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SUMMARY
Most recurrences of lung cancer (LC) occur within 3 years after surgery, but the underlying mechanism re-
mains unclear. Here, we collect LC tissues with shorter (<3 years, recurrence group) and longer (>3 years,
non-recurrence group) recurrence-free survival. By using 16S sequencing, we find that intratumor micro-
biome diversity is lower in the recurrence group and butyrate-producing bacteria are enriched in the recur-
rence group. The intratumor microbiome signature and circulating microbiome DNA can accurately predict
LC recurrence. We prove that intratumor injection of butyrate-producing bacteria Roseburia can promote
subcutaneous tumor growth. Mechanistically, bacteria-derived butyrate promotes LC metastasis by
increasing expression of H19 in tumor cells through inhibiting HDAC2 and increasing H3K27 acetylation at
the H19 promoter and inducing M2 macrophage polarization. Depletion of macrophages partially abolishes
the metastasis-promoting effect of butyrate. Our results provide evidence for the cross-talk between the in-
tratumor microbiome and LC metastasis and suggest the potential prognostic and therapeutic value of the
intratumor microbiome.
INTRODUCTION

Lung cancer accounts for the highest cancer-related mortality

around the world.1,2 Despite encouraging results achieved with

targeted therapy, immunotherapy, and surgery in recent years,

the 5-year overall survival is less than 20%, mainly as a result

of late diagnosis and the high frequency of recurrence and

metastasis.3 Patients with lung cancer usually suffer recurrence

within 3 years after surgery.4 Therefore, exploring the mecha-

nisms related to recurrence and metastasis and identifying diag-

nostic biomarkers and potential therapeutic targets are impor-

tant tasks related to lung cancer.

An aberrant microbiome has been one of new hallmarks of

cancer and is deeply involved in the process of cancer progres-

sion, while the biological role of a specific bacteria might be

context specific.5,6 Bacteria belonging to the genus Lactoba-

cillus are well-known probiotics, but recent evidence suggests

that indole-producing bacteria, including Lactobacillus murinus,
Cell Rep
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promote pancreatic carcinoma growth by activating the

aryl hydrocarbon receptor pathway.7 For lung cancer, it has

been reported that the commensal microbiome contributes to

tumor cell proliferation by cross-talk with myeloid cells and gdT

cells. In our previous study, we also found that lung cancers

with different radiological features have distinct microbiome

composition and that alpha diversity is higher in the lung cancer

subtype with indolent clinical behavior.8 Identification of novel

bacterium related to lung cancer prognosis and the underlying

molecular mechanismmay lead to new diagnostic and therapeu-

tic strategies to improve survival outcomes for lung cancer.

In the current study, we investigated microbiome composition

of early-stage lung cancer with short or long recurrence-free sur-

vival (RFS) by 16S rRNA sequencing. Intratumor microbiome di-

versity was reduced in patients with short RFS, and butyrate-pro-

ducing bacteria were enriched in patients with lung cancer with

short RFS. The intratumor microbiome signature and pre-opera-

tive circulating microbiome DNA (cmDNA) could accurately
orts Medicine 5, 101488, April 16, 2024 ª 2024 The Author(s). 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Clinical characteristics of patients in 16S cohort

Clinical characteristics R (n = 29) NR (n = 29) p value

Recurrence-free survival

(years), mean ± SD

1.31 ± 0.83 5.01 ± 0.71 <0.001

Age (years), mean ± SD 59.14 ± 8.23 61.41 ± 9.65 0.338

Gender 0.793

Female 15 14 –

Male 14 15 –

BMI (kg/m2), mean ± SD 24.41 ± 2.57 24.37 ± 3.47 0.958

Smoking history 0.188

Yes 13 18 –

No 16 11 –

Tumor diameters (cm),

mean ± SD

2.19 ± 0.54 1.94 ± 0.67 0.127

Clinical T stage 0.242

T1a 1 4 –

T1b 12 14 –

T1c 16 11 –

TNM stage <0.001

I 10 29 –

II 5 0 –

III 14 0 –

Pathology 0.611

LUAD 26 28 –

LUSC 2 1 –

Others 1 0 –

R, recurrence group; NR, non-recurrence group; BMI, body mass index;

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma;

Others, lung adenosquamous carcinoma.
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predict lung cancer recurrence. We found that Roseburia, a well-

known butyrate-producing bacteria, could promote lung cancer

metastasis, and butyrate could directly promote lung cancer cell

invasion by increasing H19 and MMP15 expression, and induce

M2 macrophage polarization.

RESULTS

Tumor microbial diversity is associated with recurrence
in patients with resected lung cancer
To explore the association between intratumor lung tumor mi-

crobiome composition and recurrence of lung cancer, we first

established an early-stage lung cancer cohort including patients

who suffered recurrence within 3 years after surgery (recurrence

[R] group, median RFS 1.3 years) and clinical stage-matched

long-term survivors who survived more than 3 years without

recurrence (non-recurrence [NR] group, median RFS 4.9 years)

from our center (Figure S1A, 16S cohort). Patients in the R or

NR group were matched with respect to age, gender, BMI,

smoking history, clinical stage, tumor diameters, and pathology

(Table 1). In addition, the TNM stage was more advanced in pa-

tients in the R group than those in the NR group, which is consis-

tent with the characteristics of tumor recurrence. Bacterial DNA

was extracted from 58 patients with paired surgically resected

lung cancer tumor and adjacent normal lung tissue (29 R and
2 Cell Reports Medicine 5, 101488, April 16, 2024
29 NR), and taxonomic profiling via 16S rRNA gene sequencing

was performed. The species accumulation curve indicated that

the sequencing depth is adequate (Figure S1B).

We first measured the tumor microbial diversity using different

methodologies (observed taxonomic units, Shannon and Simp-

son indices) and found that the alpha diversity of the tumor mi-

crobiome, defined as the abundance and diversity of species

present within each tumor sample, was significantly higher in

NR patients compared to R patients (p = 0.002 for Shannon

and p = 0.001 for Simpson, Figure 1A). Similarly, the alpha diver-

sity of the normal lung microbiome was higher in NR patients

compared to R patients (p = 0.001 for Shannon and p = 0.004

for Simpson, Figure S1C). We then explored the relationship be-

tween lung cancer tumor microbial diversity and RFS by strati-

fying the patients in the two groups based on median diversity

obtained by Shannon index. As expected, we found that patients

with low alpha diversity have significantly decreased RFS

compared to those with high alpha diversity (hazard ratio

[HR] = 2.658, 95% confidence interval [CI]: 1.233–5.732, p =

0.0095, Figure 1B). Our findings indicate that the tumor alpha di-

versity could serve as a predictor for RFS in patients with re-

sected lung cancer, suggesting that the intratumor microbiome

may be involved in lung cancer recurrence.

To further extend our understanding of the role of microbiome

diversity and its association with recurrence, we compared the

overall microbiome composition in tumors between the R and

NR groups using microbial beta diversity. Principal-coordinate

analysis (PCoA) using Bray-Curtis distance showed clearly

different clusters between the R and NR groups (Figure 1C).

Analysis of similarity (ANOSIM) was performed to evaluate the

statistical difference between the microbiome compositions.

We found a significant difference of overall tumor microbiome

composition between the R and NR groups (R = 0.205, p =

0.001, Figure 1C). In addition, in normal lung tissues, a similar dif-

ference of overall microbiome composition was also found be-

tween the R and NR groups (ANOSIM R = 0.108, p = 0.003,

Figure S1D).

