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Abstract. Lung cancer is the leading cause of cancer-asso-
ciated mortality. Tumor-associated neutrophils represent a 
large portion of inflammatory cells within the lung tumor 
microenvironment. However, the roles of neutrophil extra-
cellular traps (NETs) in lung cancer remain unclear. In the 
present study, it was identified that Lewis lung carcinoma 
cells actively released the danger-associated molecular pattern 
protein high mobility group box 1 (HMGB1). Furthermore, 
HMGB1 in lung cancer cell supernatants promoted the 
formation of neutrophil extracellular traps (NETs), which was 
dependent on Toll-like receptor 4 (TLR4). The downstream 
molecules of TLR4, including myeloid differentiation factor 88, 
TIR-domain-containing adapter-inducing interferon-β, p38 
mitogen-activated protein kinases (p38 MAPKs) and extracel-
lular signal-regulated kinases (ERKs), were activated during 
the formation of NETs. In addition, inhibition of p38 MAPKs 
or ERKs significantly decreased NETs. Morphine, an addi-
tional ligand for TLR4, aggravated the NETs induced by lung 
cancer cells. The present study revealed novel mechanisms in 
tumor-associated NET formation.

Introduction

Lung cancer is one of the most devastating diseases worldwide. 
Neutrophil infiltration is frequently observed in lung cancer 

tissues (1). Neutrophil extracellular traps (NETs), composed of 
extracellular DNA, hypercitrullined histones and antimicro-
bial enzymes from neutrophils, may increase the adhesion of 
cancer cells (2) and sequester lung cancer cells in the blood (3). 
NET formation has previously been described in patients with 
lung cancer (4). However, the mechanisms regulating the 
formation of NETs associated with lung cancer are yet to be 
fully elucidated.

Diverse stimuli have been suggested to initiate the formation 
of NETs, ranging from pathogen components (5) to neutrophil 
antibodies (6) and activated platelets (7). In addition, inter-
leukin (IL)-1β (8), IL-8 (9) or granulocyte colony stimulating 
factor (G-CSF) (10) in the tumor microenvironment may also 
promote NET formation. As a damage-associated molecular 
pattern protein, high mobility group box 1 (HMGB1) serves 
a paradoxical role in regulating cell death and survival in 
tumor development (11). HMGB1 interactions with Toll-like 
receptor 4 (TLR4) have been demonstrated to induce 
NETs (12). Therefore, it was hypothesized that lung cancer 
cells may release HMGB1, which may induce NET formation.

Morphine is an effective analgesic for cancer-associated 
pain. In the end-stages of lung cancer, continuous morphine 
infusion is used to alleviate pain (13). Although pain adversely 
affects the prognosis of patients with lung cancer, morphine 
administration controls the pain but does not improve 
survival (14). Arguably, morphine may stimulate angiogenesis 
and promote tumor progression (15,16). HGMB1 and morphine 
are able to bind with TLR4 (17,18). The present study aimed 
to evaluate the role of HMGB1 from lung cancer cells in the 
formation of NETs. In addition, the effect of morphine on 
HMGB1-induced NETs was investigated.

Materials and methods

Animals and ethics statement. In total, 40 wild-type female 
ICR mice (age matched 8-10 weeks old) weighing 29-32 g 
were purchased from Yangzhou University (Yangzhou, China) 
and bred in the animal facility of Nanjing Medical University 
(Nanjing, China) under standard laboratory conditions (12:12 h 
light:dark cycle, relative humidity 60±5%, temperature 
25±2˚C) in individually ventilated cages without restriction to 
water or food. All animal procedures were approved by The 
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Institutional Animal Care Committee of Nanjing Medical 
University.

Lewis lung carcinoma (LLC) cell culture and flow cytometry. 
The murine LLC cell line was purchased from the Cell 
Bank of the Shanghai Institute for Biological Sciences, 
Chinese Academy of Sciences. LLC cells were maintained in 
high‑glucose Dulbecco's modified Eagle's medium (HyClone; 
GE Healthcare Life Sciences) supplemented with penicillin 
(100 U/ml), streptomycin (100 µg/ml) and 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) in a 5% CO2 humidified 
atmosphere at 37˚C.

