N, Zwang Y, Geller LT, et al. The human
tumor microbiome is composed of tumor type-specific intracellular bacteria. Science
(80-). (2020) 368:973-80. doi: 10.1126/science.aay9189

23. Narunsky-Haziza L, Sepich-Poore GD, Livyatan I, Asraf O, Martino C, Nejman
D, et al. Pan-cancer analyses reveal cancer-type-specific fungal ecologies and
bacteriome interactions. Cell. (2022) 185:3789-3806.e17. doi: 10.1016/j.cell.2022.09.005

24. Dohlman AB, Klug J, Mesko M, Gao IH, Lipkin SM, Shen X, et al. A pan-cancer
mycobiome analysis reveals fungal involvement in gastrointestinal and lung tumors.
Cell. (2022) 185:3807-3822.e12. doi: 10.1016/j.cell.2022.09.015

25. Tabibian JH. The intestinal microbiome: friends, foes, and unknowns. In: Digestive
Problems Solved: A Patient’s Guide to Expert Insights and Solutions. Springer (2023). p. 43-7.

26. Huang X, Huang X, Huang Y, Zheng J, Lu Y, Mai Z, et al. The oral microbiome
in autoimmune diseases: friend or foe? J Transl Med. (2023) 21:211. doi: 10.1186/
512967-023-03995-x

27. Kumar L, Dwivedi M, Jain N, Shete P, Solanki S, Gupta R, et al. The female
reproductive tract microbiota: friends and foe. Life. (2023) 13:1313. doi: 10.3390/
life13061313

28. Hoption Cann SA, van Netten JP, van Netten C. Dr William Coley and tumour
regression: a place in history or in the future. Postgrad Med J. (2003) 79:672-80.
doi: 10.1093/postgradmed;/79.938.672

29. Pack GT, St. Peregrine OSM. The patron saint of cancer patients. CA Cancer |
Clin. (1967) 17:183-4. doi: 10.3322/canjclin.17.4.183

30. Wang H, YangJ, Li X, Zhao H. Current state of immune checkpoints therapy for
glioblastoma. Heliyon. (2024) 10:¢24729. doi: 10.1016/j.heliyon.2024.e24729

Frontiers in Immunology

15

10.3389/fimmu.2025.1614731

31. Munir M, Cheema AY, Ogedegbe OJ, Aslam MF, Kim S. William coley: the
pioneer and the father of immunotherapy. Cureus. (2024) 16:e69113. doi: 10.7759/
cureus.69113

32. Sepich-Poore GD, Zitvogel L, Straussman R, Hasty J, Wargo JA, Knight R. The
microbiome and human cancer. Science. (2021) 371:eabc4552. doi: 10.1126/
science.abc4552

33. Feng R, Zhao H, Xu J, Shen C. CD47: the next checkpoint target for cancer
immunotherapy. Crit Rev Oncol Hematol. (2020) 152:103014. doi: 10.1016/
j.critrevonc.2020.103014

34. Sgamato C, Rocco A, Compare D, Priadko K, Romano M, Nardone G. Exploring
the link between helicobacter pylori, gastric microbiota and gastric cancer. Antibiotics.
(2024) 13:484. doi: 10.3390/antibiotics13060484

35. Wang C, Wang J, Che S, Zhao H. CAR-T cell therapy for hematological
Malignancies: History, status and promise. Heliyon. (2023) 9:1-2. doi: 10.1016/
j-heliyon.2023.e21776

36. Yang Z, Liu Y, Zhao H. CAR T treatment beyond cancer: Hope for
immunomodulatory therapy of non-cancerous diseases. Life Sci. (2024) 344:122556.
doi: 10.1016/j.1fs.2024.122556

37. Zhao K, Wu G, Li X, Niu M, Wu D, Cui X, et al. From mechanism to therapy: the
journey of CD24 in cancer. Front Immunol. (2024) 15:1401528. doi: 10.3389/
fimmu.2024.1401528

38. FengY, Yang Z, Wang J, Zhao H. Cuproptosis: unveiling a new frontier in cancer
biology and therapeutics. Cell Commun Signal. (2024) 22:249. doi: 10.1186/5s12964-024-
01625-7

39. Yang Z, Feng R, Zhao H. Cuproptosis and Cu: a new paradigm in cellular death
and their role in non-cancerous diseases. Apoptosis. (2024) 29:9-10. doi: 10.1007/
§10495-024-01993-y

40. Wang H, Liu Y, Che S, Li X, Tang D, Lv S, et al. Deciphering the link: ferroptosis
and its role in glioma. Front Immunol. (2024) 15:1346585. doi: 10.3389/
fimmu.2024.1346585

41. Liu J, Kuang F, Kang R, Tang D. Alkaliptosis: a new weapon for cancer therapy.
Cancer Gene Ther. (2020) 27:267-9. doi: 10.1038/s41417-019-0134-6

42. El Tekle G, Garrett WS. Bacteria in cancer initiation, promotion and
progression. Nat Rev Cancer. (2023) 23:600-18. doi: 10.1038/541568-023-00594-2

43. Zain M, Saba S, Hussain A, Khalid ], Janiad S, Mahmood S, et al. Techniques for
studying the microbiome. In: Human Microbiome: Techniques, Strategies, and
Therapeutic Potential. Springer (2024). p. 51-84.

44. Kim N, Ma J, Kim W, Kim J, Belenky P, Lee I. Genome-resolved metagenomics:
a game changer for microbiome medicine. Exp Mol Med. (2024) 56:1501-12.
doi: 10.1038/s12276-024-01262-7

45. Feng C, Li N, Gao G, He Q, Kwok L-Y, Zhang H. Dynamic changes of the gut
microbiota and its functional metagenomic potential during the development of non-
small cell lung cancer. Int ] Mol Sci. (2024) 25:3768. doi: 10.3390/ijms25073768

46. Liu W, Pi Z, Wang X, Shang C, Song C, Wang R, et al. Microbiome and lung
cancer: Carcinogenic mechanisms, early cancer diagnosis, and promising microbial
therapies. Crit Rev Oncol Hematol. (2024) 196:104322. doi: 10.1016/
j.critrevonc.2024.104322

47. White MT, Sears CL. The microbial landscape of colorectal cancer. Nat Rev
Microbiol. (2024) 22:240-54. doi: 10.1038/s41579-023-00973-4

48. Fang X, Tong W, Wu S, Zhu Z, Zhu J. The role of intratumoral microorganisms
in the progression and immunotherapeutic efficacy of head and neck cancer. Oncologie.
(2024) 26:349-60. doi: 10.1515/oncologie-2023-0511

