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Abstract 

Symbiotic microbiota pervades the majority of the human body's organs and tissues, functioning as crucial 
regulators of both health maintenance and disease progression. Pertinently, lung adenocarcinoma has 
been indisputably linked to chronic inflammation. However, the precipitators that instigate such 
inflammation, along with the particular immune mediators involved, remain enigmatic and warrant 
extensive exploration. This research revealed a significant variance exists in the commensal bacteria 
between lung cancer tissues and their normal counterparts. This holds true for both clinical patients and 
mice, where both the diversity and abundance of bacteria in tumor tissues significantly surpass those in 
normal tissues. It has been demonstrated that disturbances in pulmonary commensal bacteria can 
stimulate the proliferation of tumor cells. Mechanistically, we suggest that lung bacteria may promote the 
expression of the NK cell immunosuppressive molecule TIGIT along with the secretion of IL-2 and IFN-γ. 
This consequently mediates alterations in the immunosuppressive microenvironment, thereby fostering 
tumor proliferation. 
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1. Introduction 
Lung cancer, which is the predominant cause of 

cancer-related fatalities across the globe, accounts for 
a mortality rate higher than the aggregate death toll of 
various other cancers such as breast, colon, prostate, 
and kidney [1]. The lung, having the largest surface 
area in the human body and responsible for gas 
exchange, is inevitably exposed to various 
environmental microorganisms. Though the impact of 
the lung microbiome on lung cancer remains 
ambiguous, observational studies have alluded to a 
correlation between repeated exposure to antibiotics 
and a heightened risk of developing lung cancer [2, 3]. 
There is an expanding body of evidence suggesting 
the lung microbiome's potential involvement in 
cancer initiation. Lung cancer is often concomitant 
with conditions including COPD, HIV, and 
Chlamydia infections, all of which are frequently 

associated with persistent lung infections [4-6]. In 
experimentally challenged germ-free rats, lung cancer 
development is less frequent than in conventional 
control rats [7]. Studies have illustrated that the 
prolonged administration of LPS in mice precipitates 
the emergence of lung tumorigenesis [8]. 
Additionally, in a mouse model, the propagation of 
commensal bacteria influenced by antibiotics impacts 
the response of γδT17 cells, thereby facilitating 
aggressive metastatic development in pulmonary 
tumors, hence underscoring the significant role of 
microbiota [9]. All of these studies indicated that lung 
microbiota may play an essential role in pathogenesis 
of lung cancer. 

Current observations propose that a perturbed 
lung or lower airway microbiota can potentially 
impact lung carcinogenesis via various mechanisms. 
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These mechanisms include inciting host inflammatory 
pathways, releasing bacterial toxins that destabilize 
host genomic stability, and the emission of microbial 
metabolites that promote cancer [5]. Distinct lung 
microbiota identified in the lower airways have been 
shown to impact the host immune phenotype and 
many signal pathways [10, 11]. For instance, 
Jun-Chieh et al. found that enrichment of Veillonella in 
lower airway and lung is associated with increased 
infiltration with inflammatory cells (Th17 cells) and 
upregulation of the ERK (extracellular signal–
regulated kinase)/PI3K (phosphoinositide 3-kinase) 
pathway [12]. Importantly, elevation of the PI3K 
pathway, demonstrated in prior studies, is an initial 
pathogenic incident in non-small cell lung carcinoma. 
It modulates cell proliferation, survival, differen-
tiation, and invasion [13]. The tumor suppressor gene 
TP53 is the most commonly mutated gene in lung 
cancer [14], with certain missense mutations showing 
gain of oncogenic function [14]. Although it has been 
reported that commensal bacteria may mediate TP53 
mutations [15], the specific intrinsic relationship and 
mechanism have not been elucidated. In addition, the 
loss of p53 in enterocytes in murine models impairs 
the epithelial barrier and allows infiltration of bacteria 
resulting in NF-κB signaling, which is required for 
tumor progression [16]. 

In this study, we developed a spontaneous 
mouse model of lung adenocarcinoma to demonstrate 
through a sequence of in vivo and in vitro experiments 
that bacterial diversity in tumor tissue was elevated. 
We further confirmed that these bacteria might foster 
tumor progression by adjusting the inhibitory 
immune microenvironment. This study lays the 
groundwork for mechanistic explorations of lung 
adenocarcinoma evolution driven by lung resident 
bacteria. 

2. Methods 
2.1 Ethics 

Tumor samples were obtained from 19 patients 
with invasive lung adenocarcinoma who underwent 
surgical treatment at Tongji Hospital of Tongji 
University between 2022 to 2023. All samples were 
collected from patients with informed consent, and all 
related procedures were performed with the approval 
of the internal review and ethics boards of the 
indicated hospitals. All animal experiments of this 
study were carried out in accordance with the 
recommendations of the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of 
Health. The protocol was approved by the Animal 
Research Ethics Board of Tongji Hospital of Tongji 
University (Approve number: 20220401-DW-077). 

2.2 Animals 
In this model, KrasG12D mice were constructed as 

follows. In general, targeting vector was designed to 
introduce a G12D mutation to exon 1 of the gene and 
place a pgk-neomycin resistance cassette in intron 1. 
The construct was electroporated into 
129S4/SvJae-derived J1 embryonic stem (ES) cells. 
Mice carrying the pgk-neo cassette flanked by an 
insertional duplication of the G12D exon 1 mutation 
were selected for further study (K-rasLA2 allele). In 
vivo recombination/excision events between the two 
mutant exons occur in all carrier animals, excising the 
pgk-neo cassette and leaving a single G12D mutation 
to confer the oncogenic phenotype, namely lung 
adenoma. This spontaneous oncogene activation 
closely recapitulates that observed in human cancers. 
Mice were bred and maintained in a 
specific-pathogen-free (SPF) or germ-free (GF) 
environment at the Center of Experimental Animal 
Sciences in the Tongji Hospital of Tongji University. 
Food and water were provided ad libitum. 