Cells which had adhered to the base of the T‑25 flask were 
dislodged by aspiration several times with culture medium. 
The supernatants were used to stimulate neutrophils for NETs 
as described subsequently. The LLC cells were resuspended 
in PBS buffer with 1% BSA (Sigma‑Aldrich; Merck KGaA). 
Aliquots containing 1x105 cells in 100 µl buffer were stained 
with 10-µl propidium iodide (50 mg/ml) solution and with 5 µl 
fluorescein isothiocyanate‑conjugated Annexin V (17.6 mg/ml; 
BD Biosciences) for 5 min at 37˚C. Following staining, 400 µl 
PBS was added to the cells. Immediately, flow cytometry 
analysis was performed using a FACScan flow cytometer (BD 
Biosciences). All FACS data were analyzed using FlowJo v10 
software (FlowJo LLC).

Quantification of NETs released from neutrophils. Terminal 
anesthesia was performed by intraperitoneal injection of a 
mixture of 10 mg/kg xylazine (MTC Pharmaceuticals) and 
100 mg/kg ketamine hydrochloride (Rogar/STB; Pfizer 
Canada, Inc.) prior to sacrifice by cervical dislocation. 
Following sacrifice, the femur and the tibia from the two 
hind legs were removed and the extreme distal tip of each 
extremity was cut off. PBS solution was forced through 
the bone with a 1 ml syringe. Following ammonium chlo-
ride erythrocyte lysis, murine neutrophils were prepared 
by Histopaque‑based density gradient centrifugation, as 
described previously (19).

Murine neutrophils were unstimulated or challenged with 
LLC cell supernatants for 2, 4 or 8 h. Following incubation, the 
non‑cell‑permeable DNA dye Sytox Green (5 µM; Invitrogen; 
Thermo Fisher Scientific, Inc.) was used to quantify the 
released NETs in the supernatants as described previously (20). 
The samples were examined with a fluorometric reader Infiniti 
M200 (Tecan Group, Ltd.) using an excitation wavelength of 
488 nm and an emission wavelength of 523 nm, as described 
previously (4).

Concomitantly, prior to stimulation with LLC cell superna-
tants, neutrophils were pretreated with the following specific 
inhibitors for 30 min at 37˚C: HMGB1 inhibitor Glycyrrhizin 
glycyrrhizic acid (GA; 10 µM; Selleck Chemicals), TLR4 
inhibitor C34 (10 µM; Tocris Bioscience), extracellular 
signal‑regulated kinase (ERK) inhibitor UO126 (50 µM; Cell 
Signaling Technology, Inc.) and p38 mitogen-activated protein 
kinases (p38 MAPKs) inhibitor SB203580 (10 µM; Selleck 
Chemicals). For the morphine experiments, neutrophils were 
pretreated with morphine (10 nM; Sigma‑Aldrich; Merck 
KGaA) or naloxone (100 nM; Sigma‑Aldrich; Merck KGaA) 
for 30 min at 37˚C. Then, neutrophils were incubated with 
LLC cell supernatants for 4 h.