Tumor microbiome communities are significantly
different between R and NR patients
Considering the relationship between diversity and RFS in pa-

tients with lung cancer, we next sought to identify the differences

in microbial communities between R and NR patients. At the

phylum level, Firmicutes,Bacteroidetes, Proteobacteria, andAc-

tinobacteria were mainly compositions in both the R and NR

groups, regardless of whether they were tumor or normal lung

tissues (Figures 2A and S1E). Furthermore, the proportions of

Firmicuteswere increased, but the proportions of Proteobacteria

and Actinobacteriawere decreased, in tumor and normal tissues

of R patients compared those that in NR patients (Figures 2B and

S1F). At the genus level, Faecalibacterium, Roseburia, Blautia,

and Bifidobacterium showed relatively high abundance in both

groups (Figures 2A and S1G). Compared to the NR group, the

proportions of Roseburia and Blautia were increased, while the

proportions of Faecalibacterium and Bifidobacterium were

decreased, in the R group (Figures 2A and S1H).

In order to further identify the differential microbiota between

the R and NR groups and find potential microbial biomarkers,
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Figure 1. Intratumor microbial diversity correlates with recurrence of patients with lung cancer

(A) Alpha diversity in R and NR groups (observed species, Shannon, and Simpson indices).

(B) Kaplan-Meier plot of patients with lung cancer defined by alpha diversity.

(C) PCoA using Bray-Curtis metric distances of beta diversity.

R, recurrence group; NR, non-recurrence group; H, high diversity; L, low diversity; PCoA, principal coordinate analysis. The error bars indicate the standard

deviations. See also Figure S1.
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we performed linear discriminant analysis of effect size (LEfSe) at

the genus level. In tumor tissues, LEfSe revealed 22 features that

may discriminate between the R and NR groups (Figure 2C).

Roseburia was the most evident biomarker for the R group. We

also retrieved another cohort according to the same criteria at

Jiangsu Cancer Hospital (baseline clinical characteristics are

shown in Table S1). RT-PCR assays confirmed that Roseburia

was more abundant in the R group (Figure S1I). Bifidobacterium,
Helicobacter, and Akkermansia were biomarkers for the NR

group. Using the Lasso regression model for further selection,

we found six genera (Roseburia, Helicobacter, Gardnerella, Fla-

vonifractor, Coprococcus, and Anaerostipes) that may serve as

potential biomarkers to discriminate between the R and NR

groups. These six genera were significantly correlated with

RFS (Figure 2D). The relative abundances of these six genera

were significantly different between the R and NR groups
Cell Reports Medicine 5, 101488, April 16, 2024 3
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(Figure 2E), and genus predicting scores were then calculated

based on the proposed formula (Table S2). Patients were then

divided into high- and low-risk groups according to the median

predicting score. The Kaplan-Meier survival curve revealed

that RFS in the high-risk group was significantly shorter (HR =

6.543, 95% CI: 2.640–16.217, p < 0.001, Figure 2F). Importantly,

the genus predicting score was still an independent predictor of

RFS in the multivariate Cox regression model (HR = 5.549, 95%

CI: 2.669–11.535, p < 0.001, Table S3) after adjusting for the

TNM stage. The area under the curve (AUC) value of the genus

predicting score was 0.887 (Figure 2G).

LEfSe was also performed at the genus level to identify the dif-

ferential microbiota in normal lung tissue between the R and NR

groups. In normal lung tissues, LEfSe revealed 22 features that

may discriminate between the R and NR groups (Figure S2A).

Consistent with the findings in tumor tissue, Roseburia was the

most evident biomarker for the R group, and Bifidobacterium,

Helicobacter, and Akkermansia were biomarkers for the NR

group. In addition, the butyrate-producing bacteria Butyricicoc-

cus and Butyricimonaswere also features for the R group. Seven

genera (Akkermansia,Helicobacter,Butyricicoccus,Gp6, Lepto-

trichia, Rhodococcus, and Roseburia) were further identified to

discriminate between the R and NR groups using the Lasso

regression model. Six of these genera were significantly corre-

lated with RFS (Figure S2B). Differential abundances of these

seven genera in the R and NR groups were found (Figure S2C).

The genus predicting scores were then calculated based on

the proposed formula (Table S2). Patients were then divided

into high- and low-risk groups according to the median predict-

ing score. RFS was significantly shorter in the high-risk group

(HR = 3.731, 95% CI: 1.642–8.475, p = 0.002, Figure S2D).

Importantly, the genus predicting scorewas an independent pre-

dictor of RFS in the multivariate Cox regression model (HR =

2.456, 95% CI: 1.280–4.710, p = 0.007, Table S4) after adjusting

for the TNM stage. The AUC value of the genus predicting score

was 0.859 (Figure S2E).

cmDNA signatures are promising biomarkers for lung
cancer recurrence
Recently, cmDNA emerged as promising biomarkers in cancer

diagnosis.9 Therefore, we recruited another cohort to explore

the relation between cmDNA and lung cancer recurrence (Fig-

ure 3A, cmDNA cohort). A total of 63 patients with lung cancer

were enrolled, and their plasma was sequenced through

whole-genome sequencing. Patients in the R or NR group

showed no differences in age, gender, BMI, smoking history,

or pathology (Table S5). At the genus level, Acinetobacter, Cuti-
Figure 2. Intratumor microbiome communities are significantly differe

(A) Bar plots of the phylum (left) and genus (right) taxonomic levels in R and NR

(B) Phylum differences between R and NR patients.

(C) LDA score of features with different abundances between R and NR groups.

(D) Kaplan-Meier estimates for RFS probability of patients with different abundanc

right, Coprococcus, Gardnerella, and Roseburia.

(E) Six differentially abundant genera in genus predicting score.

(F) Kaplan-Meier plot of patients with lung cancer defined by genus predicting s

(G) ROC analysis of genus predicting score as predictive of RFS.

R, recurrence group; NR, non-recurrence group; T, tumor tissues; N, normal lung

receiver operating characteristics. The error bars indicate the standard deviation
bacterium, Comamonas, and Staphylococcus showed relatively

higher abundance in both groups (Figure S3A). As expected, we

found 22 shared genera in both plasma and tumor tissues of R

and NR patients, including Helicobacter and Gardnerella, which

were biomarkers in tumor tissues (Figure 3B; Table S6). Consis-

tent to some extent with tumor tissues, alpha diversity of the

cmDNA was higher in NR patients compared to R patients,

although no statistical difference was found (p = 0.74 for Shan-

non and p = 0.33 for Simpson, Figure 3C). Moreover, PCoA using

Bray-Curtis distance showed a difference in cmDNA between

the R and NR groups (ANOSIM R = 0.078, p = 0.018, Figure 3D).

The patientswere then randomly split into a discovery set (70%)

and a validation set (30%) formodel calibration and validation (Fig-

ure 3A). Seven generawith predictive probability were found using

MaAslin2 (Table S7). Klebsiella, Massilia, and Microbulbifer were

enriched in theRgroup,whileCutibacterium,Comamonas,Staph-

ylococcus, and Hydrogenophilus were enriched in the NR group

(Figures S3B and S3C). Principal-component analysis showed

clearly different clustersbetween theRandNRgroupsusing these

seven genera (Figures 3E and S3D). A random forestmodel based

on these seven genera was constructed and reached an AUC of

0.857 in the discovery set (Figure 3F). We used the validation set

to further evaluate the model and reached acceptable predictive

power (AUC=0.717,Figure3F), albeit lower than that in thediscov-

ery set. In addition, we also found that genus including Staphylo-

coccus,Massilia, and Klebsiella were significantly correlated with

RFS (Figure 3G). These results suggested that cmDNA signatures

werepromising non-invasive biomarkers for predicting recurrence

in early-stage lung cancer before surgery.

