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Introduction

The interplay between microbial metabolites and host immunity within the tumor microenvironment (TME) critically modulates anti-tumor immune responses. The role of Gram-negative bacteria and their cell wall component lipopolysaccharide (LPS) in this context warrants further investigation.





Methods

We assessed the impact of low-dose LPS pretreatment on macrophage function by measuring type I interferon (IFN-β) secretion in response to tumor cell debris. Mechanistic insights were gained by analyzing endogenous signaling pathways in macrophages. The therapeutic potential of targeting LPS was evaluated in melanoma-bearing mice treated with neomycin, alone or in combination with STING agonists.





Results

Low-dose LPS pretreatment significantly suppressed IFN-β secretion by macrophages, indicating LPS-mediated immunosuppression. Mechanistically, LPS disrupted endogenous signaling pathways, blunting the ability of macrophages to sense tumor-derived damage signals. In vivo, neomycin treatment markedly inhibited melanoma growth and synergized with STING agonists.





Discussion

Our findings demonstrate that elevated LPS in the TME inhibits anti-tumor innate immunity by impairing macrophage function. The combination of LPS modulation via neomycin with innate immune activation via STING agonists presents a potential strategy to enhance tumor immunotherapy.
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1 Introduction

Tumor development is a complex biological process involving multiple factors. It is not solely driven by genetic and epigenetic alterations in tumor cells but is also profoundly shaped by the tumor microenvironment (TME) (1–3). Recent advances in microbiomics have revealed that the microbiota is a critical component of the TME, highlighting its significance and the need for further investigation (4, 5). This progress stems largely from high-throughput sequencing technology, which has identified characteristic microbial colonization in tumor tissues—previously considered sterile (6). These microbes have been observed to coexist with their hosts for extended periods, thereby establishing intricate interactions that have the potential to exert a profound influence on the biological behaviour of tumors (7, 8).

Conventionally, cancer research and microbiology have been regarded as discrete domains. However, the identification of bacteria in tumor tissue has prompted scientists to re-evaluate the potential association between bacteria and tumours (5). Recent research findings indicate a potential role for bacteria in the development, progression and metastasis of tumors (9–12). These microorganisms that colonize tumor tissues are collectively termed the ‘Intratumoral Microbiota’ (IMM) (13). Despite the fact that a significant number of studies have investigated the effects of bacteria on tumor progression and treatment response, the precise mechanism of action remains to be elucidated, particularly with regard to the role of microbes in shaping the tumor microenvironment through metabolites or immunomodulation. This aspect requires further investigation (14).

Bacteria, as key components of the TME, produce a wide range of genotoxic and metabolically active substances, which promote tumorigenesis and progression through diverse molecular mechanisms (15, 16). Among these bacterial components, 16S rRNA and LPS exhibit distinctive biological properties and are detectable in nearly all tumor types, showing highly conserved spatial distribution patterns. This widespread presence suggests that LPS may play a fundamental role in tumorigenesis. In contrast, lipoteichoic acid (LTA), a surface component of Gram-positive bacteria, is rarely detected in most tumor tissues (5, 17, 18). The selective enrichment of LPS (or Gram-negative bacteria) further highlights their unique function in tumor development (19).

Under normal conditions, LPS activates the NF-κB signaling pathway in immune cells such as macrophages and dendritic cells (DCs), stimulating their secretion of pro-inflammatory cytokines and immunomodulatory factors to promote anti-tumor immune responses (20). However, within the tumor microenvironment (TME), the sustained NF-κB activation driven by chronic LPS exposure becomes a hallmark of cancer-associated inflammation and exerts an opposing effect. This persistent signaling reprograms macrophages towards a pro-tumoral, M2-like state, which in turn enhances tumor cell proliferation, survival, migration, and invasion (21, 22). This suggests that LPS-induced macrophage immune tolerance may underlie this paradoxical effect.

A thorough investigation of LPS mechanisms in the TME may yield dual benefits: advancing our understanding of tumor-microbiome interactions at the molecular level and informing the design of innovative anticancer therapies. This article explores the emerging role of intratumoral bacteria in oncogenesis, with a focus on deciphering how LPS modulates immunity within the TME. Our findings aim to provide mechanistic insights for developing next-generation microbiome-targeted anticancer strategies.




2 Materials and methods



2.1 Mice

C57BL/6J mice were obtained from Hubei Provincial Laboratory Animal Center (Wuhan, China). All animal experiments were conducted in strict adherence to the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals, in accordance with the procedures approved by the IACUC of the State Key Laboratory of Virology, College of Life Sciences, Wuhan University. All mice were reared under specific pathogen-free conditions within the animal facility of the College of Life Sciences, Wuhan University. Male mice aged 6–8 weeks were used in all experiments.




2.2 Isolation of peritoneal macrophages from mice

Four days before the experiment, 1 mL of 3% sodium thioglycolate(108191, Millipore) was injected(i.p.) to each C57BL/6J WT mice to induce the aggregation of peritoneal macrophages. The mice were euthanised by cervical dislocation and subsequently fixed in the supine position on an anatomical plate. The abdominal skin was sterilised with 75% alcohol. Using sterile scissors and forceps to lift the abdominal skin, a small incision was made to avoid damage to the abdominal viscera, and 7 mL of phosphate-buffered saline (PBS) was injected into the abdominal cavity. The abdomen of the mice was gently massaged for 2–3 minutes to allow the intraperitoneal fluid to be thoroughly mixed, and then the peritoneal lavage fluid was withdrawn with a sterile syringe and collected into a centrifuge tube. The collected fluid was centrifuged at 300×g for 5 min, and the supernatant was discarded to obtain peritoneal macrophage precipitates.




2.3 Cell culture

Mouse colon cancer cell line MC38 and mouse melanoma cell line B16 were obtained from the American Type Culture Collection (ATCC). Cells were cultured in DMEM high glucose medium (Gibco-ThermoFisher) supplemented with 10% FBS and 1% penicillin-streptomycin solution and grown at 37°C in a humidified 5% CO2 incubator.




