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ABSTRACT 
Recent data indicate a role for airway epithelial necroptosis, a regulated form of necrosis, and the associated 
release of damage associated molecular patterns (DAMPs) in the development of COPD. DAMPs can activate 
pattern recognition receptors (PRRs), triggering innate immune responses. We hypothesized that cigarette 
smoke (CS)-induced epithelial necroptosis and DAMP release initiate airway inflammation in COPD.

Human bronchial epithelial BEAS-2B cells were exposed to CS-extract (CSE) and necrotic cell death 
(membrane integrity by PI staining) and DAMP release (i.e. dsDNA, HMGB1, HSP70, mtDNA, ATP) were analyzed. 
Subsequently, BEAS-2B cells were exposed to DAMP-containing supernatant of CS-induced necrotic cells and 
the release of pro-inflammatory mediators (CXCL-8, IL-6) was evaluated. Further, mice were exposed to CS in 
the presence and absence of necroptosis inhibitor Necrostatin-1 and levels of DAMPs and inflammatory cell 
numbers were determined in bronchoalveolar lavage fluid.

CSE induced a significant increase in the percentage of necrotic cells and DAMP release in BEAS-2B cells. 
Stimulation of BEAS-2B cells with supernatant of CS-induced necrotic cells induced a significant increase in the 
release of CXCL8 and IL-6, in a MyD88 dependent fashion. In mice, exposure of CS increased the levels of DAMPs 
and numbers of neutrophils in BAL fluid, which was statistically reduced upon treatment with Necrostatin-1.

Together, we showed that CS exposure induces necrosis of bronchial epithelial cells and subsequent DAMP 
release in vitro, inducing the production of pro-inflammatory cytokines. In vivo, CS exposure induces neutrophilic 
airway inflammation that is sensitive to necroptosis inhibition.



39

| Cigarette smoke-induced necroptosis and DAMP release trigger neutrophilic airway inflammation in mice

III

INTRODUCTION
Chronic Obstructive Pulmonary Disease (COPD) is a major cause of morbidity and mortality worldwide and 
is characterized by irreversible airway obstruction, accelerated lung function decline and a heterologous 
combination of bronchitis and emphysema.12 The pathogenesis of COPD involves an uncontrolled inflammatory 
response to noxious particles and gases, including cigarette smoke (CS).10 COPD patients show chronic 
neutrophilic inflammation in the airways, which is accompanied by aberrant tissue repair and remodeling.39,6,38 
However, little is known about the initial events in CS-induced airway inflammation that set off the cascade of 
events inducing chronic inflammation.5 Susceptibility to COPD has a strong genetic component, and only 10-
20% of all smoking individuals eventually develop COPD.28 Multiple susceptibility genes for COPD have recently 
been identified, including AGER encoding the RAGE receptor, TLR2 and TLR4,29,2,3  providing information on the 
pathways involved in CS-induced airway inflammation. These data indicate that pattern recognition receptors 
(PRRs) have a relevant role in the pathophysiology of COPD. Upon activation of PRRs by pathogen- or damage 
associated molecular patterns (PAMPs and DAMPs, respectively) pro-inflammatory responses are induced in 
innate immune cells.

The airway epithelial layer forms the first physical barrier to inhaled noxious substances and therefore, 
epithelial cells play an important regulatory role in the induction of subsequent pro-inflammatory responses.16 
Previously, we have shown that exposure of airway epithelial cells to CS causes cell death in vitro,34 and is associated 
with a switch from apoptotic to necrotic cell death, mainly due to the inhibition of caspase activity.37,42,15 Upon 
necrotic cell death DAMPs are released,14 including ATP, HMGB1, HSP70, dsDNA and S100 proteins,44 which all 
trigger inflammation, whereas upon apoptotic cell death no DAMPs are released and no inflammatory reaction 
is initiated and even tolerance can be promoted.33,35,13 However, recently it has been shown that certain types 
of cellular stresses can also induce a programmed form of necrosis, called necroptosis. Necroptosis is initiated 
by the activation of receptor-interacting protein kinase-1 (RIPK1), RIPK3 and MLKL leading to loss of cellular 
integrity and release of cytoplasmic contents and DAMPs.40,14,22 Interestingly, necroptosis was recently shown to 
potentially contribute to the pathogenesis of COPD, through activation of RIPK3 and the autophagy-dependent 
elimination of mitochondria induced by CS exposure of airway epithelial cells.18 DAMP release upon necrosis 
and/or necroptosis and the subsequent activation of PRRs on lung resident cells have been proposed to 
initiate and maintain the chronic airway inflammation observed in COPD.25 In support of this, several DAMPs 
have been found elevated in lung fluid and serum of COPD patients compared to smoking and non-smoking 
healthy controls,25 and several DAMPs were found increased in serum of COPD patients during exacerbations 
compared to stable disease.24 Nevertheless, it is still unknown whether exposure of airway epithelial cells to CS 
induces DAMP release and whether this contributes to innate immune activation in vivo. Recently, we showed 
that susceptibility for CS-induced neutrophilic airway inflammation was associated with the release of a specific 
DAMP profile in bronchoalveolar lavage (BAL) of inbred mouse strains.26 Therefore, we hypothesized that CS-
induced necrotic or necroptotic cell death of airway epithelial cells results in DAMP release, activation of PRRs and 
initiation of neutrophilic airway inflammation. We tested this by in vitro and in vivo approaches and demonstrate 
that CS exposure induces necrotic cell death and DAMP release in bronchial epithelial cells. This leads to the 
production of the neutrophil attractant CXCL8 in vitro, while the use of a RIPK1 inhibitor demonstrates the 
involvement of necroptosis in DAMP release and neutrophilic airway inflammation in vivo. 

