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Gram-negative bacteria facilitate tumor outgrowth and metastasis 
by promoting lipid synthesis in lung cancer patients

Maosong Ye1*, Xia Gu2*, Yang Han3, Meiling Jin1, Tao Ren2

1Department of Respiratory Medicine, Zhongshan Hospital, Fudan University, Shanghai 200032, China; 2Department of Respiratory Medicine, 
3Department of Pathology, East Hospital, Tongji University School of Medicine, Shanghai 200120, China

Contributions: (I) Conception and design: M Jin, T Ren; (II) Administrative support: M Jin, Y Han; (III) Provision of study materials or patients: 

M Ye, X Gu, Y Han; (IV) Collection and assembly of data: M Ye, X Gu, Y Han; (V) Data analysis and interpretation: All authors; (VI) Manuscript 

writing: All authors; (VII) Final approval of manuscript: All authors.

*These authors contributed equally to this work.

Correspondence to: Tao Ren, MD. 150 Jimo Road, Shanghai 200120, China. Email: rentaosh@126.com; Meiling Jin, MD. 180 Fenglin Road, Shanghai 

200032, China. Email: mljin118@163.com.

Background: Lung cancer is the leading cause of cancer-related death worldwide. Patients with lung 
cancer are very frequently present with pulmonary infections, in particular with Gram-negative bacteria. 
Herein, we investigated the effect of the co-presence of Gram-negative bacteria on outgrowth and metastasis 
of lung cancer cells in clinical patients. 
Methods: Lung cancer cells were isolated from clinical surgical tissues. Heat-inactivated E. coli was used 
as Gram-negative bacteria. Tumor outgrowth and invasion in vitro was analyzed with MTT assay and 
Biocoat Matrigel Invasion Chamber. Tumor growth and metastasis in vivo was evaluated in BALB/c nude 
mice. Lipid synthesis was evidenced by expressions of FASN and ACC1, as well as BODIPY Fluorophores 
staining. Block lipid synthesis was performed with C75 as a FAS inhibitor and transfection with ACC1 
siRNA. Knockdown of TLR4 and TLR9 signaling was achieved by transfection with specific shRNAs and 
administration of specific antagonists. 
Results: Gram-negative bacteria significantly promoted lung cancer development including growth and 
metastasis in dose dependent manner. Mechanistically, Gram-negative bacteria activate TLR4 and TLR9 
signaling and enhance lipid synthesis in human lung cancer cells. Knockdown of TLR4 and/or TLR9 was 
able to block Gram-negative bacteria mediated lipid synthesis and lung cancer development. Interference 
with lipid synthesis efficiently abrogated Gram-negative-bacteria-induced lung cancer development. In lung 
cancer patients, higher expressions of innate immune receptors, TLR4 and TLR9, were observed in those 
with Gram-negative infections and associated with the aberrant lipid synthesis that was observed in vitro. 
Conclusions: Pulmonary infections with Gram-negative bacteria lead to aberrant lipid synthesis through 
TLR4 and TLR9 signaling in lung cancer patients and result in rapid proliferation and metastasis of lung 
cancer cells. These findings reveal a new mechanism for pulmonary infection-trigged caner development and 
provide clues for exploring therapeutics for lung cancer patients. 
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Introduction 

Lung cancer is the leading cause of cancer-related death 
worldwide, with an increasing incidence every year (1,2). 
Non-small cell lung cancer (NSCLC) is the most common 
type and accounts for about 85% of all cases in patients 
with lung cancer (3). In NSCLC patients, general outcomes 
of standard therapy including surgery, radiation therapy 
and chemotherapy are poor (3,4). Recently, personalized 
treatment of NSCLC patients using targeted therapeutics, 
which are dominantly based on patients’ and tumors’ 
precise genetic defects, served as a promising direction for 
NSCLC clinical management (5-7). However, patients who 
respond to targeted therapeutics first are frequently and 
quickly encountered with drug resistance. Thus, current 
clinical therapeutic options for NSCLC patients are still 
limited and their prognoses remain far from acceptable  
(8-10). Further studies on critical influential factors involved 
in outgrowth and metastasis of NSCLC cells, especially 
those focused on cancer cells from clinical patients, are 
urgently needed. 