Microbiota-derived butyrate promotes progression of
lung cancer at low concentrations
Given that butyrate-producing bacteria, especially Roseburia,

were enriched in both tumor and normal tissues in the R group,

we further explored whether Roseburia can enhance lung cancer

progression. Using BLAST, we found that the sequence of Rose-

buria was most closely aligned with Roseburia intestinalis, which

was chosen for further experiments. Mice with subcutaneous

xenograft lung cancer were intratumorally injected with

R. intestinalis (Roseburia group) or PBS every 3 days. Introduction

of R. intestinalis into the subcutaneous xenografts in mice

increased tumor volume (p < 0.01; Figure 4A). Furthermore, lung

metastasis was only found in the Roseburia group (Figure S4A).

Various butyrate-producing bacteria such as Roseburia and

Butyricicoccus were disturbed in the R group, indicating that

butyrate may play a role in tumor recurrence and metastasis.

Previous studies have demonstrated that butyrate may play
nt between R and NR patients

patients with lung cancer. Relative abundance is used.

The criteria for differential feature is an LDA score >2.5.

es of intratumormicrobes. Left,Anaerostipes,Helicobacter, and Flavonifractor;

core.

tissues; LDA, linear discriminant analysis; RFS, recurrence-free survival; ROC,

s. See also Figure S2.

Cell Reports Medicine 5, 101488, April 16, 2024 5



A B

C D

E

G

F

(legend on next page)

6 Cell Reports Medicine 5, 101488, April 16, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
different roles in the intestinal tract.10 The butyrate concentration

is relatively lower in other organs and may promote tumor cell

proliferation in prostate cancer.11We explored the effect of buty-

rate concentration on the proliferation of lung cancer cells. CCK8

assay and colony-formation assay revealed that butyrate may

promote lung cancer cell proliferation at low concentrations

(1 mM), while a high concentration (5 mM) of butyrate sup-

pressed the proliferation of lung cancer cells (Figures 4B, 4C,

and S4B). Thus, we focused on the effect of butyrate at low con-

centrations on the migration and invasion of lung cancer cells.

We found that butyrate could promote the migration and inva-

sion ability of lung cancer cells (Figures 4D, 4E, S4C, and

S4D). Using lung-adenocarcinoma patient-derived organoids

(PDO), we found that adding butyrate could promote the produc-

tion of invasive strands in organoids, indicating that butyrate

could promote the invasion ability of lung cancer organoids

(Figure 4F).

To further evaluate the function of butyrate in vivo, we gener-

ated an orthotopic lung cancer model in C57BL/6J mice through

the injection of Lewis lung carcinoma (LLC) cells pre-treated with

or without butyrate (1mM). A significant increase in the volume of

lung in situ tumorswas observed in the butyrate group compared

to that in the negative control group (Figures 4G and S4E). We

then established an LLC tail vein metastasis model in C57BL/6

mice. Mice were aerosolized with vancomycin (10 mg/mL) and

neomycin (20 mg/mL) for a week to reduce the interference of

commensal lung microbiome. Then, mice were injected intrave-

nously through the tail vein with LLC cells and aerosolized with

saline or butyrate (40 or 200 mM). The number of lung metasta-

ses in the low-concentration butyrate group (40 mM) was higher

than that in the saline group, although the difference was not sta-

tistically significant (Figure 4H). The number of lung metastases

in the high-concentration butyrate group (200 mM) was similar

to that of the saline group. In addition, we found that the

maximum volume of lung metastases was significantly larger in

the low-concentration butyrate group (40 mM) than that in the

saline group (Figure S4F). These findings suggested that buty-

rate at low concentrations may promote the migration, invasion,

and metastasis of lung cancer cells.

Butyrate promotes the progression of lung cancer
though upregulation of H19
To further explore the underlying mechanism of butyrate in lung

cancer progression, transcriptome sequencing was performed

in A549 cells treated with or without butyrate (1 mM). Differential

gene expression analysis revealed 2,680 upregulated genes and

656 downregulated genes in the butyrate group (Figure 5A).

Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
Figure 3. Circulating microbiome DNA could distinguish R and NR pat

(A) Flowchart of circulating microbiome DNA analysis.

(B) Venn plot of shared genus in tumor and plasma.

(C) Alpha diversity of circulating microbiome DNA in R and NR patients (Shanno

(D) PCoA of circulating microbiome DNA in R and NR patients using Bray-Curtis

(E) PCA using circulating microbiome DNA biomarkers in discovery set.

(F) ROC analysis of circulating microbiome DNA signature as predictive of R pat

(G) Kaplan-Meier estimates for RFS probability based on the abundance levels o

R, recurrence group; NR, non-recurrence group; PCoA, principal-coordinate an

teristics. The error bars indicate the standard deviations. See also Figure S3.
pathway analysis of upregulated genes suggested that various

genes related to cell adhesion and connection, such as neuroac-

tive ligand-receptor interaction, extracellular matrix (ECM)-recep-

tor interaction, and cell adhesion molecules were enriched in the

butyrate group (Figure S5A). Then, we generated a gene signature

using upregulated genes after butyrate treatment and classified

patients with lung cancer in TCGA dataset according to dis-

ease-free survival (DFS; < or >3 years). Gene set enrichment anal-

ysis was performed, and the gene signature upregulated by buty-

rate was significantly enriched among patients with DFS <3 years

(Figure 5B).We further screened the upregulated genes according

to intracellular expression (count > 100) and finally got 438 upre-

gulated genes (Table S8), of which H19 was the most significantly

upregulated (fold change [FC] = 36.34, p < 0.001, Figure 5A). In

A549 and H1299 cell lines, we found that butyrate could signifi-

cantly increase the expression of H19 (Figures 5C and S5B).

H19 is a long non-coding RNA that plays an important role in

the progression and metastasis of various tumors including lung

cancer.12–14 Higher expression of H19 was correlated with

advanced TNM stage and shorter RFS in TCGA non-small cell

lung cancer datasets (Figures S5C and S5D).

Previous studies have reported that histone deacetylase 2

(HDAC2) can inhibit the expression of H19 through H3K27 de-

acetylation to inhibit cancer metastasis and butyrate could

inhibit HDAC2.15,16 Therefore, we speculated that butyrate may

increase the expression of H19 through regulating HDAC2 and

H3K27 acetylation. In A549 cells, we found that butyrate could

inhibit the expression of HDAC2 at both the mRNA and protein

levels (Figures 5D and 5E). Inhibition of HDAC2 through butyrate

could promote histone H3K27 acetylation (Figure 5E). Chromatin

immunoprecipitation experiments confirmed that HDAC2 can

bind to the H19 promoter and butyrate treatment can inhibit

this binding (Figure 5F). Inhibition of HDAC2 through butyrate in-

creases the level of H3K27 acetylation at the H19 promoter (Fig-

ure 5G). Meanwhile. silencing H19 showed no effect on the ex-

pressions of HDAC2 and H3K27 acetylation (Figures S5E–

S5G). We then inferred that butyrate might promote lung cancer

cell progression via the H19.

Since H19 is a non-coding RNA that does not have a protein

product, we thus further explore the downstream target of H19.

A lot of evidence has shown that H19 could promote the expres-

sion of various matrix metalloproteinases (MMPs).16,17 Transcrip-

tome sequencing data showed that MMP15 was significantly up-

regulated in the butyrate group (FC = 5.95, p < 0.001, Figure 5A).

