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cause delayed apoptosis in neutrophil-like
HL-60 cells in vitro and in primed human
neutrophilic granulocytes ex vivo
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Abstract

Background Inhalation of combustion-derived nanoparticles may contribute to the development or exacerbation
of inflammatory lung diseases by direct interaction with neutrophilic granulocytes. Earlier studies have shown

that exposure of human neutrophils to carbon nanoparticles ex vivo causes a prolongation of cellular life

by the reduction of apoptosis rates. Accordingly, reduced neutrophil apoptosis rates were observed in neutrophils
from bronchoalveolar lavages from carbon nanoparticle-exposed animals. The current study describes molecular
and cellular modes of action responsible for this proinflammatory effect.

Results Experiments with human blood neutrophils or neutrophil-like differentiated HL-60 cells exposed to carbon
nanoparticles revealed dose dependent reduction of apoptosis rates. In both experimental systems, intracellular
reactive oxygen species proved to be causally linked to this endpoint. Among the human samples, only primed

cells from donors with slightly elevated proinflammatory plasma factors responded by delayed apoptosis. These
neutrophils are characterized by an immunophenotype (CD16°™9" CD62L%™) which is also observed in inflammatory
lung diseases. Upon exposure to carbon nanoparticles these cells are further activated in an oxidant dependent
manner. This activation appears to be linked to reduced apoptosis as samples with unchanged apoptosis rates were
also not responding at this level. As reactive oxygen species triggered by carbon nanoparticles are known to cause
membrane rearrangements, lipid raft structures were investigated by ganglioside M1 staining. Exposure of neutrophils
resulted in a reduction of raft structures which could be prevented by an antioxidant strategy. The destruction

of lipid rafts by depleting cholesterol also caused an activated immunophenotype and delayed apoptosis, indicating
that membrane rearrangements after carbon nanoparticle exposure in primed neutrophils are responsible for cell
activation and delayed apoptosis.

Conclusions The antiapoptotic reactions observed in two independent experimental systems, differentiated
neutrophil-like HL-60 cells and primed neutrophils, may be considered as additional proinflammatory effect of inhaled
combustion-derived nanoparticles. Particularly in chronic diseases, which are characterized by neutrophilic lung
inflammation, this effect can be expected to contribute to the deterioration of the health status. The data describe

a mode of action in which intracellular reactive oxygen species cause membrane rearrangements that are responsible
for neutrophil activation and delayed apoptosis.
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Background

Inhalation of airborne particles can cause inflammatory
responses of the airways which are contributing to
the induction or progression of a number of organic
and systemic diseases. Particularly, exposure to fine
and ultrafine combustion-generated particles in the
environment or at the workplace are known to cause
or exacerbate diseases that are among the leading
causes of death [1, 2]. These include tumorous and
cardiovascular diseases as well as chronic obstructive
pulmonary disease (COPD) and idiopathic pulmonary
fibrosis (IPF). In addition to unintentionally generated
ultrafine particles, industrially produced nanoparticles
when inhaled, may also pose a potential hazard to human
health [3]. The inflammatory reaction caused by inhaled
poorly soluble particles is characterised by an initial
influx of neutrophilic granulocytes into the lung as the
dominant cell type. As the oxidative defence mechanisms
of activated neutrophils may cause tissue damage in
the lung, strength and persistence of the inflammatory
reaction are factors determining the pathogenic
outcomes [4].

Neutrophilic granulocytes, as the most abundant
cells of the innate immune system, are closely linked
to the lung physiology in health and disease. Under
physiological conditions, neutrophils regulate the basal
physiology of the lung by diurnal migration, influencing
the circadian lung transcription [5]. In diseases like
chronic obstructive pulmonary disease (COPD),
acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) neutrophils act as the key effector
cells by constant increased migration and accumulation,
resulting in the persistent lung inflammation and
typical exacerbations like airway remodelling, airflow
obstruction and lung function decline [6, 7]. Human
exposure to outdoor and particularly traffic related air
pollution is associated with COPD and the occurrence
of exacerbations [8, 9]. Increased numbers of neutrophils
in the airways and neutrophil-driven lung inflammation
are well known endpoints of particle toxicity. For
instance, acute exposure of ambient air pollutants was
accompanied with the lower neutrophil counts in the
circulation, assuming enhanced neutrophil migration
to the airways [10]. Diesel exhaust exposure, a model
of traffic related air pollution, enhanced neutrophil
migration to the lung [11]. Thus, migrated airway
neutrophils can be exposed to respirable particles
during ongoing inhalation of polluted air, affecting lung
pathophysiology.

The lifespan of neutrophilic granulocytes is of particular
importance for the regulation of the inflammatory
response. After immigration of the cells into lung tissue
and airways, proapoptotic processes are triggered,
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which limit the lifetime to a few hours [12]. The short
lifetime of neutrophils usually ensures rapid resolution
of inflammation after successful pathogen clearance.
However, in the presence of proinflammatory stimuli
like leukotriene B4 (LTB4) or granulocyte-macrophage
colony-stimulating factor (GM-CSF), antiapoptotic
signalling pathways are activated and neutrophilic
granulocyte lifespan is prolonged [13]. The delay of
natural apoptosis appears to be dependent on membrane-
linked Akt signalling resulting in the stabilization of
the antiapoptotic protein Mcl-1 [14]. Thus, the short-
term extension of lifespan by antiapoptotic mechanisms
transiently enables more effective pathogen defence [15].
In addition to mediators of inflammation, xenobiotics
such as acrolein from tobacco smoke or titanium dioxide
and iron oxide nanoparticles are also able to delay
apoptosis of neutrophilic granulocytes, thus contributing
to the amplification of the inflammatory response

[16-18].
Our own studies demonstrated, that carbon
nanoparticles, as a model of combustion-derived

environmental ultrafine particles, also contribute to the
enhancement of the inflammatory response by delaying
natural neutrophil apoptosis [19]. Studies on nanoparticle
interaction with lung epithelial cells demonstrated
that carbon nanoparticles can cause an increase in
intracellular oxidative stress, which leads to changes
in membrane lipid composition and the induction of
specific membrane dependent signalling events [20].
The role of specific intracellular reactive oxygen species
(ROS) in the regulation of neutrophil apoptosis has been
described earlier [21].

