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ABSTRACT
Cigarette smoking, the major causative factor for the development of chronic obstructive pulmonary disease,
is associated with neutrophilic airway inflammation. Cigarette smoke (CS) exposure can induce a switch
from apoptotic to necrotic cell death in airway epithelium. Therefore, we hypothesized that CS promotes
neutrophil necrosis with subsequent release of damage-associated molecular patterns (DAMPs), including high
mobility group box 1 (HMGB1), alarming the innate immune system. We studied the effect of smoking two
cigarettes on sputum neutrophils in healthy individuals and of 5-day CS or air exposure on neutrophil counts,
myeloperoxidase, and HMGB1 levels in bronchoalveolar lavage fluid of BALB/c mice. In human peripheral
blood neutrophils, mitochondrial membrane potential, apoptosis/necrosis markers, caspase activity, and DAMP
release were studied after CS exposure. Finally, we assessed the effect of neutrophil-derived supernatants on
the release of chemoattractant CXCL8 in normal human bronchial epithelial cells. Cigarette smoking caused a
significant decrease in sputum neutrophil numbers after 3 hours. In mice, neutrophil counts were significantly
increased 16 hours after repeated CS exposure but reduced 2 hours after an additional exposure. In vitro, CS
induced necrotic neutrophil cell death, as indicated by mitochondrial dysfunction, inhibition of apoptosis, and
DAMP release. Supernatants from CS-treated neutrophils significantly increased the release of CXCL8 in normal
human bronchial epithelial cells. Together, these observations show, for the first time, that CS exposure induces
neutrophil necrosis, leading to DAMP release, which may amplify CS-induced airway inflammation by promoting
airway epithelial proinflammatory responses.
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INTRODUCTION
The chronic and pathogenic inflammation in the lungs of patients with chronic obstructive pulmonary disease
(COPD) is predominantly characterized by neutrophilic infiltration, and neutrophil numbers show a positive
correlation with disease progression.1 The major causative factor for the development and progression of COPD
is chronic exposure to noxious gasses and particles (e.g., cigarette smoke [CS]).2-4 However, the mechanism by
which the inflammatory response to CS is maintained and perpetuated is not fully understood.
Neutrophilic inflammation is a defense mechanism to remove pathogens and to initiate repair of injured
tissue. However, when this host defense mechanism is exaggerated or inefficiently cleared, inflammation can
become chronic, resulting in lung tissue damage and remodeling.5,6 During physiological conditions, neutrophils
undergo apoptosis shortly after their recruitment, leading to resolution of the inflammatory response7 and
preventing development of chronic inflammatory diseases.8,9 Apoptosis, a regulated and caspase-dependent
form of cell death, requires sufficient levels of cellular energy (ATP), which is produced by mitochondria.
Previously, we showed that ATP levels decrease upon CS exposure of human airway epithelial cells,10 which is
likely mediated by disruption of the mitochondrial respiratory chain. Under this condition, an apoptotic trigger
induces a switch from apoptosis to necrosis.10 In addition, Guzik and coworkers11 have recently shown that
human neutrophils can undergo apoptotic, as well as necrotic, cell death upon CS exposure.
When cells undergo apoptosis, they initially maintain integrity of the plasma membrane, and their
intracellular contents will not be released, unless cells are not rapidly cleared by phagocytes. By contrast,
necrotic cells lose their membrane integrity, leading to the release of specific intracellular danger signals known
as damage-associated molecular patterns (DAMPs) that are normally hidden in the interior of cells.12 DAMPs
are molecules that trigger the innate immune system upon release into the extracellular space by activating
pattern recognition receptors. These receptors are present on cells of the innate immune system, including
airway epithelial cells. Pattern recognition receptor signal transduction initiates activation of the signaling
molecules, mitogen-activated protein kinase and NF-κB, activating gene expression and synthesis of a broad
range of proinflammatory cytokines, including CXCL8, the major chemoattractant of neutrophils in the lungs.13-15
A role for DAMPs in the pathogenesis of COPD has recently been proposed, as it was shown that multiple DAMPs,
including High mobility group box 1 (HMGB1), are elevated in lung fluid of patients with COPD compared with
control smokers.16
We hypothesize that CS exposure disturbs mitochondrial function of lung neutrophils, causing a switch
from apoptotic to necrotic cell death with concomitant release of DAMPs. Repeated CS exposure will therefore
promote the production of CXCL8 by innate immune cells, including epithelial cells, and perpetuate the
inflammatory response to CS. Our results demonstrate that CS decreases neutrophil numbers immediately after
smoking, which is accompanied by increased HMGB1 levels and likely the consequence of necrotic cell death.