2.3 In vitro cell co-culture 
LLC or A549 cells (ATCC, USA) were uniformly 

distributed within the well plate. Once the cells had 
fully adhered and extended, they were co-incubated 
with the heat-inactivated bronchoalveolar lavage 
fluid (BALF) derived from mice. BALF after 
centrifugation at 15000 rcf for 30 mins was 
resuspended in 100 μL PBS, and added to the medium 
for co-culturing 72 h. The cells were then washed 
thrice with PBS before being harvested using a cell 
scraper. NK92 is a cell line grown in suspension. The 
ratio of tumor cells to NK cells needed to be 
accurately counted before co-culture was performed 
at 1:10. After the culture process ended, the NK cells 
present in the medium were isolated and subjected to 
a series of three PBS washes. 

Tumor cells were cultured in high-glucose 
DMEM supplemented with 10% fetal bovine serum, 
maintained under conditions of 5% CO2 at 37℃. As 
for the NK92 cell line, it necessitated a specialized 
medium, enriched with 10% horse serum and 
10ug/μL IL-2, and kept in a 5% CO2 environment at 
37℃. 

2.4 Bronchoalveolar lavage fluid collection 
1 mL sterile PBS was injected through the trachea 

of mice into the lungs using a disposable sterile 
indwelling needle. The PBS was then gently 
withdrawn with the syringe and reinjected into the 
lungs. This rinsing-and-recycling process was iterated 
three times to maximize the collection of 
lung-resident cells, alveolar microbiota, and shed 
metabolites. The BALF was centrifuged at 500 rcf for 5 
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mins, the supernatant was discarded, and the cells 
were resuspended and washed twice more with PBS. 
BALF after centrifugation at 15000 rcf for 30 mins was 
resuspended in 100 μL PBS, and subjected to 
high-pressure steam sterilization for 15 minutes. 

2.5 Flow cytometry 
To quantify the cytokine and immune cell 

infiltration in the lung of mice, four flow cytometry 
panels were established to quantify cytokines, the 
relative proportion of T cells and NK cells, and NK 
cytotoxicity, respectively. The BALF used for cytokine 
measurement was obtained directly from 50 μL of the 
supernatant for flow cytometry. Samples used for 
immune cell infiltration analysis were washed twice 
with PBS, and immune cells were isolated according 
to the instructions of Percoll isolation and washed 
twice with PBS. Following blocking FcgRIII/II with 
an anti-CD16/CD32 mAb (eBioscience), single cell 
suspensions were stained with the following 
antibodies: CD45, CD3, CD4, CD8, CD19, NK1.1, 
TIGIT. Flow cytometry was performed on the 2L B-R 
Fluorochrome (Cytek), and data were analyzed by the 
FlowJo software (Treestar). 

2.6 Tissue sections and staining 
Mice were euthanized after administering an 

intraperitoneal injection of 50 μg/μL pentobarbital 
sodium (100 μL total), and endotracheal intubation 
was performed with an indwelling needle to perfuse 
the alveoli. The intact lungs were removed from the 
mice and fixed in 4% paraformaldehyde for a 
minimum of 24 h before undergoing dehydration 
paraffin embedding, and section staining. 
Hematoxylin and eosin stain (H&E stain) was 
conducted following a standard method (KI 
Histology Facility). IHC staining of Ki67 was carried 
out on 5 μm unstained sections after antigen retrieval 
with citrate buffer or proteinase-K (Sigma) 
respectively. Digitally scanned images of H&E or 
Ki67-stained slides were generated using the 
NanoZoomer Digital Pathology at 20X magnification 
and analyzed with the Image J software. 

2.7 DNA extraction and amplification and 
sequencing of 16S rRNA gene 

Total DNA from bacteria was extracted under 
the instruction of QIAmp DNA Mini Kit (Qiagen, 
Hilden, Germany). Subsequently, the concentration 
was tested using an ultra-microspectrophotometer 
(Thermo, Nanodrop OneC, USA). The primers of the 
full-length 16S rRNA gene were as follows: 27F 
(AGRGTTTGATYNTGGCTCAG) and 1492R 
(TASGGHTACCTTGTTASGACTT), synthesized by 
Sangon Biotech, Co., Ltd. The PCR reaction conditions 

were set as follows: 95℃ for 5 min, 95℃ for 30 s, 50℃ 
for 30 s, 72℃ for 1 min, with 30 cycles in total in a 
reaction volume of 10 μL. PCR products were then 
purified, quantified and homogenized to construct a 
sequencing library (SMRT Bell). Pair-end raw 
sequencing data were processed with QIIME version 
1.8.0. Demultiplexing, adaptor trimming, and read 
merging were performed by the default QIIME 
pipeline. Chimeric sequences of merged reads were 
detected and removed by USEARCH (version 
11.0.667) in QIIME (Edgar 2010). After that, the 
species composition of each sample can be revealed 
through filtering and clustering or denoising of 
Circular Consensus Sequencing (CCS) sequences, as 
well as species annotation and abundance analysis. 

2.6 Species notes and taxonomic analysis 
The clean sequences were subsequently 

clustered into operational taxonomic units (OTUs) at 
97% similarity level by USEARCH. Representative 
sequences from each OTU cluster were aligned and 
annotated by the Ribosomal Database Project (RDP) 
classifier against the SILVA (http://www.arb- 
silva.de) database, with a minimum confidence of 0.8. 
Mitochondrial and chloroplast reads were then 
removed, and an OTU table was resampled to obtain 
an equal number of read numbers per sample. 