The current study is focusing on delayed neutrophil
apoptosis after exposure to ultrafine particles as a
proinflammatory event. Comparative analyses with
human peripheral blood neutrophils and neutrophil-
differentiated HL-60 cells were performed to verify
this cellular reaction in two independent experimental
systems and to develop a toxicological test system.
Furthermore, particle-mediated intracellular ROS were
investigated for their role as inducer of molecular events
like oxidant dependent membrane rearrangement
causing neutrophil activation and delay in apoptosis.

Methods

Particles and particle suspensions

Carbon nanoparticles (Printex 90) with a primary
diameter of 20 nm were purchased from Degussa
(Germany) and carbon particles (350 nm primary
diameter) were from H. Haeffner (Chepstow as
“Huber 990”). Particle suspensions were prepared in
PBS as described [22]. Physico/chemical characteristics
particles and particle suspensions as well as the
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suspension protocol are displayed in the supplementary
data (Fig. 1S, Table 1S) [23].

Isolation and cultivation of human neutrophilic
granulocytes
Heparinized blood was collected from volunteers who
assured that they are currently not suffering from
infectious diseases. Data on age, sex and cigarette
smoking are given in Table 2S (supplementary data).
The study was approved by the ethics committee of the
Heinrich-Heine-University Diisseldorf (study number
5871R). Blood samples were immediately used for
neutrophil isolation. Additionally, blood plasma was
harvested and stored at <20 °C until further processing.
Human neutrophils were isolated by discontinuous
density gradient centrifugation on Percoll (Pan
Biotech). After lysis of erythrocytes in a hypotonic
ammonium chloride buffer and a wash step in PBS,
cells were suspended in RPMI 1640 medium (Pan
Biotech) containing 1% FCS (Biochrom), 100 U/ml
penicillin/100 pg/ml streptomycin (Sigma) and further
incubated at 37 °C in a humidified atmosphere with
5% CO,.

Flow cytometric characterization of human neutrophils
The viability and purity of isolated human neutrophils
were assessed by microscopy and flow cytometry
(suppl. data Fig. 3Sa and Sb). DAPI (Roth) was used as
a viability dye, cell surface CD45, CD16 and CD66b
were monitored as the specific granulocyte markers.
Fc receptor blocking solution (#422,302) was used
to block non-specific binding before staining with
antibodies. Fc receptor blocking solution, fluorescently
conjugated human antibodies CD45-FITC (#304,006),
CD16-APC (#302,012) and CD66b-PE (#305,106) or the
corresponding volume of isotype matched antibodies
FITC mouse IgGl (#400,107), APC mouse IgGl
(#400,119), PE mouse IgM (#401,611) were purchased
from BioLegend and used according to the instructions
of the manufacturer (5 pl/100 pl). Measurements and
data analysis were carried out with FACSCanto II by
use of FACSDiva 6.1.3 software (Becton Dickinson). At
least 10* events per sample were collected and analyzed.
Graphics for publication were created by use of FlowJo
10.8.1 software (Becton Dickinson). The characterization
of isolated cells revealed that>95% were neutrophilic
granulocytes.

Differentiation of HL-60 cells

The human promyeloblast cell line HL-60 (wild type
CCL-240) was purchased from ATCC. The cell line was
cultured in RPMI 1640 medium containing 5% FCS,
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100 U/ml penicillin/100 pg/ml streptomycin at 37 °C
in a humidified atmosphere with 5% CO,. Cell cultures
were passaged two times per week, maintaining cell
density between 10° and 10° cells/ml. Cells were
induced to differentiate into a granulocyte-like state
by incubation at an initial density of 10° cells/ml with
cell culture medium supplemented with 1 uM all-trans
retinoic acid (Sigma) and 1% DMSO (Roth) for 5 days.
Differentiation of HL-60 cells into a neutrophilic-like
state was assessed by several methods including cell
morphology with May-Gruenwald/Giemsa staining
(suppl. data Fig. 3Sc) or cell cycle analysis and
differentiation/proliferation marker (data not shown).

May-Gruenwald/Giemsa staining

Morphology of HL-60 cells and human neutrophils
was analyzed on cytospin slide preparations (suppl.
data Fig. 3Sa and Sc) with 10° cells in 500 pl PBS.
After centrifugation for 6 min at 250x g (Cytospin3
from Shandon) cells were air dried, stained with
May-Gruenwald following by Giemsa staining (both
from Roth) and studied using a Zeiss Axiophot light
microscope. Obtained pictures were edited using the
Zen 3.0 blue edition program (Zeiss).

Exposure of cells

Cells were seeded in the 48-well plates at the density
of 2*10° cells in a volume of 1 ml/well in cell culture
medium and were treated immediately after seeding. For
each method, measurements of freshly isolated untreated
cells were carried out. Particle suspensions were prepared
freshly before use in PBS at stock concentration 1 mg/ml
(see suppl. data). Cells were treated with the respective
volumes to achieve the indicated particle doses (e.g. dose
response experiments). Solvent controls (sham) were
performed by application of PBS alone. N-acetylcysteine
(NAC, Calbiochem) stock solution was prepared in
distilled H,O/NaOH with pH=7-8 at 0.9 M and stored at
—20 °C until used. Diphenyleneiodonium chloride (DP],
Sigma) stock solution was prepared in DMSO at 10 mM
and stored at -20 °C until used. 5 mM (for HL-60 cells)
or 10 mM (for human neutrophils) NAC and 20 pM DPI
(final concentrations) were added 1 h prior to particle
exposure. Methyl-B-cyclodextrin (MBC, Sigma) was
dissolved in distilled H,O at 0.5 M (stock concentration)
and stored at 4 °C until used. Granulocyte—macrophage
colony-stimulating factor (GM-CSE, CST) was dissolved
in distilled H,O at 10 pg/ml (stock concentration) and
stored at -20 °C until used. Both substances were added
to the cells immediately after seeding. Solvent controls
(sham) were carried out for each substance.