Pulmonary infections are very common and predict 
poor prognosis of NSCLC patients (11). Further studies 
pinpoint Gram-negative bacteria as the most frequent 
pathogen that led to increased mortality in NSCLC patients 
(12,13). Further, postoperative pneumonias are a common 
complication of thoracic surgery and predominantly caused 
by Gram-negative bacteria (14-16). These observations 
form the basis of an important subject of investigation, 
regarding the effects of Gram-negative bacteria on cancer 
development. Of interest, a recent study revealed a positive 
contributing effect of Gram-negative bacteria on metastasis 
of H59 and A549 lung cancer cell lines (17), which could 
partly explain the adverse effect of infectious complications 
on prognosis of NSCLC patients. However, potential roles 
of Gram-negative bacteria in NSCLC development are still 
not fully understood. 

In this study, we explored the effect of Gram-negative 
bacteria on outgrowth and metastasis of NSCLC cells 
from clinical patients. NSCLC cells were isolated from the 
surgical tissues of clinical patients, cultured with Gram-
negative bacteria and observed for their growth and invasive 
potentials in vitro and in vivo. Our findings demonstrated 
an efficient ability of Gram-negative bacteria to enhance 
outgrowth and metastasis of human lung cancer cells 
by promoting lipid synthesis through TLR4 and TLR9 
signaling. These findings enlarge our knowledgebase on the 
effects of infectious complications on NSCLC pathogenesis 

and thus provide clues for developing therapeutic strategies 
in future clinical practice. 

Methods

Patients

Fifty patients with NSCLC were enrolled in this study. 
Diagnosis of NSCLC was confirmed by pathology. Subjects 
with autoimmune inflammatory diseases were excluded. 
The median age of NSCLC patients was 65.8 years old and 
72% were males. All subjects were given written informed 
consent before collecting surgical tissues and clinical 
parameters. All procedures performed in this study, which 
involved human participants, were in accordance with the 
ethical standards of our institutional research committee 
and with the 1964 Helsinki declaration and its later 
amendments with an approval from Tongji Institutional 
Ethics Committee. 

Mice

Female BALB/c nude mice of 6 weeks old were obtained 
from the Shanghai Laboratory Animal Center (CAS) 
and housed under specific pathogen-free conditions. All 
procedures performed in studies involving animals were in 
accordance with the ethical standards of Tongji Institutional 
Ethics Committee.

Cell culture and reagents

NSCLC cells were isolated from surgical tissues with 
Clonogenic Tumor Cell Isolation Kit (Cell Biolabs) 
according to the manual’s instructions. Escherichia coli (E. 
coli, ATCC® 11775™) were inactivated by boiling at 95 °C 
for 15min and used as previously described (17). NSCLC 
cells were cultured in complete RPMI 1640 medium 
containing 10% heat-inactivated fetal bovine serum (Gibco) 
supplemented with 2 mM glutamine, 100 IU/mL penicillin 
and 100 mg/mL streptomycin sulfate at 37 °C under 5% 
CO2. Human TLR4 and TLR9 shRNAs, LPS-RS, ODN 
TTAGGG and control were purchased from Invivogen. 
Nucleofector™ Kit was obtained from Lonza. Anti-Fatty 
Acid Synthase (FAS) antibody was from Abcam. BODIPY 
Fluorophores, human ACC1 siRNA and control were from 
Thermo Fisher Scientific. C75, a synthetic inhibitor of FAS, 
and lipopolysaccharide (LPS) were from Sigma. Reagents 
were used according to manufactures’ instructions. 
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Real-time polymerase chain reaction  (PCR)

Total RNA was extracted using Ambion® Isolation Kit 
(Thermo Fisher). cDNA was synthesized with First-
Strand cDNA Synthesis Kit (Thermo Fisher). qPCR was 
performed using SYBR Green Master Mixes (Thermo 
Fisher). Primers were obtained from Applied Biosystems 
and 18S rRNA was used as an internal control. 

MTT assay 

Tumor growth in vitro  was detected by analyzing 
proliferative expansion of human NSCLC cells with MTT 
assay. Briefly, NSCLC cells were seeded at 5×103 cells each 
well and incubated with or without inactivated E. coli in 96-
well plates and measured with MTT cell proliferation kit 
(Cayman Chemical) according to the manual’s instructions.