Western blot analysis. Following incubation, neutrophils 
were collected and centrifuged for 5 min at 500 x g and 4˚C. 
Cell pellets were lysed in radioimmunoprecipitation assay 
lysis buffer (Beyotime Institute of Biotechnology) on ice 
for 5 min. Then, the cell suspensions were centrifuged for 
10 min at 12,000 x g and 4˚C. The supernatant was solubi-
lized in 5X SDS-PAGE sample buffer and boiled for 10 min. 
The protein concentration in each sample was quantified 
using a NanoDrop 2000 with NanoDrop One (v1.6; both from 
Thermo Fisher Scientific, Inc.) and 30 µg protein per lane 
was resolved using a 10% SDS-PAGE, transferred by elec-
trophoresis onto a polyvinylidene fluoride membrane (EMD 
Millipore), blocked with 5% BSA for 1 h at room temperature 
and probed with the following antibodies at 1:1,000 dilu-
tion overnight at 4˚C: Anti‑Histone H3 (cat. no. 4499s; Cell 
Signaling Technology, Inc.), anti‑histone3 (cat. no. ab5103; 
citrulline R2+R8+R17; Abcam), MAPK/Phospho‑MAPK 
family antibody (cat. no. 9926; Cell Signaling Technology, 
Inc.), anti-TIR-domain-containing adapter-inducing 
interferon-β (TRIF) antibody (cat. no. ab13810, Abcam), 
anti-HMGB1 antibody (cat. no. 10829-1-AP, ProteinTech 
Group, Inc., Chicago, IL, USA) and anti-myeloid differ-
entiation factor 88 (MyD88) antibody (cat. no. 4283; Cell 
Signaling Technology, Inc.). This was followed by incuba-
tion with horseradish peroxidase (HRP)-conjugated goat 
anti‑rabbit IgG (dilution 1:10,000; cat. no. ab6721; Abcam) 
in PBS with 0.5% BSA for 1 h at room temperature. Signals 
were developed and analyzed using the chemiluminescent 
horseradish peroxidase substrate (EMD Millipore) and the 
G:BOX system (Syngene Europe). Grayscale analysis was 
performed using Adobe Photoshop CS6 (v13.0 x32; Adobe 
Systems Europe, Ltd., Maidenhead, UK).

Immunofluorescence microscopy. Neutrophils (1x106) 
were seeded on glass-bottomed dishes (Shanghai Jing An 
biological science and Technology Co., Ltd.). According 
to the aforementioned method, LLC cell supernatants or 
different inhibitors were added. Following 4 h of incuba-
tion, cells that adhered to the bottom of the glass were 
carefully fixed with ice‑cold acetone (≥99%) for 10 min at 
room temperature. The samples were blocked with 5% goat 
serum (cat. no. 16210072, Gibco, Thermo Fisher Scientific, 
Inc.) and stained overnight at 4˚C with rabbit polyclonal 
antibody against Histone3 (cat. no. ab5103, citrulline 
R2+R8+R17; 1:300; Abcam). The samples were washed in 
PBST and stained with Alexa Fluor® 555 goat anti-rabbit 
antibody (1:500; cat. no. A‑21428; Thermo Fisher Scientific, 
Inc.). DNA in the samples was stained with Sytox Green 
(Invitrogen; Thermo Fisher Scientific, Inc.; 1:10,000) for 
30 min at room temperature. Images were captured using 
Carl Zeiss confocal microscopes (Carl Zeiss AG) with 
appropriate lenses and filters (magnification, 200x).

Statistical analysis. Statistical analysis was performed 
using GraphPad Prism 5 (GraphPad Software, Inc.). Data 
are presented as the mean ± standard error of the mean. 
One-way analysis of variance and a post-hoc Tukey's honest 
significant difference test was used to compare multiple 
groups. P<0.05 was considered to indicate a statistically 
significant difference.
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Results

HMGB1 from LLC cells induces NETs. In the complete culture 
medium from LLC cells, HGMB1 was detected (Fig. 1A). 

As expected, in the complete medium, only a small number 
of tumor cells underwent apoptosis or necrosis (Fig. 1B). 
Therefore, it was determined that LLC cells actively released 
HGMB1 without exogenous stimulus.