Additionally, PDO assays also confirmed that butyrate treatment

induced more MMP15 secretion (Figure 5H). MMP15 was re-

ported to participate in the metastasis of liver cancer, non-small

cell lung cancer, and other tumors.18,19 Immunohistochemistry
ients

n and Simpson indices).

metric distances of beta diversity.

ients in discovery and validation sets.

f microbes in plasma. Left, Staphylococcus; middle, Massilia; right, Klebsiella.

alysis; PCA, principal-component analysis, ROC, receiver operating charac-
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Figure 4. Butyrate promotes the progression of lung cancer at low concentrations

(A) Intratumor injection of Roseburia promotes lung cancer growth in the subcutaneous xenograft model.

(B) CCK8 assay of lung cancer cells treated with butyrate at different concentrations. Data depict one representative experiment of three independent experi-

ments; duplicate conditions for each experiment.

(C) Colony-forming assay of butyrate at different concentrations in A549 cells. Data depict one representative experiment of three independent experiments;

duplicate conditions for each experiment.

(D) Wound-healing assay of lung cancer A549 cells treated with butyrate (1 mM). Data depict one representative experiment of three independent experiments;

duplicate conditions for each experiment.

(E) Transwell assay of lung cancer A549 cells treated with butyrate (1 mM). Data depict one representative experiment of three independent experiments;

duplicate conditions for each experiment.

(F) Butyrate treatment induces invasive morphology of lung-adenocarcinoma-derived organoids. Data depict one representative experiment of two independent ex-

periments.

(G) Orthotopic lung cancer model in C57BL/6J mice through injection of LLC cells pre-treated with or without butyrate (1 mM).

(H) LLC tail vein metastasis model in C57BL/6 mice. Mice were aerosolized with vancomycin (10 mg/mL) and neomycin (20 mg/mL) to reduce the interference of

the lung microbiome. Then, mice were injected intravenously through the tail vein with LLC cells and aerosolized with saline or butyrate (40 or 200 mM).

p values were calculated by non-paired Student’s tests. *p < 0.05, **p < 0.01, and ***p < 0.001. The error bars indicate the standard deviations. See also Figure S4.
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Figure 5. Butyrate promotes lung cancer progression through increasing H19 expression

(A) Volcano plot of differentially expressed genes in A549 cells treated with butyrate (1 mM).

(B) Gene set enrichment analysis of upregulated genes induced by butyrate in TCGA patients with lung cancer.

(C) Expression of H19 in lung cancer cells treated with butyrate (1 mM). Data depict one representative experiment of three independent experiments; duplicate

conditions for each experiment.

(D) Expression of HDAC2 in A549 cells treated with butyrate (1 mM).

(E) Detection of HDAC2 (top) and H3K27 acetylation (bottom) by western blot. Data depict one representative experiment of three independent experiments.

(legend continued on next page)
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showed that the expression of MMP15 was significantly higher in

the tumor tissues of the R group (Figure 5I). We also found that

higher expression of MMP15 was correlated with late TNM stage

and short RFS in non-small cell lung cancer through TCGA data-

sets (Figures S5H and S5I). In A549 or H1299 cells, butyrate could

significantly increase the expression ofMMP15 at both themRNA

and protein levels (Figures 5J and S5J). Conversely, silencing H19

inhibited MMP15 expression in A549 and H1299 cells (Figures 5K

and S5K).

We designed functional rescue experiments in which we

treated A549 or H1299 cells with low-concentration butyrate

and then silenced H19 in cells (Figures 5L and S5L). As shown

by wound-healing assay, low-concentration butyrate promoted

the migration of lung cancer cells, and the migration advantage

conferred by butyrate treatment was partially reversed by H19

silencing. These results suggested that butyrate at low concen-

trations may inhibit HDAC2 and its binding to the H19 promoter

region, thereby increasing the level of H3K27 acetylation at the

H19 promoter region, and further increase the expression of

H19 and promote lung cancer cell progression.

Butyrate facilitates polarization of M2 macrophages
It has been reported that butyrate could modulate the differenti-

ation of immune cells, such as regulatory T cells and macro-

phages.20,21 While M2 macrophages in the tumor microenviron-

ment could promote the invasion and metastasis of tumor

cells,22,23 we hypothesized that low-concentration butyrate

may facilitate the polarization of macrophages from M0 to M2,

thus promoting tumor metastasis. Bone marrow-derived macro-

phage (BMDM) or RAW264.7 cells were polarized to the M2

phenotype by interleukin-4 (IL-4) treatment (the M2 group repre-

sents macrophages treated with IL-4 in the following experi-

ments), and then M2s were treated with various concentrations

of butyrate (0, 0.5, and 1mM; Figures 6A and S6A). IL-4 success-

fully induced M2 polarization, which is evidenced by increased

expression of Arg1, Ym1, and Fizz1 in BMDM or RAW264.7 cells

(Figures 6A and S6A). In BMDM cells, the relative expression of

Arg1, Fizz1, and Ym1 was considerably higher in M2-BMDMs

exposed to 0.5 mM butyrate for 24 h (Figure 6A). In RAW264.7

cells, the addition of 0.5 mM butyrate further increased the

expression of Arg1 and Ym1 relative to the M2 group (Fig-

ure S6A). The effect on Arg1 was most striking in both BMDM

or RAW264.7 cells. Western blot analysis confirmed enhanced

Arg1 protein expression after butyrate treatment (Figures 6B

and S6B). In a tail vein metastasis model, immunohistochemistry

revealed that expression of Arg1 in the lung metastases of the

low-concentration butyrate group was significantly higher than
(F) Chromatin immunoprecipitation (ChIP) analysis of HDAC2 enrichment at the pr

depict one representative experiment of three independent experiments; duplica

(G) ChIP analysis of H3K27 acetylation at the promoter of H19 gene in A549 c

experiment of three independent experiments; duplicate conditions for each exp

(H) Butyrate treatment induced more secretion of MMP15 in lung cancer organo

(I) Immunohistochemical experiments found MMP15 expression was higher in R

(J) Expression of MMP15 in lung cancer cells treated with butyrate (1 mM). Data

(K) Expressions of H19 and MMP15 mRNA after transfection of si-H19. Data dep

(L) Rescue experiments in A549 cells.

p values were calculated by non-paired Student’s tests. Data depict one represe

each experiment. *p < 0.05, **p < 0.01, and ***p < 0.001. The error bars indicate
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that of the other two groups (Figure 6C). Co-staining of Arg1

and CD206 also indicated more M2 macrophages in butyrate

group in tail vein metastasis model and orthotopic lung cancer

model (Figure S6C). Furthermore, co-staining of ARG1 and

CD206 also revealed more M2 macrophage presence in tumor

tissues of R patients (Figure 6D). Collectively, these data indi-

cated that butyrate facilitated M2 macrophage polarization.

It has been demonstrated that M2 macrophages can promote

the migration and invasion of tumor cells by secretion of various

cytokines, such as IL-10 and IL-13.24,25 Culturemedium (CM) su-

pernatant ofM2macrophages with or without butyrate treatment

was collected and analyzedwith theQuantibodymouse cytokine

array. The results showed that CM from butyrate-treated M2

macrophages contained more IL-10, IL-13, and MIP3a (Fig-

ure 6E), which were reported to correlate with tumor metastasis.

Accordingly, themigration- and invasion-promoting effect of CM

from M2-BMDMs was significantly increased when M2-BMDMs

had been treated with butyrate (Figures 6F, 6G, and S6D).