Species abundance and diversity were 
determined by alpha diversity including the Shannon, 
Simpson, Chao1 and ACE indices. Principal 
coordinates analysis (PCA) was based on the OTU 
abundance of sequenced samples, and Bray-Curtis 
dissimilarities were computed using the “vegan” 
package in R. Variation analysis in PCA was 
calculated by PERMANOVA with 999 permutations. 

Metastats software was employed to compare 
the species abundance between the groups and the 
calculated p-value (p≤0.05) was further corrected to 
obtain the q-value. The significance test between the 
groups was respectively performed at various 
taxonomic levels, including phylum, class, order, 
family, genus, and species. 

2.7 Statistical analysis 
MOTHUR was used to calculate the rarefaction 

curves, alpha diversity and richness indices and 
UniFrac distance. Student’s t-test and Mann-Whitney 
U test were used to test the difference of indices of 
diversity and richness of salivary microbiome 
(version 19.0, SPSS, Chicago, IL, USA). Differences 
among individual taxa and sample characteristics in 
the two groups were investigated with nonparametric 
Kruskal–Wallis testing, followed by post-hoc between 
group comparisons with a Mann–Whitney U test. 
Correlations between the clinical phenotype and the 
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characteristics of samples were tested by Spearman 
and multiple linear regression. The level of statistical 
significance was p=0.05. 

GraphPad Prism 7 was utilized for statistical 
analysis of the histology/IHC/16S quantification and 
flow cytometry data. P-values from unpaired 
two-tailed student’s t-tests were used for comparisons 
between two groups and one-way ANOVA with 
Bonferroni’s post hoc test was used for multiple 
comparisons. 

3. Results 
3.1 The commensal bacteria in lung cancer 
tissues displayed a higher level of diversity 

We performed 16S rRNA sequencing on 
cancerous and adjacent tissues collected from 19 
clinical lung adenocarcinoma patients. The analysis of 
the relative abundance of bacteria at the genus level 
revealed that the bacterial flora in tumor tissues 
showed a higher level of heterogeneity compared to 
that in the paracancer tissues (Figure 1A). Consistent 
to some extent with relative abundance analysis, 
alpha diversity of the microbiota including Shannon 
index and Simpson index were higher in tumor 
tissues compared to paracancer tissues, and the 
statistical difference was found (Figure 1B). As 
expected, we found 177 shared genera in both tumor 
and paracancer tissues of lung cancer patients. 125 
genera were unique to tumor, including Fusobacterium 
and Faecalibacterium, which were potential biomarkers 
in tumor tissues (Figure 1C). 29 genera were unique to 
paracancer. Moreover, PCoA using Bray-Curtis 
distance also showed a difference in 16S rRNA 
between the paracancer tissue and tumor tissue. 
(Figure 1D). The results indicated significant 
differences in the symbiotic bacteria between tumor 
tissues and adjacent tissues. These differences could 
potentially be a critical factor contributing to the 
malignant progression of lung adenocarcinoma. 

To explore the relationship between lung cancer 
progression and bacteria. We divided 19 patients into 
stage N0 (n=12) and stage N1-3 (n=7), according to 
TNM staging of lung cancer. Patients in stage N0 or 
N1-3 showed no differences in age, gender, BMI, 
smoking history, or pathology (Table 1). At the genus 
level, we created a heat map to illustrate the 
differences of relative abundance of bacteria (Figure 
1E). We found that Bacteroidota, Proteobacteria and 
Fusobacteriota showed relatively higher abundance in 
both groups (Figure 1F). These results suggested that 
the structure and composition of lung bacteria may 
change with the progression of tumor, and these 
changes may in turn promote the malignant 
proliferation of tumor cells. 

 

Table 1. Clinical characteristics of patients with lung cancer 
Clinical characteristics N0 (n=12) N1-N3 (n=7) P value 
Age (years), mean ± SD 58.92 ± 5.63 63.23 ± 8.55 0.253 
Gender   0.862 
Female 5 3 - 
Male 7 4 - 
BMI (kg/m2), mean ± 
SD 

25.68 ± 2.77 26.75 ± 3.52 0.963 

Tumor diameters (cm) 1.59 ± 0.65 2.26 ± 0.87 0.035 
Smoking history   0.663 
Yes 7 5 - 
No 5 2 - 
Pathology   0.528 
LUAD 12 7 - 
LUSC 0 0 - 
Family history   0.963 
Yes 1 1 - 
No 11 6 - 

 

3.2 Commensal bacteria of primary lung 
cancer tissues in mice showed higher 
heterogeneity 

To investigate the impact of lung microbiota on 
the onset and progression of lung adenocarcinoma, 
we successfully engineered a mouse model of lung 
cancer exhibiting a KrasG12D mutation (Figure 2A). 
Both newborn KrasG12D mutation and wild type mice 
(Kraswt) were kept in specific pathogen free (SPF) 
environment for a duration of ten weeks. Despite 
residing in identical environments, there was a 
significant difference in the diversity and abundance 
of symbiotic bacteria. We discovered that the alpha 
diversity and abundance (Figure 2B) of symbiotic 
bacteria in the tumor tissue of KrasG12D mice were 
notably greater than in Kraswt mice. Similarly, we 
extracted BALF from both groups, and the results 
paralleled that of the tissues; the diversity of lung 
symbiotic bacteria in the KrasG12D mice was 
significantly elevated compared to the Kraswt mice 
(Figure 2C). This suggested that both intra-tumoral 
and extra-tumoral symbiotic bacteria exhibit higher 
heterogeneity than those in the control group.  