2.4 RNA isolation and quantitative real-time PCR

The cells was first homogenized with 500 μL TRIzol™ Reagent (Invitrogen), 100ul chloroform is introduced and vortexed, then centrifuged at 12000 rpm for 5 min causing the homogenate to segregate into distinct layers: a clear upper aqueous layer that harbors RNA, an intermediate interphase, and a red lower organic layer which contains DNA and proteins. To obtain RNA, 200ul isopropanol is utilized to precipitate it from the aqueous layer and the precipitate was finally washed with 500ul 70% ethanol. RNase-free EP tubes are required for the entire procedure. Using Hiscript II Q RT SuperMix (Vazyme Biotech, China) for cDNA synthesis in the 96-well Veriti Thermal Cycler (Thermo Scientific, China).




2.5 Western blotting

Protein samples were mixed with 2×SDS loading buffer, heated at 95°C for 10 min, and then separated by 10% SDS-PAGE. Proteins were transferred onto PVDF membranes, which were blocked with 5% nonfat milk and incubated overnight at 4°C with primary antibodies. The following antibodies were used: anti-phospho-TBK1 (ab109272, Abcam), anti-phospho-TAK1 (ab109404, Abcam), anti-TBK1 (ab40676, Abcam), anti-TAK1 (ab09526, Abcam), and anti-GAPDH (G9295, Sigma). The next day, membranes were incubated with HRP-conjugated secondary antibodies (Jackson ImmunoResearch, USA) for 1 h. After washing, protein bands were visualized using an ECL kit (E423-02, Vazyme Biotech).




2.6 Measurement of serum LPS level

Whole blood samples collected from mice were left at room temperature for 2 h and centrifuged at 1000×g for 20 min to separate the serum. LPS levels in mouse serum were measured using a commercial ELISA kit (JL20691, Jianglai Biotechnology).




2.7 Cell viability

A cell suspension was prepared and 104 cells were seeded into each well of a 96-well plate. After cell adhesion, cells were treated with LPS at varying concentrations for 24 h, after which 10 μl of CCK-8 solution (CCK004, Biolight Biotechnology) was added to each well. Plates were incubated for 1–4 h, and absorbance was measured at 450 nm.




2.8 DNA extraction

After cell collection, 20 µL proteinase K and 300 µL PK buffer (10 mM Tris-HCl, pH 8.0) were added to the samples, followed by incubation at 56°C for 1 h in a water bath with gentle inversion every 10 min. When the solution turned clear, 100 µL phenol-chloroform (p1013; Polarbio) was added, and the mixture was centrifuged at 12, 000 ×g for 5 min at room temperature. The upper aqueous phase (200 µL) was carefully transferred and mixed with an equal volume of isopropanol. After repeating the centrifugation, the pellet was washed with 500 µL of 75% ethanol.




2.9 Immunofluorescence

Mouse tissues were collected, washed with PBS, and fixed in 4% paraformaldehyde. After paraffin embedding, tissue sections were prepared and subjected to immunohistochemical staining using the following primary antibodies: anti-phospho-STING (Ser366; 19851-1-AP, Proteintech) and anti-LPS (ab35654, Abcam). Nuclei were counterstained with DAPI.




2.10 Statistical analysis

All statistical analyses in this study were performed using GraphPad Prism (version 10.1.2). The results were displayed as mean ± SEM. The statistical significance of the differences between the groups was evaluated using the Student’s t-test, and p-value <0.05 was considered statistically significant.




2.11 Establishment of tumor-implantation mice model

WT C57BL/6J mice were subcutaneously injected with 200 μL of B16-F10 cells (1.0×105 cells/mouse) suspended in sterile PBS. Three days later, tumor-bearing mice were randomly divided into three groups (n=4/group): B16 (PBS control), LPS (1 mg/kg, L2630, Sigma-Aldrich), and E. coli (1×108 CFU, CD201, TransGen Biotech). Starting on day 4, the LPS and E. coli groups received intraperitoneal injections of their respective treatments on alternating days. Tumor length (a) and width (b) were measured every 3 days, and volume (V) was calculated as V = ½ × a × b². When V reached 1500 mm³, tumors were excised entirely. One portion was fixed in 4% paraformaldehyde for 24 h, and the remainder was snap-frozen in liquid nitrogen for molecular analysis (23–25).




2.12 In vivo assays for neomycin

WT C57BL/6J mice were subcutaneously inoculated with B16-F10 melanoma cells (1.0×105 cells/mouse) to establish the tumor model. Three days post-inoculation, tumor-bearing mice were randomly assigned into four groups (n=4/group) (1): PBS control (2); Neomycin (30 mg/kg) (3); CMA (Cridanimod; 1.5 mg/kg, T5317, TargetMol); and (4) Neomycin + CMA combination. Treatments were administered intraperitoneally on alternating days.





3 Results



3.1 LPS enrichment in the tumor microenvironment

To explore the distribution characteristics and potential functions of LPS in the tumor microenvironment, we first established a subcutaneous xenograft model of B16 melanoma in wild-type C57BL/6J mice. When the tumors reached 500 mm³, tumor tissues, adjacent muscle tissues, and major solid organs (including the liver, spleen, and lungs) were systematically collected. Through immunofluorescence staining combined with quantitative image analysis, we found that the signal intensity of LPS in tumor tissues was significantly higher than that in other normal tissues (Figures 1A, B), suggesting that there might be a unique LPS enrichment mechanism in the tumor microenvironment. Notably, in vitro experiments showed that the conditioned medium of B16 cells could significantly up-regulate the expression level of Cd14 mRNA in mice peritoneal macrophages (Figure 1C). Based on these findings, we speculate that the LPS enriched in the tumor might affect tumor exerts its influence on tumor progression through specific mechanisms.