Invasive assay

Tumor invasive assay in vitro was performed with Biocoat 
Matrigel Invasion Chamber (8 μm, BD Bioscience) (18). 
Briefly, 5×104 NSCLC cells were suspended in 0.5 mL of 
serum-free media and seeded onto the upper chamber of 
Matrigel-coated filters. In lower chambers, 0.75 mL of 
complete medium was added as a chemoattractant. After 
24 h, cells on the upper side of the chamber were scraped, 
and the ones on the lower side of the chamber were 
fixed, stained and invaded cells were counted under the 
microscope. Five predetermined fields were counted for 
each membrane and the mean values were used. Invasive 
potentials were expressed as the percentage of invasion 
through the Matrigel Matrix and membrane relative to the 
migration through the control membrane.

Tumor growth in vivo

Tumor growth in vivo was assessed as previously described (19).  
Briefly, groups of nude mice (n=5 per group) were 
subcutaneously injected with 5×106 human NSCLC cells 
suspended in 200 μL of PBS. For some experiments, NSCLC 
cells were treated with inactivated E. coli for 24 h before 
injection. The size of the tumor was measured at days 3, 6 
and 9 after implantation by digital calipers. 

Tumor metastasis in vivo

Tumor metastasis in vivo was determined as previously 

described (18,20). Briefly, nude mice (n=5 per group) were 
intratracheally challenged with LPS (10 μg/mouse), and 
injected with 5×105 NSCLC cells via tail vein 6 h later. 
For some experiments, NSCLC cells were pretreated with 
inactivated E. coli for 24 h before injection. Two weeks later, 
nude mice were detected for their lung tumor metastases/
burdens that were reflected by total lung weights. 

Flow cytometry

For FAS and ACC1 analysis, 0.5 million NSCLC cells 
were fixed with BD fix buffer I for 10 min at 37 °C and 
permeabilized with BD Perm Buffer III for 30 min on 
ice, followed by staining with rabbit anti-human FAS 
antibody (Abcam) or rabbit anti-human ACC1 antibody 
(Abcam) respectively for 45 min at 4 °C and Alexa Fluor® 
488 goat anti-rabbit IgG (Abcam) for 30 min at 4 °C. 
Rabbit monoclonal IgG was used as isotype control. For 
detection of lipids, 0.5 million NSCLC cells were stained 
with BODIPY Fluorophores according to manufactures’ 
instructions. Cells were analyzed on a FACSCalibur flow 
cytometer (BD). Collected data were analyzed with FlowJo 
software (Tree Star). 

Statistical analyses

Data were expressed as mean ± SD. T tests and Pearson 
correlation were used for statistical analyses using the 
program PRISM 6.0 (GraphPad Software). A value of 
P<0.05 was considered statistically significant.

Results

Gram-negative bacteria promote outgrowth and metastasis 
of NSCLC cells

To evaluate the effect of Gram-negative bacteria on 
outgrowth of NSCLC cells in clinical patients, tumor cells 
were isolated from surgical tissues in NSCLC patients, 
incubated with inactivated E. coli and analyzed for their 
proliferative growth using MTT assay. Results showed that 
E. coli efficiently promoted the growth capacity of NSCLC 
cells in dose and time dependent manner (Figure 1A,B).  
Further, invasive assay revealed that E. coli was able to 
enhance the invasive potential of NSCLC cells in a dose 
dependent manner (Figure 1C). 

To confirm these phenomena in vivo, NSCLC cells 
were pretreated with inactivated E. coli and then injected 
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Figure 1 Gram-negative bacteria enhanced NSCLC outgrowth and metastasis. (A) NSCLC cells isolated from surgical tissues (n=5) were 
treated with the indicated dose of inactivated E. coli for 72 h and detected for proliferative growth with MTT assay; (B) NSCLC cells 
isolated from surgical tissues (n=5) were incubated with inactivated E. coli (20×106 CFU/mL) for the indicated time and detected for their 
outgrowth with MTT assay; (C) NSCLC cells isolated from surgical tissues (n=5) were incubated with the indicated dose of inactivated E. 
coli for 24 h and analyzed for their invasive potentials; (D) NSCLC cells isolated from surgical tissues (n=5) were pretreated with or without 
inactivated E. coli (20×106 CFU/mL) for 24 h, adoptively transferred into immune-deficient mice (n=5) and detected for their growth 
capacity in vivo; (E) NSCLC cells isolated from surgical tissues (n=5) were pretreated with or without inactivated E. coli (20×106 CFU/mL) 
for 24 h, adoptively transferred into immune-deficient mice (n=5) and determined for their metastasis to lung tissues. NSCLC, non-small 
cell lung cancer.
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into immune-deficient mice. Compared with untreated 
NSCLC cells, pretreatment with inactivated E. coli resulted 
in increased tumor size and lung weight in tumor-bearing 
mice, reflecting an robust outgrowth and metastasis of 
NSCLC cells in vivo (Figure 1D,E).