Furthermore, our data suggest that the release of neutrophilic DAMPs may promote the production of CXCL8
by lung epithelial cells.
MATERIALS & METHODS
Human Sputum Analyses
In a two-period cross-over study, subjects were randomized into smoking two cigarettes or nonsmoking.
Sputum was collected at baseline and 3 hours after smoking.3 We compared cell differentials in sputum at 3
hours in the two periods, as previously described.3
Exposure of Mice to Air and CS
Specified pathogen-free female BALB/c mice (8 wk old; Charles River, Lille, France) were exposed to air or CS
twice daily for 4 days, as described previously,6 and killed 16 hours after the last exposure on Day 5 or 2 hours
later after an additional exposure on Day 5 (Figure 1). Bronchoalveolar lavage (BAL), lung tissue single-cell
suspension and cell differentials were processed as described previously.6 Necroptosis inhibitor, necrostatin-1
(6.25 μg/g; Bachem, Bubendorf, Switzerland) or dimethyl sulfoxide was administered intraperitoneally twice at
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24 hours and just before smoke exposure. Experiments were approved by the Institutional Animal Care and Use
Committee of the University of Groningen (Groningen, The Netherlands).

Figure 1: Schematic representation of mice exposed to cigarette smoke (CS) twice daily for 5 days. Mice were killed 16 hours
after the last exposure on Day 4 or 2 hours later, after an additional exposure on Day 5. ↑, one cigarette; †, dissection.

Isolation of Human Neutrophils from Whole Blood
Human peripheral blood neutrophils were isolated from six healthy donors, as described previously.17 All donors
gave their informed consent.
CS Treatment of Neutrophils
Freshly isolated neutrophils were suspended in RPMI medium (2 × 106/ml) in 5-ml round-bottom tubes. Smoke
from Kentucky research-reference cigarettes (3R4F; University of Kentucky, Lexington, KY) or air was bubbled
for 1 minute through the neutrophil-containing RPMI using a peristaltic pump (Watson-Marlow, Rotterdam, The
Netherlands), after which neutrophils were spun down and resuspended in fresh medium.
Mitochondrial Membrane Potential
At 3 minutes after CS exposure, mitochondrial membrane potential (∆ψm) was determined by labeling
neutrophils with 5 μg/ml 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimi- dazolylcarbocyanine iodide (JC-1)
(Molecular Probes, Leiden, The Netherlands) for 15 minutes (37°C) using fluorescence-activated cell sorting
(FACS, calibur) and CellQuest software (Becton Dickinson, Heidelberg, Germany).
Intracellular ATP Levels
Intracellular ATP levels were quantified by chemiluminescent Enliten ATP assay according to the manufacturer’s
instructions (Promega, Leiden, The Netherlands) 30 minutes after CS exposure using a Victor multilabel plate
reader (PerkinElmer, Groningen, The Netherlands).
Caspase-3 and -7 Assay
Neutrophil caspase-3 and -7 activity was quantified by chemiluminescent caspase-Glo-3/7 substrate according
to the manufacturer’s instruction (Promega) 2 hours after CS exposure using a Victor multilabel plate reader.