Hornstein et al. Particle and Fibre Toxicology (2025) 22:6

Analysis of apoptosis
Cells were harvested 18 h after exposure and apoptosis
was assessed according to Nicoletti protocol by direct
DNA staining in propidium iodide (PI, Sigma) hypotonic
solution and flow cytometry [24]. PI was dissolved in
distilled H,O at 1 mg/ml (stock concentration) and stored
at 4 °C in the dark until used. 6*10° cells per sample
were suspended in a fluorochrome solution containing
0.1% sodium citrate (w/v), 0.1% Triton X-100 (v/v) and
50 pg/ml PI (final concentrations) and incubated for 1 h
at 4 °C in the dark. Thereafter cells were analyzed by
flow cytometry and red fluorescence of PI (>600 nm),
bound to the DNA, was measured with FACSCanto II
by use of FACSDiva 6.1.3 software (Becton Dickinson).
After gate-out of residual debris, doublets and particles,
the percentage of hypodiploid DNA (%sub-Gl),
corresponding to fragmented DNA and thus to apoptotic
nuclei, was estimated by analysis of the DNA histogram.
10* events per sample were collected and analyzed.
Furthermore, apoptosis in human neutrophils was
verified with Annexin V/PI (suppl. data Fig. 4Sa and
Sb). 2.5*10° cells per sample were harvested after 18 h
and apoptosis/necrosis were determined by staining
with Annexin V-FITC and PI (manufactured kit from
BioVision) for 5 min at room temperature in the dark.
Thereafter cells were analyzed by flow cytometry. Red
fluorescence of PI (>600 nm), bound to the DNA and
green fluorescence of FITC (520 nm), bound to the
everted phosphatidylserine on the outside of the cell
membrane were measured with FACSCanto II by use
of FACSDiva 6.1.3 software (Becton Dickinson). After
gate-out of residual debris and doublets the percentage
of early apoptotic (Ann.+/PI-), late apoptotic/secondary
necrotic (Ann.+ /PI+) and necrotic (= dead) cells (Ann.-/
PI+) were estimated by analysis of the Annexin V/PI dot
plot (quadrants statistic). 10* events per sample were
collected and analyzed.

Measurement of intracellular ROS

Cells were harvested 1 h after exposure and intracellular
formation of ROS was assessed by 2,7’-dichlorodihydr
ofluorescein diacetate staining (DCFDA, Santa Cruz)
and flow cytometry. DCFDA was dissolved in DMSO
at 100 mM (stock concentration) and stored at —20 °C
until used. 6*10° cells per sample were resuspended in
0.2 mM DCFDA solution in PBS (final concentration)
and incubated for 30 min at 37 °C in the dark. Thereafter
cells were washed once with PBS and analyzed by
flow cytometry. Green fluorescence of DCF (530 nm),
corresponding to relative intracellular ROS formation,
was measured in histogram with FACSCanto II by
use of FACSDiva 6.1.3 software (Becton Dickinson)
after elimination of residual debris and doublets (MFI
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statistic). 10* events per sample were collected and
analyzed.

Flow cytometric analysis of neutrophil immunophenotypes
Cells were harvested 18 h after exposure and neutrophil
subpopulations were analyzed by staining of cell
surface markers and flow cytometry. At first, 10° cells
per sample were incubated in Fc receptor blocking
solution (#422,302) to avoid non-specific binding of
antibodies. Afterwards cells were directly incubated with
fluorescently conjugated human antibodies (CD45-FITC
#304,006, CD62L-PE #304,806, CD16-APC #302,012 and
CD11b-PerCP-Cy5.5 #101,230) or the corresponding
volume of isotype matched antibodies (FITC mouse IgG1
#400,107, APC mouse IgG1 #400,119, PE mouse IgG1
400,111, PerCP-Cy5.5 rat I1gG2b #400,629) for 30 min
at 4 °C in the dark. Fc receptor blocking solution and
all antibodies/isotype controls were purchased from
BioLegend and used according to the instructions of the
manufacturer (5 pl/100 pl).

Thereafter cells were washed once with PBS, stained
with 2 pg/ml DAPI as a viability dye and analyzed
by flow cytometry. Four neutrophil subpopulations,
based on their differential expression of CD16 and
CD62L surface markers, could be distinguished with
FACSCanto II by use of FACSDiva 6.1.3 software (Becton
Dickinson). After gate-out of residual debris, doublets,
dead cells (DAPI + cells) and eosinophils, the percentages
of four neutrophil subpopulations (CD16™ &/
CD62L 8" mature, CD16%™/CD62L " immature,
CD16%M/CD62LY™  apoptotic  and ~ CD16™8hy
CD62LY™ primed/activated) were estimated by analysis
of the CD16/CD62L dot plot (quadrants statistic).
Additionally, the CD11b expressing neutrophils, gated
on the primed/activated CD16i8M/CDE2L4Mm  gubset,
were estimated by analysis of the CD11b histogram (MFI
statistic). 2*10* events per sample were collected and
analyzed. Graphics for publication were created by use of
FlowJo 10.8.1 software (Becton Dickinson).

Flow cytometric analysis of GM1

Cells were harvested 5 min after exposure and GM1
expression was analyzed by B-subunit of cholera toxin
conjugated with FITC (Sigma) and flow cytometry.
B-subunit of cholera toxin was dissolved in distilled H,O
at 1 mg/ml (stock concentration) and stored at 4 °C in the
dark until used. 6*10° cells pro sample were resuspended
in 5 pg/ml B-subunit of cholera toxin solution in PBS
(final concentration) and incubated for 30 min at 4 °C
in the dark. Thereafter cells were washed once with PBS
and analyzed by flow cytometry. Furthermore, GM1
expression was verified by 50 ug/ml GM1-PerCP antibody
(Biorbyt) and flow cytometry (suppl. data Fig. 5Sa and
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Sb). Green fluorescence of B-subunit of cholera toxin-
FITC (530 nm), corresponding to relative surface GM1
amount, or red fluorescence of GM1-PerCP (690 nm),
corresponding to percentage of GM1 expressing cells,
were measured in histogram with FACSCanto II by use
of FACSDiva 6.1.3 software (Becton Dickinson) after
elimination of residual debris and doublets. 10* events
per sample were collected and analyzed.