[image: Panel (a) shows fluorescence microscopy images of tumor, spleen, muscle, lung, and intestine tissues at 5x and 20x magnifications, highlighting the distribution of fluorescent signals. Panel (b) is a bar graph displaying integrated fluorescence signals across tissues, with tumor tissue showing the highest signal. Panel (c) is a bar graph depicting relative CD14 mRNA levels over time in hours, with a decrease from peak levels at 4 hours post-treatment.]
Figure 1 | Detection of LPS enrichment within the tumor microenvironment. (A) Immunofluorescence staining of LPS was performed in tumor tissues and major solid organs of melanoma tumor-bearing mice (C57BL/6J, n = 4). LPS was labeled in green and nuclei were counterstained with DAPI (blue). (B) Quantitative analysis of the fluorescence results was conducted, and the data were presented as mean ± standard deviation. (C) Primary mouse peritoneal macrophages were incubated with 50% (v/v) B16-conditioned medium (B16-CM) (collected after 48 h of culture in serum-free DMEM) for 4, 12, 16, 20, or 24 h Control groups received fresh complete medium under identical conditions. Cd14 mRNA levels were quantified by qPCR. ***P < 0.001.




3.2 Gram-negative bacteria promote tumor growth through LPS

We sought to determine the contribution of Escherichia coli (E. coli) to tumor progression. In mice bearing B16F10 melanoma, administration of inactivated E. coli or its purified LPS component both enhanced tumor growth relative to controls. A key observation was that the LPS-treated group displayed a steeper tumor growth curve (Figure 2A), indicating a faster growth rate, despite the lack of a significant difference in final tumor mass between the E. coli and LPS groups (Figure 2B). This kinetic profile implies that the potent immunomodulatory molecule LPS is a primary driver of this effect. The findings support a model wherein the tumor-promoting capacity of Gram-negative bacteria can be largely attributed to LPS, suggesting that live bacteria are not obligatory for this process.

[image: Graphs and images displaying data from a scientific experiment involving B16 tumors. Panel (a) shows a line graph of tumor volume over time for three conditions: B16, B16 plus E. coli, and B16 plus LPS. Panel (b) presents a bar graph showing tumor weight for the same conditions. Panel (c) includes fluorescence microscopy images of B16 murine melanoma, highlighting differences in fluorescence signal intensity. Panel (d) offers bar graphs of cell viability for MC38 and B16 cells under varying LPS concentrations and over time. Statistical significance is indicated by asterisks.]
Figure 2 | Gram-negative bacteria drive tumor progression via LPS-induced immunosuppression. (A) Melanoma tumor-bearing mice (C57BL/6, n=4/group) received intratumoral injections of PBS (control), inactivated E coli (1×107 CFU), or LPS (1 mg/kg) every two days. Tumor volume was calculated by vernier caliper measurement (volume=length×width²×0.5), and data are presented as mean ± SEM. (B) Comparison of tumor weight at the end point. (C) Immunofluorescence staining of LPS was performed using specific markers to evaluate the abundance of LPS in tumor tissues among the Control group, E coli group and LPS group samples. LPS was labeled green and DAPI nuclear staining was blue. Data are shown as mean ± SD. (D) MC38 and B16-F10 cells were treated with different concentrations of LPS (0.1, 1, 10 μg/mL) for 6, 24, 48, and 72 hours. Cell viability (OD450 nm) was measured by CCK-8 assay at each time point. Data were normalized to 100% activity of the untreated group at the corresponding time point and expressed as mean ± SD (n = 3). Statistical analysis showed no significant cytotoxicity of LPS in either cell line across all tested conditions. *P < 0.05, **P < 0.01, and ***P < 0.001.

The bioactive components derived from bacteria, such as lipopolysaccharide or other metabolites, seem sufficient to sustain the process of promoting tumor growth. Immunofluorescence analysis revealed substantial LPS accumulation in tumors after E. coli or LPS administration (Figure 2C). While LPS did not affect tumor cell proliferation in vitro (Figure 2D), its in vivo effects likely occurby modulating tumor-associated macrophages (TAMs) and inducing immunosuppressive cytokines, suggesting microenvironment-mediated promotion. These findings establish LPS as a key mediator of bacteria-driven tumor progression, acting primarily through microenvironmental regulation rather than direct tumor cell stimulation.




3.3 LPS suppresses STING-mediated anti-tumor immunity

Subsequently, we extracted the DNA from a variety of tumor cells, including LLC, MC38, and B16. Macrophages were pretreated with LPS, and then stimulated with the tumor cell DNA. Intriguingly, it was observed that upon LPS pretreatment, the macrophages failed to produce a high level of IFN-β in response to the tumor DNA stimulation (Figure 3A). This finding strongly suggests that LPS is capable of suppressing the anti-tumor immune response. In our study, macrophages were pretreated with LPS, and subsequently, the stimulant was replaced with nucleic acid analogues. These nucleic acid analogues are capable of activating macrophages to produce IFN-β through different receptors. Among the two nucleic acid analogues examined, LPS exhibited an inhibitory effect on the IFN-β production in macrophages induced by the double-stranded DNA analogue poly(dA:dT) (Figures 3B, C). Consistent with the suppression of IFN-β, the production of key immune mediators CXCL10 (Figure 3F) and TNF-α (Figure 3G) was also significantly attenuated by LPS pretreatment, indicating a broad suppression of innate immune activation.