Apoptosis/Necrosis Analysis
Neutrophils were stained for annexin V–FITC/propidium iodide (PI) according to the manufacturer’s instructions
(IQ products, Groningen, The Netherlands) and analyzed 30 minutes after CS exposure using FACS.
Neutrophil Sonication
Neutrophils (5 × 106/ml) were lysed by sonication (Sonoplus HD2070 Sonifier; Bandelin Electronic, Berlin,
Germany) 2 hours after CS exposure. Cell-free supernatants were collected for HMGB1, double-stranded DNA
(dsDNA), and mitochondrial DNA (mtDNA) measurements.
Epithelial Cell Culture and Stimulation
Normal human bronchial epithelial (NHBE) cells were cultured in bronchial epithelium growth medium (BEGM)
as described previously, plated in 24-well plates, and grown to approximately 90% confluence.18 Medium was
replaced by cell-free conditioned medium of air/CS–treated neutrophils. After 24 hours, cell-free supernatants
were collected for CXCL8 measurement.
Myeloperoxidase, HMGB1, dsDNA, mtDNA, and CXCL8 Measurements
See the data supplement at the end of this chapter.
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Statistical Analysis
Comparisons were performed using the Mann-Whitney U test between groups, the Wilcoxon signed-rank test
within groups, and one-way ANOVA with Bonferroni’s post hoc test for multiple comparisons.
RESULTS
Neutrophil Counts Decrease Shortly after CS Exposure in the Airway Lumen of Humans and Mice
To test our hypothesis that CS induces necrotic cell death in lung neutrophils, we first evaluated the direct effects
of CS exposure on sputum neutrophil counts. In an open cross-over study in human smokers, we found that
smoking two cigarettes significantly decreases neutrophil numbers in sputum at 3 hours after cigarette smoking
(Figure 2A), whereas baseline levels of neutrophils did not differ during the two periods (data not shown). Next,
we aimed to test whether this was also seen in a short-term smoke exposure model, where neutrophilic airway
inflammation is known to be induced.6,19 Total cell counts in BAL fluid, comprising macrophages, neutrophils,
and eosinophils, were significantly increased in mice that had received 4 days of CS exposure at 16 hours
after the last exposure compared with air-exposed controls, in agreement with previously reported results.6,19
In contrast, when mice were exposed to another smoke session at this time, and were killed 2 hours later, a
dramatic decrease in cell numbers was observed in CS-exposed mice (Figure 2B). Differential cell counts revealed
that the airway inflammation mainly consisted of neutrophils. The number of BAL neutrophils showed the
same decrease as seen in total cell count at 2 hours after the last smoke exposure (Figure 2C). To test whether
the observed fall in BAL neutrophil numbers was related to their infiltration into lung tissue shortly after CS
exposure, we also evaluated neutrophil numbers in lung tissue homogenates of the CS- and air-treated mice.
Neutrophil percentages in lung tissue were elevated both at 16 hours after the last exposure on Day 4 and 2
hours after the last cigarette on Day 5, without a significant difference between the time points (Figure 2D). In
addition, BAL levels of myeloperoxidase, a neutrophil marker released upon cell activation, were not decreased
at 2 hours after the last cigarette on Day 5, indicating that neutrophils were present in the airway lumen at this
time point, but possibly underwent cell death (Figure 2E). Together, these observations suggest that neutrophils
infiltrate the lungs within a time frame of 16 hours after CS exposure, but that the cells disappear immediately
after a subsequent smoke exposure, possibly by cell death.