49. Chen H, Ma Y, Xu J, Wang W, Lu H, Quan C, et al. Circulating microbiome
DNA as biomarkers for early diagnosis and recurrence of lung cancer. Cell Rep Med.
(2024) 5:101499. doi: 10.1016/j.xcrm.2024.101499

50. Bailey A, Hogue S, Pierce CM, Paul S, La Fuente N, Thapa R, et al. Metagenomic
characterization of the tracheobronchial microbiome in lung cancer. Front
Microbiomes. (2024) 3:1457537. doi: 10.3389/frmbi.2024.1457537

51. Sinha R, Abu-Ali G, Vogtmann E, Fodor AA, Ren B, Amir A, et al. Assessment of
variation in microbial community amplicon sequencing by the Microbiome Quality
Control (MBQC) project consortium. Nat Biotechnol. (2017) 35:1077-86. doi: 10.1038/
nbt.3981

52. Wang J, He M, Yang M, Ai X. Gut microbiota as a key regulator of intestinal
mucosal immunity. Life Sci. (2024) 345:122612. doi: 10.1016/j.1f5.2024.122612

53. Woo YR, Kim HS. Interaction between the microbiota and the skin barrier in
aging skin: a comprehensive review. Front Physiol. (2024) 15:1322205. doi: 10.3389/
fphys.2024.1322205

54. Shekhar S, Schwarzer M, Dhariwal A, Petersen FC. Nasal microbiota
transplantation: a gateway to novel treatments. Trends Microbiol. (2025) 33:264-7.
doi: 10.1016/j.tim.2024.12.010

55. Glieca S, Quarta E, Bottari B, Lal VC, Sonvico F, Buttini F. The role of airways
microbiota on local and systemic diseases: a rationale for probiotics delivery to the
respiratory tract. Expert Opin Drug Delivery. (2024) 21:991-1005. doi: 10.1080/
17425247.2024.2380334

56. Neagoe C-X-R, Ionica M, Neagoe OC, Trifa AP. The influence of microbiota on
breast cancer: A review. Cancers (Basel). (2024) 16:3468. doi: 10.3390/cancers16203468

frontiersin.org


https://doi.org/10.1038/s43018-025-00909-2
https://doi.org/10.1038/s41586-024-08439-0
https://doi.org/10.1016/j.isci.2024.109893
https://doi.org/10.1515/jtim-2024-0038
https://doi.org/10.1080/1040841X.2024.2324864
https://doi.org/10.1080/1040841X.2024.2324864
https://doi.org/10.1002/iid3.70145
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1007/s12016-025-09029-2
https://doi.org/10.7150/ijms.107026
https://doi.org/10.1128/CMR.00124-13
https://doi.org/10.1128/CMR.00124-13
https://doi.org/10.1146/annurev-immunol-051116-052133
https://doi.org/10.1146/annurev-immunol-051116-052133
https://doi.org/10.1158/1940-6207.CAPR-08-0024
https://doi.org/10.3390/cancers16050991
https://doi.org/10.3390/cancers16050991
https://doi.org/10.1038/s41579-024-01107-0
https://doi.org/10.1038/s41564-023-01426-7
https://doi.org/10.20892/j.issn.2095-3941.2024.0240
https://doi.org/10.1038/s41586-020-2095-1
https://doi.org/10.1126/science.aay9189
https://doi.org/10.1016/j.cell.2022.09.005
https://doi.org/10.1016/j.cell.2022.09.015
https://doi.org/10.1186/s12967-023-03995-x
https://doi.org/10.1186/s12967-023-03995-x
https://doi.org/10.3390/life13061313
https://doi.org/10.3390/life13061313
https://doi.org/10.1093/postgradmedj/79.938.672
https://doi.org/10.3322/canjclin.17.4.183
https://doi.org/10.1016/j.heliyon.2024.e24729
https://doi.org/10.7759/cureus.69113
https://doi.org/10.7759/cureus.69113
https://doi.org/10.1126/science.abc4552
https://doi.org/10.1126/science.abc4552
https://doi.org/10.1016/j.critrevonc.2020.103014
https://doi.org/10.1016/j.critrevonc.2020.103014
https://doi.org/10.3390/antibiotics13060484
https://doi.org/10.1016/j.heliyon.2023.e21776
https://doi.org/10.1016/j.heliyon.2023.e21776
https://doi.org/10.1016/j.lfs.2024.122556
https://doi.org/10.3389/fimmu.2024.1401528
https://doi.org/10.3389/fimmu.2024.1401528
https://doi.org/10.1186/s12964-024-01625-7
https://doi.org/10.1186/s12964-024-01625-7
https://doi.org/10.1007/s10495-024-01993-y
https://doi.org/10.1007/s10495-024-01993-y
https://doi.org/10.3389/fimmu.2024.1346585
https://doi.org/10.3389/fimmu.2024.1346585
https://doi.org/10.1038/s41417-019-0134-6
https://doi.org/10.1038/s41568-023-00594-2
https://doi.org/10.1038/s12276-024-01262-7
https://doi.org/10.3390/ijms25073768
https://doi.org/10.1016/j.critrevonc.2024.104322
https://doi.org/10.1016/j.critrevonc.2024.104322
https://doi.org/10.1038/s41579-023-00973-4
https://doi.org/10.1515/oncologie-2023-0511
https://doi.org/10.1016/j.xcrm.2024.101499
https://doi.org/10.3389/frmbi.2024.1457537
https://doi.org/10.1038/nbt.3981
https://doi.org/10.1038/nbt.3981
https://doi.org/10.1016/j.lfs.2024.122612
https://doi.org/10.3389/fphys.2024.1322205
https://doi.org/10.3389/fphys.2024.1322205
https://doi.org/10.1016/j.tim.2024.12.010
https://doi.org/10.1080/17425247.2024.2380334
https://doi.org/10.1080/17425247.2024.2380334
https://doi.org/10.3390/cancers16203468
https://doi.org/10.3389/fimmu.2025.1614731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhao et al.