MATERIALS AND METHODS
Cell culture
The human bronchial epithelial cell line BEAS-2B was purchased from American Type Culture Collection 
(ATCC, Manassas, VA). Cells were cultured in RPMI-1640 growth medium (BioWhittaker, Verviers, Belgium) 
supplemented with 10% heat-inactivated fetal calf serum (BioWhittaker) and 100 U/mL penicillin, 100 µl/mL 
streptomycin (Penstrep; BioWhittaker). Cells were grown onto 6 well, 24 well and 75 cm2 plastic culture flasks 
(Costar, Cambridge, MA) coated with 10 μg/ml BSA (Sigma-Aldrich Chemie, Zwijndrecht, The Netherlands) and 
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30 μg/ml Purecol collagen (Purecol, Advanced BioMatrix Inc, San Diego, CA, USA) at 37°C in an atmosphere of 
5% CO2 until 90% confluency was reached and then passaged. Before experiments were performed, cells were 
incubated for 16 hours in serum free RPMI-1640 medium. Fresh cigarette smoke extract (CSE) was prepared 
just prior to experiments using Kentucky 3R4F research reference cigarettes with cut filters (Tobacco Research 
Institute, University of Kentucky, Lexington, KY, USA). Smoke from two cigarettes was bubbled through 25 ml 
RPMI-1640 medium using a peristaltic pump and this was considered as 100% CSE for in vitro experiments.

Ethical statement
Mouse experiments were performed after ethical review by, approval from and in accordance to the guidelines 
of the Institutional Animal Care and Use Committee (IACUC) at the University of Groningen (Permit number: 
6018). 

Animals
Specified pathogen-free female BALB\cByJ mice (8 weeks old) were obtained from Charles River (Wilmington, 
Massachusetts). Mice were housed in individually ventilated cages with food and water ad libitum. 

For in vivo smoke experiments, each Kentucky 3R4F research reference cigarette (Tobacco Research Institute, 
University of Kentucky, Lexington, KY, USA) was smoked in five minutes at a rate of 5 L/hr in a ratio with 60 L/hr air 
using whole body exposure as described previously.26 Mice were placed inside a 6-liter Perspex box and exposed 
to smoke from 10 cigarettes per session. Six hours after the first smoking session mice received another exposure 
of 10 cigarettes. Two, six and eighteen hours after the final smoking session, mice were euthanized and BAL fluid 
was collected. Control mice were exposed to air with similar conditions.

Necrostatin-1 (6.25 μg/g, i.p.) (Bachem, Bubendorf, Switzerland) was administered 24 h before the CS 
exposure. A second dose of Necrostatin-1 was administered one hour before the first CS exposure. Control 
animals were injected with an identical volume of dimethyl sulfoxide (DMSO) dissolved in saline (Sigma-Aldrich). 
Mice were exposed to CS or ambient air as before, and sacrificed eighteen hours after the final smoking session.