Furthermore, we founded that at the phylum 
classification level (Figure 2D), five bacterial phyla in 
the tumor tissue of KrasG12D mice were notably higher 
than in the Kraswt mice (Figure 2E), with only one 
bacterial phylum being significantly lower in com-
parison to the Kraswt mice (Figure 2E). This insinuated 
that the irregular composition of these bacteria could 
contribute to the progression of lung cancer. Indeed, 
collectively, our findings revealed a higher diversity 
and abundance of bacteria in tumor tissue compared 
to normal lung tissues. Nonetheless, the implications 
of these discrepancies on the progression of lung 
cancer require additional confirmation. 
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Figure 1. The commensal bacteria in lung cancer tissues showed higher diversity. A Bacteria abundance histogram of paracancer tissue and tumor tissue. B Alpha diversity of the 
microbiota was higher in tumor tissues compared to paracancer tissues. C Venn diagram showed shared and unique bacteria of tumor and paracancerous tissues. D PCoA 
analysis showed a difference in 16S rRNA between the paracancer tissue and tumor tissue. E A heat map illustrated the differences in the composition between N0 and N1-3 of 
lung cancer patients. F Bacteria with significant differences in abundance at the genus level. 
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Figure 2. Commensal bacteria of primary lung cancer tissues in mice showed higher heterogeneity. A Lung cancer model mice constructed based on the KrasG12D mutation. B-C 
Symbiotic bacteria alpha diversity of tumor tissue (B) and BALF (C). D Bacteria abundance histogram at the phylum classification level of tumor tissue. E Bacteria with significant 
differences of KrasG12D and Kraswt mice. 

 

3.3 Commensal microbiota promotes tumor 
growth in spontaneous lung adenocarcinoma 

Newborn KrasG12D mice were fed in germ-free 
(GF) and SPF environments for 16 weeks, 
respectively. After whole lung dissection of mice fed 
in GF (GFKras) and SPF (SPFKras), we first performed 
immunohistochemical tests to quantify the abundance 
of bacteria in lung tissues, using anti-LPS antibodies. 
As anticipated, relative abundance of bacteria in 
SPFKras was significantly higher than that in GFKras 
mice (Figure 3A-B), suggesting that the lungs allow 
bacteria to reside by exchanging them with bacteria in 

the environment. Subsequently, we discovered that 
both the number of lung nodules and the volume of 
nodules in SPFKras mice greatly exceeded those in 
GFKras mice (Figure 3C). These findings implied that 
the disruption of the lung's bacterial structure could 
potentially accelerate the proliferation of lung 
adenocarcinoma in mice. In addition, through the 
analysis of the positive rate of tumor proliferation 
index Ki67, it was found that the positive rate of Ki67 
in SPFKras mice were significantly higher than those of 
GFKras mice (Figure 3A, 3D), further indicating that 
bacteria expansion can promote the proliferation of 
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tumor cells. Finally, by calculating the survival curve 
of the two groups of mice, we learned that the 
survival rate of GFKras mice was much higher than that 
of SPFKras mice (Figure 3E), highlighting once more 
the potential of disrupted lung flora to advance the 
malignant progression of lung adenocarcinoma in 
mice and reduce the survival rate of mice. 

In order to demonstrate that dysbacteriosis can 
affect the proliferation of lung cancer, we 
administrated antibiotics (vancomycin 0.5g/L and 
polymyxin 1g/L) to mice fed in GF environment for 
15 weeks (Figure 4A), and found that the number and 
volume (Figure 4B) of lung nodules in the 
antibiotic-treated group were much smaller than 
those in the control group (Figure 4A, 4B). These 
results indicated that antibiotic treatment could 
inhibit the proliferation of lung cancer by inhibiting 
the abnormal changes of lung flora. We then treated 

the mice in a sterile environment with antibiotics at 
different times, and found that continuous antibiotic 
treatment for 6 and 12 weeks could significantly 
inhibit the proliferation of lung cancer (Figure 4C), 
while continuous antibiotic treatment for 18 weeks 
showed no significant change in the number of lung 
nodules in the mice (Figure 4C). This outcome might 
be attributed to the emergence of bacterial drug 
resistance due to the extended use of antibiotics. 
Alternatively, it could also be a result of the multitude 
and complexity of factors influencing the malignant 
growth of lung cancer, particularly as the disease 
progresses to the advanced stages. What we can assert 
with certainty is that antibiotics do not directly 
impede tumor proliferation. We speculated that 
antibiotics thwart the factors within the tumor's 
microbial community that are conducive to cancer 
propagation. 

 
 