To further confirm whether macrophages are involved in the

butyrate-induced metastasis in vivo, we established an LLC tail

vein metastasis model and depleted macrophages by clodronate

liposomes (Figure6H).Compared tocontrol liposomes, clodronate

liposome treatment remarkably depleted macrophages in periph-

eral blood (Figure 6I) and liver (Figure S6E), and removal of macro-

phages attenuated the pro-metastasis function of butyrate

(Figures6JandS6F).Together, thesedatademonstrated thatmac-

rophages are involved the metastasis-promoting function of

butyrate.

DISCUSSION

In this study, we have performed a comprehensive analysis of the

intratumor microbiome in a cohort of R and NR patients with lung

cancer. Overall, we demonstrate that the diversity and composi-

tion of tumor microbiome were related to recurrence in lung can-

cer. Increasingevidencesuggests that reduced tumormicrobiome

diversity is associated with poor survival of patients with can-

cer.26,27 We found that lower tumor microbiome diversity was

significantly related to reduced RFS. Furthermore, genus predict-

ing scoreswith specific bacterial genus in tumor or normal lung tis-

sues showedgoodperformance in predictingRFS. cmDNAsigna-

tures also showed remarkable predictive performance in

discovery and validation sets. Another finding was that butyrate-

producing bacteria such as Roseburia were disturbed and corre-

lated with reduced RFS. Butyrate was reported to inhibit cell pro-

liferation at high concentrations and promote cell proliferation at

low concentrations.10,11 Interestingly, we demonstrated that
omoter of H19 gene in A549 cells treated with or without butyrate (1 mM). Data

te conditions for each experiment.

ells treated with or without butyrate (1 mM). Data depict one representative

eriment.

ids.

patients.

depict one representative experiment of three independent experiments.

ict one representative experiment of three independent experiments.

ntative experiment of three independent experiments; duplicate conditions for

the standard deviations. See also Figure S5.
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Figure 6. Butyrate facilitates M2 macrophage polarization and invasion-promoting function

(A) BMDMs were treated with different concentrations of butyrate for 24 h. Expression of Arg1, Ym1, and Fizz1 was measured by RT-qPCR. Data depict the

aggregate of three independent experiments.

(B) Detection of Arg1 by western blot (0.5 mM butyrate was used). Data depict one representative experiment of three independent experiments.

(legend continued on next page)
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butyrate at low concentrations could promote lung cancer pro-

gression by upregulating H19 and facilitatingM2macrophage po-

larization (Figure 7).

Previous studies have shown that lower airway microbiota was

associated with the recurrence of lung cancer and could promote

tumor progression.28,29 However, the association between the tu-

mor microbiome and recurrence in lung cancer remains unclear.

Our findings suggested that lung cancer tumor microbiome diver-

sity was significantly lower in the R group and related to reduced

RFS, indicating that the tumor microbiome may influence tumor

recurrence. Importantly,we foundasignature of six tumorbacterial

genera (Roseburia,Helicobacter,Gardnerella, Flavonifractor,Cop-

rococcus, and Anaerostipes), which may serve as potential bio-

markers to stratify patients for recurrence. Furthermore, Poore

et al. proposedanovel cancer diagnostic approachwith preferable

accuracy throughmicrobiomeanalysesofblood.30They found that

cmDNA could diagnosis lung cancer. In this study, we found that

cmDNA signatures showed good performance for recurrence

prediction in both discovery and validation sets. cmDNA has the

potential to become a non-invasive biomarker for recurrence

prediction. However, large-scale studies are needed to further vali-

date the reliability of tumor or cmDNA signatures in cancer

diagnoses.

Roseburia is a well-known butyrate-producing bacteria and

was reported to inhibit inflammation in the intestinal tract.31 How-

ever, Roseburiawasenriched in both tumor and normal tissues of

the R group andwas related to reduced RFS in the current study.

Similar toour findings,Peters et al. found thatRoseburia in normal

lung tissueswasassociatedwith reduced survival in patientswith

lung cancer.32 In a subcutaneous xenograft mouse model, we

found that intratumoral injection of Roseburia increased tumor

volume. These findings indicated that microbiota may perform

different functions outside the gut. Previous studies have demon-

strated that butyratemay play different roles in the intestinal tract

according to its concentration.10 The butyrate concentration is

relative lower in other organs and may promote tumor cell prolif-

eration in prostate cancer.11We found that various butyrate-pro-

ducing bacteria such as Roseburia were disturbed in the tumor

and normal lung tissue of patients with lung cancer with recur-

rence. Functional assays showed that butyrate at low concentra-

tions could promote lung cancer cell proliferation to a certain

extent, while butyrate at high concentrations inhibits lung cancer

cell proliferation. Moreover, butyrate at low concentrations could

promote lung cancer cell migration and invasion. Mechanisti-

cally, genes upregulated by low-concentration butyrate enriched

pathways related to cell adhesion and connection, such as ECM-
(C) Expression of Arg1 in lung metastases in mice aerosolized with saline or buty

(D) Co-staining of ARG1 and CD206 in the tumor tissues of NR and R groups.

(E) Elevated IL-10, IL-13, and MIP3a were found in culture media from M2 macro

(F) Migration ability of LLC cells treated with culture media from BMDMs treated w

three independent experiments; duplicate conditions for each experiment.

(G) Invasion ability of LLC cells treated with culture medium from macrophage

experiment of three independent experiments; duplicate conditions for each exp

(H) LLC tail vein metastasis model in C57BL/6 mice with or without removal of th

(I) Detection of macrophages in peripheral blood of mice treated with clodronate

two independent experiments.

(J) Removal of macrophages attenuated the pro-metastasis function of butyrate

p values were calculated by non-paired Student’s tests. *p < 0.05, **p < 0.01, and *
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receptor interaction, and cell adhesion molecules. Cell adhesion

and connectionmolecules play important roles in tumor progres-

sion and metastasis.33 H19 is a long non-coding RNA that plays

an important role in the progression andmetastasis of various tu-

mors including lung cancer.12–14 We found that butyrate treat-

ment significantly increased the expression of H19. Acetylation

is the most common post-translational modification of histones

and is regulated by HDAC.34,35 Histone H3K27 acetylation is a

hallmark of transcriptional activation of gene expression.36 Previ-

ous studies have found that histone H3K27 acetylation promotes

cancer progression in colon cancer, lung cancer, breast cancer,

and other tumors.36–38 We found that butyrate could inhibit

HDAC2 expression and increase histone H3K27 acetylation. Hu

et al. demonstrated that HDAC2 could inhibit the expression of

H19 through H3K27 deacetylation to inhibit cancer metastasis.16

Our findings showed that butyrate at low concentrations could

inhibitHDAC2and its binding to theH19promoter region, thereby

increasing the level of H3K27 acetylation in the H19 promoter re-

gion, and further increase the expression of H19 and promote

lung cancer cell progression. In addition, we also found that

MMP15, whichwas reported to promote lung cancermetastasis,

was upregulated by butyrate. H19 could regulate multiple

MMP expression through sponging microRNAs.16,17 We found

that silencing H19 could inhibit MMP15 expression. However,

the mechanism of H19 regulating MMP15 needs further

exploration.

In the tumor microenvironment, M2 macrophages play impor-

tant roles in tumor progression and metastasis.22,23 Ji et al. found

that butyrate facilitatesM2macrophage polarization in BMDMs.39

In the current study, we found that butyrate promotes IL-4-medi-

ated M2macrophage polarization in RAW264.7 and BMDM cells.

The specific marker of the tumor-associated macrophage, Arg1,

was significantly upregulated by butyrate. M2 macrophages can

enhance the migration and invasion ability of tumor cells mainly

by secreting cytokines, chemokines, and proteases.22,23 Notably,

using culture supernatant, we found that butyrate could enhance

the ability of M2 macrophages to promote tumor cell migration

and invasion. These findings indicated that butyrate may promote

tumor progression and metastasis by facilitating M2macrophage

polarizationand function. Further studiesareneeded to identify the

underlying mechanism through which butyrate regulates M2

macrophage polarization and function.