DAMP release by sonication or freeze thawing
BEAS-2B cells were suspended in 1 ml of RPMI-1640 medium (0.75 x 106 cell/ml) and lysed by sonication using a 
Bandelin Sonoplus HD2070 Sonifier (Bandelin electronic, Berlin, Germany) set to 70% power. The sonication was 
performed in 3 treatments of 10 seconds each, while the cells were cooled on ice. Cell debris was pelleted by 
centrifugation for 5 minutes at 3000g and the DAMP containing supernatant was collected. Freeze thawing was 
performed in 6 well culture plates (Costar, Cambridge, MA) containing 0.75 x 106 cell / well, which were placed 
at -80 °C for one hour, before being thawed at room temperature. Medium from thawed cells was collected and 
centrifuged for 5 minutes at 3000g and the DAMP containing supernatant was stored at -80 ºC. 

DAMP release by CSE exposure
BEAS-2B cells were grown in 75 cm2 plastic culture flasks. Cells were pre-incubated for 6 hour with 35% CSE. 
Afterwards, the CSE-containing medium was removed and cells were washed with PBS and incubated for 18 
hours in 5 ml of fresh RPMI-1640 medium. The supernatant was centrifuged for 5 minutes at 3000g and the 
DAMP containing supernatant was collected. PI staining was used to confirm CS-induced cell death.

Flow cytometric analysis of cell death
Plasma membrane disruption was measured by propidium iodide (PI) staining according to the manufacturer’s 
instructions (IQ Products, Groningen, The Netherlands). Cells were analyzed by flow cytometry (Calibur, Becton 
Dickinson Medical Systems, Heidelberg, Germany).

Detection of DAMPs in BEAS-2B cell free supernatant
In supernatant of untreated, freeze/thawed, sonicated and CSE-exposed cells the several DAMPs were measured. 
HMGB1 was measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit for 
HMGB1 (IBL International GMBH, Hamburg, Germany). HSP70 was analyzed by western blotting in cell-free 
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supernatant of BEAS-2B cells and by ELISA in mouse samples. Supernatants were suspended in 5 x sample buffer. 
The samples were loaded on SDS 10% PAGE gel and blotted to a Nitrocellulose membrane (0.2 μm by Bio-Rad, 
Veenendaal, The Netherlands). Immunodetection was performed using an antibody against HSP70 (Santa Cruz 
Biotechnology, Santa Cruz , USA) using enhanced chemiluminescence and a Bio-Rad Universal Hood II Gel Docking 
Station (Bio-Rad, Veenendaal, The Netherlands). PCR reactions were performed to detect mtDNA. Primer pairs 
for mtDNA were obtained from Biolegio BV (Malden, The Netherlands): 5’CCCCACAAACCCCATTACTAAACCCA3’ 
sense and 5’TTTCATCATGCGGAGATGTTGGATGG3’ antisense. The PCR reaction occurred in a Bio-Rad iCycler (Bio-
Rad), initial denaturation at 94°C for 2 minutes during one cycle, denaturation at 94°C for 30 seconds, annealing 
at 58°C for 30 seconds and extension at 72°C for 45 seconds all during 30 cycles; final extension at 72°C for 7 
minutes during one cycle. PCR products were put for 45 minutes on a standard 1,5% agarose gel at 100V. ATP 
levels were measured using the Enliten® ATP assay from Promega (Leiden, the Netherlands) and a microplate 
luminometer (Berthold microplate Luminometer). Release of dsDNA in the supernatant was analyzed using the 
Quant-iT Picogreen assay from Invitrogen (Invitrogen, Breda, The Netherlands) and a FL600 fluorescence plate 
reader (Bio-Tek instruments, The Netherlands) with an wavelength of 485 nm through a 590 nm band-pass filter.

Initiation of an innate immune response in human bronchial epithelial cells
BEAS-2B cells were cultured in 24 well plates. After starvation, cells were stimulated for 24h with CSE-free DAMP 
containing supernatants from CSE-exposed cells. Supernatants of healthy, freeze/thawed and sonicated cells 
were used as control. At the end of the incubation period, supernatant was collected. IL6 and IL8 were measured 
in cell-free supernatant, using ELISA (Sanquin, Amsterdam, The Netherlands), according to the manufacturer’s 
instructions.

Blocking Toll-like receptor pathways using a MyD88 inhibitor
Healthy BEAS-2B cells were cultured in 24 well plates. After starvation, cells were treated with or without MyD88 
inhibitory peptide Pepinh-MYD (20 μM, InvivoGen, San Diego, USA) for 6h prior to adding the DAMP containing 
supernatants from sonicated and CSE-exposed cells. At the end of the 24h incubation period, supernatant was 
centrifuged for 5 minutes at 1000g and the cell free supernatant was collected. IL8 was measured in cell-free 
supernatant, using ELISA, according to the manufacturer’s instructions.