CS Induces Mitochondrial Dysfunction and Impedes Apoptotic Pathways in Human Neutrophils
Therefore, we next investigated whether CS exposure can induce cell death in vitro in freshly isolated human
peripheral blood neutrophils. Neutrophils were exposed to CS bubbled through the medium, containing
roughly 200 μM aldehydes, a major group of reactive components present in the gas phase of CS and highly
soluble in water.6 Based on our previous findings, we consider aldehydes particularly important for CS-induced
neutrophilic inflammation. CS exposure affected neutrophil viability within 60–120 seconds (see Figure E1 in
the online supplement). Because we previously reported mitochondrial dysfunction in CS-treated cells10, we
first evaluated the direct effects of CS exposure on mitochondrial function. Exposure to CS caused a significant
decrease in ∆ψm compared with both untreated control and air-treated neutrophils, as measured by flow
cytometry (Figure 3A). Furthermore, intracellular ATP levels were measured to evaluate the consequences of the
decreased mitochondrial depolarization, showing a significant decrease of intracellular ATP upon CS exposure
(Figure 3B). The protonophore, 2,4-dinitrophenol, used as a positive control for loss of ∆ψm, also induced a
significant depolarization of the ∆ψm and decreased intracellular levels of ATP (Figures 3A and 3B). Next, we
aimed to test whether loss of intracellular ATP affects execution of the apoptotic pathway. Neutrophils were
pretreated with TNF/cycloheximide (TNF/CHX), as this is a known potent inducer of apoptotic cell death20,
inducing a strong and significant increase in caspase-3 and -7 activity in control-treated neutrophils (Figure
3C). In CS-exposed neutrophils, however, the effect of TNF/CHX on caspase-3 and -7 activity was significantly
reduced (Figure 3C), indicating that CS blocks the execution of the extrinsic apoptotic pathway in neutrophils.
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Figure 2: Effects of CS exposure on proinflammatory mediators in the lungs of humans and mice. (A) Human neutrophil
numbers in sputum 3 hours after cigarette smoking and at the same time point in the nonsmoking period. (B–D) Mice were killed
16 hours after the last exposure on Day 4 or 2 hours after an additional exposure on Day 5 (n = 8 per group). (B) Total cell counts and
(C) neutrophils in bronchoalveolar lavage fluid (BALF). (D) Neutrophil percentages in the lung tissue, and (E) myeloperoxidase (MPO)
levels in BALF. Medians are indicated. NS, not significant. **P < 0.01 and ***P < 0.001 compared with air control; ###P < 0.001 between
indicated values.
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Figure 3: Effects of CS exposure on mitochondrial function and caspase activity in human neutrophils. Freshly isolated
human neutrophils were bubbled for 1 minute with CS or air. Stimulation (30 min) with 2,4-dinitrophenol (DNP; 50 μM) was used as
negative control for mitochondrial membrane potential (Δψm) and ATP measurements. Stimulation (3 h) with TNF (10 ng/ml) and
cycloheximide (CHX, 100 μg/ml) was used as positive control for caspase activity. After stimulation and washing, neutrophils were
rested for 0.5 hour at 37°C. (A) 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimi- dazolylcarbocyanine iodide (5 μg/ml) was used to assess
Δψm. (B) Intracellular ATP levels were quantified using a chemiluminescent ATP assay. (C) Caspase-3 and -7 activity was measured
using a chemiluminescent caspase-Glo-3/7 substrate. Medians are indicated (n = 4–6 per group). *P < 0.05 and **P < 0.01 compared
with control; #P < 0.05 between indicated values.

CS-Treated Neutrophils Undergo Necrotic Cell Death
CS treatment induces both a loss of ∆ψm and a strongly impaired execution of the extrinsic apoptotic pathway.
Therefore, we aimed to test whether CS exposure induces neutrophil cell death, and if so, by which mechanism.
To this end, the two main forms of cell death, apoptosis and necrosis, were studied using FACS analysis of annexin
V/PI (Figures 4A and 4B). The majority of untreated neutrophils were viable, with 90% of cells being annexin V/PI
negative. TNF/CHX strongly induced apoptosis, as indicated by the increase in annexin V positivity compared with
control, without loss of membrane integrity (PI negative) (Figures 4A and 4B). Furthermore, although viability of
the air-treated neutrophils was comparable to the control (Figures 4A and 4B), CS-treated neutrophils showed
a strong increase in PI positivity, indicating loss of cell membrane integrity and reflecting necrotic cell death
upon CS exposure (Figures 4A, 4F, and 4G; 38.6 ± 4.2%; P < 0.001). Together with the observed mitochondrial
dysfunction, these observations strongly suggest that CS induces necrotic cell death in neutrophils in vitro.