Figure 1. HMGB1 from LLC cells induces NETs. (A) HMGB1 from LLC supernatant was measured using western blot analysis. (B) Cell viability was 
evaluated using flow cytometry. (C) Neutrophils were treated with LLC supernatant and exDNA was detected using Sytox Green. (D) HMGB1 inhibitor 
decreased exDNA. (E) Levels of histone 3 and citrullinated histone 3 were measured using western blot analysis. Grayscale analysis verified the repeated 
results. (F) Images of NETs stained with Sytox Green and citrullinated histone 3 were captured using confocal microscopy. Magnification, 200x. LLC, Lewis 
lung cancer; HMGB1, high mobility group box 1; MLE, Murine Lung Epithelial; C, MLE cell culture supernatant; S/Sup, LLC culture supernatant; AV‑FITC, 
Annexin‑V‑fluorescein isothiocyanate; PI, propidium iodide; exDNA, extracellular DNA; NETs, neutrophil extracellular traps; Cit‑H3, citrullinated histone 3; 
GA, glycyrrhizic acid. 
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As recombinant HMGB1 is able to induce NETs (12), it 
was hypothesized that LLC cell supernatants containing 
HMGB1 may also trigger the formation of NETs. Neutrophils 
were treated with LLC cell supernatants and the extracellular 
DNA (exDNA) was measured using DNA dye Sytox Green. 
As indicated in Fig. 1C, exDNA was progressively increased, 
suggesting that upon LLC cell supernatant challenge, neutro-
phils produced exDNA during the cell culture for 8 h. To 
verify whether HMGB1 was involved with exDNA production, 
HMGB1 inhibitor GA was added to the neutrophil culture. GA 
significantly alleviated the exDNA production evoked by LLC 
cell supernatant (Fig. 1D), suggesting that the role of LLC cell 
supernatant in exDNA induction was at least partially depen-
dent on HMGB1.

exDNA may originate from necrotic neutrophils or neutro-
phils with NETs. However, necrosis may be differentiated 

from neutrophils with NETs due to the observation of histone 
hypercitrullination in NETs (21). Therefore, histone hypercit-
rullination was evaluated in the neutrophils treated with LLC 
cell supernatant. As indicated in Fig. 1E, hypercitrullinated 
histone 3 expression was significantly increased in the neutro-
phils treated with LLC cell supernatant. In addition, HMGB1 
inhibitor rescued the deleterious effects of LLC cell superna-
tant. Under confocal microscopy, LLC cell supernatant-treated 
neutrophils were observed to produce exDNA overlaid with 
hypercitrullinated histone 3, which was alleviated by treatment 
with HMGB1 inhibitor GA (Fig. 1F). These results indicate 
that lung cancer cells actively release HMGB1, which directly 
promotes the formation of NETs.

TLR4 is required for lung cancer cell‑induced NETs. As a 
damage-associated molecular pattern protein, soluble HMGB1 

Figure 2. TLR4 is required for lung cancer cell‑induced NETs. (A) TLR4 inhibitor C34 decreased extracellular DNA. (B) TLR4 inhibitor C34 decreased citrul-
linated histone 3. (C) Grayscale analysis verified these results. (D) NETs stained with Sytox Green and citrullinated histone 3 were captured under confocal 
microscopy. Magnification, 200x. HMGB1, high mobility group box 1; NETs, neutrophil extracellular traps; TLR4, Toll‑like receptor 4; Cit‑H3, citrullinated 
histone 3; Sup, supernatant of LLC cell culture.
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may bind with diverse receptors, including TLR4, the receptor 
for advanced glycation end products, macrophage adhesion 
molecule-1, receptor-type protein-tyrosine phosphatase-ζ/β, 
chemokine (C-X-C motif) ligand 4, T-cell immunoglobulin 
mucin-3, cluster of differentiation 24 and syndecan 1 (11). 
Among these potential receptors, TLR4 is highly expressed on 

neutrophils (22) and closely associated with NETs. In bacterial 
sepsis, platelet TLR4 detected ligands and promoted NETs (7). 
Furthermore, NETs induced by recombinant HMGB1 were 
dependent on TLR4 (12). Therefore, in the present study, the 
role of TLR4 in LLC cell supernatant-induced NETs was 
explored.