Bronchoalveolar lavage and cell differentiation
BAL was performed immediately after mice were anesthetized. In short, the airways were lavaged 4 times 
through a tracheal cannula with 1 ml aliquots of pyrogen-free saline. The first lavage was performed with 1 ml 
saline containing BSA (5%) and protease inhibitors (Complete mini tablet (Roche Diagnostics GMbH, Penzberg, 
Germany) of which the supernatant was stored at -80 °C. Recovered BAL fluid of the second, third and fourth 
milliliter was pooled together with the cell pellet of the first BAL aliquot. The cells in these fractions were 
pelleted (590 x g, 4°C, 10 min) and resuspended in 0.2 ml cold PBS. The total number of cells in the BAL fluid was 
determined using a Coulter counter (Z1™ Series, Beckman Coulter Nederland BV). For differential cell counts, 
cytospin preparations were made using a cytocentrifuge (Shandon Life Science, Cheshire, UK). Cells were fixed 
and stained with Diff-Quick (Dade A. G., Dudingen, Switzerland). All cytospin preparations were evaluated using 
immersion-oil microscopy (magnification: 400x). Cells were identified and differentiated into mononuclear cells, 
neutrophils and epithelial cells by standard morphology and staining characteristics. Per cytospin, 300 cells were 
counted, and the absolute number of each cell type was calculated.

Detection of DAMPs in bronchoalveolar lavage fluid
Levels of HSP70 were measured by sandwich ELISA according to the manufacturer’s protocol (R&D systems, 
Minneapolis, USA). Levels of S100A8 were measured by sandwich ELISA according to the manufacturer’s 
protocol (Uscn Life Science, Wuhan, China). Quantitative PCR reactions were performed to detect mouse 
mtDNA in the BAL. Primer pairs for mouse mtDNA were obtained from Invitrogen (Breda, The Netherlands): 
5’ATGAACGGCTAAACGAGGG3’ sense and 5’CCAACATCGAGGTCGTAAAC3’ antisense. The quantitative PCR 



42

Chapter III

reaction occurred in a Bio-Rad iQ5 system (Bio-Rad); initial denaturation at 95°C for 5 minutes during one cycle; 
denaturation at 95°C for 10 seconds, annealing and extension at 58°C for 30 seconds during 40 cycles. The iQ5 Ct-
values and amplification data were analyzed using the Bio-Rad iQ5 optical system software, version 2.1. Relative 
mtDNA expression was calculated as the difference between the Ct values, determined using the equation 2-ΔCt.

Detection of inflammatory markers in bronchoalveolar lavage 
Levels of MPO were measured by sandwich ELISA according to the manufacturer’s protocol (Hycult biotech, 
Uden, The Netherlands). The levels of KC and MIP2 were measured in BAL fluid using Luminex according to the 
manufacturer’s protocol (LXSAMS-04 R&D Systems, Minneapolis, USA).

Statistics  
In all cell line experiments significance was tested using a one-way ANOVA with Dunnett post-hoc analysis. In in 
vivo experiments significance was tested using a Mann-Whitney U test. All in vitro data is shown as mean ±SEM 
and all in vivo data is shown as median and single measurements.

RESULTS
CS exposure induces necroptotic cell death in cultured bronchial epithelial cells
We first assessed whether CS exposure induces necrotic cell death in human bronchial epithelial cells. Exposure 
of BEAS-2B cells to an optimized concentration of 35% CSE for 6 hours followed by 18 hours of incubation in 
CSE-free medium resulted in loss of cell membrane integrity, as shown by positivity for Propidium Iodide (PI)-
staining in 34.3 ± 5.8% of CSE-exposed cells compared to 3.7 ± 0.3% in untreated cells, while 99.9 ± 0.1% of 
BEAS-2B cells treated by freezing and thawing (as a positive control) showed loss of membrane integrity (Figure 
1A). To distinguish between necrotic and apoptotic cell death, we determined activity of caspases-3, -7 and 
-8,37 and observed that CSE exposure decreased activity of caspase-3 and caspase-7, which was even more 
pronounced upon the induction of apoptosis using Staurosporin (Figure 1B). This indicates that the observed 
loss of membrane integrity is not associated with execution of apoptosis. In addition, we observed that CSE 
inhibits caspase-8 activity, suggestive for the induction of necroptosis (Figure 1C).14 The necroptosis inhibitor 
Necrostatin-1 inhibits the CSE-induced decrease in cell viability, (Figure 1D) and the CSE-induced increase in 
extracellular dsDNA release, (Figure 1E) indicating that CSE induces cell death in a necroptotic fashion. Together, 
these data confirm previous studies by us and others,11 that CSE induces necrotic and/or necroptotic cell death 
in human bronchial epithelial cells in vitro.