 
Figure 3. Commensal microbiota promotes tumor growth in spontaneous lung adenocarcinoma. A-B H&E stain was performed and immunohistochemical tests was performed 
to quantify the abundance of bacteria and positive rate of Ki67. C Number of lung nodules and the volume of tumors in SPFKras mice greatly exceeded those in GFKras mice. D The 
positive rate of Ki67 in SPFKras mice were significantly higher than those of GFKras mice. E The survival rate of GFKras mice was much higher than that of SPFKras mice. 
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Figure 4. Commensal microbiota promotes tumor growth in spontaneous lung adenocarcinoma. A H&E stain after administrating antibiotics to mice fed in GF environment for 
15 weeks. B The number and volume of lung nodules in the antibiotic-treated group were much smaller than those in the control group. C Continuous antibiotic treatment for 
6 and 12 weeks significantly inhibited the proliferation of lung cancer. D Relative abundance of bacteria in Kraswt and KrasG12D BALF. E The relative abundance of bacteria at the 
genus classification levels of BALF. F +BALF significantly promoted the lung cancer. G The number and volume of tumors in +BALF mice were significantly higher than those in 
the control group. 
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Symbiotic bacteria in mouse BALF can 
objectively reflect the composition of mouse lung 
flora. Therefore, we analyzed the relative abundance 
of bacteria in Kraswt and KrasG12D BALF (Figure 4D). 
The bacterial composition of BALF was similar to that 
of lung tissue. Notably, KrasG12D mice exhibited 
significantly higher levels of certain bacterial genera 
such as Pseudomonas, Bacteroides, Faecalibaculum, and 
Sphingomonas compared to Kraswt mice (Figure 4E). In 
order to prove that the abnormal structure of lung 
flora can promote the proliferation of lung cancer, we 
transfused the precipitate of BALF from mice with 
advanced lung cancer back into mice with early-stage 
tumor. After feeding in a germ-free environment for 
15 weeks, it was found that compared with the control 
group that received PBS, the proliferation of lung 
cancer was significantly promoted in mice that 
received BALF back (Figure 4F). The number and 
volume of tumors in +BALF mice were significantly 
higher than those in the control group (Figure 4G). 
This once again proved that the abnormal structure of 
lung flora can promote the proliferation of tumors. 

3.4 Microbiota promotes progression of lung 
cancer via TME 

To investigate how the symbiotic bacteria 
promote lung cancer proliferation, BALF from 
KrasG12D mice fed in SPF were ultracentrifuged, the 
precipitate was thermally inactivated, and then 
co-cultured with LLC cells. The proliferation ability of 
LLC cells was observed by CCK8 assay, but no 
significant difference was found between SPFKras and 
control (Figure S1A). Subsequently, we verified the 
proliferation and migration capacity of LLC cells 
under different treatments by western blot analysis 
(Figure S1B), which once again proved that the 
malignant proliferation capacity of LLC cells was not 
changed by BALF from KrasG12D mice. Meanwhile, 
apoptosis experiment results based on flow cytometry 
showed that there was no significant difference in 
apoptosis between the two groups of LLC cells 
(Figure S1C). Taken together, we hypothesized that 
pulmonary symbiotic bacteria or their metabolites 
may not be able to act on tumor cells and promote 
tumor proliferation in a direct manner. Therefore, we 
speculated that symbiotic bacteria could be intricately 
influencing changes within the immune 
microenvironment of the tumor, thereby regulating 
tumor proliferation in an indirect manner. 

In order to explore whether pulmonary 
symbiotic bacteria affect the tumor immune 
microenvironment (TME), we used flow cytometry to 
investigate the relative abundance of T cells and NK 
cells in BALF of SPFKras and GFKras. Our results 
indicated that there were no significant differences in 

CD4+ T cells (Figure S1D, S1E), CD8+ T (Figure S1D, 
S1F) and NK cells (Figure S1D, S1G) between SPFKras 
and GFKras mice. This suggested that lung flora 
dysregulation might not affect the chemotaxis and 
recruitment of tumor-associated T cells and NK cells 
through a cascade reaction. Recent studies highlight 
the interplay between NK cells and gut microbiota, 
which plays a crucial role in tumor immunology by 
modulating tumor progression and therapeutic 
responses. This multifaceted relationship involves 
immune regulation, microbial metabolites [17], and 
the tumor microenvironment [18, 19]. Tryptophan 
metabolites, derived from microbial metabolism, 
interact with aryl hydrocarbon receptors (AhRs) on 
NK cells, modulating their cytotoxicity against tumor 
cells [19]. In addition, dysbiosis, characterized by an 
imbalance in gut microbiota, promotes the 
accumulation of myeloid-derived suppressor cells 
(MDSCs) and regulatory T cells (Tregs), which 
suppress NK cell activity [20]. Lung cancer patients 
with high microbial diversity had a higher abundance 
of depleting CD8+ T cells and NK cell subsets in the 
peripherye [21]. Mechanistic studies found that a 
high-salt diet increased intestinal permeability and 
the localization of intratumoral Bifidobacterium, which 
enhanced NK cell overactivation and increased their 
senescence phenotype and the formation of depleted 
NK cells, reducing antitumor immunity [22]. This 
suggests that excessive commensal bacteria or their 
metabolites may provoke excessive activation even 
depleting of NK cells and T cells when the structure of 
commensal bacteria in the lung is abnormal or 
disordered.  

After a series of screening via flow cytometry, 
we found a significantly increase of TIGIT molecules 
on NK cells from SPFKras mice (Figure 5A). TIGIT is an 
immunosuppressive receptor expressed on T cells and 
NK cells that can bind to CD155 and signal to inhibit 
effector T cells and NK cells, diminishing their 
functionality This relationship plays a key role in the 
depletion of lymphocytes and suppression of the 
immune system in various types of cancer as well as 
certain chronic viral infections. Based on the above 
ideas, we hypothesized that the continuous 
stimulation of NK cells by tumor antigens and 
bacterial metabolic antigens may lead to the gradual 
transformation of NK cells with killing activity into 
exhausted NK cells. To verify this hypothesis, we 
co-cultured the NK92 cell line with the A549 cell line 
and the thermally inactivated BALF (Figure 5B). We 
found that with the extension of co-culture time, the 
expression of TIGIT molecule in NK cells was 
significantly increased (Figure 5C-D). Prolonged 
exposure to both tumor and microbial antigens 
intensifies TIGIT expression in NK cells, accelerating 
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the shift towards a depleted NK cell phenotype, 
which diminishes their ability to combat tumors. 
Subsequently, we scrutinized the expression of CD155 
in A549 cells and found that although the expression 
of CD155 was not significantly time-dependent, it was 
significantly increased compared with the control 
group without addition of bacteria (Figure 5C-D). 
This may be attributed to the high immune escape 
function of the tumor cells. And to be under 
continuous stimulation of bacterial antigens, which 
makes them highly express CD155, leading to the 
depletion of NK cells.  