GM1 labeling and microscopy analysis

Freshly isolated neutrophils were seeded on poly-D-
lysine-hydrobromide (Sigma) coated coverslips (4*10°
cells in 100 pl cell culture medium per coverslip) and
incubated for 30 min to allow to adhere. After the cells
attached, 400 pl cell culture medium per well were added,
resulting in a final volume of 500 pl per well. Afterwards
the cells were exposed to the final concentrations of
33 pg/ml carbon nanoparticles, 20 ng/ml GM-CSF or
0.01 mM methyl-B-cyclodextrin for 5 min prior pre-
treatment with NAC or DPI for 1 h. Thereafter cells were
washed once with cell culture medium and incubated
with 5 pg/ml B-subunit of cholera toxin solution in PBS
for 30 min at 4 °C in the dark. In the next step cells were
washed three times with cell culture medium and fixed
with 4% paraformaldehyde (PFA, Roth) in PBS for 20 min
at 4 °C. Afterwards cells were washed two times with
PBS and finally mounted in ProLong Diamond Antifade
mounting medium containing DAPI (Invitrogen). Slides
were analyzed by fluorescence microscopy using a Zeiss
AxioVert inverted microscope with a 400X objective.
Obtained pictures were edited using the Zen 3.0 blue
edition program (Zeiss).

Cytokine array

Individual samples of blood plasma (200 pl) were
subjected to cytokine analyses using the Human XL
Cytokine Array Kit (R&D systems) according to the
instructions of the manufacturer.

Briefly, membranes were blocked for 1 h and, after
addition of plasma samples, incubated overnight at
4 °C. Arrays then were washed and detection antibody
cocktail was applied. Membranes were visualized by
chemiluminescence using a streptavidin-HRP solution.
Images were recorded with a CHEMI Premium

(See figure on next page.)
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imager device (VWR). Dot blots were quantified by
densitometry using the HLImage + +software (Western
Vision Software) according to manufacturer tutorial. For
every cytokine the average of two technical replica was
calculated and corrected for background luminescence by
considering reference spots of the respective membrane.
Average values for cytokines were used for statistical
analyses comparing both groups. Means of each group
were compared with total means of all samples in order
to set up heat maps.

Statistical analysis

Results from replicate experiments were subjected to
statistical analyses. Experiments were repeated with
cells from different donor samples or cultured cells from
different passages (n=the number of replicates for each
experiment). All data are presented as means+SEM.
Data analysis were performed with GraphPad Prism
version 9.4.1 for Windows (GraphPad Software).
Multiple comparisons were performed by applying
one-way ANOVA with Dunnet’s post hoc tests for
statistical significance. Analysis for significance between
two groups were paired or unpaired Student’s t-tests
(normally distributed values). In case of non-normally
distributed results or small size, ranked tests were applied
(Wilcoxon matched-pairs test or Mann—Whitney ranked
test). Data were considered to be statistically significant
when p <0.05.

Results

Carbon nanoparticles delay apoptosis in human
neutrophils and neutrophil-like HL-60 cells in an oxidant
dependent manner

In a first approach, we tested whether exposure to carbon
nanoparticles (carbon black with a primary diameter of
20 nm) is able to reduce apoptosis rates in peripheral
blood neutrophils isolated from 154 selected blood
samples of healthy volunteers ex vivo and in neutrophil-
differentiated HL-60 cells in vitro (Fig. 1a—d). Both types
of cells were exposed to the indicated doses of carbon
nanoparticles. Apoptosis rates were determined before
treatment and 18 h after exposure by staining with
propidium iodide (PI) [24]. The validity of the results was
confirmed by an independent method using combined

Fig. 1 Effect of carbon nanoparticles (CNP) on apoptosis and ROS generation in human neutrophils and HL-60 cells. Human neutrophils

or differentiated HL-60 cells (2¥10° cells/ml) were exposed to the indicated doses of CNP (otherwise the dose was 33 ug/ml). Controls were freshly
isolated untreated neutrophils and fully differentiated untreated HL-60 cells (0 h), or solvent controls (sham 1 h or 18 h). Prior to CNP exposure,
cells were pretreated with 5 mM NAC (HL-60 cells), 10 mM NAC (neutrophils) or 20 uM DPI for 1 h (as indicated in'i, j, k and ). a-d, j, | apoptosis
(% hypodiploidy) at 18 h after exposure. e-h, i, k, m DCF fluorescence determined at the indicated time points after exposure. Data are presented
asmean+SEM;an=154,bn=9,cn=31,dn=5en=98,fn=20,gn=29, hn=4in=22,jn=51,kn=7,1n=8 mn=6,*p<0.05
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PI and Annexin V staining (suppl. data Fig. 4S). In both
cell types exposure to 33 pg/ml for 18 h resulted in a
significant reduction of apoptosis rate (Fig. 1la and 1c).
Interestingly, this effect appears to be more pronounced
in differentiated HL-60 cells. The exposure dose of
33 pg/ml was chosen as it proved to be an effective dose
in earlier experiments with lung epithelial cells [25].
In the current experiments we also tested lower doses
(Fig. 1b and d), in order to investigate the specificity of
the cellular reactions. In both cell types we observed a
dose dependence, demonstrating the specificity and most
probably the in vivo relevance of this effect.

The generation of intracellular ROS was determined
before treatment and 1 h after exposure by DCFDA
fluorescence assay. In both cell types the effective dose of
33 pg/ml led to an increase in intracellular ROS (Fig. le
and g), again this reaction proved to be dose dependent
(Fig. 1f and h). In order to confirm the hypothesis, that
ROS triggered by carbon nanoparticle exposure are
causally linked to the reduction of apoptosis rates,
we performed experiments, in which we aimed to
scavenge ROS or prevent their generation. Pretreatment
with N-acetylcysteine (NAC), which as a precursor
of glutathione, is known to increase the antioxidative
capacity of the cells, while diphenyleneiodonium chloride
(DPI) prevents the generation of superoxide anion by
flavoproteins like NADPH oxidases [26, 27]. In both cell
types NAC reduced the intracellular ROS triggered by
carbon nanoparticles (Fig. 1i and k) while apoptosis rates
were restored by this antioxidant strategy (Fig. 1j and
1). Although the effect of DPI was not so obvious at the
level of carbon nanoparticle-induced ROS in neutrophils
ex vivo (Fig. 1i), this kind of intervention prevented
reduced apoptosis rates in this cell type (Fig. 1j). In
differentiated HL-60 cells however, we observed a
reduction of ROS and a restored apoptosis rate by both
pretreatments (Fig. 1k and ). Time course experiments
monitoring the intracellular oxidation capacity after
nanoparticle exposure of neutrophils show a steep
increase already after 5 min which comes to a maximum
level at 1 h (Fig. 1m) and then declined. At the time point
of apoptosis measurement (18 h), ROS levels are back
to normal, indicating that the initial ROS induction is
responsible for antiapoptotic signalling events.