CS-Exposed Neutrophils Release DAMPs
One of the hallmark differences between apoptotic and necrotic cell death is the proinflammatory response
induced by the latter, in part through the release of DAMPs into the microenvironment. To test whether CS-
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Figure 4: CS treatment of neutrophils induces cell death. Freshly isolated human neutrophils were bubbled for 1 minute with
CS, air, or stimulated with TNF/CHX for 3 hours. After stimulation and washing, neutrophils were rested for 2 hours at 37°C. (A) The
percentage of cells positive for apoptosis or necrosis was determined by annexin V/propidium iodide fluorescence-activated cell sorter
analysis. Medians are indicated (n = 4). (B) A representative quadrant from unstained, stained control, and TNF/CHX-treated cells; and
air-treated control, unstained CS-treated, and stained CS-treated cells is shown from four independent experiments. ***P < 0.001; ###P
< 0.001 between indicated values.

induced neutrophilic cell death initiates the release of DAMPs, we measured the levels of HMGB1, dsDNA, and
mtDNA in the supernatant of air- and CS-treated neutrophils. We used sonication of neutrophils as a positive
control for the release of DAMPs, causing the release of total cell contents. Levels of HMGB1 and dsDNA were
significantly increased in supernatants of CS-treated neutrophils compared with air-treated neutrophils (Figures
5A and 5B). A similar result was observed for mtDNA, although only a trend was observed upon CS treatment
(Figure 5C). These findings indicate that CS-induced cell death leads to the release of DAMPs from neutrophils.
In further support of our findings, BAL levels of HMGB1 were significantly higher in BAL fluid of mice at 2 hours
after CS exposure compared with 16 hours after CS exposure and air exposure (Figure 5D). Furthermore, levels of
dsDNA were significantly increased at 2 hours after CS exposure (Figure 5E), although levels were not significantly
higher than at 16 hours after exposure.

140

| Cigarette smoke-induced damage-associated molecular pattern release
from necrotic neutrophils triggers proinflammatory mediator release

Figure 5: CS exposure induces the release of damage-associated molecular patterns (DAMPs) from neutrophils. Freshly
isolated human neutrophils were bubbled for 1 minute with CS or air. After stimulation and washing, neutrophils were rested for 2
hours at 37ºC and cell-free supernatant was collected and analyzed for DAMP release. Levels of (A) high mobility group box 1 (HMGB1),
(B) double-stranded DNA (dsDNA), and (C) mitochondrial DNA (mtDNA) are shown, and medians are indicated (n = 6). Mice were killed
16 hours after the last exposure on Day 4 or 2 hours after an additional exposure on Day 5 (n = 8 per group). Levels of (D) HMGB1 and (E)
dsDNA in BALF are shown, and medians are indicated. Relative mtDNA expression was calculated as the difference between the cycle
threshold values, determined using the equation 2^-dCt.*P , 0.05 compared with air control; ***P < 0.001 between indicated values;
###P < 0.001 between indicated values.