57. Ottinger S, Robertson CM, Branthoover H, Patras KA. The human vaginal
microbiota: from clinical medicine to models to mechanisms. Curr Opin Microbiol.
(2024) 77:102422. doi: 10.1016/j.mib.2023.102422

58. Ullah H, Arbab S, Chang C, Bibi S, Hassan IU, Tian Y, et al. Gut microbiota
therapy in gastrointestinal diseases. Front Cell Dev Biol. (2025) 13:1514636.
doi: 10.3389/fcell.2025.1514636

59. Sun'Y, Nie Q. Firmicutes. In: Dietary Fiber, Gut Microbiota, and Health. Elsevier
(2025). p. 307-28.

60. Qu Z, Liu H, Yang J, Zheng L, Huang ], Wang Z, et al. Selective utilization of
medicinal polysaccharides by human gut Bacteroides and Parabacteroides species. Nat
Commun. (2025) 16:638. doi: 10.1038/s41467-025-55845-7

61. Zhou Y, Wang H, Nie Q. Actinobacteria: bifidobacterium. In: Dietary Fiber, Gut
Microbiota, and Health. Elsevier (2025). p. 329-45.

62. Larzul C, Estelle J, Borey M, Blanc F, Lemonnier G, Billon Y, et al. Driving gut
microbiota enterotypes through host genetics. Microbiome. (2024) 12:116. doi: 10.1186/
540168-024-01827-8

63. Lathakumari RH, Vajravelu LK, Satheesan A, Ravi S, Thulukanam J. Antibiotics
and the gut microbiome: understanding the impact on human health. Med Microecol.
(2024) 20:100106. doi: 10.1016/j.medmic.2024.100106

64. Miao S, Qiu H. The microbiome in the pathogenesis of lung cancer: The role of
microbiome in lung cancer pathogenesis. APMIS. (2024) 132:68-80. doi: 10.1111/
apm.13359

65. Cheng W, Li F, Gao Y, Yang R. Fungi and tumors: The role of fungi in
tumorigenesis. Int J Oncol. (2024) 64:1-12. doi: 10.3892/ij0.2024.5640

66. Sakhi H, Arabi M, Ghaemi A, Movafagh A, Sheikhpour M. Oncolytic viruses in
lung cancer treatment: a review article. Immunotherapy. (2024) 16:75-97. doi: 10.2217/
imt-2023-0124

67. Belaid A, Romeéo B, Rignol G, Benzaquen J, Audoin T, Vouret-Craviari V, et al.
Impact of the lung microbiota on development and progression of lung cancer. Cancers
(Basel). (2024) 16:3342. doi: 10.3390/cancers16193342

68. Zhao M, Hou W, Pu D, Li Z, Tu L, Ow CJL, et al. Impact of Pulmonary
microbiota on lung cancer treatment-related pneumonia. J Cancer. (2024) 15:4503.
doi: 10.7150/jca.93818

69. Tims S, Zoetendal EG, de Vos WM, Kleerebezem M. Host genotype and the
effect on microbial communities. In: Metagenomics of the human body. Springer (2010).
p. 15-41.

70. Mahmood R, Voisin A, Olof H, Khorasaniha R, Lawal SA, Armstrong HK. Host
microbiomes influence the effects of diet on inflammation and cancer. Cancers (Basel).
(2023) 15:521. doi: 10.3390/cancers15020521

71. Mammen M], Sethi S. COPD and the microbiome. Respirology. (2016) 21:590-9.
doi: 10.1111/resp.12732

72. Viteri G, Aranda A, de Mera YD, Rodriguez A, Rodriguez D, Rodriguez-Farifas
N, et al. Air quality in a small city: criteria pollutants, volatile organic compounds,
metals, and microbes. Environ Sci pollut Res. (2024) 31:58119-35. doi: 10.1007/s11356-
024-35096-7

73. Zheng X, Sun X, Liu Q, Huang Y, Yuan Y. The composition alteration of
respiratory microbiota in lung cancer. Cancer Invest. (2020) 38:158-68. doi: 10.1080/
07357907.2020.1732405

74. Gomes M, Teixeira AL, Coelho A, Araujo A, Medeiros R. The role of
inflammation in lung cancer. Inflammation Cancer. (2014), 1-23. doi: 10.1007/978-
3-0348-0837-8_1

75. Haynes NM, Chadwick TB, Parker BS. The complexity of immune evasion
mechanisms throughout the metastatic cascade. Nat Immunol. (2024) 25:1793-808.
doi: 10.1038/s41590-024-01960-4

76. Thijssen VLJL. Vascular galectins in tumor angiogenesis and cancer immunity.
In: Seminars in Immunopathology. Springer (2024). p. 3.

77. Xiang Y, Liu X, Wang Y, Zheng D, Meng Q, Jiang L, et al. Mechanisms of
resistance to targeted therapy and immunotherapy in non-small cell lung cancer:
promising strategies to overcoming challenges. Front Immunol. (2024) 15:1366260.
doi: 10.3389/fimmu.2024.1366260

78. Ren S, Feng L, Liu H, Mao Y, Yu Z. Gut microbiome affects the response to
immunotherapy in non-small cell lung cancer. Thorac Cancer. (2024) 15:1149-63.
doi: 10.1111/1759-7714.15303

79. Hagihara M, Kato H, Yamashita M, Shibata Y, Umemura T, Mori T, et al. Lung
cancer progression alters lung and gut microbiomes and lipid metabolism. Heliyon.
(2024) 10:23509. doi: 10.1016/j.heliyon.2023.623509

80. Cheng Z, Yang L, Chu H. The role of gut microbiota, exosomes, and their
interaction in the pathogenesis of ALD. J Adv Res. (2024) 72:353-67. doi: 10.1016/
jjare.2024.07.002

81. Zhang F, Wang S, Yang S, Ma F, Gao H. Recent progress in nanomaterials for
bacterial-related tumor therapy. Biomater Sci. (2024) 12:1965-80. doi: 10.1039/
D3BM01952G

82. Kushwaha M, Nukala V, Singh AK, Makharia GK, Mohan A, Kumar A, et al.
Emerging implications of bacterial biofilm in cancer biology: Recent updates and
major perspectives. Gut Microbes Rep. (2024) 1:1-20. doi: 10.1080/
29933935.2024.2339270

Frontiers in Immunology

10.3389/fimmu.2025.1614731

83. Mager LF, Burkhard R, Pett N, Cooke NCA, Brown K, Ramay H, et al.
Microbiome-derived inosine modulates response to checkpoint inhibitor
immunotherapy. Science. (2020) 369:1481-9. doi: 10.1126/science.abc3421

84. Vetizou M, Pitt JM, Daillere R, Lepage P, Waldschmitt N, Flament C, et al.
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science
(80-). (2015) 350:1079-84. doi: 10.1126/science.aad1329

85. Xue C, GuX, ShiQ,MaX, JiaJ, SuY, et al. The interaction between intratumoral
bacteria and metabolic distortion in hepatocellular carcinoma. J Transl Med. (2024)
22:237. doi: 10.1186/s12967-024-05036-7