Primed human neutrophils exhibit delayed apoptosis

Compared with earlier studies on neutrophils from
COPD patients [19] the antiapoptotic effects observed
in the current experiments considering 154 volunteer
samples appear rather moderate (Fig. 1a). Some of the
donor samples did not respond at all to particle treatment
by delayed apoptosis. We therefore discriminated the
samples, which did not respond on exposure by a change
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in apoptosis rate by at least 5%. With this approach we
aimed to investigate the biological reasons for this
difference in response and to evaluate whether this
has an impact on the toxicological test system using
peripheral neutrophils ex vivo. Figure 2a shows the
average changes in apoptosis rates of so-called responder
and non-responder samples (for individual results see
supplementary Fig. 2S). Interestingly, the responding and
non-responding sample groups did not significantly differ
in intracellular ROS levels (Fig. 2b).

In order to test whether the effects on apoptosis rates
in human neutrophils described in Fig. 1 are due to
specific mechanisms occurring in responder samples
only, we further on analysed the causality of a reduction
of apoptosis rates in cells of the two sample groups
separately. A first test for the relevance of physical
particle characteristics revealed clear data in responder
cells. Here bigger combustion-derived carbon particles,
representing a lower surface to mass ratio (carbon black
with 350 nm primary diameter), were used as reference
material for size or surface. In contrast to carbon
nanoparticles, these particles were not able to elicit
significant effects on apoptosis rates or ROS production
in responder cells (Fig. 2c and d). Taken together, these
data indicate, that only a subset of samples of the healthy
donors is responsible for the described effects of carbon
nanoparticles on neutrophil apoptosis rates.

With the purpose of evaluating whether the distinction
between responder and non-responder cells is of
physiological relevance, we further aimed to characterize
these two sample classes. In a first approach we analysed
plasma samples, from which responding and non-
responding neutrophils have been isolated (six from each
group). We subjected the samples to membrane arrays,
quantifying pro- and anti-inflammatory cytokines.
Figure 3a displays the heat maps of mean increase or
decrease compared with the mean of all measured
samples. Spatial arrangement of cytokine spots as well
as all quantification data are given in suppl. Tables 3S
and 4S. As we just included healthy volunteers, we did
not observe strong inflammatory effects. However, clear
differences between groups were obvious. Cells which
responded with a decrease in apoptosis rates came from
donors with mostly higher cytokine levels, indicating
a mild proinflammatory situation. Statistical analyses
of individual cytokine levels in both groups revealed
significant differences in the levels of five cytokines
including C reactive protein (CRP) and myeloperoxidase
(MPO) (Fig. 3b). Only few cytokines appeared to be
less prominent in responder samples. These differences
however were not statistically significant.

Neutrophils from both groups were analysed for the
loss of L-selectin CD62L as a sign of “priming” (reversible
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partial activation) by proinflammatory factors [28].
Immature and mature, fully differentiated neutrophils
exhibit high numbers of CD62L molecules for steady-
state rolling in the circulation. CD62L levels are
markedly decreased on aged and apoptotic neutrophils
but also on primed/activated cells due to inflammatory
conditions [29]. Phagocytosis receptor FcyRIII (CD16)
is not expressed on immature cells and is gradually lost

on apoptotic neutrophils [30]. Therefore, CD62L can
serve as a marker for neutrophil priming/activation
and age and the CD16 status is indicative for neutrophil
maturation and apoptosis. Staining neutrophils from
responding and non-responding donor samples for
CD62L together with CD16 as a marker for viability,
we observed a significantly increased numbers of
primed cells in the responding samples compared with
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non-responding cells (Fig. 3c). Analysis of the same
dataset for relative CD62L expression of CD16 positive
cells corroborates this finding by showing a significantly
reduced mean CD62L signal from responder neutrophils
compared with non-responder cells (Fig. 3d).

As an additional marker for neutrophil priming/
activation, the level of integrin «, (CD11b) was
investigated. This unique protein is prestored in secretory
vesicles and can be mobilized to the surface during
neutrophil priming and/or activation [31]. Analysing
CD11b status, as a supportive marker for neutrophil
activation, no significant difference in CD11b expression
level in CD16"8" CD62LY™ subset in freshly isolated
neutrophils was observed (Fig. 3e).

Carbon nanoparticle-induced priming of neutrophils

is associated with reduced apoptosis rates

By double labelling of CD16/CD62L surface markers,
four  neutrophil  subpopulations  with  distinct
immunophenotypes can be discriminated: immature
CD16%™ CD62L™8", mature CD16™8" CD62L M,
apoptotic CD16%™ CD62LY™, and primed/activated
CD16"e"t CDe2L 4™ (Fig. 4a). In a next set of experiments
these immunophenotypes were determined in responder
and non-responder samples prior to or after exposure to
carbon nanoparticles. In Fig. 4b representative dot plots
from dose response experiments are depicted. Figure 4c
shows the percentage of activated cells in both groups.
The shift of subpopulations after treatment with the
highest dose (33 pg/ml) is depicted in Fig. 4d.

The majority of circulating neutrophils (0 h) were
mature cells (Fig. 4b and d). The subpopulation of
immature neutrophils of all donors in our study was
hardly detectable (0.1-0.3%). The subpopulation of
freshly isolated apoptotic neutrophils of all donors
was also small, confirming our data from apoptosis
measurement. Only the subpopulation of circulating
primed neutrophils varied, with significantly elevated
cell numbers from responder samples compared with
the non-responder group (Fig. 4b and d) due to the
differences in priming status as suggested by the data
shown in Fig. 3c and d.