DAMPs from Necrotic Neutrophils Induce an Innate Immune Response
Finally, we assessed whether the CS-induced release of DAMPs from neutrophils can promote the secretion of
CXCL8 from epithelial cells. We treated primary NHBE cells with cell-free supernatants of CS-treated neutrophils
and found that supernatants of CS-treated neutrophils induce a significant increase in CXCL8 production in
NHBE cells compared with air-treated neutrophils (Figure 6A). CXCL8 was not detectable in the supernatants
from air- or CS-treated neutrophils, indicating that CXCL8 was merely derived from epithelial cells. To confirm
that the observed increase in CXCL8 levels was caused by DAMPs released by necrotic neutrophils, we used the
pharmacological inhibitors, oxidation of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (OxPAPC)
and RAGE antagonist peptide (RAP), which block the signaling of Toll-like receptor (TLR) 2/TLR4 and the receptor
for advanced glycation end-products (RAGE), respectively. Both inhibitors strongly and significantly reduced
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the effect of CS-treated neutrophils (Figure 6A), but not baseline
CXCL8 levels (Figure 6B), indicating that DAMPs are responsible for
the increase in epithelial CXCL8 production.
In line with these data, the levels of the murine equivalent
of CXCL8, keratinocyte chemoattractant (KC), were significantly
higher in BAL fluid of mice 16 hours after CS exposure compared
with air-treated mice (Figure 6B). Furthermore, we tested the
effect of necroptosis/receptor-interacting protein 1 (RIP1) kinase
inhibitor, necrostatin-1, for further support of our in vitro data on
the role of the CS-induced switch from apoptosis to necrosis and
subsequent release of proinflammatory signals (e.g., DAMPs) in
vivo. Treatment with necrostatin-1 before CS exposure significantly
reduced KC levels, suggesting that the prevention of neutrophilic
cell death attenuates the production of KC (Figure 6C).
Together, our data indicate that CS-induced neutrophilic
cell death and subsequent release of DAMPs promotes
proinflammatory activity of epithelial cells.
DISCUSSION
In the present study, we tested the hypothesis that CS exposure
induces neutrophilic cell death, leading to the release of DAMPs,
subsequent activation of the innate immune response, and
amplification of airway inflammation. Our results demonstrate
that neutrophil numbers in sputum or BAL are suppressed shortly
after CS exposure, whereas lung tissue neutrophil numbers are
not affected. In vitro, CS induced mitochondrial dysfunction and
caspase-3 and -7 inhibition in freshly isolated human neutrophils.
As a consequence, the production of ATP was diminished, and
neutrophils underwent necrotic cell death, inducing the release
of HMGB1, mtDNA, and dsDNA in the supernatant. In vivo, the
CS-induced loss of BAL neutrophils was accompanied by DAMP
release, and likely the consequence of necrotic cell death. The
supernatants of CS-exposed neutrophils were able to promote
proinflammatory responses in airway epithelial cells, as observed
by the release of neutrophil attractant, CXCL8. Thus, these data
suggest that the CS-induced release of neutrophilic DAMPs may

Figure 6: Increase in proinflammatory cytokine CXCL8 in normal human bronchial epithelial (NHBE) cells upon exposure
to neutrophil contents and up-regulation of keratinocyte chemoattractant (KC) in BAL of mice exposed to CS. (A) NHBE cells
were exposed for 24 hours to conditioned medium of CS-treated neutrophils from six healthy subjects, upon prior treatment with and
without Toll-like receptor (TLR) 2/4 inhibitor, oxidation of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (OxPAPC; 30 mg/
ml), and receptor for advanced glycation end-products (RAGE) inhibitor, RAGE antagonist peptide (RAP) (100 mg/ml), for 30 minutes.
(B) NHBE cells from six different donors were exposed to OxPAPC (30 mg/ml) and RAP (100 mg/ml) for 24 hours. CXCL8 levels were
measured in cell-free supernatant, and medians are indicated. (C) Mice were killed 16 hours after the last exposure on Day 4 (n = 8 per
group). Before CS exposure, mice were treated intraperitoneally with cell death inhibitor, necrostatin-1 (Nec), or dimethyl sulfoxide
(control). KC levels were measured in BAL. Medians are indicated. *P , 0.05 compared with air control; ***P < 0.001, #P < 0.05, ###P <
0.001, and $P < 0.05 between indicated values.
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perpetuate airway inflammation, a hallmark of COPD.