86. Peng F, Hu M, Su Z, Hu L, Guo L, Yang K. Intratumoral microbiota as a target
for advanced cancer therapeutics. Adv Mater. (2024) 36:2405331. doi: 10.1002/
adma.202405331

87. Bi X, Wang J, Liu C. Intratumoral microbiota: metabolic influences and
biomarker potential in gastrointestinal cancer. Biomolecules. (2024) 14:917.
doi: 10.3390/biom14080917

88. Kyriazi AA, Karaglani M, Agelaki S, Baritaki S. Intratumoral Microbiome: foe or
friend in reshaping the tumor microenvironment landscape? Cells. (2024) 13:1279.
doi: 10.3390/cells13151279

89. Wang N, Wu S, Huang L, Hu Y, He X, He J, et al. Intratumoral microbiome:
implications for immune modulation and innovative therapeutic strategies in cancer. J
BioMed Sci. (2025) 32:23. doi: 10.1186/s12929-025-01117-x

90. Cao Y, Xia H, Tan X, Shi C, Ma Y, Meng D, et al. Intratumoural microbiota: a
new frontier in cancer development and therapy. Signal Transduct Target Ther. (2024)
9:15. doi: 10.1038/s41392-023-01693-0

91. Ma'Y, Chen H, Li H, Zheng M, Zuo X, Wang W, et al. Intratumor microbiome-
derived butyrate promotes lung cancer metastasis. Cell Rep Med. (2024) 5:101488.
doi: 10.1016/j.xcrm.2024.101488

92. McCrory C, Lenardon M, Traven A. Bacteria-derived short-chain fatty acids as
potential regulators of fungal commensalism and pathogenesis. Trends Microbiol.
(2024) 32:1106-18. doi: 10.1016/j.tim.2024.04.004

93. Pedersen SS, Ingerslev LR, Olsen M, Prause M, Billestrup N. Butyrate functions
as a histone deacetylase inhibitor to protect pancreatic beta cells from IL-1B-induced
dysfunction. FEBS J. (2024) 291:566-83. doi: 10.1111/febs.17005

94. Nain A, Chakraborty S, Barman SR, Gavit P, Indrakumar S, Agarwal A, et al.
Progress in the development of piezoelectric biomaterials for tissue remodeling.
Biomaterials. (2024) 307:122528. doi: 10.1016/j.biomaterials.2024.122528

95. Ren Q, Vermeulen L. Shaping the microenvironment in peritoneal metastases.
Nat Cancer. (2025) 6:412-4. doi: 10.1038/s43018-024-00878-y

96. Nigam M, Devi K, Coutinho HDM, Mishra AP. Exploration of gut microbiome
and inflammation: A review on key signalling pathways. Cell Signal. (2024) 118:111140.
doi: 10.1016/j.cellsig.2024.111140

97. Sieow BFL, Wun KS, Yong WP, Hwang IY, Chang MW. Tweak to treat:
reprograming bacteria for cancer treatment. Trends Cancer. (2021) 7:447-64.
doi: 10.1016/j.trecan.2020.11.004

98. Kalia VC, Patel SKS, Cho B-K, Wood TK, Lee J-K. Emerging applications of
bacteria as antitumor agents. Semin Cancer Biol. (2022) 86:1014-25. doi: 10.1016/
j.semcancer.2021.05.012

99. Nagqash AR, Kihn-Alarcon AJ, Stavraka C, Kerrigan K, Maleki Vareki S, Pinato
DJ, et al. The role of gut microbiome in modulating response to immune checkpoint
inhibitor therapy in cancer. Ann Transl Med. (2021) 9:1034-4. doi: 10.21037/atm-20-
6427

100. Guillot N, Romeo B, Manesh SS, Milano G, Brest P, Zitvogel L, et al.
Manipulating the gut and tumor microbiota for immune checkpoint inhibitor
therapy: from dream to reality. Trends Mol Med. (2023) 29:897-911. doi: 10.1016/
j.molmed.2023.08.004

101. Zhao M, Chen X, Yang Z, Yang X, Peng Q. Bacteria and tumor: Understanding
the roles of bacteria in tumor genesis and immunology. Microbiol Res. (2022)
261:127082. doi: 10.1016/j.micres.2022.127082

102. Yang L, Li A, Wang Y, Zhang Y. Intratumoral microbiota: roles in cancer
initiation, development and therapeutic efficacy. Signal Transduct Target Ther. (2023)
8:35. doi: 10.1038/s41392-022-01304-4

103. Guo H, Zhao L, Zhu J, Chen P, Wang H, Jiang M, et al. Microbes in lung cancer
initiation, treatment, and outcome: Boon or bane? In: Seminars in Cancer Biology.
Elsevier (2022). p. 1190-206.

104. Chen S, Wang Z, Sun B. Chinese Society of Clinical Oncology Non-small Cell
Lung Cancer (CSCO NSCLC) guidelines in 2024: key update on the management of
early and locally advanced NSCLC. Cancer Biol Med. (2025) 22:191-6. doi: 10.20892/
j.issn.2095-3941.2024.0592

105. Patel AJ, Nightingale P, Naidu B, Drayson MT, Middleton GW, Richter A.
Characterising the impact of pneumonia on outcome in non-small cell lung cancer:
identifying preventative strategies. ] Thorac Dis. (2020) 12:2236-46. doi: 10.21037/
1td.2020.04.49

106. Rolston KVI. The spectrum of pulmonary infections in cancer patients. Curr
Opin Oncol. (2001) 13:218-23. doi: 10.1097/00001622-200107000-00002