CS-induced necrosis results in the release of DAMPs
To test whether CS-induced necroptotic cell death is associated with DAMP release, we assessed the levels of 
several DAMPs in supernatant of BEAS-2B cells exposed to CSE, using BEAS-2B cells forced into necrosis by 
sonication or freeze-thawing as positive controls. Upon exposure of BEAS-2B cells to CSE a significant increase 
in several DAMPs, i.e. dsDNA, HMGB1, HSP70 and mtDNA release was observed (Figure 2A-D). Strikingly, HSP70 
levels were significantly higher in the supernatant of CSE-exposed cells compared to those of the positive 
controls, suggesting that CSE induces de novo synthesis of HSP70 prior to or during CSE-induced necrotic cell 
death (Figure 2C). No increase in the levels of ATP release were observed in supernatants of CSE exposed cells 
(Figure 2E), which is in line with our previous data showing that CSE exposure induced intracellular ATP depletion 
in cultured bronchial epithelial cells.37 Taken together, these data indicate that CSE exposure induces necrotic 
cell death and DAMP release in bronchial epithelial cells. 

CS-induced DAMP release induces release of pro-inflammatory cytokines
Next, we assessed whether DAMPs released by CSE exposure induce pro-inflammatory cytokine production 
in bronchial epithelial cells that have not been exposed to CSE. Incubation of BEAS-2B cells with CSE-free-
supernatants of CSE-exposed BEAS-2B cells induced a significant increase in the levels of IL-8 and IL-6. Similar 
levels of IL-8 and IL-6 were secreted by BEAS-2B cells treated with supernatant from freeze-thawing or sonication-
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treated cells (Figure 3A, C). Of note, IL-6 and IL-8 were not detectable in the supernatants from CSE, freeze-thaw 
or sonication-treated cells (data not shown). Since the supernatant of CSE-exposed cells contains both soluble 
fractions and insoluble cellular debris, we next determined which fraction of the supernatants induced the pro-
inflammatory response in BEAS-2B cells. In line with a role for soluble DAMPs in the production of IL-6 and IL-8, 
we observed that the soluble fraction induced IL-6 and IL-8 to a similar extent as the total fraction, whereas the 
insoluble fraction was not able to do so (Figure 3B, D). 

Induction of pro-inflammatory cytokines by CSE-induced DAMPs is largely dependent on MyD88 signaling
To confirm the involvement of DAMPs and subsequent PRR signaling in this response, BEAS-2B cells were 
pretreated with MyD88 inhibitory peptide before the addition of CSE-exposed cell supernatants. Inhibition 
of MyD88 significantly reduced the IL-8 production induced by supernatant of sonification-treated and CSE-
exposed cells (Figure 4A-B). The specificity of the MyD88 inhibitor was confirmed by the finding that the TNF-
α-induced IL-8 production was not suppressed but even increased by inhibition of MyD88 (Figure 4A). Taken 
together, these data show that exposure of bronchial epithelial cells to CSE induces necrosis and DAMP release, 
which activates unexposed bronchial epithelial cells to produce pro-inflammatory cytokines in a, at least 
partially MyD88-dependent fashion.