[image: Bar graphs and line charts show relative mRNA levels of IFN-β and TNF in control and LPS-treated samples with different stimulants. Western blots display protein expression of P-TBK1 and TBK1 under various conditions. Fluorescence microscopy images show B16 murine melanoma cells under different treatments, stained to highlight specific features. Statistical significance is marked on graphs with asterisks.]
Figure 3 | LPS impairs STING-dependent anti-tumor immunity through suppression of cytokine and chemokine production. (A) qRT-PCR showed the relative IFN-β mRNA expression in untreated mice peritoneal macrophages (Control group, n = 3) and LPS-pretreated mice peritoneal macrophages (LPS group, n = 3) stimulated with tumor-derived DNA. Data are shown as mean ± SD. (b, d&e) Mouse peritoneal macrophages (PMs) were pretreated with lipopolysaccharide for 24 hours and then washed twice with PBS. PM cells were then stimulated with poly(dA:dT) (B), cGAMP (D) or diABZI (E), respectively. The mRNA levels of IFN-β were detected by qRT-PCR. (C) IFN-β mRNA was measured by pre-treatment with LPS for 24 h, with H151, an inhibitor of the STING signalling pathway, for 1 h, and by poly(dA:dT) transfection (6–8 h). (f&g) Mouse peritoneal macrophages (PMs) were pretreated with lipopolysaccharide for 24 hours and then washed twice with PBS. PM cells were then stimulated with poly(dA:dT) or diABZI, respectively. The mRNA levels of (F) CXCL10 and (G) TNF-α were detected by qRT-PCR. (H) Under the conditions with or without LPS pretreatment, mouse peritoneal macrophages were stimulated with poly(dA:dT) (6–8 h) or cGAMP (4–6 h) via polyethyleneimine (PEI) transfection at a 2:1 mass ratio of PEI to nucleic acids, or with the STING agonist diABZI (4–6 h). The phosphorylation and total protein levels of TANK-binding kinase 1 (TBK1), including phospho-TBK1 (Ser172), were analyzed by Western Blot with GAPDH as the loading control (I) Immunofluorescence Detection of Phosphorylated STING (indicated by green) in Tumor Tissues, with DAPI (in blue) serving as the nuclear counterstain. The magnification is denoted by a 100μm scale bar. Data are expressed as mean ± SD of three independent experiments, two-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Within cells, the major DNA sensor cGAS activates the crucial cGAS-STING pathway upon DNA recognition. Notably, cGAS can acutely sense tumor-derived DNA, thereby triggering an anti-tumor immune response. This characteristic provides an important theoretical basis for subsequent research. To further investigate this process, we separately used the second messenger cGAMP and the STING-specific stimulator diABZI to stimulate macrophages. As a result, it was found that the production of IFN-β in macrophages was also inhibited (Figures 3D, E). Similarly, the induction of both CXCL10 and TNF-α by these STING agonists was markedly suppressed in LPS-pretreated macrophages (Figures 3F, G). This phenomenon fully indicates that the regulation of IFN-β production in macrophages by lipopolysaccharide is not isolated but shows obvious pathway dependence, that is, it depends on specific cell signal transduction pathways to achieve its regulatory effect.

To elucidate the molecular mechanism underlying this suppression, we examined the activation of key signaling components. Western Blot analysis revealed that LPS pretreatment significantly inhibited the phosphorylation of TANK-binding kinase 1 (TBK1) at Ser172 in macrophages stimulated with poly(dA:dT), cGAMP, or diABZI, while total TBK1 levels remained unchanged (Figures 3H). This suppression of TBK1 phosphorylation provides mechanistic evidence for the observed inhibition of downstream cytokine production. To further verify the actual situation of this conclusion in vivo, we established a melanoma mouse model. In this model, we compared the data of the E. coli group/LPS group with that of the control group. The experimental results showed that compared with the control group, the phosphorylation level of STING in the E. coli group/LPS group was significantly reduced (Figure 3I). This in vivo experimental result is highly consistent with our previous findings at the cellular level, further confirming the close connection between the regulation of IFN-β production in macrophages by LPS and the STING pathway.




3.4 Neomycin suppresses tumor growth by targeting LPS

Next, we focused our attention on the potential role of neomycin, a drug targeting Gram-negative bacteria, in tumor treatment. For this purpose, we selected two representative mouse tumor models, melanoma and colon cancer. During the experiment, the mice in the treatment group received precise neomycin treatment intervention, while the control group did not receive any special drug treatment (Figure 4A). In the mice treated with neomycin, the growth rate of the tumor was significantly slowed down, the increase in tumor size was significantly lower than that in the control group, and the tumor weight was also relatively lighter (Figures 4B–E). This significant difference indicates that neomycin has played an active and effective role in inhibiting the development of the tumor, strongly proving its potential anti-tumor activity. In order to further explore the internal mechanism of neomycin’s anti-tumor effect, we further carried out detailed analysis and detection on the serum and the components inside the tumor of the mice. The results showed that in the mice treated with neomycin, the LPS content inside the tumor tissue showed an obvious decreasing trend (Figure 4F). At the same time, the LPS content in the serum was also significantly reduced compared with that in the control group (Figure 4G). Notably, this anti-tumor effect was not due to a direct cytotoxic effect of neomycin on cancer cells, as in vitro CCK-8 assays demonstrated that neomycin treatment did not directly promote tumor cell proliferation (Figure 4H). Importantly, immunofluorescence analysis revealed that neomycin treatment substantially reduced the infiltration of CD206+ M2-like macrophages in the tumor microenvironment (Figure 4I), indicating a reversal of the immunosuppressive state. These findings collectively reveal the mechanistic pathway of neomycin’s anti-tumor action: by reducing LPS content, neomycin remodels the tumor microenvironment and modulates immune regulatory pathways, particularly by shifting macrophage polarization away from the M2-like phenotype, ultimately achieving effective suppression of tumor development.

[image: Illustration with multiple panels showing data related to tumor and drug treatment effects. (a) Diagram of mouse inoculation and treatment timeline. (b, d) Graphs of tumor volume over time for B16 and MC38 models, respectively, with different treatments. (c, e) Bar charts comparing tumor weights for various treatments. (f) Microscopy images of MC38 tumors and liver tissues with and without Neomycin, stained with DAPI. (g) Bar chart showing serum LPS levels in wild-type mice. (h) Bar chart of B16 cell viability at various Neomycin concentrations. (i) Immunofluorescence images and bar chart comparing CD206 expression in MC38 tumors with and without Neomycin.]
Figure 4 | Neomycin inhibits tumor progression through targeting LPS and remodeling the immunosuppressive microenvironment. (A) Schematic representation of treatment model. The growth curve (B) and weight (C) of mice melanoma treated with 30 mg/kg neomycin, 1.5 mg/kg CMA, and their combination were compared with the control group. Comparisons were carried out at specific time intervals, the growth curve (D) and the weight (E) of colon carcinomas in mice treated with 30 mg/kg neomycin in contrast to the control group. (F) Immunofluorescence assays were performed to visualise LPS in both tumor and liver tissues. As shown in the figure, the left panel represents the control group, while the right panel corresponds to the treatment group. DAPI (shown in blue) was used as a nuclear counterstain. Magnification is indicated by a 50 μm scale bar. (G) The graph presents the quantified levels of LPS in mice serum samples. The x-axis indicates different experimental groups, which include the control group (B16) and the treatment group (B16+neomycin). (H) B16-F10 cells were treated with different concentrations of Neomycin (0.1, 0.5, 1, 5, 10 μg/mL) for 72 hours. Cell viability (OD450 nm) was measured by CCK-8 assay at each time point. (I) Representative immunofluorescence micrographs of MC38 tumor sections from control and neomycin-treated mice. Tissue sections were immunostained for the pan-macrophage marker F4/80 (red) and the M2-like polarization marker CD206 (green), with nuclear counterstaining by DAPI (blue). Scale bar: 50 μm. There are three replicates in each group, the error bars reflect the spread of three measurements. Data are shown as mean ± SD. Statistical significance was indicated by * with P < 0.05, ** with P < 0.01.