107. Zheng], Zheng Y, Li W, Zhi J, Huang X, Zhu W, et al. Combined metabolomics
with transcriptomics reveals potential plasma biomarkers correlated with non-small-

frontiersin.org


https://doi.org/10.1016/j.mib.2023.102422
https://doi.org/10.3389/fcell.2025.1514636
https://doi.org/10.1038/s41467-025-55845-7
https://doi.org/10.1186/s40168-024-01827-8
https://doi.org/10.1186/s40168-024-01827-8
https://doi.org/10.1016/j.medmic.2024.100106
https://doi.org/10.1111/apm.13359
https://doi.org/10.1111/apm.13359
https://doi.org/10.3892/ijo.2024.5640
https://doi.org/10.2217/imt-2023-0124
https://doi.org/10.2217/imt-2023-0124
https://doi.org/10.3390/cancers16193342
https://doi.org/10.7150/jca.93818
https://doi.org/10.3390/cancers15020521
https://doi.org/10.1111/resp.12732
https://doi.org/10.1007/s11356-024-35096-7
https://doi.org/10.1007/s11356-024-35096-7
https://doi.org/10.1080/07357907.2020.1732405
https://doi.org/10.1080/07357907.2020.1732405
https://doi.org/10.1007/978-3-0348-0837-8_1
https://doi.org/10.1007/978-3-0348-0837-8_1
https://doi.org/10.1038/s41590-024-01960-4
https://doi.org/10.3389/fimmu.2024.1366260
https://doi.org/10.1111/1759-7714.15303
https://doi.org/10.1016/j.heliyon.2023.e23509
https://doi.org/10.1016/j.jare.2024.07.002
https://doi.org/10.1016/j.jare.2024.07.002
https://doi.org/10.1039/D3BM01952G
https://doi.org/10.1039/D3BM01952G
https://doi.org/10.1080/29933935.2024.2339270
https://doi.org/10.1080/29933935.2024.2339270
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1186/s12967-024-05036-7
https://doi.org/10.1002/adma.202405331
https://doi.org/10.1002/adma.202405331
https://doi.org/10.3390/biom14080917
https://doi.org/10.3390/cells13151279
https://doi.org/10.1186/s12929-025-01117-x
https://doi.org/10.1038/s41392-023-01693-0
https://doi.org/10.1016/j.xcrm.2024.101488
https://doi.org/10.1016/j.tim.2024.04.004
https://doi.org/10.1111/febs.17005
https://doi.org/10.1016/j.biomaterials.2024.122528
https://doi.org/10.1038/s43018-024-00878-y
https://doi.org/10.1016/j.cellsig.2024.111140
https://doi.org/10.1016/j.trecan.2020.11.004
https://doi.org/10.1016/j.semcancer.2021.05.012
https://doi.org/10.1016/j.semcancer.2021.05.012
https://doi.org/10.21037/atm-20-6427
https://doi.org/10.21037/atm-20-6427
https://doi.org/10.1016/j.molmed.2023.08.004
https://doi.org/10.1016/j.molmed.2023.08.004
https://doi.org/10.1016/j.micres.2022.127082
https://doi.org/10.1038/s41392-022-01304-4
https://doi.org/10.20892/j.issn.2095-3941.2024.0592
https://doi.org/10.20892/j.issn.2095-3941.2024.0592
https://doi.org/10.21037/jtd.2020.04.49
https://doi.org/10.21037/jtd.2020.04.49
https://doi.org/10.1097/00001622-200107000-00002
https://doi.org/10.3389/fimmu.2025.1614731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhao et al.

cell lung cancer proliferation through the Akt pathway. Clin Chim Acta. (2022) 530:66-
73. doi: 10.1016/j.cca.2022.02.018

108. Chen H, Yu S, Li K, Yang P. Biomarkers and transcriptome profiling of lung
cancer. Respirology. (2012) 17:620-6. doi: 10.1111/j.1440-1843.2012.02154.x

109. Zhong S, Borgeling Y, Zardo P, Jonigk D, Borlak J. Comprehensive
transcriptome, miRNA and kinome profiling identifies new treatment options for
personalized lung cancer therapy. Clin Transl Med. (2025) 15:¢70177. doi: 10.1002/
ctm2.70177

110. Tsay JCJ, Wu BG, Badri MH, Clemente JC, Shen N, Meyn P, et al. Airway
microbiota is associated with upregulation of the PI3K pathway in lung cancer. Am |
Respir Crit Care Med. (2018) 198:1188-98. doi: 10.1164/rccm.201710-21180C

111. De-Leon-Lopez YS, Thompson ME, Kean JJ, Flaherty RA. The PI3K-Akt
pathway is a multifaceted regulator of the macrophage response to diverse group B
Streptococcus isolates. Front Cell Infect Microbiol. (2023) 13:1258275. doi: 10.3389/
fcimb.2023.1258275

112. Chang X, Chen Y, Cui D, Wang Y, Zhou Y, Zhang X, et al. Propionate-
producing Veillonella parvula regulates the Malignant properties of tumor cells of
OSCC. Med Oncol. (2023) 40:98. doi: 10.1007/s12032-023-01962-6

113. Zhou B, Lu J, Beck JD, Moss KL, Prizment AE, Demmer RT, et al. Periodontal
and other oral bacteria and risk of lung cancer in the atherosclerosis risk in
communities (ARIC) study. Cancer Epidemiol Biomarkers Prev. (2023) 32:505-15.
doi: 10.1158/1055-9965.EPI-22-0601

114. LiuN-N, Ma Q, Ge Y, Yi C-X, Wei L-Q, Tan J-C, et al. Microbiome dysbiosis in
lung cancer: from composition to therapy. NPJ Precis Oncol. (2020) 4:33. doi: 10.1038/
$41698-020-00138-z

115. Zhao Y, Liu Y, Li S, Peng Z, Liu X, Chen J, et al. Role of lung and gut microbiota
on lung cancer pathogenesis. ] Cancer Res Clin Oncol. (2021) 147:2177-86.
doi: 10.1007/s00432-021-03644-0

116. Jin G, Kim M]J, Jeon H-S, Choi JE, Kim DS, Lee EB, et al. PTEN mutations and
relationship to EGFR, ERBB2, KRAS, and TP53 mutations in non-small cell lung
cancers. Lung Cancer. (2010) 69:279-83. doi: 10.1016/j.Jungcan.2009.11.012

117. Cheng C, Wang Z, Wang ], Ding C, Sun C, Liu P, et al. Characterization of the
lung microbiome and exploration of potential bacterial biomarkers for lung cancer.
Transl Lung Cancer Res. (2020) 9:693-704. doi: 10.21037/tlcr-19-590

118. Papotto PH, Yilmaz B, Silva-Santos B. Crosstalk between ¥3 T cells and the
microbiota. Nat Microbiol. (2021) 6:1110-7. doi: 10.1038/s41564-021-00948-2

119. Jin C, Lagoudas GK, Zhao C, Bullman S, Bhutkar A, Hu B, et al. Commensal
microbiota promote lung cancer development via Y3 T cells. Cell. (2019) 176:998-
1013.e16. doi: 10.1016/j.cell.2018.12.040

120. Dhital R, Paudel A, Bohra N, Shin AK. Herbaspirillum infection in humans: a
case report and review of literature. Case Rep Infect Dis. (2020) 2020:9545243.
doi: 10.1155/2020/9545243