(See figure on next page.)
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Compared with freshly isolated cells, an increase of
apoptotic and marked decrease of mature neutrophils
was detected in untreated control neutrophils after 18 h.
However, the numbers of primed cells were significantly
elevated only in a responder group in favour of a
reduction of the apoptotic subpopulation. No differences
were observed in mature subpopulation between two
donor groups (Fig. 4b and d).

Carbon nanoparticle exposure elicited a dose
dependent increase of activation only in responder
samples, which was absent in non-responder cells
(Fig. 4c). The highest dose of carbon nanoparticles
(33 pg/ml) induced an increase, which proved to be
statistically significant (Fig. 4c). Also, the differences
between responders and non-responders proved to
be statistically significant (Fig. 4e). This activation
enhancement was correlated with the diminished
numbers of apoptotic neutrophils, while the percentage
of the mature subpopulation remained unaffected
(Fig. 4d), indicating the mechanistic link between
activation of neutrophils and reduced apoptosis rates. An
additional indication for a causal relation of neutrophil
activation and reduced apoptosis comes from testing the
impact of ROS on percentages of activated neutrophils
after carbon nanoparticle exposure. Both antioxidative
pretreatments with NAC or DPI were able to prevent
neutrophil activation (Fig. 4f).

We did not observe any significant difference in CD11b
levels in CD16”8" CD62LY™ subset in untreated 18 h
controls between two donor groups. However, after
exposure to carbon nanoparticles in cells from responder
samples a significant increase in CD11b was noticed
(Fig. 4g). In non-responder samples, however, only
a non-significant trend was observed in this primed
subpopulation. Again, this effect proved to be dependent
on ROS, as pretreatment of responder cells with NAC or
DPI prevented the increase of CD11b levels (Fig. 4h).

The specificity of both reactions, apoptosis and
neutrophil priming, for carbon nanoparticle exposure
was investigated by performing control experiments
with a factor addressing a well-known mode of action,
which might not be induced by carbon nanoparticles.

Fig. 4 Effect of carbon nanoparticles (CNP) on different human neutrophil subpopulations. Human neutrophils (2*10° cells/ml) were exposed

to the indicated doses of CNP (otherwise the dose was 33 pg/ml). Controls were freshly isolated untreated neutrophils (0 h) or solvent controls
(sham 18 h). Prior to CNP exposure, cells were pretreated with 10 mM NAC or 20 uM DPI for 1 h (as indicated in f and h). a, b representative dot
plots from a typical flow cytometry analysis of CD16/CD62L stained controls or CNP-treated neutrophils at 18 h after exposure. In responder

and non-responder donors the following parameters were determined 18 h after exposure: ¢, e, f the percentage of primed CD16°19"/CD62L4™
neutrophils, d the percentages of three neutrophil subsets (CD16°™9"/CD62L>"9 mature, CD16°'9"/CD62LY™ primed/activated, CD169™/
CD62L9™ apoptotic), g, h geometric mean of CD11b staining of CD16°1" CDE2LY™ neutrophil subpopulation. Data are presented as mean + SEM;
a-c n=14 (responder), n=7 (non-responder); d n=42 (responder), n=13 (non-responder); @ n=42 (responder), n=13 (non-responder); f n=12
(resp.+non-resp.); g n=23 (responder), n=6 (non-responder); h n=16 (resp.+non-resp.), *p < 0.05
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The proinflammatory cytokine granulocyte-macrophage
colony-stimulating factor (GM-CSF) is able to delay
natural apoptosis in neutrophils and also to prime and/
or activate neutrophils, detectable by reduced CD62L
levels and increasing CD11b molecules at the cell surface
[32—-34]. Moreover, intracellular ROS levels are also
increased after GM-CSF application [35]. We therefore
tested neutrophils from responder and non-responder
samples for their reaction on GM-CSF treatment (20 ng/
ml). Compared with the exposure with the highest dose
of carbon nanoparticles, a much stronger reduction of
apoptotic cells in responder and non-responder samples
was noticed (Fig. 5a). In both types of donor samples,
we observe a similar increase in intracellular ROS levels
(Fig. 5b). Compared with CNP exposure, stronger effects
on the numbers of activated cells (CD16bright CD62L4im
CD11b*) were observed (Fig. 5c and d). The responder
status of neutrophils appears not to have impact of
these reactions. Considering the background level of
primed cells in responder samples, non-responder
neutrophils were sensitive to GM-CSF treatment either
(Fig. 5a and b). We therefore claim, that the molecular
initiating event, triggered by carbon nanoparticles,
makes use of a specific mechanism, which is distinct
from cytokine-mediated effects and is dependent on the
proinflammatory status of the donor and the depending
priming status of the neutrophils.

Reduction of apoptosis and neutrophil priming are
mediated by membrane rearrangements specific

for carbon nanoparticle exposure

Earlier studies identified ROS dependent reorganization
of membrane lipids in lung epithelial cells as the key
event of pathogenic responses [20]. The destruction of
gangliosides resulting in an accumulation of ceramides
is accompanied by a loss of cholesterol from the cell
membrane. These rearrangements lead to a translocation
of signalling molecules located in detergent resistant
membrane domains [36]. The cytoplasm membrane
of neutrophils contains a high density of such lipid
raft structures, which are uniformly distributed in
unstimulated cells [37]. As the main ingredient and a
resident marker, ganglioside M1 (GM1) is commonly
used to visualize lipid rafts. The effect of carbon
nanoparticle exposure on GM1 location was determined
here by using labelled cholera toxin B-subunit, which
binds stoichiometrically to GM1 molecules on the
plasma membrane with high specificity [38].