In addition, we detected the main cytokines in 
the BALF that could reflect the immune function in 
the tumor microenvironment, including IL-1β, IL-2, 
IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-17, IFN-α, IFN-γ, 

TNF-α. It was found that IL-2 and IFN-γ in SPFKras 
mice were significantly lower than those in GFKras 
mice (Figure 5E-F). IFN-γ functions as a pivotal 
catalyst in the activation and propagation of both T 
cells and NK cells [23]. Additionally, it possesses the 
capacity to incite glycolysis [24, 25] along with 
metabolic signaling pathways. These combined 
factors significantly contribute to instigating 
transformative changes within the tumor 
microenvironment. IL-2 has the potential to influence 
not only the vigor and virulence of T cells and NK 
cells [26], but also their chemotactic properties. These 
results suggested that dysregulation and an increase 
of microbial abundance of the lung microbiota, may 
contribute to the formation of an immunosuppressive 
microenvironment in lung cancer (Figure 6).  

 
 

 
Figure 5. Microbiota promotes progression of lung cancer via TME. A TIGIT molecules of NK cell from SPFKras mice significantly increased. B The co-culture model diagram of 
NK92 cell with the A549 cell and the thermally inactivated BALF. C-D The expression of TIGIT molecule in NK92 cells and CD155 in A549 was significantly increased. E-F IL-2 
and IFN-γ in SPFKras mice were significantly lower than those in GFKras mice. 



Int. J. Med. Sci. 2025, Vol. 22 

 
https://www.medsci.org 

1049 

 
Figure 6. A working model in which lung symbiotic bacteria promotes lung cancer via the generate of immunosuppressive microenvironment. 

 

4. Discussion 
Previous studies have shown that although the 

lung is involved in the exchange of air between the 
body and the external environment, the lung of a 
healthy person is a relatively sterile environment [27]. 
In the past few years, a wealth of scientific literature 
has accentuated the link between pulmonary 
microbiota and lung cancer. The paradigm has now 
shifted from the lungs being previously considered a 
sterile environment to it being acknowledged as a 
host to a variety of microbial communities [28]. 
Emerging evidence suggests that these resident 
microbes may play a significant role in the 
carcinogenesis of lung tissue, painting a multifaceted 
picture of their functional role in lung cancer 
development and progression [29]. This suggests that, 
in addition to the known pulmonary bacterial 
pathogens, including Streptococcus pneumoniae, some 
lung engraftment symbiotic bacteria may also be 
involved in the occurrence and development of tumor 
[30]. Not only that, in recent years, there are emerging 
lines of evidence that microbes are also integral 

components of the tumor tissue itself in much broader 
cancer types beyond colorectal cancer, such as 
pancreatic cancer, lung cancer, breast cancer, and 
others, which were originally thought to be sterile 
[31-33]. Clinically, cohort studies have suggested that 
features of the tissue-resident microbiota correlate 
with cancer risks, pathological types, cancer 
prognosis, and treatment responses [31, 34]. These 
findings suggest that both lung bacteria and 
intratumoral bacteria may contribute to lung cancer 
development, although the exact mechanisms require 
further investigation. This aligns with our in vivo 
results, which showed a higher diversity and 
abundance of bacteria reside in the tumor tissue of 
KrasG12D mutant mice compared with Kraswt mice. 
However, it remains unclear whether these bacteria 
are internal or external to the tumor cells. 
Additionally, we observed that the proliferation of 
tumor cells was enhanced when the lung microbiota 
was disordered. These findings deepen our 
understanding of how microbes present in the lower 
airways may affect initial events in the malignant 
transformation of airway epithelial cells, the immune 
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surveillance needed to control nascent malignant 
cells, and the tumor’s ability to proliferate and 
metastasize. 

The complex cross-talk between dysbiotic lung 
microbiota and lung malignancies is an area of intense 
investigation [35]. On one hand, certain members of 
the lung microbiome, primarily pathogenic species, 
have been associated with pro-inflammatory 
responses, creating a microenvironment conducive to 
cancer development. For instance, an increasing 
bacterial density with a particular abundance of 
Streptococcus and Veillonella species has been observed 
in patients suffering from lung cancer [36]. These 
bacteria, through their metabolic by-products or 
direct interaction with the epithelial cells, appear to 
enable a pro-inflammatory milieu, fostering 
conditions that favor tumor progression. On the other 
hand, commensal bacteria in the pulmonary 
microbiota have suggested exerting protective effects 
against lung cancer. Various studies have proposed a 
potential role of commensals in modulating host 
immunity, maintaining pulmonary homeostasis, and 
directly inhibiting the growth of cancer cells [37]. The 
mechanisms employed by these commensals to deter 
cancer growth are as yet unclear and demand 
exhaustive research. 

The relationship between the pulmonary 
microbiota and the immune microenvironment draws 
fascinating insights into the complex interplay 
between microorganisms and host immunity. 
Increasing research highlights an intricate link 
between dysbiotic microbiota and higher cancer 
susceptibility [38]. This association is mediated 
through a plethora of microbial-immune crosstalk 
mechanisms like chronic inflammation, immune 
suppression, and alterations in metabolic pathways 
[39]. 