4 Discussion

Abnormal accumulation of LPS in the tumor microenvironment (TME) has become an important phenomenon studied in recent years, and our study further validates this important finding with experimental data (26, 27). This accumulation may originate from two main pathways. Firstly, there is the concept of gut microbiota translocation, whereby the integrity of the intestinal barrier is compromised, resulting in the intestinal microbiota breaching the intestinal mucosal barrier and migrating to distal organs via the portal vein system or the lymphatic circulation. Secondly, the specific colonization and proliferation of tumor-associated bacteria (such as Fusobacterium nucleatum or Escherichia coli) in tumor tissues, which continuously release LPS to form a local high-concentration microenvironment (28, 29). To elucidate the functional impact of this LPS enrichment, we employed both E. coli and purified LPS in our experimental systems. While E. coli modeled the complex biological scenario of bacterial encounter within the TME, purified LPS allowed us to precisely attribute the observed immunosuppressive effects—specifically the suppression of STING signaling and reduction in IFN-β production—to this key. Future studies directly comparing the effects of whole bacteria versus purified PAMPs on this pathway will provide further mechanistic insights. However, the aberrant accumulation of such LPS in the tumour microenvironment, caused by either approach, has a promoting effect on tumour growth, and the mechanisms behind it are extremely complex and multifaceted (5, 30–32).

Extensive research has established that LPS can directly enhance tumor cell proliferation and migration through activation of canonical signaling pathways such as TLR4/NF-κB (33–35). Importantly, the pro-tumorigenic role of LPS/TLR4/NF-κB signaling extends beyond colorectal cancer, with demonstrated significance in bone cancer, hepatocellular carcinoma, and ovarian cancer, highlighting its broad relevance as a therapeutic target across malignancies (36–38). However, our study uncovers a unique indirect pro-tumorigenic mechanism of LPS in colorectal cancer MC38 cell lines. Contrary to conventional understanding, our experimental findings demonstrate that LPS does not directly stimulate MC38 cell proliferation, but indirectly drives tumor progression by remodeling the phenotype and function of TAMs in the TME. This discovery is highly consistent with recent studies on the pancreatic cancer microenvironment, which elucidated that LPS regulates macrophage polarization in a time-dependent manner through the TLR4/NF-κB pathway, culminating in a deeply immunosuppressive tumor microenvironment (26). Our findings, together with emerging evidence from other cancer types, establish the LPS/TLR4/NF-κB axis as a conserved pathway that shapes the immunosuppressive landscape across diverse tumors (36–38). Our study not only further validates the applicability of this mechanism in colorectal cancer models, but also provides new experimental evidence supporting the critical role of LPS-mediated TAM functional modulation in driving tumor progression.

The human anti-tumor immune response represents a precisely orchestrated, multi-tiered defense mechanism that integrates both innate and adaptive immune components through coordinated interactions (39). Within this sophisticated immunological network, the cGAS-STING pathway serves as a central regulatory hub (40). When macrophages phagocytose tumor-derived DNA within the tumor microenvironment, this triggers activation of the cGAS-STING signaling cascade, inducing robust type I interferon production (41–43). These interferons subsequently drive macrophage polarization toward an immunostimulatory M1 phenotype characterized by enhanced antigen presentation capabilities. Furthermore, this cascade facilitates the recruitment and activation of cytotoxic CD8+ T lymphocytes and natural killer (NK) cells, collectively establishing a potent anti-tumor immune surveillance system.

Based on this pivotal mechanism, STING agonists have been regarded as a highly promising therapeutic strategy for cancer treatment. However, clinical studies have demonstrated limited efficacy of STING agonist monotherapy, which may be attributed to their activation of negative feedback regulation (44). Our study elucidates a crucial underlying mechanism: LPS perturbs the precisely coordinated STING-mediated anti-tumor immune response by reducing tumor cell sensitivity to cytosolic DNA and elevating the activation threshold of the cGAS-STING pathway. These alterations collectively result in suppression of macrophage-mediated anti-tumor functions and induction of an immunosuppressive tumor microenvironment. These findings provide a compelling explanation for the suboptimal therapeutic efficacy observed with STING agonists in clinical settings.

More importantly, our study provides the first experimental evidence that the aminoglycoside antibiotic neomycin possesses dual anti-tumor mechanisms: specifically, it neutralizes LPS-mediated immunosuppression while synergizing with the STING agonist Cridanimod (CMA, 10-Carboxymethyl-9-acridanone) to significantly potentiate STING pathway activation (45).This pivotal finding not only clarifies how bacterial components regulate tumor immunity, but more critically, proposes an innovative combination strategy to address the clinical challenges of STING-targeted therapies, with substantial translational potential.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was approved by IACUC of the State Key Laboratory of Virology, College of Life Sciences, Wuhan University. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

HF: Formal Analysis, Data curation, Investigation, Writing – original draft, Conceptualization. DF: Writing – review & editing, Formal Analysis, Data curation, Methodology. MT: Formal Analysis, Validation, Conceptualization, Writing – review & editing. ZL: Formal Analysis, Writing – review & editing, Investigation. SL: Data curation, Methodology, Writing – review & editing. CY: Writing – review & editing, Formal Analysis, Software. KW: Supervision, Writing – review & editing, Funding acquisition, Conceptualization. CZ: Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. The Fundamental Research Funds supported this work for the National Key R&D Program of China(2024YFC2309300), the National Natural Science Foundation of China (project no. 82472337), the Open Research Program of the State Key Laboratory of Virology of China (Grant No. 2023KF004, 2022KF003) and the Natural Science Foundation of Hubei Province (grant no.2022CFC008).