121. Sagheer U, Shu J, Yu H, Ren X, Haroon K, Majeed U, et al. Protein
glycopatterns for natural regulation of microbiota in lung adenocarcinoma. Int J Biol
Macromol. (2025) 306:141542. doi: 10.1016/j.ijjbiomac.2025.141542

122. Hume DA, Underhill DM, Sweet MJ, Ozinsky AO, Liew FY, Aderem A.
Macrophages exposed continuously to lipopolysaccharide and other agonists that act
via toll-like receptors exhibit a sustained and additive activation state. BMC Immunol.
(2001) 2:11. doi: 10.1186/1471-2172-2-11

123. Ozkan HS, Kayikcioglu M. Atherosclerosis associated with Chlamydia
pneumoniae: Dissecting the etiology: Chlamydia pneumoniae and atherosclerosis.
Eur Atheroscler J. (2024) 3:30-7. doi: 10.56095/eaj.v3i2.57

124. Al-Alawi FZM, Kariminik A, Tajbakhsh E. Toll-like receptors and
Streptococcus mutans: An updated review article. Allergol Immunopathol (Madr).
(2024) 52:79-84. doi: 10.15586/aei.v52i1.935

125. Kucharski R, Sobocki BK, Stachowska E, Bulman N, Kalinowski L,
Kazmierczak-Siedlecka K. Dental problems and oral microbiome alterations in
ulcerative colitis. Front Immunol. (2025) 16:1502605. doi: 10.3389/
fimmu.2025.1502605

126. Dai W, Yin S, Wang F, Kuang T, Xiao H, Kang W, et al. Punicalagin as a novel
selective aryl hydrocarbon receptor (AhR) modulator upregulates AhR expression
through the PDK1/p90RSK/AP-1 pathway to promote the anti-inflammatory response
and bactericidal activity of macrophages. Cell Commun Signal. (2024) 22:473.
doi: 10.1186/s12964-024-01847-9

127. Yang$, Huang Y, Zhao Q. Epigenetic alterations and inflammation as emerging
use for the advancement of treatment in non-small cell lung cancer. Front Immunol.
(2022) 13:878740. doi: 10.3389/fimmu.2022.878740

128. Chen A, Huang H, Fang S, Hang Q. ROS: A “booster” for chronic inflammation
and tumor metastasis. Biochim Biophys Acta (BBA)-Reviews Cancer. (2024)
1879:189175. doi: 10.1016/j.bbcan.2024.189175

129. Brabletz S, Schuhwerk H, Brabletz T, Stemmler MP. Dynamic EMT: a multi-
tool for tumor progression. EMBO J. (2021) 40:e108647. doi: 10.15252/
embj.2021108647

130. Shi T, Wang J, Dong J, Hu P, Guo Q. Periodontopathogens Porphyromonas
gingivalis and Fusobacterium nucleatum and their roles in the progression of
respiratory diseases. Pathogens. (2023) 12:1110. doi: 10.3390/pathogens12091110

Frontiers in Immunology

10.3389/fimmu.2025.1614731

131. Zeng W, Zhao C, Yu M, Chen H, Pan Y, Wang Y, et al. Alterations of lung
microbiota in patients with non-small cell lung cancer. Bioengineered. (2022) 13:6665—
77. doi: 10.1080/21655979.2022.2045843

132. Li F, Zhao S, Guo T, Li J, Gu C. The nutritional cytokine leptin promotes
NSCLC by activating the PI3K/AKT and MAPK/ERK pathways in NSCLC cells in a
paracrine manner. BioMed Res Int. (2019) 2019:2585743. doi: 10.1155/2019/2585743

133. Graves EE, Maity A, Le Q-T. The tumor microenvironment in non-small-cell
lung cancer. In: Seminars in radiation oncology. Elsevier (2010). p. 156-63.

134. Maru Y. The lung metastatic niche. ] Mol Med. (2015) 93:1185-92.
doi: 10.1007/s00109-015-1355-2

135. Liu Y, Cao X. Characteristics and significance of the pre-metastatic niche.
Cancer Cell. (2016) 30:668-81. doi: 10.1016/j.ccell.2016.09.011

136. Li R, Li J, Zhou X. Lung microbiome: new insights into the pathogenesis of
respiratory diseases. Signal Transduct Target Ther. (2024) 9:19. doi: 10.1038/s41392-
023-01722-y

137. Abtin A, Jain R, Mitchell AJ, Roediger B, Brzoska AJ, Tikoo S, et al. Perivascular
macrophages mediate neutrophil recruitment during bacterial skin infection. Nat
Immunol. (2014) 15:45-53. doi: 10.1038/ni.2769

138. Monteith AJ, Miller JM, Maxwell CN, Chazin W], Skaar EP. Neutrophil
extracellular traps enhance macrophage killing of bacterial pathogens. Sci Adv.
(2021) 7:eabj2101. doi: 10.1126/sciadv.abj2101

139. Nomoto D, Baba Y, Liu Y, Tsutsuki H, Okadome K, Harada K, et al.
Fusobacterium nucleatum promotes esophageal squamous cell carcinoma
progression via the NOD1/RIPK2/NF-kB pathway. Cancer Lett. (2022) 530:59-67.
doi: 10.1016/j.canlet.2022.01.014

140. Mishra S, Amatya SB, Salmi S, Koivukangas V, Karihtala P, Reunanen J.
Microbiota and extracellular vesicles in anti-PD-1/PD-L1 therapy. Cancers (Basel).
(2022) 14:5121. doi: 10.3390/cancers14205121

141. Ashkenazi-Preiser H, Reuven O, Uzan-Yulzari A, Komisarov S, Cirkin R,
Turjeman S, et al. The cross-talk between intestinal microbiota and MDSCs fuels
colitis-associated cancer development. Cancer Res Commun. (2024) 4:1063-81.
doi: 10.1158/2767-9764.CRC-23-0421

142. Kellar A, Egan C, Morris D. Preclinical murine models for lung cancer: clinical
trial applications. BioMed Res Int. (2015) 2015:621324. doi: 10.1155/2015/621324

143. Hebert JD, Neal JW, Winslow MM. Dissecting metastasis using preclinical
models and methods. Nat Rev Cancer. (2023) 23:391-407. doi: 10.1038/s41568-023-
00568-4

144. Shah N, Liu Z, Tallman RM, Mohammad A, Sprowls SA, Saralkar PA, et al.
Drug resistance occurred in a newly characterized preclinical model of lung cancer
brain metastasis. BMC Cancer. (2020) 20:1-13. doi: 10.1186/s12885-020-06808-2