Previously, multiple studies have shown a decrease in neutrophil numbers in the lungs of different mouse
strains shortly after smoking, whereas neutrophil numbers strongly increase during the following hours.21,22 KC
levels positively correlate to neutrophil numbers and showed the same pattern as neutrophils, with a decrease
immediately upon CS exposure.21 Our current data on neutrophil counts in human sputum are in line with these
findings, showing a decrease in neutrophil numbers after smoking two cigarettes. Our data from the short-term
smoking mouse exposure model may explain these findings. Because the time points at which mice were killed
after the last exposure on Day 4 and of that 2 hours after an additional exposure on Day 5 were only 2 hours apart,
we do not consider it likely that mucociliary clearance of neutrophils is responsible for the decrease in neutrophils
at 2 hours after CS exposure. Instead, our data suggest that CS induces neutrophilic cell death, explaining the
decrease in BAL neutrophils shortly after CS exposure. This is of interest, because especially necrotic cell death
leads to the release of DAMPs and the subsequent activation of innate immune cells.23 Another explanation for
the observed increase in DAMP release upon CS exposure in vivo could be an impaired phagocytosis of apoptotic
neutrophils, leading to secondary necrosis. It has been described that CS reduces efferocytosis of neutrophils
by macrophages.24-26 To be able to distinguish between necrosis, secondary necrosis, and apoptosis, it would
have been of interest to analyze the expression of apoptosis and necrosis markers on neutrophils in our in
vivo model. However, apoptosis and necrosis are transient processes, which lung neutrophils will not undergo
simultaneously upon CS exposure in vivo. This makes it difficult to monitor these processes at a single time point,
and we are not aware of studies that have been able to show a switch from apoptotic to necrotic neutrophil
death in BAL of mice. Despite this limitation, our in vitro data support a role for neutrophil necrosis, showing
that CS promotes necrotic death of human neutrophils. Moreover, the use of necrosis/necroptosis inhibitor,
necrostatin-1, inhibited the CS-induced KC release in vivo. The CS-induced airway inflammation mainly consisted
of neutrophils, although we cannot exclude the possibility that necrosis of resident lung cells (e.g., epithelial
cells) also contributes to KC release. Nevertheless, we were previously unable to detect significant numbers of
apoptotic or necrotic cells in lung tissue of mice in a short-term CS model.36 Thus, the findings on the use of
necrostatin-1 are in line with our hypothesis on the role of neutrophil necrosis in the aggravation of CS-induced
airway inflammation. CS-induced necrosis is likely the result of two distinct, but interrelated, effects of CS on the
neutrophils. First, CS exposure results in a drop in ∆ψm, thereby activating the intrinsic mitochondrial apoptosis
pathway in freshly isolated neutrophils. Second, the ATP depletion that is the consequence of CS exposure, and
which is in accordance with our previous findings in epithelial cells, hampers execution of both intrinsic and
extrinsic apoptotic programs, leading instead to inhibition of caspase activity and induction of necrosis.10 We
demonstrate that CS causes a decrease in membrane potential, intracellular ATP levels, and caspase-3 and -7
activity in human neutrophils. These factors are essential for apoptotic cell death, and depletion of these will
impede cell death in a regulated fashion, switching neutrophils from apoptosis to necrosis.10,27 Maianski and
colleagues28 have shown that mitochondria in neutrophils are not as abundantly present as in other cell types,
and barely contribute to the ATP production and energy levels in neutrophils. However, the same study showed
that mitochondria strongly contribute to and participate in neutrophil apoptosis.