Conclusion
In conclusion, we found that the intratumor microbiome and

cmDNA signatures are promising biomarkers in determining
rate (40 or 200 mM).

phages treated with butyrate.

ith or without butyrate (0.5 mM). Data depict one representative experiment of

s treated with or without butyrate (0.5 mM). Data depict one representative

eriment.

e macrophages by clodronate liposomes.

liposomes or control liposomes. Data depict one representative experiment of

.

**p < 0.001. The error bars indicate the standard deviations. See also Figure S6.
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the recurrence of patients with lung cancer. The dysbiosis

of butyrate-producing bacteria may contribute to the

tumor recurrence. Butyrate at low concentrations may

promote tumor progression and metastasis through upregu-

lating H19 and facilitating M2 macrophage polarization and

function.
Limitations of the study
First, sample size of the validation cohorts was limited; thus,

caution should be taken when expanding to different popula-

tions. Second, the concentration of butyrate may be dynamic

in the tumor microenvironment and difficult to be accurately de-

tected. Future analysis using a novel targeted metabolomics
Cell Reports Medicine 5, 101488, April 16, 2024 13
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method might provide more evidence. Third, we found that

removal of macrophages attenuated the pro-metastasis function

of butyrate; however, no statistical difference was achieved

because of the limited number of mice in each group. In addition,

neutralizing antibodies against the cytokines are needed to

further explore the mechanism of butyrate on M2 macrophage

polarization.
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Data and code availability
d The raw 16S rRNA sequencing data reported in this paper have been deposited in the Genome Sequence Archive of the Beijing

Institute of Genomics (BIG) Data Center, BIG, Chinese Academy of Sciences, under accession code HRA006107 and are pub-

licly accessible at http://bigd.big.ac.cn/gsa-human.

d All original code has been deposited at Mendeley Data and is publicly available as of the date of publication. DOIs are listed in

the key resources table.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and samples
This study was approved by the ethics committee of Peking University People’s Hospital (No. 2020PHB292-01). Patents and related

samples were selected from specimen repository in our center between 2013 and 2018 according to follow criteria: 1. Clinical stage I

lung cancer; 2. Received radical surgery; 3. Recurrence or death in 3 years. We excluded subjects with a prior history of cancer and

antibiotic use (less than 1 month) or neoadjuvant therapy before surgery. Twenty-nine patients were included as recurrence group

(R) and after matching for various clinicopathologic variables, 29 patients without known recurrence (NR) was chosen to the recur-

rence group (16S cohort). Detailed clinical and pathologic information on the patients is presented in Table 1. Tumor and normal lung

specimens were frozen in a liquid nitrogen tank immediately after resection in a sterile environment, and then transferred to �80�C
until processing for DNA extraction. Another cohort of 63 treatment-naive lung cancer patients with R and NR were enrolled in this

study according to above-mentioned criteria (cmDNA cohort). Detailed clinical and pathologic information on the patients is pre-

sented in Table S5. Plasma samples were collected before surgery and transferred to �80�C until processing for DNA extraction.

The samples used in Figure S1I were obtained from biobank of Jiangsu Cancer Hospital (Jiangsu Institute of Cancer Research &

The Affiliated Cancer Hospital of Nanjing Medical University).

Cell lines and reagents
All cell lines (A549, NCI-H1299, LLC and RAW 264.7) were obtained from the Cell Bank of the Chinese Academy of Sciences

(Shanghai, China). LLC and RAW 264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, 2125039),

and others were cultured in RPMI 1640 medium (Gibco, 2122752). All media contained 10% fetal bovine serum (FBS) and 100U

per mL of penicillin–streptomycin. All cell lines were grown at 37�C with 5% CO2. Sodium butyrate (Solarbio, IS0190) was used

for butyrate-related experiments. Roseburia intestinalis (DSMZ-14610) was purchased from Deutsche Sammlung von Mikroorganis-

men und Zellkulturen GmbH (Braunschweig, Germany) and grown anaerobically at 37�C inmodified YCFAmedium.45 The number of

live bacteria (colony-forming units, CFU) was counted according to the absorbance at 600 nm (A600).

Bone marrow–derived macrophage (BMDM) isolation and differentiation
BMDMswere isolated as previously describedwithminormodification.46 Six-week-old C57BL/6micewere euthanized and sterilized

with 75% ethanol. The femurs were dissected and muscle tissue was removed using scissors. Then, the bones were cut from both

ends and flushed with medium using a 1-mL syringe to extrude the bonemarrow into a culture dish. Bonemarrow cells were cultured

in DMEM containing 10% FBS and 20 ng/mL macrophage colony stimulating factor (M-CSF) for 6 days to obtain BMDMs. Then, IL4

(20 ng/mL) was added to generate full alternatively activated M2-BMDMs.

Lung cancer derived organoids culture
Human lung cancer samples were transported to the laboratory on ice within 0.5 h of removal from the patients in cold Hank’s

balanced salt solution (HBSS) with antibiotics (Lonza, Basel, Switzerland). Samples were washed three times with cold HBSS

with antibiotics, then minced and shaken in digestion solution containing 0.001% DNase (Sigma-Aldrich, MO, USA), 1 mg/mL

collagenase/dispase (Roche, IN, USA), 200 U/mL penicillin, 200 mg/mL streptomycin in DMEM/F12 medium at 37�C for 0.5 h

with intermittent agitation. After incubation, the suspensions were repeatedly triturated by pipetting and passed through

100 mm cell strainers (BD Falcon, CA, USA). The strained cells were centrifuged at 1000 rpm for 5 min, and the pellet were washed

with 1 mL cold HBSS. Then centrifugation at 1000 rpm for 1 min, remove supernatant, the organoids were embedded into matrigel

(356231, Corning) at a density of 1 organoid per mL and plated in a 24 Well Cell Culture Plates (3337, Corning) for 15 min. After

gelation, 600 mL MBM serum-free medium (DMEM/F12, Gibico) supplemented with 50 ng/mL human EGF (AF-100-15, Peprotech),

100 ng/mL FGF10 (100-26, Peprotech), 100 ng/mL FGF4 (100-31, Peprotech), B27(17504-044, Gibco), and 1% penicillin/strepto-

mycin (Gibco, OK, USA) was added to the well. The medium was changed every 3 days, and the organoids were passaged after

10–14 days.
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Animals
All procedures were approved and performed in accordance with relevant guidelines of the Animal Care Committee of Peking Uni-

versity People’s Hospital (No. 2018PHC066). Male C57BL/6 mice (4–6 weeks, 18-20g) were purchased from Charles River (Beijing,

China) and were maintained in the barrier facility.

For LLC mice metastasis model, mice were aerosolized with vancomycin (10 mg/ml) and neomycin (20 mg/ml) for 1week, and

randomly divided into three groups (4 mice in each). Then, mice were aerosolized with saline or butyrate (40mM or 200mM) every

2 days for 3 weeks. All mice were intravenous tail vein injected with 13106 LLC cells 1 day after the first treatment, and the number

of melanotic foci was counted 3 weeks later.

Another group of mice were aerosolized with vancomycin (10 mg/ml) and neomycin (20 mg/ml) during the first week and then

randomly divided into four groups (8mice in each). Starting from the sixth day of aerosolized antibiotics, mice received intraperitoneal

injections of either clodronate liposomes or control liposomes every 5 days. Subsequently, mice were aerosolized with saline or buty-

rate (40mM) every 2 days for a duration of 3 weeks. On the first day after the initial treatment, all mice were intravenously injected with

1x106 LLC cells via the tail vein. The number of metastatic tumor foci was then counted after 4 weeks.