Figure 3. MAPK pathway is involved in lung cancer cell-induced NETs. (A) MyD88 and TRIF were measured using western blot analysis. Grayscale 
analysis confirmed repeated results. (B) MAPKs (P38, ERK and JNK) were measured using western blot analysis. (C) Grayscale analysis confirmed 
repeated results. (D) ERK inhibitor UO126 or p38 inhibitor SB203580 significantly decreased extracellular DNA. NETs, neutrophil extracellular traps; Trif, 
TIR-domain-containing adapter-inducing interferon-β; MyD88, myeloid differentiation factor 88; MAPK, mitogen‑activated protein kinase; JNK, Janus 
kinase; p, phosphorylated; Sup, supernatant of LLC cell culture; SAPK, stress‑activated protein kinase.
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C34 is a selective TLR4 inhibitor (23). ExDNA and histone 
3 hypercitrullination were significantly decreased upon C34 
treatment (Fig. 2A‑C), suggesting that TLR4 may be required 
in LLC cell-induced NETs. Consistent with the observations 
of exDNA and histone 3 hypercitrullination, C34 also dimin-
ished NET formation as observed by confocal microscopy 
(Fig. 2D). Although C34 selectively targets TLR4 (23), TLR4 
knockout neutrophils may be required to confirm whether 
LLC cell-induced NETs was via TLR4. Nevertheless, these 
results indicate that TLR4‑HMBG1 may be required for lung 
cancer cell-induced NETs.

MAPK pathway is involved in lung cancer cell‑induced 
NETs. Soluble HMGB1, once bound with TLR4, may trigger 
signal transduction via MyD88 or TRIF (24). As indicated in 
Fig. 3A, treatment with LLC cell supernatants resulted in the 
significant increase of MyD88 and TRIF. Once bound with 
the cytoplasmic portion of TLR4, Myd88 recruits nuclear 
factor-κB and MAPK (25), which have been demonstrated 

to be essential in NET formation (26,27). As indicated in 
Fig. 3B and C, phosphorylation of p38 MAPKs, ERK or Janus 
kinase was significantly increased in the neutrophils treated 
with lung cancer cell supernatants. Furthermore, p38 MAPKs 
inhibitor sb203580 or ERK inhibitor U0126 significantly 
decreased the level of NETs induced by lung cancer cell 
supernatants (Fig. 3D), suggesting that p38 MAPKs and ERK 
were involved in lung cancer cell-induced NETs. These results 
indicate that HMGB1 induced NET formation via TLR4 and 
p38 MAPKs/ERK.

Morphine promotes lung cancer cell‑induced NETs. The 
aforementioned results indicate that HMGB1 released from 
lung cancer cells induces NETs via the TLR4/MAPK signaling 
pathway. To alleviate cancer-associated pain, patients with 
lung cancer may be administered morphine, which also binds 
with TLR4 (17,18). Therefore, neutrophils infiltrated into 
lung tissues may be stimulated by HMGB1 and morphine. To 
explore the combinational effects of morphine and HMGB1 

Figure 5. Morphine promotes lung cancer cell‑induced NETs. (A) The levels of LLC cell supernatant‑induced extracellular DNA were significantly increased 
following administration of morphine, and the effect was inhibited by naloxone. (B) NETs stained with Sytox Green and Cit-H3 were captured using confocal 
microscopy. Magnification, 200x. NETs, neutrophil extracellular traps; LLC, Lewis lung cancer; Sup, supernatant; Cit‑H3, citrullinated Histone 3, M, 
morphine; N, naloxone.