Figure 1: Cigarette Smoke Extract (CSE) exposure induces epithelial necrosis and prevents apoptosis through 
inhibition of caspases. (A) BEAS-2B cells were exposed to 35% of CSE for 6 hours or freeze-thawing and necrotic cell 
death was measured by analysis of membrane integrity by PI using flow cytometry. PI-positive cells are viable cells 
that are shown as intact and PI-negative cells are necrotic cells that are shown as disrupted. (B) BEAS-2B cells were 
stimulated with 35% CSE for 6 hours with and without one hour of pre-incubation with Staurosporin (2 µM). Caspase-3 
and -7 activation by STS is prevented by CSE. (C) Caspase-8 activation is prevented in BEAS-2B cells by stimulation 
with 35% CSE. (D)Viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay. The cellular metabolic activity is shown as percentage of the control group. 
Necrostatin-1 was added one hour before 6 hours of 30% CSE incubation. The MTS assay was performed after 18 hours 
incubation in CSE-free medium. (E) dsDNA was measured in CSE-free supernatant of BEAS2B cells exposed to CSE for 
6 hours, with or without pre-incubation of one hour with Necrostatin-1. All data is shown as mean ±SEM (n=3-6). 
Significance was tested using a one way ANOVA and Dunnett post-hoc analysis, * = P <0.05, ** = P < 0.01.
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CS exposure induces neutrophilic inflammation and DAMP release in mice
To test whether our in vitro observations of CS-induced DAMP release in bronchial epithelial cells are also present 
in an in vivo model, we next determined the effects of acute CS exposure on release of DAMPs and subsequent 
airway recruitment of inflammatory cells in mice. Mice were exposed two times during one day to the smoke 
of 10 cigarettes per exposure, and DAMPs and inflammatory cells were measured in BAL fluid 2, 6, and 18 hours 
after the final CS exposure. The short-term CS exposure did not increase the total cell count in BAL fluid, which 
was even significantly reduced 18 hours after the final CS exposure compared to air-exposed mice (Figure 5A). 
This was mainly caused by a reduction in mononuclear cells upon CS exposure (Figure 5B). Interestingly, absolute 
numbers of neutrophils were significantly higher at all measured time points in CS-exposed compared to air-
exposed mice (Figure 5C). Furthermore, the levels of the neutrophil attracting cytokines KC and MIP-2 were also 
increased in BAL fluid by exposure to CS (Figure 5D-E). The levels of KC were only increased 18 hours after CS 
exposure and not at two hours after CS exposure, while the levels of MIP-2 were increased both at two and at 
18 hours after CS exposure. Of note, 6 hours after the final CS exposure, detached ciliated epithelial cells were 
observed in BAL fluid of CS-exposed mice, which were absent in BAL fluid of air-exposed mice (Figure 6A-C) and 
may reflect cell death in the airway epithelium. 
To determine whether CS exposure induces necrotic cell death and subsequent DAMP release in vivo, several 
DAMPs were measured in BAL fluid of mice that were exposed to CS or air. In line with our in vitro findings, 
significantly higher levels of HSP70, HMGB1, mtDNA, dsDNA and S100A8 were observed in BAL fluid at multiple 
time points after CS exposure compared to air-exposed mice, of which only S100A8 showed a significant time-
dependent increase (Figure 6D-I), while ATP levels were not significantly increased at any time point after CS 
exposure (Figure 6D). 

Figure 2: Cigarette Smoke Extract (CSE) exposure induces the release of DAMPs in bronchial epithelial cells. 
BEAS-2B cells were exposed to 35% of CSE for 6 hours, freeze-thawing (freeze) or sonication and in cell free supernatant 
the levels of the DAMPs (A) dsDNA, (B) HMGB1, (C) HSP70, (D) mtDNA and (E) ATP were measured. All data is shown 
as mean ±SEM (n=3-6). Significance was tested using a one way ANOVA and Dunnett post-hoc analysis, * = P < 0.05, 
** = P < 0.01.  
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Figure 3: DAMPs released from necrotic cells induce the release of pro-inflammatory cytokines in BEAS-2B 
cells. BEAS-2B cells were stimulated with the cell free supernatant of BEAS-2B cells that were exposed to 35% CSE for 
6 hours, freeze thawed (freeze) or sonicated. The cytokine levels of (A) IL-6 and (C) IL-8 were measured in the cell free 
supernatant. To study which content of necrotic cells cause the inflammatory response, BEAS-2B cells were treated 
with the total, soluble or insoluble content of necrotic cells. The cytokine levels of (B) IL-6 and (D) IL-8 were measured 
in the cell free supernatant. All data is shown as mean ±SEM (n=3-6). Significance was tested using a one way ANOVA 
and Dunnett post-hoc analysis, * = P < 0.05, ** = P < 0.01.  

Figure 4: Induction of pro-inflammatory cytokine production by DAMPs is regulated by the adaptor protein 
MyD88. BEAS-2B cells were stimulated with TNF-α as positive control for non-DAMP mediated IL-8 release, or with the 
cell free supernatant of BEAS-2B cells that were exposed to 35% CSE for 6 hours or sonicated, all with and without pre-
incubation with the MyD88 inhibitory peptide. Afterwards, the cytokine levels of (A) IL-8 were measured in the cell free 
supernatant. The effect of MyD88 inhibition on (B) IL-8 production by BEAS-2B cells was tested with a dose response of 
DAMPs from sonicated cells. All data is shown as mean ±SEM (n=3-6). Significance was tested using a one way ANOVA 
and Dunnett post-hoc analysis, * = P <0.05, ** = P < 0.01. 
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Figure 5: Cigarette smoke exposure induces neutrophilic airway inflammation in BALB/cByJ mice. BALB/
cByJ mice were exposed to cigarette smoke (CS) or air as a control (con) twice during one day with 10 cigarettes per 
exposure. Mice we euthanized either two, six and eighteen hours after the final exposure and (A) total cell count, (B) 
mononuclear cell (MNCs) count and (C) neutrophil counts were determined in BAL fluid. The levels of the cytokines (D) 
KC and (E) MIP-2 were measured in BAL fluid in air-exposed (con) and CS-exposed mice two and eighteen hours after 
the final exposure. Significance was tested using a Mann Whitney-U test, * = P < 0.05, ** = P < 0.01, *** = P < 0.001.