Flow cytometric analyses of neutrophils stained
for GM1 show a dose dependent decrease of this
ganglioside after exposure to carbon nanoparticles
(Fig. 6a). The results obtained with this method were
evaluated by a second independent approach making

Page 12 0f 18

use of a GMI-specific antibody (suppl. data Fig. 5S).
Further analyses addressing the ROS dependence of this
membrane rearrangement show, that pretreatment with
DPI in fact prevents this effect (Fig. 6b). Interestingly
the pretreatment with NAC under these experimental
conditions counteracted carbon nanoparticle-induced
membrane changes less efficiently. This might be an
indication for the involvement of specific reactive oxygen
or nitrogen species generated by membrane-coupled
flavoproteins.

The detected membrane rearrangements could also
be observed in microscopic analyses (Fig. 6h). The
peripheral staining with labelled cholera toxin B-subunit,
which can be observed in freshly isolated neutrophils
as well as in control cells 5 min after the start of the
experiment, is clearly gone when the cells were treated
with carbon nanoparticles for 5 min (upper right panel).
In this assay both antioxidant strategies with NAC or DPI
prevented this loss of peripheral staining (panels below).

The role of membrane lipid rearrangements in
neutrophil priming and delayed apoptosis was
investigated by applying methyl-f3-cyclodextrin, which
is known to destroy lipid raft structures by depleting
cholesterol from membranes. As expected, the typical
GM1 staining disappeared from neutrophil membranes
after the treatment with this substance (Fig. 6h lower
left panel). Furthermore, the loss of GM1 could also be
observed in quantitative flow cytometry analyses (Fig. 6¢
and suppl. data Fig. 5Sb). If this kind of membrane
rearrangements is relevant for delayed apoptosis and
neutrophil priming, exposure to methyl-3-cyclodextrin
should be able to trigger reactions similar to carbon
nanoparticle exposure. Accordingly, in hypodiploidy
measurements, the loss of cholesterol and GM1 from
the membrane also resulted in a dose dependent
reduction of apoptosis rates (Fig. 6d). The analyses of
neutrophil priming by determination of percentages of
CD16"et CD62LY™ cells and CD11b* cells also indicate,
that these endpoints are depending on membrane
rearrangements (Fig. 6e and 6f). However, for these
activation markers higher doses of methyl-3-cyclodextrin
were necessary to revealed significant results. Quite
different from carbon nanoparticles, methyl-3-
cyclodextrin had no oxidative potential, as none of the
tested concentrations caused increased DCF fluorescence
in neutrophils from both donor groups (Fig. 6g).

Discussion

In the current study, employing a large sample set of
human neutrophils, we were able to confirm earlier
ex vivo and in vivo findings which demonstrate the
delay of apoptosis after the exposure of neutrophils to
combustion-derived carbon nanoparticles. This effect
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Fig. 5 The impact of granulocyte-macrophage colony-stimulating factor (GM-CSF) on apoptosis, ROS generation and activation of human
neutrophils. Human neutrophils (2*10° cells/ml) from responder and non-responder donors were exposed to 20 ng/ml GM-CSF. Controls were
freshly isolated neutrophils (0 h) or solvent controls (sham 1 h or 18 h). a apoptosis (% hypodiploidy) at 18 h after exposure. b DCF fluorescence
determined 1 h after exposure. c the percentage of activated CD16°"9" CD62L4™ neutrophil subpopulation at 18 h after exposure. d geometric
mean of CD11b staining of CD16°"9" CD62L9™ neutrophil subset at 18 h after exposure. Data are presented as mean +SEM; a n=42 (responder),
n=14 (non-responder); b n=31 (responder), n=11 (non-responder); c n=10 (responder), n=4 (non-responder), *p < 0.05

then was closely linked to the extend of neutrophil
inflammation in the animal experiment [19]. We now
demonstrate, that the mild but significant reduction
of apoptosis rate in human neutrophils depends on
the induction of intracellular reactive oxygen species.

Our mechanistic studies comparing responding and
non-responding neutrophils and the investigation of
membrane lipid rearrangement allow to identify a
chain of key events involved in this proinflammatory
pathway.
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Delayed neutrophil apoptosis as a marker

for proinflammatory effects of inhaled materials

Our findings might be of relevance for the toxicological
evaluation of respirable materials including poorly
soluble nanoparticles. So far, there are only a few reports
concerning the impact of such materials on neutrophil
biology, although there are indications for the induction
of neutrophil-driven inflammation after airway exposure
with this kind of materials [39—41]. Particularly, some
evidence for reduced apoptosis rates comes from
experiments with human neutrophils exposed to
comparatively high dosages of TiO, nanoparticles [42]. A
study comparing primary neutrophils with differentiated
HL-60 cells in their response to different kinds of
nanoparticles (Ag, Zn, and TiO,) showed parallel trends
in cytotoxicity, proinflammatory cytokine secretion,
and respiratory burst [43]. In our study with a relatively
high number of human neutrophil samples we were
able to obtain similar results for delayed apoptosis and
intracellular oxidative stress in differentiated HL-60 cells
and neutrophils. Moreover, the specificity of these effects
was also demonstrated by a negative control particle
sample with fine carbon particles. Taken together, the
data from two independent test systems align very
well with results from the literature indicating, that
intracellular oxidative stress and delayed neutrophil
apoptosis are pathogenic outcomes which are relevant for
the toxicological evaluation of poorly soluble respirable
nanoparticles. We therefore suggest to consider these
endpoints for toxicological testing of such materials.

Primed peripheral human neutrophils might represent
lung neutrophils

The characterization of donor samples with delayed
apoptosis, as a reaction on particle exposure, allowed
to evaluate the in vivo relevance of the findings.
Neutrophils, entering the lung, are known to undergo
a priming process, which is characterized by the loss of
adhesion molecule CD62L and an increase of integrin
CD11b [44]. Using these two markers, neutrophils
from bronchoalveolar lavage can be distinguished from
naive systemic neutrophils. Interestingly, in persons

(See figure on next page.)
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exposed to tobacco smoke, the number of primed
neutrophils in peripheral blood is increased. These
primed neutrophils are known to be more vulnerable
for pathogen defence responses in the airways. Such a
priming effect implies increased expression of adhesion
and activation markers, enhanced responsiveness to
further agonists, prolonged life span and consequently
activated functions like chemotactic migration,
production of reactive oxygen species, formation of
extracellular traps or degranulation [45]. Moreover,
also nanomaterials like silver nanoparticles were
described to affect neutrophil subpopulations and
to activate neutrophils [46]. Increased numbers of
lung neutrophils with this typical immunophenotype
(CD16Pe"t  CD62LY™CD11bMe")  were observed
in neutrophil-driven lung diseases like COPD and
ARDS due to the increased levels of proinflammatory
cytokines [44, 47]. In our array analyses we see
increased proinflammatory cytokine and chemokine
profiles in blood plasma from responder samples.
Compared with average, plasma from responders
had higher levels of proinflammatory factors, while
non-responder samples showed rather lower levels.
A number of proinflammatory factors like C-reactive
protein (CRP), myeloperoxidase (MPO), chitinase-3-
like 1, detected with cytokine profiler array, were found
to be significantly increased in blood plasma from
responder donors. Such an environment is well known
to affect neutrophil apoptosis and functions [48].