Mechanistically, our results demonstrated that 
when the symbiotic bacteria in the lung are 
structurally abnormal, a large number of bacterial 
antigens continuously stimulate NK cells in the tumor 
microenvironment, resulting in the increased 
expression of the inhibitory receptor TIGIT on the 
surface of NK cells and CD155 on tumor cells. When 
the CD155 of tumor cells binds to the TIGIT of NK 
cells, the expression of CD155 on tumor cells 
increased, rendering the NK cells exhausted. 
Simultaneously, IL-2 and IFN-γ secretion is reduced, 
which further reduces NK cell proliferation and 
activation and ultimately promotes tumor 
proliferation. Unfortunately, we did not elucidate the 
molecular mechanisms underlying the formation of 
the immunosuppressive microenvironment mediated 
by the pulmonary microbiota. Therefore, it is 
imperative to further amalgamate in vivo and in vitro 

experiments in future endeavors to unravel how 
microorganisms modulate the heightened expression 
of TIGIT in NK cells and its underlying rationale. 
However, a systematic understanding of intricate 
interplay is warranted. Thus, the connection between 
pulmonary microbiota and the immune 
microenvironment warrants further exploration to 
harness microbiota-immunity crosstalk for potential 
therapeutic benefits. 

Abbreviations 
COPD: chronic obstructive pulmonary disease; 

HIV: human immunodeficiency virus; ERK: 
extracellular signal-regulated kinase; PI3K: 
phosphoinositide 3-kinase; SPF: specific 
pathogen-free; GF: germ-free; BALF: bronchoalveolar 
lavage fluid; OTU: operational taxonomic unit; PCoA: 
principal coordinates analysis; CCK8: Cell Counting 
Kit-8; TME: tumor microenvironment; IL-2: 
interleukin-2; IFN-γ: interferon-gamma. 

Supplementary Material 
Supplementary figure.  
https://www.medsci.org/v22p1039s1.pdf 

Acknowledgments 
We thank Prof Jianping Cao for kindly providing 

the suitable sterile feeding environment and the 
sterile feed. We also thank Department of Thoracic 
and Cardiovascular Surgery of Shanghai Tongji 
Hospital for the collection of clinical samples and 
BMK-cloud for 16S rRNA-Seq analysis. This work was 
supported by the Shanghai Health Leading Talent 
Project (2022LJ004) and National Natural Science 
Foundation of China (82273417). 

Author contributions 
HYW designed the experiments. JYH and YRM 

performed the experiments and analyzed the data. 
HYW and YXZ processed the high-throughput RNA 
sequencing data. HYW and YXZ wrote the 
manuscript. All authors provided comments and 
suggestions to the manuscript. 

Ethics committee approval and patient 
consent 

This study was approved by the Ethics 
Committee of Tongji hospital of Tongji University 
(approval number: 20220401-DW-077). All procedures 
performed in studies involving human participants 
were in accordance with the ethical standards of the 
institutional and/or national research committee and 
with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. 



Int. J. Med. Sci. 2025, Vol. 22 

 
https://www.medsci.org 

1051 

Informed consent was obtained from all individual 
participants included in the study. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ, Jr., Wu YL, et al. 

Lung cancer: current therapies and new targeted treatments. Lancet. 2017; 389: 
299-311. 

2. Boursi B, Mamtani R, Haynes K, Yang YX. Recurrent antibiotic exposure may 
promote cancer formation--Another step in understanding the role of the 
human microbiota? Eur J Cancer. 2015; 51: 2655-64. 

3. Wang H, Hu J, Wu J, Ji P, Shang A, Li D. The Function and Molecular 
Mechanism of Commensal Microbiome in Promoting Malignant Progression 
of Lung Cancer. Cancers (Basel). 2022; 14: 5394. 

4. Chaturvedi AK, Gaydos CA, Agreda P, Holden JP, Chatterjee N, Goedert JJ, et 
al. Chlamydia pneumoniae infection and risk for lung cancer. Cancer 
Epidemiol Biomarkers Prev. 2010; 19: 1498-505. 

5. Houghton AM. Mechanistic links between COPD and lung cancer. Nat Rev 
Cancer. 2013; 13: 233-45. 

6. Sigel K, Makinson A, Thaler J. Lung cancer in persons with HIV. Curr Opin 
HIV AIDS. 2017; 12: 31-8. 

7. Schreiber H, Nettesheim P, Lijinsky W, Richter CB, Walburg HE, Jr. Induction 
of lung cancer in germfree, specific-pathogen-free, and infected rats by 
N-nitrosoheptamethyleneimine: enhancement by respiratory infection. J Natl 
Cancer Inst. 1972; 49: 1107-14. 

8. Melkamu T, Qian X, Upadhyaya P, O'Sullivan MG, Kassie F. 
Lipopolysaccharide enhances mouse lung tumorigenesis: a model for 
inflammation-driven lung cancer. Vet Pathol. 2013; 50: 895-902. 

9. Cheng M, Qian L, Shen G, Bian G, Xu T, Xu W, et al. Microbiota modulate 
tumoral immune surveillance in lung through a γδT17 immune 
cell-dependent mechanism. Cancer Res. 2014; 74: 4030-41. 

10. Segal LN, Alekseyenko AV, Clemente JC, Kulkarni R, Wu B, Gao Z, et al. 
Enrichment of lung microbiome with supraglottic taxa is associated with 
increased pulmonary inflammation. Microbiome. 2013; 1: 19. 

11. Sze MA, Dimitriu PA, Suzuki M, McDonough JE, Campbell JD, Brothers JF, et 
al. Host Response to the Lung Microbiome in Chronic Obstructive Pulmonary 
Disease. Am J Respir Crit Care Med. 2015; 192: 438-45. 

12. Segal LN, Clemente JC, Tsay JC, Koralov SB, Keller BC, Wu BG, et al. 
Enrichment of the lung microbiome with oral taxa is associated with lung 
inflammation of a Th17 phenotype. Nat Microbiol. 2016; 1: 16031. 