Gram-negative bacteria induce aberrant lipid synthesis in 
NSCLC cells

Aberrant lipid synthesis is believed to be an important 
metabolic feature for tumor cells and crucial for cancer 
development (21,22). To explore the possible mechanisms 
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underling the effect of Gram-negative bacteria on NSCLC 
development, potential roles of Gram-negative bacteria in 
lipid synthesis were analyzed in NSCLC cells. Surprisingly, 
E. coli efficiently up-regulated the expression of FASN gene, 
which encodes FAS as a multifunctional and key enzyme 
to catalyze lipid synthesis. The FASN mRNA expression 

and FAS protein level were both substantially increased 
in NSCLC cells in response to E. coli (Figure 2A,B,C).  
In consistent, overexpression of ACC1, the first committed 
step of fatty acid synthesis, was also observed in NSCLC 
cells in response to E. coli (Figure 2D,E,F). 

To directly detect lipids levels, NSCLC cells were 

Figure 2 Gram-negative bacteria induced aberrant lipid synthesis in NSCLC cells. (A) NSCLC cells isolated from surgical tissues (n=5) 
were treated with or without inactivated E. coli (20×106 CFU/mL) for 12 h and detected for their FASN expressions with qPCR; (B,C) 
NSCLC cells isolated from surgical tissues (n=4) were treated with or without inactivated E. coli (20×106 CFU/mL) for 24 h and detected 
for FASN protein expressions; (D) NSCLC cells isolated from surgical tissues (n=4) were treated with or without inactivated E. coli  
(20×106 CFU/mL) for 12 h and detected for ACC1 mRNA expressions; (E,F) NSCLC cells isolated from surgical tissues (n=4) were treated 
with or without inactivated E. coli (20×106 CFU/mL) for 24 h and detected for ACC1 protein expressions; (G,H) NSCLC cells isolated 
from surgical tissues (n=5) were treated with or without inactivated E. coli (20×106 CFU/mL) for 48 h and detected for their lipids with flow 
cytometry. NSCLC, non-small cell lung cancer.
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stimulated with or without Gram-negative bacteria and 
stained with BODIPY Fluorophores. We found that lipids 
in NSCLC cells were significantly increased in response to 
E. coli (Figure 2G,H). 

Inhibition of lipid synthesis abrogates Gram-negative 
bacteria-mediated NSCLC development

To determine whether increased lipid synthesis was 
required for Gram-negative bacteria to promote NSCLC 
outgrowth and metastasis, NSCLC cells were incubated 
with inactivated E. coli in the presence or absence of 
C75, an inhibitor of FAS, and detected for their growth 
and metastasis. Results showed that administration 
of C75 efficiently reduced the lipids in NSCLC cells 
(Figure 3A,B). Of note, C75 dramatically inhibited E. coli 
mediated outgrowth and metastasis of NSCLC cells in vitro  
(Figure 3C,D). Further, treatment with C75 abrogated E. 
coli enhanced growth and metastasis of NSCLC cells in vivo 
(Figure 3E,F).

To confirm above findings, NSCLC were transfected 
with ACC1 siRNA, stimulated with Gram-negative bacteria 
and detected for outgrowth and metastasis. We found 
that transfection with ACC1 siRNA effectively reduced 
ACC1 mRNA and protein expressions in NSCLC cells  
(Figure 3G, Figure S1). Further, knockdown of ACC1 
resulted in limited lipids in NSCLC cells (Figure 3H), and 
significantly abrogated NSCLC outgrowth and metastasis 
in vitro and in vivo (Figure 3I,J,K,L). 

Gram-negative bacteria promotes lipid synthesis through 
TLR4 and TLR9 signaling in NSCLC cells

Recent evidence implicated TLR4 and TLR9 as functional 
pattern-recognition receptors in recognizing Gram-
negative bacteria (17,23). Of interest, TLR4 and TLR9 
were readily detectable in NSCLC cells and involved in 
NSCLC pathogenesis (24-26). Thus, we characterized 
the possible role of TLR4 and TLR9 in Gram-negative 
bacteria enhanced lipid synthesis. Knockdown of TLR4 
expression in NSCLC cells by transfection with TLR4 
shRNA effectively reduced mRNA and protein expressions 
of TLR4 (Figure 4A, Figure S2A), and essentially abrogated 
aberrant lipid synthesis in response to E. coli (Figure 4B,C). 
Interference with TLR9 expression by TLR9 shRNA also 
significantly decreased TLR9 expression and limited E. coli 
enhanced lipid synthesis in NSCLC cells (Figure 4D,E,F, 
Figure S2B). Lastly, double knockdown of TLR4 and TLR9 

had synergistic effect and decreased the lipid synthesis 
further in NSCLC cells (Figure 4G). 