We observed that human neutrophils contain high levels of HMGB1, with an increased release upon CS
exposure. Similar results were observed for dsDNA. Both HMGB1 and dsDNA are passively released from the
nucleus during cellular necrosis29, whereas dsDNA can also be actively released by activated neutrophils30, which
may explain the observed increase in dsDNA levels at both 16 and 2 hours after smoke exposure. Recent data
have shown that, in addition, mitochondria provide a rich source of DAMPs upon cell death.16,31 During necrosis,
membranes of mitochondria are disrupted and mitochondrial DAMPs, including mtDNA, are released to signal to
innate immune cells, including epithelial cells. HMGB1 is known to bind TLR2, TLR4, and RAGE. In addition, it can
activate TLR2 and TLR9 through binding to dsDNA and the formation of DNA-containing immune complexes.32
mtDNA contains unmethylated cytosine-phosphate-guanine islands that also exert immunostimulatory effects
through TLR9 binding. Activation of RAGE and TLR2, -4, and -9 is known to induce epithelial production of
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proinflammatory mediators, including CXCL813,14, and our findings on the use of the pharmacological TLR2/4
and RAGE inhibitors further confirm the involvement of DAMPs that act on these receptors (e.g., HMGB1).
A higher apoptotic rate of neutrophils has been observed in patients with COPD with advanced disease
compared with control subjects.33 Furthermore, evidence for a role of dysregulated cell death with subsequent
increased DAMP release in COPD is emerging.34 Particularly, HMBG1 has been implicated in the pathogenesis of
COPD. Accordingly, a genome-wide association study identified AGER, the gene encoding RAGE, as a susceptibility
gene for the development of COPD35,36, and its natural antagonist, soluble RAGE, is deficient in neutrophilic
asthma and COPD.37 Together, these findings support our hypothesis that dysregulated neutrophilic cell death,
with subsequent release of DAMPs, including HMGB1, upon cigarette smoking may amplify neutrophilic airway
inflammation in COPD. In future mouse model studies, we will assess whether cigarette smoking also reduces
neutrophilia induced by other stimuli, such as LPS.
In conclusion, our study demonstrates that CS induces dysfunction of both intrinsic and extrinsic apoptotic
programs in neutrophils, leading to a switch from apoptosis to necrosis, and the subsequent release of DAMPs.
These molecules act as alarmins to activate proinflammatory responses of the airway epithelium and promote
neutrophilic airway inflammation in a self-augmenting process. Our findings contribute to the understanding
of chronic airway inflammation in COPD and may open new therapeutic strategies aimed at the inhibition of
neutrophil necrosis and DAMP release.
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SUPPLEMENTARY METHODS
Detection of mtDNA in supernatant of neutrophils
Quantitative PCR reactions were performed to detect mtDNA in the supernatant of human neutrophils. Primer
pairs for mtDNA were obtained from Invitrogen (Breda, The Netherlands): 5’CCCCACAAACCCCATTACTAAACCCA3’
sense and 5’TTTCATCATGCGGAGATGTTGGATGG3’ antisense. The quantitative PCR reaction occurred in a BioRad iQ5 system (Bio-Rad, Veenendaal, The Netherlands). 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-∆Ct.
Detection of MPO, HMGB1, dsDNA and CXCL8 in BAL or supernatant
MPO (ELISA; Hycult Biotech, Uden, The Netherlands), HMGB1 (ELISA; IBL International GMBH, Hamburg,
Germany), dsDNA (Picogreen; Life Technologies, Bleiwijk, The Netherlands) and CXCL8 (ELISA; R&D Systems, Inc.,
Minneapolis, USA) were measured in BAL or cell-free supernatants according to the manufacturer’s instructions.
Viability
Plasma membrane disruption was assessed by trypan blue (Sigma-Aldrich, Zwijndrecht, The Netherlands)
exclusion. Cells were centrifuged at 600 x g and stained according to the manufacturer’s instructions. Viability
was quantified by microscopic counting.
Supplementary data

Figure 1: Acute effect of cigarette smoke on viability of freshly isolated human peripheral blood neutrophils. Cigarette smoke
or air was bubbled through neutrophil containing medium for the indicated time periods. Viability was measured by trypan blue
exclusion (mean±SEM, n=3). ** = P < 0.01 and *** = P < 0.001 between the indicated values and the air control.
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