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 AI statement

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

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





References

	 Hanahan D, Weinberg Robert A. Hallmarks of cancer: the next generation. Cell. (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013, PMID: 21376230


	 Gajewski TF, Schreiber H, Fu Y-X. Innate and adaptive immune cells in the tumor microenvironment. Nat Immunol. (2013) 14:1014–22. doi: 10.1038/ni.2703, PMID: 24048123


	 Hanahan D, Coussens Lisa M. Accessories to the crime: functions of cells recruited to the tumor microenvironment. Cancer Cell. (2012) 21:309–22. doi: 10.1016/j.ccr.2012.02.022, PMID: 22439926


	 Sholl J, Sepich-Poore GD, Knight R, Pradeu T. Redrawing therapeutic boundaries: microbiota and cancer. Trends Cancer. (2022) 8:87–97. doi: 10.1016/j.trecan.2021.10.008, PMID: 34844910


	 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. (2020) 368:973–+. doi: 10.1126/science.aay9189, PMID: 32467386


	 Bertocchi A, Carloni S, Ravenda PS, Bertalot G, Spadoni I, Lo Cascio A, et al. Gut vascular barrier impairment leads to intestinal bacteria dissemination and colorectal cancer metastasis to liver. Cancer Cell. (2021) 39:708–24.e11. doi: 10.1016/j.ccell.2021.03.004, PMID: 33798472


	 Natalini JG, Singh S, Segal LN. The dynamic lung microbiome in health and disease. Nat Rev Microbiol. (2022) 21:222–35. doi: 10.1038/s41579-022-00821-x, PMID: 36385637


	 Goto T. Microbiota and lung cancer. Semin Cancer Biol. (2022) 86:1–10. doi: 10.1016/j.semcancer.2022.07.006, PMID: 35882258


	 Dai JH, Tan XR, Qiao H, Liu N. Emerging clinical relevance of microbiome in cancer: promising biomarkers and therapeutic targets. Protein Cell. (2024) 15:239–60. doi: 10.1093/procel/pwad052, PMID: 37946397


	 Battaglia TW, Mimpen IL, Traets JJH, van Hoeck A, Zeverijn LJ, Geurts BS, et al. A pan-cancer analysis of the microbiome in metastatic cancer. Cell. (2024) 187:2324–35.e19. doi: 10.1016/j.cell.2024.03.021, PMID: 38599211


	 Fu A, Yao B, Dong T, Cai S. Emerging roles of intratumor microbiota in cancer metastasis. Trends Cell Biol. (2023) 33:583–93. doi: 10.1016/j.tcb.2022.11.007, PMID: 36522234


	 Fu A, Yao B, Dong T, Chen Y, Yao J, Liu Y, et al. Tumor-resident intracellular microbiota promotes metastatic colonization in breast cancer. Cell. (2022) 185:1356–72.e26. doi: 10.1016/j.cell.2022.02.027, PMID: 35395179


	 Stevens P, Benidovskaya E, Llorens-Rico V, Raes J, Van Den Eynde M. Bacteria in metastatic sites: unveiling hidden players in cancer progression. Cancer Cell. (2024) 42:1142–6. doi: 10.1016/j.ccell.2024.05.022, PMID: 38876104


	 Yin H, Pu N, Chen Q, Zhang J, Zhao G, Xu X, et al. Gut-derived lipopolysaccharide remodels tumoral microenvironment and synergizes with pd-L1 checkpoint blockade via tlr4/myd88/akt/nf-Kb pathway in pancreatic cancer. Cell Death Dis. (2021) 12:1033–14. doi: 10.1038/s41419-021-04293-4, PMID: 34718325


	 Sepich-Poore GD, Zitvogel L, Straussman R, Hasty J, Wargo JA, Knight R. The microbiome and human cancer. Science. (2021) 371:eabc4552-35. doi: 10.1126/science.abc4552, PMID: 33766858


	 Lu Y, Xu L, Chen W, Liu W, Zhang Y, Zhou Q, et al. Intrahepatic microbial heterogeneity in multifocal hepatocellular carcinoma and its association with host genomic and transcriptomic alterations. Cancer Discov. (2025) 15:1630–48. doi: 10.1158/2159-8290.Cd-24-1259, PMID: 40287964


	 Xue C, Chu QF, Zheng QX, Yuan X, Su YS, Bao ZY, et al. Current understanding of the intratumoral microbiome in various tumors. Cell Rep Med. (2023) 4:100884–27. doi: 10.1016/j.xcrm.2022.100884, PMID: 36652905


	 Zhao J, He D, Lai HM, Xu Y, Luo Y, Li T, et al. Comprehensive histological imaging of native microbiota in human glioma. J Biophotonics. (2022) 15:e202100351-11. doi: 10.1002/jbio.202100351, PMID: 34936211


	 Li T, Zhao ZY, Peng MC, Zhang L, Wang C, Luo FY, et al. Multi-omics analysis reveals the interplay between intratumoral bacteria and glioma. Msystems. (2025) 10:e0045724-26. doi: 10.1128/msystems.00457-24, PMID: 39660865


	 Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on toll-like receptors. Nat Immunol. (2010) 11:373–84. doi: 10.1038/ni.1863, PMID: 20404851


	 Guo Q, Jin Y, Chen X, Ye X, Shen X, Lin M, et al. Nf-Kb in biology and targeted therapy: new insights and translational implications. Signal Transduction Targeted Ther. (2024) 9:53–37. doi: 10.1038/s41392-024-01757-9, PMID: 38433280