To confirm above phenomena, NSCLC cells were 
treated with LPS from rhodobacter sphaeroides (LPS-RS) 
as a TLR4 antagonist and ODN TTAGGG as a TLR9 
antagonist, followed by stimulation with Gram-negative 
bacteria and detection of lipids level. Similar results were 
observed, that inhibition of TLR4 and TLR9 efficiently 
impeded aberrant lipid synthesis within NSCLC cells 
in response to Gram-negative bacteria (Figure 4H). In 
consistent, administration of inhibitory peptide against 
MyD88, a critical adaptor protein in TLR4/TLR9 
signaling, efficiently alleviated the increased lipogenesis in 
NSCLC cells (Figure S3). 

Interference with TLR4 and TLR9 signaling limits Gram-
negative bacteria mediated NSCLC development

Given the crucial role of TLR4 and TLR9 in Gram-
negative bacteria enhanced lipid synthesis, it is reasonable 
to hypothesize that TLR4 and TLR9 were responsible for 
Gram-negative bacteria mediated NSCLC development. 
Thus, NSCLC cells were transfected with TLR4 shRNA 
and TLR9 shRNA, stimulated with Gram-negative bacteria 
and analyzed for outgrowth and metastasis. Results showed 
that knockdown of TLR4 and TLR9 significantly limited 
E. coli-mediated outgrowth and metastasis of NSCLC cells 
in vitro and in vivo (Figure 5A,B,C,D). TLR4 and TLR9 
appeared to have synergistic effect, as double knockdown 
of both of these receptors reduced NSCLC outgrowth and 
metastasis even further (Figure 5A,B,C,D). We confirmed 
these results by using LPS-RS and ODN TTAGGG as 
TLR4 and TLR9 antagonist respectively, and consistent 
results were obtained (Figure 5E,F,G,H). 

Higher expressions of TLR4 and TLR9 are associated with 
aberrant lipid synthesis in NSCLC patients with Gram-
negative infection