13. Gustafson AM, Soldi R, Anderlind C, Scholand MB, Qian J, Zhang X, et al. 
Airway PI3K pathway activation is an early and reversible event in lung 
cancer development. Sci Transl Med. 2010; 2: 26ra5. 

14. Robles AI, Harris CC. Clinical outcomes and correlates of TP53 mutations and 
cancer. Cold Spring Harb Perspect Biol. 2010; 2: a001016. 

15. Greathouse KL, White JR, Vargas AJ, Bliskovsky VV, Beck JA, von Muhlinen 
N, et al. Interaction between the microbiome and TP53 in human lung cancer. 
Genome Biol. 2018; 19: 123. 

16. Schwitalla S, Ziegler PK, Horst D, Becker V, Kerle I, Begus-Nahrmann Y, et al. 
Loss of p53 in enterocytes generates an inflammatory microenvironment 
enabling invasion and lymph node metastasis of carcinogen-induced 
colorectal tumors. Cancer Cell. 2013; 23: 93-106. 

17. Tsakmaklis A, Farowski F, Zenner R, Lesker TR, Strowig T, Schlößer H, et al. 
TIGIT(+) NK cells in combination with specific gut microbiota features predict 
response to checkpoint inhibitor therapy in melanoma patients. BMC Cancer. 
2023; 23: 1160. 

18. Yu Q, Newsome RC, Beveridge M, Hernandez MC, Gharaibeh RZ, Jobin C, et 
al. Intestinal microbiota modulates pancreatic carcinogenesis through 
intratumoral natural killer cells. Gut Microbes. 2022; 14: 2112881. 

19. Wculek SK, Dunphy G, Heras-Murillo I, Mastrangelo A, Sancho D. 
Metabolism of tissue macrophages in homeostasis and pathology. Cell Mol 
Immunol. 2022; 19: 384-408. 

20. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets 
TV, et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in 
melanoma patients. Science. 2018; 359: 97-103. 

21. Jin Y, Dong H, Xia L, Yang Y, Zhu Y, Shen Y, et al. The Diversity of Gut 
Microbiome is Associated With Favorable Responses to Anti-Programmed 
Death 1 Immunotherapy in Chinese Patients With NSCLC. J Thorac Oncol. 
2019; 14: 1378-89. 

22. Rizvi ZA, Dalal R, Sadhu S, Kumar Y, Kumar S, Gupta SK, et al. High-salt diet 
mediates interplay between NK cells and gut microbiota to induce potent 
tumor immunity. Sci Adv. 2021; 7: eabg5016. 

23. Huot N, Planchais C, Rosenbaum P, Contreras V, Jacquelin B, Petitdemange C, 
et al. SARS-CoV-2 viral persistence in lung alveolar macrophages is controlled 
by IFN-γ and NK cells. Nat Immunol. 2023; 24: 2068-79. 

24. Chang CH, Qiu J, O'Sullivan D, Buck MD, Noguchi T, Curtis JD, et al. 
Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer 
Progression. Cell. 2015; 162: 1229-41. 

25. Peng M, Yin N, Chhangawala S, Xu K, Leslie CS, Li MO. Aerobic glycolysis 
promotes T helper 1 cell differentiation through an epigenetic mechanism. 
Science. 2016; 354: 481-4. 

26. Lu YJ, Barreira-Silva P, Boyce S, Powers J, Cavallo K, Behar SM. CD4 T cell 
help prevents CD8 T cell exhaustion and promotes control of Mycobacterium 
tuberculosis infection. Cell Rep. 2021; 36: 109696. 

27. Hasenberg M, Stegemann-Koniszewski S, Gunzer M. Cellular immune 
reactions in the lung. Immunol Rev. 2013; 251: 189-214. 

28. Wong-Rolle A, Wei HK, Zhao C, Jin C. Unexpected guests in the tumor 
microenvironment: microbiome in cancer. Protein Cell. 2021; 12: 426-35. 

29. 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. 

30. Li N, Zhou H, Holden VK, Deepak J, Dhilipkannah P, Todd NW, et al. 
Streptococcus pneumoniae promotes lung cancer development and 
progression. iScience. 2023; 26: 105923. 

31. Geller LT, Barzily-Rokni M, Danino T, Jonas OH, Shental N, Nejman D, et al. 
Potential role of intratumor bacteria in mediating tumor resistance to the 
chemotherapeutic drug gemcitabine. Science. 2017; 357: 1156-60. 

32. Jin C, Lagoudas GK, Zhao C, Bullman S, Bhutkar A, Hu B, et al. Commensal 
Microbiota Promote Lung Cancer Development via γδ T Cells. Cell. 2019; 176: 
998-1013.e16. 

33. 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: 973-80. 

34. Yu T, Guo F, Yu Y, Sun T, Ma D, Han J, et al. Fusobacterium nucleatum 
Promotes Chemoresistance to Colorectal Cancer by Modulating Autophagy. 
Cell. 2017; 170: 548-63.e16. 

35. 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. 

36. 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. 

37. Liu NN, Yi CX, Wei LQ, Zhou JA, Jiang T, Hu CC, et al. The intratumor 
mycobiome promotes lung cancer progression via myeloid-derived 
suppressor cells. Cancer Cell. 2023; 41: 1927-44.e9. 

38. Khan FH, Bhat BA, Sheikh BA, Tariq L, Padmanabhan R, Verma JP, et al. 
Microbiome dysbiosis and epigenetic modulations in lung cancer: From 
pathogenesis to therapy. Semin Cancer Biol. 2022; 86: 732-42. 

39. 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: 3807-22.e12. 

 
 