Figure 6: Cigarette smoke exposure induces epithelial detachment and DAMP release in BAL fluid of mice. 
Microscopic imaging of BAL fluid cytospins from (A) air-exposed control mice, (B) CS-exposed mice and (C) CS-exposed 
mice at a 60x magnification. BALB/cByJ mice were exposed to cigarette smoke (CS) or air as a control (con) twice 
during one day with 10 cigarettes per exposure. Two, six and eighteen hours after the final exposure the levels of (D) 
ATP, (E) HSP70, (F) HMGB1, (G) mtDNA, (H) dsDNA and (I) S100A8 were measured in BAL fluid. Data is shown as median 
and single measurements. Significance was tested using a Mann Whitney-U test, * = P < 0.05, ** = P < 0.01, *** = P < 
0.001.  (see color image on page 209)
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Figure 7: Necrostatin-1 treatment suppresses the cigarette smoke-induced neutrophilic airway inflammation 
in mice. BALB/cByJ mice were exposed to cigarette smoke (CS) or air as a control (con) twice during one day with 
10 cigarettes per exposure. Mice were treated either with the necroptosis inhibitor Necrostatin-1 or with DMSO as a 
control. Eighteen hours after the final CS exposure (A) the neutrophil counts were determined in BAL fluid. Neutrophil 
activation was assessed by (B) MPO measurements in BAL fluid. Data is shown as median and single measurements. 
Significance was tested using a Mann Whitney-U test, * = P < 0.05, ** = P < 0.01, *** = P < 0.001.

Treatment with the necroptosis inhibitor Necrostatin-1 reduces neutrophilic inflammation induced by 
cigarette smoke
To study the involvement of necroptotic cell death in the CS-induced inflammatory response, we used the RIPK1 
inhibitor Necrostatin-1.7,18 After intra-peritoneal injection of Necrostatin-1, mice were exposed to CS as described 
above. Interestingly, pre-treatment with Necrostatin-1 strongly and significantly reduced the CS-induced 
infiltration of neutrophils (Figure 7A), which was no longer significant when compared to air-exposed mice. 
Accordingly, the levels of the neutrophil effector molecule MPO were significantly reduced in BAL of Necrostatin-
1-treated mice (Figure 7B). CS exposed mice still displayed higher MPO levels in BAL compared to air-exposed 
mice, suggesting that remaining neutrophils present upon Necrostatin-1 treatment were still activated by CS 
at this dose of Necrostatin-1. Together, these data indicate that necroptosis is indeed involved in CS-induced 
neutrophil influx into the airways. 

DISCUSSION 
In the current study we show that exposure of bronchial epithelial cells to CS induces cell death that is 
characterized by the release of DAMPs in the absence of caspase-3, -7 and -8 activity, consistent with necroptotic 
cell death.14 Moreover, DAMPs released by CS-exposed bronchial epithelial cells activate the epithelium to 
produce pro-inflammatory cytokines in a partially MyD88-dependent fashion. Finally, we showed that CS 
exposure induces DAMP release and neutrophilic airway inflammation in vivo and that this neutrophilic airway 
inflammation is sensitive to the inhibition of necroptosis.