An orthotopic lung cancer model was generated in C57BL/6J mice as described previously with small modification.47 LLC cells

was pretreated with DMEM with or without butyrate (1mM) for 24h. Then, 53105 LLC cells mixed with Matrigel (BD, 356324) were

injected into the left lungs of mice. All mice were euthanized at d 21 after the injection of tumor cells.

For subcutaneous xenograft mouse model, 13106 LLC cells were subcutaneously injected into one flank of each mouse. Seven

days after subcutaneous inoculation, the mice were randomly divided into different groups. R. intestinalis resuspended in PBS was

adjusted to 106 CFU/100ul. R. intestinalis suspension or PBS was given by multipoint intratumoral injection every three days. The

mice were euthanized before the tumors were dissected 2 weeks later.

METHOD DETAILS

DNA extraction and 16s gene sequencing
16S rRNA sequencing was performed by the Microbial Genome Research Center (IMCAS, Beijing, China). Briefly, DNA of the tissue

sample was extracted and the V3 and V4 regions of the bacterial 16S rDNA gene were amplified. Purified amplicons were pooled in

equimolar amounts and paired-end sequenced (2 3 250) on an Illumina MiSeq platform according to standard protocols. FLASH

software (version 1.2.11, https://ccb.jhu.edu/software/FLASH/index.shtml) was used to merge paired-end reads from next-genera-

tion sequencing.48 Low-quality reads were filtered by FASTX Toolkit (version 1.2.11, http://hannonlab.cshl.edu/fastx_toolkit/), and

chimera reads were removed by USEARCH (version 11) program’s UCHIME command and the ‘‘GOLD’’ database. After a random

selection of 20,000 reads, the taxonomical classification of reads was determined using the RDP classifier (version 2.7) to generate

the composition matrices at the level of the phylum to the genus.49 A bootstrap value >0.8 was considered as high-confidence tax-

onomy assignment, while low-confidence sequences were labeled as unclassified assignment. Alpha diversity in our samples were

calculated and displayed by vegan R package. Principal coordinate analysis (PCoA) was performed to visualize the Beta diversity

between different groups. The linear discriminant analysis (LDA) effect size (LEfSe) method was used to detect microbial biomarkers

(|LDA| score >2.5 and P ＜0.05) among different groups.50 Lasso regression model was used to further selection of microbial bio-

markers. The genus predicting score was generated as follows: genus predicting score = b1x1 + b2x2 + + bixiwhere bi is the coefficient

of each genus and xi is the relative abundance of each genus.

Circulating microbiome DNA sequencing and analysis
Whole blood was collected in EDTA tubes after skin surfaces were sterilized twice and processed immediately. Plasma and cellular

components were separated by centrifugation at 1600g for 10min at 4�C. Plasmawas centrifuged a second time at 16,000 g at 4�C to

remove any remaining cellular debris and stored at �80�C until the time of DNA extraction. NGS cfDNA libraries were prepared for

whole genome sequencing using 10 to 250 ng of cfDNA. Briefly, the Qubit dsDNA HS Assay Kit was used to measure cfDNA con-

centrations according to the manufacturer’s recommendations. Then, genomic libraries were prepared using the VAHTS Universal

DNA Library Prep Kit for Illumina V3. Whole genome libraries were sequenced using 100-bp paired-end runs on the DNBSEQ-T7,

which was performed by Geneplus-Beijing Institute (Beijing, China). All sequence reads were first mapped to reference sequence

hg19 (Human Genome version 19) using Bowtie2 (v2.3.5.1) with default parameters. Reads that mapped to human genome were

removed using Samtools software. The filtered reads were mapped to NCBI microbial reference genome databases using k-mer-

based algorithmwith Kraken. Relative abundance at bacterial genus level were estimated by Brakenwith recommended parameters.

We used the MaAslin2 software40 to get genera with top predictive ability in discovery set with q value < 0.25. Random forest model

with selected genera as input was constructed with the caret package and the randomForest R package.41 The receiver operating

characteristics (ROC) curve and class predictions were generated by pROC R package.42

RNA sequencing and analysis
High-throughput sequencing was performed by Annoroad Gene Technology Corporation (Beijing). Sequencing libraries were gener-

ated using NEBNext Ultra RNA Library Prep Kit for Illumina (#E7530L, NEB, USA) following themanufacturer’s recommendations and

index codes were added to attribute sequences to each sample. and then analyzed for quality on Agilent Bioanalyzer 2100 system
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(Agilent Technologies, CA, USA). After cluster generation, the libraries were sequenced on an Illumina platform and 150 bp paired-

end reads were generated. Reads were aligned to the human genome (Ensembl release 82- GRCh38) using HISAT2 v2.1.0 and

default parameters. Reads Count was counted by HTSeq v0.6.0,43 and FPKM was then calculated to estimate the expression level

of genes. DESeq244 was used for differential gene expression analysis. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway analysis of differential expression geneswere performed, with adjusted p < 0.05 and absolute fold change

(FC) > 2. The differentially upregulated genes were used as a gene signatures in GSEA analyses. GESA was performed using

GSEABase R package.

In addition, the expressions of H19 and MMP15 and their relationship with disease-free survival in TCGA-NSCLC cohort were

analyzed through Gene Expression Profiling Interactive Analysis 2 (http://gepia2.cancer-pku.cn/).

RNA extraction and qRT-PCR analysis
RNA extraction and qRT-PCR were performed as described previously.51 The gene expression levels were normalized to internal

controls (GADPH or 18S), and the 2�DDCt method was used to calculate the fold changes in expression. The primers used are indi-

cated in Table S9.

Construction of small interfering RNAs (siRNAs) and transfection of cells
SiRNAs were designed and synthesized by Tsingke Biological Technology (Beijing, China). Lung cancer cells were seeded in 6-well

platesand24h later, at a confluenceof 60–70%,were transfectedwith specific siRNA (100nM) or control siRNA (100nM) usingLipofect-

amine RNAiMAX according to the manufacturer’s protocol (Invitrogen, 13778100). All siRNA sequences used are listed in Table S10.

Cell proliferation, migration, and invasion
Cellswereseeded intoa96-well plateand incubated inculturemediumwithvariableconcentrationsofbutyrate for24h.Subsequently, the

cellswere labeledusingaCellCountingKit-8 (CCK8) (Biosharp,BS350A) for 2h. Theabsorbanceof eachwellwasmeasuredwithamicro-

plate reader set at 450nm. Colony forming assays were performed to evaluate the clonogenic ability of the cells. Wound healing assays

and transwell assayswere performed to evaluate themigration and invasion capabilities, respectively. A549 orH1299cellswere grown in

24-well plastic dishes and treatedwith butyrate or control for 24h. Then, 43 104 cells in serum-freemediumwere seeded in the transwell

migration chambers (Millipore, PIEP12R48) with orwithout dilutedMatrigel (BD, 356324).Mediumcontaining 10%FBSwas added to the

lower chambers. For LLC, cells were resuspended in 200mL serum-free DMEM and seeded to the upper chamber. CM (500mL) from

BMDMs or RAW264.7 cultured in the presence or absence of butyrate was added to the lower chamber. Migrated and invaded cells

were stained with crystal violet and were then counted using a light microscope. Each experiment was performed in triplicate.