145. Zitvogel L, Kroemer G. Lower airway dysbiosis exacerbates lung cancer. Cancer
Discov. (2021) 11:224-6. doi: 10.1158/2159-8290.CD-20-1641

146. Dai H, Gao J, Li D, Wang Z, Cui Y, Zhao Y. Family Sphingomonadaceae as the
key executor of triclosan degradation in both nitrification and denitrification systems.
Chem Eng J. (2022) 442:136202. doi: 10.1016/j.cej.2022.136202

147. Yi L, Su G, Hu G, Peng Q. Diversity study of microbial community in bacon
using metagenomic analysis. J Food Saf. (2017) 37:¢12334. doi: 10.1111/jfs.12334

148. Zhang C, Liu T, Wang Y, Chen W, Liu J, Tao J, et al. Metagenomic next-
generation sequencing of bronchoalveolar lavage fluid from children with severe
pneumonia in pediatric intensive care unit. Front Cell Infect Microbiol. (2023)
13:1082925. doi: 10.3389/fcimb.2023.1082925

149. Bahiraii S, Brenner M, Weckwerth W, Heiss EH. Sulforaphane impedes
mitochondrial reprogramming and histone acetylation in polarizing M1 (LPS)
macrophages. Free Radic Biol Med. (2024) 213:443-56. doi: 10.1016/j.freeradbiomed.
2024.01.029

150. Luo C, Ye Y, Lv A, Zuo W, Yang Y, Jiang C, et al. The impact of Astragaloside
IV on the inflammatory response and gut microbiota in cases of acute lung injury is
examined through the utilization of the PI3K/AKT/mTOR pathway. PloS One. (2024)
19:€0305058. doi: 10.1371/journal.pone.0305058

151. Li N, Zhou H, Holden VK, Deepak ], Dhilipkannah P, Todd NW, et al.
Streptococcus pneumoniae promotes lung cancer development and progression.
IScience. (2023) 26:105923. doi: 10.1016/j.is¢i.2022.105923

152. Ramirez-Labrada AG, Isla D, Artal A, Arias M, Rezusta A, Pardo J, et al. The
influence of lung microbiota on lung carcinogenesis, immunity, and immunotherapy.
Trends Cancer. (2020) 6:86-97. doi: 10.1016/j.trecan.2019.12.007

153. Gholizadeh P, Eslami H, Kafil HS. Carcinogenesis mechanisms of
Fusobacterium nucleatum. BioMed Pharmacother. (2017) 89:918-25. doi: 10.1016/
j-biopha.2017.02.102

154. Halley A, Leonetti A, Gregori A, Tiseo M, Deng DMEI, Giovannetti E, et al. The
role of the microbiome in cancer and therapy efficacy: focus on lung cancer. Anticancer
Res. (2020) 40:4807-18. doi: 10.21873/anticanres.14484

155. Zhang M, Zhang Y, Sun Y, Wang S, Liang H, Han Y. Intratumoral microbiota
impacts the first-line treatment efficacy and survival in non-small cell lung cancer
patients free of lung infection. J Healthc Eng. (2022) 2022:5466853. doi: 10.1155/2022/
5466853

frontiersin.org


https://doi.org/10.1016/j.cca.2022.02.018
https://doi.org/10.1111/j.1440-1843.2012.02154.x
https://doi.org/10.1002/ctm2.70177
https://doi.org/10.1002/ctm2.70177
https://doi.org/10.1164/rccm.201710-2118OC
https://doi.org/10.3389/fcimb.2023.1258275
https://doi.org/10.3389/fcimb.2023.1258275
https://doi.org/10.1007/s12032-023-01962-6
https://doi.org/10.1158/1055-9965.EPI-22-0601
https://doi.org/10.1038/s41698-020-00138-z
https://doi.org/10.1038/s41698-020-00138-z
https://doi.org/10.1007/s00432-021-03644-0
https://doi.org/10.1016/j.lungcan.2009.11.012
https://doi.org/10.21037/tlcr-19-590
https://doi.org/10.1038/s41564-021-00948-2
https://doi.org/10.1016/j.cell.2018.12.040
https://doi.org/10.1155/2020/9545243
https://doi.org/10.1016/j.ijbiomac.2025.141542
https://doi.org/10.1186/1471-2172-2-11
https://doi.org/10.56095/eaj.v3i2.57
https://doi.org/10.15586/aei.v52i1.935
https://doi.org/10.3389/fimmu.2025.1502605
https://doi.org/10.3389/fimmu.2025.1502605
https://doi.org/10.1186/s12964-024-01847-9
https://doi.org/10.3389/fimmu.2022.878740
https://doi.org/10.1016/j.bbcan.2024.189175
https://doi.org/10.15252/embj.2021108647
https://doi.org/10.15252/embj.2021108647
https://doi.org/10.3390/pathogens12091110
https://doi.org/10.1080/21655979.2022.2045843
https://doi.org/10.1155/2019/2585743
https://doi.org/10.1007/s00109-015-1355-2
https://doi.org/10.1016/j.ccell.2016.09.011
https://doi.org/10.1038/s41392-023-01722-y
https://doi.org/10.1038/s41392-023-01722-y
https://doi.org/10.1038/ni.2769
https://doi.org/10.1126/sciadv.abj2101
https://doi.org/10.1016/j.canlet.2022.01.014
https://doi.org/10.3390/cancers14205121
https://doi.org/10.1158/2767-9764.CRC-23-0421
https://doi.org/10.1155/2015/621324
https://doi.org/10.1038/s41568-023-00568-4
https://doi.org/10.1038/s41568-023-00568-4
https://doi.org/10.1186/s12885-020-06808-2
https://doi.org/10.1158/2159-8290.CD-20-1641
https://doi.org/10.1016/j.cej.2022.136202
https://doi.org/10.1111/jfs.12334
https://doi.org/10.3389/fcimb.2023.1082925
https://doi.org/10.1016/j.freeradbiomed.2024.01.029
https://doi.org/10.1016/j.freeradbiomed.2024.01.029
https://doi.org/10.1371/journal.pone.0305058
https://doi.org/10.1016/j.isci.2022.105923
https://doi.org/10.1016/j.trecan.2019.12.007
https://doi.org/10.1016/j.biopha.2017.02.102
https://doi.org/10.1016/j.biopha.2017.02.102
https://doi.org/10.21873/anticanres.14484
https://doi.org/10.1155/2022/5466853
https://doi.org/10.1155/2022/5466853
https://doi.org/10.3389/fimmu.2025.1614731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhao et al.