Previously, it has been shown that CS exposure induces neutrophilic airway inflammation in both humans39 
and mice,26 and that this acute response to CS has been implicated in the early phases of the development 
of chronic airway inflammation in COPD. Furthermore, in line with our studies multiple studies have shown 
that individual mouse strains respond differently towards CS exposure, with BALB/cJ mice among the highest 
responders and that the amount of neutrophilic inflammation is highest between 3 and 24 hours after the final 
exposure.19,23 We show that short-term CS exposure increases DAMP levels in BAL fluid of mice, accompanied by 
neutrophilic airway inflammation within several hours after the last exposure. Unfortunately, to date we were 
unable to detect the degree or the exact type of cell death in cells isolated from murine BAL fluid, to support 
our in vitro data showing that CS-exposure induces necroptotic cell death. Previously, it was shown that human 
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neutrophils release DAMPs upon exposure to CS.9 Moreover, we observed a decrease in mononuclear cells upon 
CS exposure, suggesting that cell death is also induced in this subpopulation (Figure 5B). This indicates that 
at least part of the DAMPs released into BAL fluid of mice upon CS exposure comes from non-epithelial cells, 
including alveolar macrophages and neutrophils. Nevertheless, since airway epithelial cells have an important 
barrier function in the airways and come in direct contact with the inhaled CS, and given our current in vitro data 
showing that epithelial cells release DAMPs upon exposure to CSE, it is plausible that at least part of the DAMPs 
released in vivo upon CS exposure is coming from epithelial cells.

Recent data indicate that CS-induced necroptosis of airway epithelial cells potentially plays a role in COPD 
pathogenesis.18 Here, we show that inhibition of RIPK1-mediated necroptosis completely prevents neutrophilic 
influx into the airways of mice in response to CS, stressing the critical role for this programmed form of necrotic 
cell death in the activation of CS-induced innate immune responses. Furthermore, we observed that CS exposure 
induces the release of DAMPs both in vitro and in vivo. These DAMPs subsequently induce pro-inflammatory 
responses, including the production of neutrophil attractant CXCL8, in airway epithelium by activating MyD88-
coupled PRRs in vitro. In line, CS exposure resulted in neutrophil infiltration and the release of the mouse 
homologue for IL-8, KC and MIP-2 in BAL fluid in vivo. Furthermore, our data identifies necroptosis-induced 
DAMP release as a mechanism for CS-induced neutrophilic airway inflammation. 

Recently, a role for DAMPs has been suggested in the pathophysiology of COPD.25 Several DAMPs, including 
HMGB1 and ATP, have been found increased in BAL fluid of COPD patients compared to smoking and non-
smoking controls.9,17 While we did observe increased HMGB1 levels upon CS exposure in vitro and in vivo, in the 
current study CS did not induce the release of ATP. This is presumably a consequence of the direct effect of CSE 
on mitochondrial activity, which induces acute ATP depletion in CS-exposed cells.37 Interestingly, we additionally 
observed a significant increase in HSP70, dsDNA and mtDNA upon CS exposure in bronchial epithelial cells and 
in mice.

Furthermore, our data shows that the CS-induced pro-inflammatory response in bronchial epithelial cells 
is at least partially regulated by MyD88-dependent signaling, e.g. TLR and RAGE signaling. Therefore, it is 
tempting to speculate that differences in PRR expression contribute to the increased epithelial release of IL-8 
and subsequent attraction of neutrophils in that has been observed in COPD.31 Indeed, higher numbers of TLR4- 
and TLR9-positive cells were found in BAL fluid of COPD patients.21,20 Moreover, increased expression of RAGE 
was shown in airway epithelium and smooth muscle cells of COPD patients compared to smoking and non-
smoking controls.9 In addition, polymorphisms in the genes encoding RAGE, TLR2 and TLR4 have been shown 
to be associated with FEV1 decline and higher inflammatory cell numbers in COPD.3 Experimental models of CS-
induced airway inflammation indicate that both TLR4 and RAGE signaling contribute to CS-induced inflammatory 
responses.8,30 Furthermore, RAGE signaling has been shown to promote CS-induced emphysema, as evidenced 
by data showing that RAGE-knock out mice are protected against both CS- and elastase-induced emphysema, 
while RAGE-overexpressing mice develop spontaneous emphysema.32,27,36,41 On the other hand, TLR4 signaling 
appears to have an opposing function, as downregulation of TLR4 promotes the progression of emphysema.43,1,4 
Future studies are needed to determine whether epithelial cells from COPD patients are more susceptible to CS-
induced DAMP release and/or to subsequent pro-inflammatory responses due to increased expression of PPRs, 
including RAGE, TLR2 and TLR4 compared to cells derived from smoking controls. Additional studies are required 
to address the role of CS-induced necroptosis and DAMP signaling pathways in COPD pathogenesis.

In conclusion, our data shows that CS exposure induces necroptotic epithelial cell death with subsequent 
release of DAMPs. These DAMPs signal through PPRs and induce the production of pro-inflammatory cytokines, 
leading to neutrophilic airway inflammation.
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