To investigate the in vivo relevance of above findings in 
clinical patients, 20 NSCLC patients with Gram-negative 
infection and 16 NSCLC patients without Gram-negative 
infection were assayed for TLR4 and TLR9 expressions. 
Results showed that expressions of TLR4 and TLR9 
were higher in patients with Gram-negative infection  
(Figure 6A,B). Further analysis revealed that both TLR4 
and TLR9 expressions were closely correlated with FASN 
expression and lipids level in NSCLC patients with 
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Figure 3 Block aberrant lipid synthesis abrogated Gram-negative bacteria mediated NSCLC development. (A,B) NSCLC cells isolated from 
surgical tissues (n=5) were treated with inactivated E. coli (20×106 CFU/mL) plus C75 (20 μM) for 48 h and detected for lipids level; (C) 
NSCLC cells isolated from surgical tissues (n=5) were treated with inactivated E. coli (20×106 CFU/mL) in the presence or absence of C75  
(20 μM) for 72 h and detected for outgrowth with MTT assay; (D) NSCLC cells isolated from surgical tissues (n=5) were treated with 
inactivated E. coli (20×106 CFU/mL) in the presence or absence of C75 (20 μM) for 24 h and detected for invasive potentials; (E,F) NSCLC 
cells isolated from surgical tissues (n=5) were pretreated with inactivated E. coli (20×106 CFU/mL) in the presence or absence of C75  
(20 μM) for 24 h, injected into immune-deficient mice (n=5) and analyzed for their in vivo growth and metastasis to lung; (G) NSCLC cells 
isolated from surgical tissues (n=4) were transfected with ACC1 siRNA or control siRNA for 12 h and detected for ACC1 mRNA expressions; 
(H) NSCLC cells isolated from surgical tissues (n=4) were transfected with ACC1 siRNA, treated with inactivated E. coli (20×106 CFU/mL)  
for 48 h and analyzed for lipids level; (I) NSCLC cells isolated from surgical tissues (n=4) were transfected with ACC1 siRNA, treated 
with inactivated E. coli (20×106 CFU/mL) for 72 h and detected for outgrowth; (J) NSCLC cells isolated from surgical tissues (n=4) were 
transfected with ACC1 siRNA, treated with inactivated E. coli (20×106 CFU/mL) for 24 h and detected for invasion; (K,L) NSCLC cells 
isolated from surgical tissues (n=5) were transfected with ACC1 siRNA, treated with inactivated E. coli (20×106 CFU/mL) for 24 h, injected 
into immune-deficient mice (n=5) and analyzed for their in vivo growth and metastasis to lung. NSCLC, non-small cell lung cancer.
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Figure 4 Gram-negative bacteria increased lipid synthesis through TLR4 and TLR9 signaling. (A) NSCLC cells isolated from surgical tissues 
(n=5) were transfected with TLR4 shRNA or control shRNA for 12h and detected for TLR4 mRNA expressions; (B,C) NSCLC cells isolated 
from surgical tissues (n=5) were transfected with TLR4 shRNA, treated with inactivated E. coli (20×106 CFU/mL) for 48 h and detected 
for their lipids; (D) NSCLC cells isolated from surgical tissues (n=5) were transfected with TLR9 shRNA or control shRNA for 12 h and 
detected for TLR9 mRNA expressions; (E,F) NSCLC cells isolated from surgical tissues (n=5) were transfected with TLR9 shRNA, treated 
with inactivated E. coli (20×106 CFU/mL) for 48 h and detected for their lipids; (G) NSCLC cells isolated from surgical tissues (n=5) were 
transfected with TLR4 shRNA plus TLR9 shRNA, treated with inactivated E. coli (20×106 CFU/mL) for 48 h and detected for their lipids; 
(H) NSCLC cells isolated from surgical tissues (n=4) were stimulated with inactivated E. coli (20×106 CFU/mL) in the presence or absence of 
TLR4 antagonist (LPS-RS, 10 μg/mL) and TLR9 antagonist (ODN TTAGGG, 10 μM) for 48 h, followed by detection of lipids level with 
flow cytometry. NSCLC, non-small cell lung cancer.
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Gram-negative infection (Figure 6C,D,E,F). In addition, 
aberrant lipid synthesis in NSCLC cells was associated 
with their differentiation state (Figure 6G,H). Specifically, 
lipid synthesis was elevated in NSCLC cells with poor 
differentiation state and remained at lower levels in well-
differentiated ones.

Discussion

Herein, we demonstrated that Gram-negative bacteria 
promoted outgrowth and metastasis of human lung cancer 
cells. Mechanistically, Gram-negative bacteria activated 
TLR4 and TLR9 signaling within NSCLC cells, which in 
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Figure 5 Interfere with TLR4 and TLR9 signaling impeded Gram-negative bacteria mediated NSCLC development. (A) NSCLC cells 
isolated from surgical tissues (n=5) were transfected with the indicated shRNA, incubated with inactivated E. coli (20×106 CFU/mL) for 72 h  
and detected for their growth; (B) NSCLC cells isolated from surgical tissues (n=5) were transfected with the indicated shRNA, incubated 
with inactivated E. coli (20×106 CFU/mL) for 24 h and detected for their invasion; (C,D) NSCLC cells isolated from surgical tissues (n=5) 
were transfected with the indicated shRNA, pretreated with inactivated E. coli (20×106 CFU/mL) for 24 h, injected into immune-deficient 
mice (n=5) and analyzed for their in vivo growth and lung metastasis; (E) NSCLC cells isolated from surgical tissues (n=4) were stimulated 
with inactivated E. coli (20×106 CFU/mL) plus the indicated antagonist for 72 h and detected for their growth; (F) NSCLC cells isolated from 
surgical tissues (n=5) were incubated with inactivated E. coli (20×106 CFU/mL) plus the indicated antagonist for 24 h and detected for their 
invasion; (G,H) NSCLC cells isolated from surgical tissues (n=5) were pretreated with inactivated E. coli (20×106 CFU/mL) in the presence of 
indicated antagonist for 24 h, injected into immune-deficient mice (n=5) and analyzed for their in vivo growth and lung metastasis. NSCLC, 
non-small cell lung cancer.
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Figure 6 Elevated TLR4/TLR9 expressions were positively correlated with aberrant lipid synthesis in NSCLC patients with Gram-negative 
bacteria infection. (A,B) Expressions of TLR4 and TLR9 within NSCLC cells from patients with (n=20) or without (n=16) Gram-negative 
bacteria infection were determined by qPCR; (C,D) Correlations of TLR4/TLR9 expression and FASN expression were analyzed in NSCLC 
patients with Gram-negative bacteria infection (n=20); (E,F) TLR4/TLR9 expression levels were detected for associations with lipid synthesis 
in NSCLC patients with Gram-negative bacteria infection (n=20); (G,H) NSCLC cells were characterized for FASN expression, lipid levels 
and their differentiation state in patients with Gram-negative bacteria infection (n=20). NSCLC, non-small cell lung cancer.
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turn led to increased lipid synthesis. In NSCLC patients, 
higher expressions of TLR4 and TLR9 were observed in 
those with Gram-negative infections and associated with 
their aberrant lipid synthesis. Collectively, NSCLC cells 
appeared competent and actively in sensing Gram-negative 
bacteria through TLR4 and TLR9 receptors, which 
fuel their aberrant metabolic features to promote tumor 
outgrowth and metastasis.