156. Kwon S-Y, Thi-Thu Ngo H, Son J, Hong Y, Min J-J. Exploiting bacteria for
cancer immunotherapy. Nat Rev Clin Oncol. (2024) 21:569-89. doi: 10.1038/s41571-
024-00908-9

157. Cameron G, Nguyen T, Ciula M, Williams SJ, Godfrey DI. Glycolipids from
the gut symbiont Bacteroides fragilis are agonists for natural killer T cells and induce
their regulatory differentiation. Chem Sci. (2023) 14:7887-96. doi: 10.1039/
D3SC02124F

158. Mirzaei R, Afaghi A, Babakhani S, Sohrabi MR, Hosseini-Fard SR, Babolhavaeji
K, et al. Role of microbiota-derived short-chain fatty acids in cancer development and
prevention. BioMed Pharmacother. (2021) 139:111619. doi: 10.1016/j.biopha.
2021.111619

159. Mondal P, Meeran SM. The emerging role of the gut microbiome in cancer cell
plasticity and therapeutic resistance. Cancer Metastasis Rev. (2024) 43:135-54.
doi: 10.1007/s10555-023-10138-7

160. Hamada T, Zhang X, Mima K, Bullman S, Sukawa Y, Nowak JA, et al.
Fusobacterium nucleatum in colorectal cancer relates to immune response
differentially by tumor microsatellite instability status. Cancer Immunol Res. (2018)
6:1327-36. doi: 10.1158/2326-6066.CIR-18-0174

161. Wawrety W, Kedziora A. Role of bacteria in cancers and their therapeutic
potential: Review of current knowledge. Iran ] Basic Med Sci. (2025) 28:273.
doi: 10.22038/ijbms.2024.77667.16798

162. Guo M, Sun Y, Wang X, Wang Z, Yuan X, Chen X, et al. The MCIB model: A
novel theory for describing the spatial heterogeneity of the tumor microenvironment.
Int ] Mol Sci. (2024) 25:10486. doi: 10.3390/ijms251910486

163. Galeano Nifo JL, Wu H, LaCourse KD, Kempchinsky AG, Baryiames A, Barber

B, et al. Effect of the intratumoral microbiota on spatial and cellular heterogeneity in
cancer. Nature. (2022) 611:810-7. doi: 10.1038/s41586-022-05435-0

Frontiers in Immunology

18

10.3389/fimmu.2025.1614731

164. Wang Q, Liu Z, Ma A, Li Z, Liu B, Ma Q. Computational methods and
challenges in analyzing intratumoral microbiome data. Trends Microbiol. (2023)
31:707-22. doi: 10.1016/j.tim.2023.01.011

165. Wong-Rolle A, Dong Q, Zhu Y, Divakar P, Hor JL, Kedei N, et al. Spatial meta-
transcriptomics reveal associations of intratumor bacteria burden with lung cancer cells
showing a distinct oncogenic signature. ] Immunother Cancer. (2022) 10:¢004698.
doi: 10.1136/jitc-2022-004698

166. Sow SLS, van de Poll WH, Eveleth R, Rich JJ, Ducklow HW, Rozema PD, et al.
Spatial and temporal variation of Antarctic microbial interactions: a study around the west
Antarctic Peninsula. Environ Microbiome. (2025) 20:21. doi: 10.1186/s40793-025-00663-z

167. Du MRM, Wang C, Law CW, Amann-Zalcenstein D, Anttila CJA, Ling L, et al.
Benchmarking spatial transcriptomics technologies with the multi-sample
SpatialBenchVisium dataset. Genome Biol. (2025) 26:77. doi: 10.1186/s13059-025-
03543-4

168. Piwecka M, Rajewsky N, Rybak-Wolf A. Single-cell and spatial transcriptomics:
deciphering brain complexity in health and disease. Nat Rev Neurol. (2023) 19:346-62.
doi: 10.1038/541582-023-00809-y

169. Saftien A, Puschhof J, Elinav E. Fungi and cancer. Gut. (2023) 72:1410-25.
doi: 10.1136/gutjnl-2022-327952

170. Blaylock RL. Viruses and tumor cell microenvironment: a brief summary. Surg
Neurol Int. (2019) 10:160. doi: 10.25259/SNI_351_2019

171. Yang P, Markowitz GJ, Wang X-F. The hepatitis B virus-associated tumor
microenvironment in hepatocellular carcinoma. Natl Sci Rev. (2014) 1:396-412.
doi: 10.1093/nsr/nwu038

172. Wan PK-T, Ryan AJ, Seymour LW. Beyond cancer cells: Targeting the tumor
microenvironment with gene therapy and armed oncolytic virus. Mol Ther. (2021)
29:1668-82. doi: 10.1016/j.ymthe.2021.04.015

frontiersin.org


https://doi.org/10.1038/s41571-024-00908-9
https://doi.org/10.1038/s41571-024-00908-9
https://doi.org/10.1039/D3SC02124F
https://doi.org/10.1039/D3SC02124F
https://doi.org/10.1016/j.biopha.2021.111619
https://doi.org/10.1016/j.biopha.2021.111619
https://doi.org/10.1007/s10555-023-10138-7
https://doi.org/10.1158/2326-6066.CIR-18-0174
https://doi.org/10.22038/ijbms.2024.77667.16798
https://doi.org/10.3390/ijms251910486
https://doi.org/10.1038/s41586-022-05435-0
https://doi.org/10.1016/j.tim.2023.01.011
https://doi.org/10.1136/jitc-2022-004698
https://doi.org/10.1186/s40793-025-00663-z
https://doi.org/10.1186/s13059-025-03543-4
https://doi.org/10.1186/s13059-025-03543-4
https://doi.org/10.1038/s41582-023-00809-y
https://doi.org/10.1136/gutjnl-2022-327952
https://doi.org/10.25259/SNI_351_2019
https://doi.org/10.1093/nsr/nwu038
https://doi.org/10.1016/j.ymthe.2021.04.015
https://doi.org/10.3389/fimmu.2025.1614731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Dissecting the intratumoral microbiome landscape in lung cancer
	Introduction
	Historical perspective
	Associative studies of the microbiome and lung cancer
	Effect of the intratumoral microbiota on human body
	The characteristics of intratumoral microbiota in lung
	Mechanisms of interaction between intratumoral bacteria and lung cancer
	The role of microbiota in lung cancer and tumorigenesis
	Mechanisms of intratumoral microbiota in lung cancer metastasis
	Preclinical models and studies on the role of microbiota in lung cancer metastasis

	Impact on lung cancer diagnosis and prognosis of intratumoral microbiota
	Therapeutic implications
	Challenges and future directions
	Conclusions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