Figure 4. Morphine alone is not able to induce NETs. (A) Extracellular DNA from neutrophils was compared following treatment with or without morphine. 
(B) According to the immunofluorescence results, NETs were absent in the neutrophils stimulated with morphine alone. Magnification, 200x. NETs, neutrophil 
extracellular traps; Sup, supernatant of LLC cell culture; M, morphine; Cit‑H3, citrullinated histone 3.
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on NETs, neutrophils were treated with morphine and LLC 
cell supernatants. In the preliminary experiment, morphine 
alone did not evoke the formation of NETs (Fig. 4). However, 
morphine augmented the formation of NETs induced by lung 
cancer cell supernatants (Fig. 5). Naloxone, an antagonist of 
morphine, significantly inhibited the effect of morphine on 
NET induction, suggesting that opioid receptors may also be 
involved. In summary, these results indicate that morphine 
may promote lung cancer cell-induced NETs.

Discussion

Increased levels of HMGB1 are associated with increased 
disease severity in patients with non-small cell lung 
cancer (28,29). In chemotherapy, HMGB1 passively released 
from necrotic cancer cells may increase invasion and 
metastasis. Cancer cells may also actively secrete HMGB1 
upon exogenous and endogenous stimuli (11). Although 
HMGB1-stimulated NETs have been described previ-
ously (12), the role of this in cancer remains unclear. The 
present study provided evidence that HMGB1 from cancer 
cells may contribute to NET formation.

Once bound with neutrophil TLR4, HMGB1 induces the 
activation of Myd88 and TRIF. Although neutrophils express 
TRIF, it has been demonstrated that the TLR4 ligand lipo-
polysaccharide is not able to mobilize the TRIF signaling 
pathway, indicating that TRIF may not be directly involved 
with neutrophil TLR4 activation (30). In ischemia-reperfu-
sion injury, HMGB1-TLR4-mediated acute cerebral infarct 
was identified to be TRIF‑independent (31). Therefore, the 
present study focused on TLR4-Myd88 signal transduc-
tion initiated by HMGB1 in lung cancer cell supernatants. 
Activated platelets induced NETs in a pathway that involved 
TLR4 but was independent of p38 MAPKs (32). In inflamma-
tory disease, oxidized low-density lipoprotein triggered the 
activation of p38 MAPKs/ERK and the formation of NETs 
through TLR2 and TLR6 (33). TLR2/TLR6 is also able to 
bind with HMGB1 (34). Therefore, signal transduction in 
the formation of NETs may vary depending on the stimulus. 
In the present study, it was demonstrated that HMGB1 from 
lung cancer cells induced NETs, which was at least partially 
dependent on the TLR4 and p38 MAPKs/ERK signaling 
pathway.

As an analgesic for treating severe pain, morphine may 
suppress the immune response, impairing the function of T 
cells and macrophages (35). In addition, neutrophils from 
patients with sepsis are able to release endogenous morphine, 
which may inhibit inflammation (36). The present study aimed 
to explore whether morphine contributed to the formation of 
NETs. In combination with supernatants from lung cancer 
cells, morphine may aggravate the formation of NETs. In the 
end-stages of lung cancer, HMGB1 from lung cancer cells 
and exogenous morphine administration may synergistically 
fuel the formation of NETs and cancer progression. It would 
be useful to investigate whether lung cancer cells are able to 
release endogenous morphine. Future studies will investigate 
the association between morphine and NETs in greater detail.

In the infiltrated inflammatory cells within the tumor 
microenvironment, tumor-associated neutrophils confer a 
poor prognosis (37). In breast cancer, G-CSF-induced NETs 

facilitate metastasis (38). As HMGB1 from lung cancer cells 
and morphine have been indicated to promote the formation of 
NETs, it is postulated that targeting NETs and their initiators, 
including HMGB1 and morphine, may be valuable in cancer 
therapy.

The present study contains certain limitations. Firstly, the 
mechanisms through which lung cancer cells actively release 
HMGB1 were not explored. Secondly, the effects of NETs 
in vivo were not assessed. Thirdly, NETs formation in the 
patients with lung cancer with or without morphine treatment 
was not compared. However, the observations from the present 
study clearly indicated that HMGB1 from lung cancer cells 
and morphine contributed to the NETs formation, which may 
provide additional information concerning the tumorigenesis 
of lung cancer.
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