	 Zhang T, Ma C, Zhang Z, Zhang H, Hu H. Nf-Kb signaling in inflammation and cancer. MedComm. (2021) 2:618–53. doi: 10.1002/mco2.104, PMID: 34977871


	 Gu Y, Lin X, Dong Y, Wood G, Seidah NG, Werstuck G, et al. Pcsk9 facilitates melanoma pathogenesis via a network regulating tumor immunity. J Exp Clin Cancer Res. (2023) 42:2–27. doi: 10.1186/s13046-022-02584-y, PMID: 36588164


	 Scatozza F, Moschella F, D’Arcangelo D, Rossi S, Tabolacci C, Giampietri C, et al. Nicotinamide inhibits melanoma in vitro and in vivo. J Exp Clin Cancer Res. (2020) 39:211–17. doi: 10.1186/s13046-020-01719-3, PMID: 33028392


	 Sun Y, Hu H, Liu Z, Xu J, Gao Y, Zhan X, et al. Macrophage sting signaling promotes nk cell to suppress colorectal cancer liver metastasis via 4-1bbl/4-1bb co-stimulation. J Immunother Cancer. (2023) 11:e006481-13. doi: 10.1136/jitc-2022-006481, PMID: 36927529


	 Han Z-Y, Fu Z-J, Wang Y-Z, Zhang C, Chen Q-W, An J-X, et al. Probiotics functionalized with a gallium-polyphenol network modulate the intratumor microbiota and promote anti-tumor immune responses in pancreatic cancer. Nat Commun. (2024) 15:7096–18. doi: 10.1038/s41467-024-51534-z, PMID: 39154092


	 Xie Y, Xie F, Zhou X, Zhang L, Yang B, Huang J, et al. Microbiota in tumors: from understanding to application. Adv Sci. (2022) 9:e2200470-20. doi: 10.1002/advs.202200470, PMID: 35603968


	 Derosa L, Iebba V, Silva CAC, Piccinno G, Wu G, Lordello L, et al. Custom scoring based on ecological topology of gut microbiota associated with cancer immunotherapy outcome. Cell. (2024) 187:3373–89.e16. doi: 10.1016/j.cell.2024.05.029, PMID: 38906102


	 Sulit AK, Daigneault M, Allen-Vercoe E, Silander OK, Hock B, McKenzie J, et al. Bacterial lipopolysaccharide modulates immune response in the colorectal tumor microenvironment. NPJ Biofilms Microbiomes. (2023) 9:59–8. doi: 10.1038/s41522-023-00429-w, PMID: 37612266


	 Liu J, Xu D, Wang Q, Zheng D, Jiang X, Xu L. Lps induced mir-181a promotes pancreatic cancer cell migration via targeting pten and map2k4. Digestive Dis Sci. (2014) 59:1452–60. doi: 10.1007/s10620-014-3049-y, PMID: 24532253


	 Thibodeau J, Bourgeois-Daigneault M-C, Lapointe R. Targeting the mhc class ii antigen presentation pathway in cancer immunotherapy. OncoImmunology. (2014) 1:908–16. doi: 10.4161/onci.21205, PMID: 23162758


	 El Tekle G, Andreeva N, Garrett WS. The role of the microbiome in the etiopathogenesis of colon cancer. Annu Rev Physiol. (2024) 86:453–78. doi: 10.1146/annurev-physiol-042022-025619, PMID: 38345904


	 Sun Y, Wu C, Ma J, Yang Y, Man X, Wu H, et al. Toll-like receptor 4 promotes angiogenesis in pancreatic cancer via pi3k/akt signaling. Exp Cell Res. (2016) 347:274–82. doi: 10.1016/j.yexcr.2016.07.009, PMID: 27426724


	 Dapito Dianne H, Mencin A, Gwak G-Y, Pradere J-P, Jang M-K, Mederacke I, et al. Promotion of hepatocellular carcinoma by the intestinal microbiota and tlr4. Cancer Cell. (2012) 21:504–16. doi: 10.1016/j.ccr.2012.02.007, PMID: 22516259


	 Jiang X, Yuan J, Dou Y, Zeng D, Xiao S. Lipopolysaccharide affects the proliferation and glucose metabolism of cervical cancer cells through the fra1/mdm2/P53 pathway. Int J Med Sci. (2021) 18:1030–8. doi: 10.7150/ijms.47360, PMID: 33456361


	 Anand N, Peh KH, Kolesar JM. Macrophage repolarization as a therapeutic strategy for osteosarcoma. Int J Mol Sci. (2023) 24:2858–19. doi: 10.3390/ijms24032858, PMID: 36769180


	 Schweer D, Anand N, Anderson A, McCorkle JR, Neupane K, Nail AN, et al. Human macrophage-engineered vesicles for utilization in ovarian cancer treatment. Front Oncol. (2023) 12:1042730. doi: 10.3389/fonc.2022.1042730, PMID: 36713536


	 Wu S, Anand N, Guo Z, Li M, Santiago Figueroa M, Jung L, et al. Bridging immune evasion and vascular dynamics for novel therapeutic frontiers in hepatocellular carcinoma. Cancers. (2025) 17:1860–23. doi: 10.3390/cancers17111860, PMID: 40507341


	 De Martino M, Rathmell JC, Galluzzi L, Vanpouille-Box C. Cancer cell metabolism and antitumour immunity. Nat Rev Immunol. (2024) 24:654–69. doi: 10.1038/s41577-024-01026-4, PMID: 38649722


	 Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cgas–sting pathway in health and disease. Nat Rev Genet. (2019) 20:657–74. doi: 10.1038/s41576-019-0151-1, PMID: 31358977


	 Kwon J, Bakhoum SF. The cytosolic DNA-sensing cgas–sting pathway in cancer. Cancer Discov. (2020) 10:26–39. doi: 10.1158/2159-8290.Cd-19-0761, PMID: 31852718


	 Lanng KRB, Lauridsen EL, Jakobsen MR. The balance of sting signaling orchestrates immunity in cancer. Nat Immunol. (2024) 25:1144–57. doi: 10.1038/s41590-024-01872-3, PMID: 38918609


	 Zhang Z, Zhang C. Regulation of cgas–sting signalling and its diversity of cellular outcomes. Nat Rev Immunol. (2025) 25:425–44. doi: 10.1038/s41577-024-01112-7, PMID: 39774812


	 Song H, Chen L, Pan X, Shen Y, Ye M, Wang G, et al. Targeting tumor monocyte-intrinsic pd-L1 by rewiring sting signaling and enhancing sting agonist therapy. Cancer Cell. (2025) 43:503–18.e10. doi: 10.1016/j.ccell.2025.02.014, PMID: 40068600


	 Hu J, Sánchez-Rivera FJ, Wang ZH, Johnson GN, Ho YJ, Ganesh K, et al. Sting inhibits the reactivation of dormant metastasis in lung adenocarcinoma. Nature. (2023) 616:806–+. doi: 10.1038/s41586-023-05880-5, PMID: 36991128







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.