To our knowledge, this is the first study that investigates 

direct effect of Gram-negative bacteria on NSCLC 
outgrowth and metastasis in clinical patients. TLR4 and 
TLR9 are functionally expressed in NSCLC cells and 
crucial for responsiveness to Gram-negative bacteria in 
clinical patients. Consistent with our findings, a previous 
study showed that Gram-negative bacteria could increase 
the metastatic potential of lung cancer cell lines H59 and 
A549 via TLR4 activation (17). In fact, Toll like receptors 
have long been an active subject of investigation in 
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tumor immunity and are well documented in lung cancer 
development (27-30). These results provide strong evidence 
and reveal a pro-proliferative and pro-metastatic effect of 
pulmonary infection on NSCLC development in patients. 
Thus, pulmonary infections, in particular with Gram-
negative bacteria, require early diagnosis and prompt 
treatment for favorable outcomes in NSCLC patients. 

Enhanced glucose uptake and use of aerobic glycolysis are 
conventionally considered as the most prominent metabolic 
alterations in cancer (22,31-33). However, increasing 
attention has been given to aberrant lipid synthesis and their 
regulation in cancer patients (22). Increased lipid synthesis 
is a prerequisite for rapid proliferation and metastasis of 
cancer cells (22,34-36). Herein, increased lipid synthesis 
in response to Gram-negative bacteria, to our knowledge, 
was a newly discovered mechanism in pulmonary-infection-
mediated NSCLC development. Compared with well-
differentiated uninfected NSCLC cells, lipogenensis was 
increased in well-differentiated Gram-negative-infected 
NSCLC cells (Figure S4). Stimulation of uninfected NSCLC 
cells with Gram-negative bacteria resulted in increased 
expressions of TLR4/TLR9 and aberrant lipogenesis 
(Figure S5), reinforcing a contributing effect of Gram-
negative bacteria on aberrant lipid synthesis. However, we 
did not observe a higher lipogenesis in well-differentiated 
infected NSCLC cells than poorly differentiated uninfected 
NSCLC cells (Figure S4), suggesting aberrant lipogenesis  
as an intrinsic mechanism for cancer cells. In contrast, 
pulmonary infections with Gram-negative bacteria 
functions by fuelling the cancer metabolism for NSCLC 
cell to proliferate and metastasize. Accordingly, inhibition 
of lipid synthesis lead to limited proliferative and metastatic 
capacity of NSCLC cells. Aberrant lipid synthesis in cancer 
cells of lung cancer patients might be, at least partly, a 
consequence of pulmonary infections with Gram-negative 
bacteria. Thus, targeting aberrant lipid synthesis is a bio-
functional therapeutic strategy to restrict both pro-cancer 
effect of Gram-negative bacteria and NSCLC development 
for clinical patients with pulmonary infections. 

In essence, pulmonary infections with Gram-negative 
bacteria lead to aberrant lipid synthesis through TLR4 
and TLR9 signaling in NSCLC patients and result in 
rapid proliferation and metastasis of NSCLC cells. These 
findings are obtained from NSCLC cells isolated from 
surgical tissues and closely reflect an in vivo relevance. 
Targeting these key molecules and pathways could greatly 
aid to treatment for lung cancer patients with pulmonary 
infections in clinical practice.
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