Chromatin immunoprecipitation (ChIP) and qPCR
The ChIP assay kit (Beyotime Institute of Biotechnology, P2078) was used according with the manufacturer’s protocol. In briefly,

A549 cells were cross-linked with 1% formaldehyde for 10min at 37 �C, collected in SDS lysis buffer. After sonication, the cell extract

was incubated with anti-HADC2 (12922-3-AP), anti-Histone H3 (acetyl K27, ab177178) or control anti-IgG antibody overnight at 4�C.
Protein A +G-agarose beadswere added and incubated for 1 h at 4 �C. After reversing the cross-links and purification, DNAwas used

for qPCR reactions. The ChIP PCR primers used were indicated in Table S9.

Western blot analysis
Cells were lysed RIPA buffer (Cell Signaling Technology, 9806S) containing a protease inhibitor and phosphatase inhibitor cocktail

(Sigma, MSSAFE-1VL). The concentration of the extracted protein was measured using the BCA method, and samples were sub-

jected to SDS-PAGE. Proteins were transferred to polyvinylidene fluoride membranes (Millipore, SAMP2GVNB), which were blocked

at room temperature for 1h in 5.0% non-fat milk and incubated overnight at 4�C with primary antibodies. Membranes were washed

three times with TBST and incubated with the corresponding HRP-conjugated secondary antibodies for 2 h at room temperature.

Protein detection was performed using a chemiluminescence system (Bio-Rad, USA).

Histology immunohistochemistry (IHC) and Immunofluorescence (IF)
Tissue samples were fixed in PBS containing 10% neutral-buffered formalin. Paraffin-embedded sections (5mm) were stained with

hematoxylin and eosin. IHC was applied to detect protein expression according to a standard protocol.52 Tissue sections were de-

paraffinized and rehydrated prior to antigen retrieval in citrate buffer. The sections were then stained with antibodies against

Arg1(1:2000; Abcam, ab233548), CD206 (1:2000, Proteintech, 18704-1-AP), Arg1 (1:500, Servicebio, GB11285), MMP15 (1:300, Im-

munoway, YT2911) or F4/80 (1:500, CST, 70076S). For IF, monoclonal antibodies were incubated with the corresponding fluorescent

secondary antibodies (Servicebio, GB21303, GB25301, 1:300). Positive and negative control sections were always included in the

IHC staining and IF protocol.

Conditioned medium (CM) preparation
Macrophage polarization was obtained by culturing cells in DMEM medium supplemented with 10% FBS and 20 ng/mL IL4 with or

without butyrate for 48h. Polarized RAW264.7 or BMDM cells were then incubated in serum-free medium for 24h, after which culture
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supernatants were collected as conditioned medium (CM). CM was centrifuged at 3,000 rpm to remove debris and then stored

at �80�C.

Cytokine detection in supernatant of cell culture media
CM from RAW 264.7 treated with or without butyrate and IL4 was collected for cytokine detection using Quantibody Mouse TH17

Array 1 (RayBiotech, Guangzhou, China). Briefly, take out the glass slide from the box, and let it equilibrate to room temperature inside

the sealed plastic bag for 30 min. Remove slide from the plastic bag, peel off the cover film, and let it air dry for another 1.5 h. Recon-

stitute the Cytokine StandardMix (lyophilized) by adding 500 mL Sample Diluent to the tube. For best recovery, always quick-spin vial

prior to opening. Then, dissolve the powder thoroughly by a gentlemix. Labeled the tube as Std1. Label 6 cleanmicrocentrifuge tubes

as Std2 to Std7. Add 200 mL Sample Diluent to each of the tubes. Pipette 100 mL Std1 into tube Std2 and mix gently. Perform 5 more

serial dilutions by adding 100 mL Std2 to tube Std3 and so on. Add 100 mL Sample Diluent to another tube labeled as CNTRL. Do not

add standard cytokines or samples to the CNTRL tube, which will be used as negative control. For best results, include a set of stan-

dards in each slide. Add 100 mL Sample Diluent into each well and incubate at room temperature for 30 min to block slides. Decant

buffer from each well. Add 100 mL standard cytokines or samples to each well. Incubate arrays at room temperature for 1 h. Decant

the samples from each well, and wash 5 times (5 min each) with 150 mL of 1X Wash Buffer I at room temperature with gentle rocking.

Then, completely remove wash buffer in each wash step. Dilute 20xWash Buffer I with H2O. Decant the samples from each well, and

wash 5 times (5min each) with 150 mL of 1XWash Buffer I at room temperature with gentle rocking. Completely removewash buffer in

each wash step. Dilute 20x Wash Buffer I with H2O. Decant the samples from each well, and wash 5 times (5 min each) with 150mL of

1XWash Buffer I and then 2 times with 150 mL of 1xWash Buffer II at room temperature with gentle rocking. Completely remove wash

buffer in each wash step. After briefly spinning down, add 1.4 mL of Sample Diluent to Cy3 equivalent dye-conjugated streptavidin

tube. Mix gently. Add 80 mL of Cy3 equivalent dye-conjugated streptavidin to each well. Cover the device with aluminum foil to avoid

exposure to light or incubate in dark room. Incubate at room temperature for 1 h. Decant the samples from each well, and wash 5

times (5 min each) with 150 mL of 1X Wash Buffer I at room temperature with gentle rocking. Completely remove wash buffer in

each wash step. Disassemble the device by pushing clips outward from the slide side. Carefully remove the slide from the gasket.

Place the slide in the Slide Washer/Dryer (a 4-slide holder/centrifuge tube), add enough 1x Wash Buffer I (about 30 mL) to cover the

whole slide, and then gently shake at room temperature for 15 min. Decant Wash Buffer I. Wash with 1x Wash Buffer II (about 30 mL)

and gently shake at room temperature for 5 min. Remove water droplets completely by gently applying suction with a pipette to re-

move water droplets. Do not touch the array, only the sides. Imaging: The signals can be visualized through use of a laser scanner

equippedwith a Cy3wavelength (green channel) such as AxonGenePix or Innopsys Innoscan.Make sure that the signal from thewell

containing the highest standard concentration (Std1) receives the highest possible reading, yet remains unsaturated. Finally, data

extraction can be done using the GAL file that is specific for this array along with the microarray analysis software.

Flow cytometry analysis
Flow cytometry was employed to analyze the peripheral blood macrophage population in mice. A total of 200 mL of whole blood was

collected from the eye using EDTA blood collection tubes. Subsequently, 1 mL of red blood cell lysis buffer was added to ensure

thorough mixing of the lysis buffer with the whole blood. The mixture was kept in the dark at room temperature for 10 min. Following

this, centrifugation (500g, 5min, 4�C) was performed, and the supernatant was carefully discarded. Another centrifugation step was

carried out with 1mL of PBS at 500g for 5min at 4�C, and the remaining lysis buffer and red blood cells were removed. Subsequently,

fluorescently conjugated antibodies, CD11b (BD Biosciences, 561691) and F4/80 (BD Biosciences, 563899), were added to individ-

ual tubes and sample tubes, followed by incubation in the dark at room temperature for 15 min. Finally, the samples were analyzed

using a flow cytometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

The associations between variables were statistically analyzed using c2 test for categorical variables and unpaired sample Student’s

t test orWilcoxon test for continuous variables. The Kruskal-Wallis test was used for comparison of multi-groups. RFSwas defined as

the time from surgery to the date of disease recurrence or death. Analyses of RFS were performed using the Kaplan–Meier method

and log rank test. Two-sided P-values <0.05 were considered statistically significant. All analyses were performed in R software

(version 3.6.1; R Development Core Team), GraphPad Prism 8 (GraphPad Software, Inc.), and SPSS software (version22.0; IBMCor-

poration, Armonk, NY, USA).
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