Copyright © 2025 Fan, Fu, Tian, Li, Liu, Ye, Wu and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1637667-g003.jpg
Rel. IFN-B mRNA level

Rel. IFN-B mRNA level

Rel. CXCL10 mRNA Level

Rel. TNF-a mRNA Level

30

20

600

400

200

40

30

20

10

ns

Mock

PM
l *%

Mock

-

Mock

PM
%k %k
L
PM
% %k k
cGAMP

diABZI

diABZI

e Control
m |ps

e Control
m Lps

e Control
m |ps

e Control
m |ps

PM
15
3 * ok kk e Control
>
K m Lps
<10 *kkok
(4
£
@
Z 5
> ns
[}) L |
14
0
o gl \al
(&)
& ‘bow\ 60\5
) N
O 4
N
PM
20000
3 alulaiol e Control
H ® Lps
; 15000
z
(14
£ 10000
<
£
% 5000 fs
14 | |
0
Mock diABZI
PM
5 300 sekokok
2 e Control
| m Lps
<zt p
¥ 200
[S
o
]
O 100
x
($)
3
£ 9
Mock poly(dA:dT)
PM
%k
1.5
E e Control
s m Lps
< 10
4
3
g
[T
Z 0.5
'_
3
4
0.0

Mock

poly(dA:dT)

Rel. IFN-B mRNA level

PM
20 -
15
10
ns
5 |
0
& £
&
&
PM

Cc

e Control
m |lps

Lps - - + - +

CGAMP — + + — —

Poly(dA:dT) — — — + +

B16 murine melanoma (20x)

PM

ek kk
5000
< 4000 e Control
3 3000 m Lps
< 2000
z
nEC 1000 .
@ 150
Z 100
$ 50 Ns
"4 [
0
* Q Q
© &
o &
& & &
) »
< &
‘)\
‘2[\
PM

soica [ 7oK1
37kda |e=eweses| GAPDH
Lps - + - +

diABZI - - *+ +

p-sting

B16

B16+Ecoli

B16+LPS






OEBPS/Images/cover.jpg
’ frontiers | Frontiersin Immunology

Targeting the LPS-STING axis:
neomycin restores STING-mediated
anti-tumor immune suppression
and inhibits tumor growth





OEBPS/Images/fimmu-16-1637667-g004.jpg
a f WT LPS(20%)
B16/MC38 inoculation Neo Neo Neo Neo Mc3s MC38+Neomycin
cs78L/6 I
3 6 9 12 Days afer tumor inoculation g
b c
- B16
80 = B16+Neomycin 15
& & B16+CMA _ 5
£ 600 & z
¥ BIG+CMA+Neomyci ¥
E F‘ 1.0°
§ K
3 400 g
=
2 200 E 05
2 S
o 0.0
. - e 2 DAPI F4/80
Time(days) i
2
3
H
d é %
s -
250
- - MC33 B 04
€ 200 = MC3B+Neomycin B £
E Z 3
. & 03 ES
E . ] K E
3 H H
2 100 502 z
£ £ FY
§ 50 = 01 g
]
) 0o

° 3 3 9 12
Time(days)

5 3 3

Sorum LPS(ng/mL)
3

B16
1.5

°

Cell Viability
'l
o

0.0
0 0110 05 5 10

Neomycin Concentration(ug/ml)

0.20
2
o2
g s 0.15-
ot
Og
oL 0.10
:
R
3 5 0.05-
]
0.00






OEBPS/Images/fimmu-16-1637667-g001.jpg
WT B16 Murine melanoma LPS

WT B16 Murine melanoma LPS

§2107
x
o
2 °
3
21.5x107
3
o
7]
£ 1x107
3
[~
T sx108
s
o
2 0
= 5 NS @ ¢ ]
O 2 & & &
& N
SN Q& V&£
AR \é@
PM
*kk
6
°
>
L)
<
sS4
[
£
A L0
a2
Q
°
14
(]

Mock 4h 12h 16h 20h 24h
Bi6su - + + + + +

o
c
=
o
]
o
£






OEBPS/Images/fimmu-16-1637667-g002.jpg
d
1000
. B16
(3¢
E 800 -# B16+Ecoli
@ -+ B16+LPS
£ 600
2 % %k
S 400
B *
§ 200
-
0‘:IJ—_I'_I_I_I_|_I_I_I_I_|
5 10 15
Time(days)
MC38
d 1-5 1.5
°
>
- >
% 1.0 E 1.0
S 8
— >
? 0.5 =
(&} S 0.5
0.0 0.0
0 0.1 1 10
Lps Concentration(ug/ml)
MC38
1.5 1.5
>
i >
S G
> S
T 0.5 3
O 3 0.5
0.0 0.0

0 6 12 24 48 72
Time(h)

0.8

Tumor weight(g)

0

Lps Concentration(ug/ml)

0 6

=
o

04

=
N

0.1 1 10

B16

12 24 48 72
Time(h)

B16+Ecoli

B16+LPS

B16 murine melanoma (20x) LPS

Wz

e
oe “ana A
LI,

e

Integrated fluorescence signal

150000

100000

50000

* %k

%k 3k k





OEBPS/Images/crossmark.jpg
©

2

i

|