In line with apoptosis data and analysis of blood
plasma from responder donors, we observed
significantly elevated numbers of circulating primed
CD16™#"  CD62LY™ neutrophils from responder
samples compared with non-responders. However,
there was no significant difference in the expression
of an additional activation marker CD11b between
two donor groups. Lack/low expression of CD11b
on circulating primed CD16™#"  CDe2L4M
neutrophils seemingly doesn’t hinder recruitment,
as integrin-independent migration is reported in
microenvironment, where blood capillary diameter is
smaller than that of circulating neutrophils [49].

Fig. 6 The impact of carbon nanoparticles (CNP) and methyl-3-cyclodextrin (MBC) on ganglioside M1 (GM1) cell surface distribution. Human
neutrophils (2*10° cells/ml for flow cytometry; 4*10° cells/sample for microscopy) were exposed to the indicated doses of CNP or MBC. Controls
were freshly isolated untreated neutrophils (0 h) or solvent controls (sham 5 min, 1 h or 18 h). Prior to CNP exposure, cells were pretreated

with 10 mM NAC or 20 uM DPI for 1 h (as indicated in b and h). a—c geometric mean of cholera toxin-subunit B staining at 5 min after exposure.
d apoptosis (% hypodiploidy) at 18 h after exposure. @ DCF fluorescence determined at 1 h after exposure. f the percentage of primed/activated
CD16°™9M CD62LY™ neutrophil subpopulation at 18 h after exposure. g geometric mean of CD11b staining of CD16”"9M CD62LY™ neutrophil
subset at 18 h after exposure. Data are presented as mean+SEM;an=6,bn=24,c¢n=16,dn=44;en=24,fn=31,gn=19,* p<0.05. h
immunofluorescence analysis of GM1 cell membrane distribution. Shown are representative images of n=10. GM1-rich lipid rafts microdomains
were visualized by FITC-conjugated cholera toxin-subunit B, nuclear counterstain was made with DAPI. Scale bars—10 um
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From these results we postulate that only samples,
which are characterized by the presence of primed
neutrophils, represent the situation of in vivo migrated
cells in the lung. This hypothesis was supported by the
fact, that only in donor samples, containing primed
neutrophils, carbon nanoparticles were able to induce
further activation at the level of CD62L and CD11b.
This activation process like delayed apoptosis is
dependent on intracellular oxidative stress, suggesting a
common mechanism of these outcomes. As responder
and non-responder cells do not differ in their capacity
to produce intracellular ROS, we can conclude that
the difference between these types of donor samples
does not depend on pro- or antioxidant capacities.
However, neutrophil priming might be a pre-requisite
for antiapoptotic mechanisms triggered by the carbon
nanoparticles. It can be assumed, that neutrophils
from responder individuals may be pre-activated
(primed) in vivo by circulating proinflammatory
mediators through sensitization process like aging
and/or slight inflammation, making them responsive
to further carbon nanoparticle treatment. However,
neutrophils from non-responders stay unaffected to
carbon nanoparticles probably due to the lower levels of
proinflammatory factors and furthermore to the absence
of priming in vivo, leaving such neutrophils naive and
insusceptible to the exposure. Additional experiments
employing GM-CSE, a well-known ligand dependent
proinflammatory and antiapoptotic factor, showed no
difference between primed neutrophils from responders
and naive non-responder cells, exceeding the signals of
immunophenotypes due to the differences in priming
status. These data give indications for a specific
mechanism, responsible for delayed apoptosis induced by
carbon nanoparticles and possibly other poorly soluble
ultrafine materials.

The characteristic features of primed/activated
neutrophils are morphological changes like alterations
in the cell membrane, of cell shape/size and cell
polarization [50]. A number of diseases including chronic
inflammation or impaired immune cell response are
known to be linked to aberrant membrane organization
and lipid raft disorders [51]. In neutrophils, reduced
cholesterol levels and non-functional lipid raft structures
either induced by experimental depletion or caused
by genetic predisposition of cystic fibrosis patients
was associated with increased priming and activation
at the level of CD11b [52, 53]. Studies on neutrophil
apoptosis postulate a decisive role for functional lipid
raft structures in the induction of this process in which
reactive oxygen species are involved [54]. The destruction
of lipid rafts by cholesterol depletion disables ROS
dependent apoptosis and leads to a prolonged neutrophil
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life span. [55]. These studies however did not address a
possible connection of neutrophil priming and delayed
apoptosis. In our previous studies, carbon nanoparticle
exposure also caused lipid raft changes in membranes
of lung epithelial cells determined by reduced levels of
GM3, cholesterol, and sphingomyelin and an increase
of ceramide levels [20, 36]. Other studies reported that
graphene oxide in neutrophil membranes caused lipid
alterations like disruption of lipid raft domains and
decrease in cholesterol level [56].

In the current study we demonstrate, that ROS
triggered by carbon nanoparticles lead to membrane
rearrangements detectable by GMI1 staining. Similar
cell changes can be triggered by depleting cholesterol
methyl-3-cyclodextrin without causing any reactive
oxygen stress. The fact that membrane changes induced
by this positive control substance caused neutrophil
priming (low CD62L and high CDI11b) and delayed
apoptosis, in our eyes is a strong argument that ROS
dependent membrane changes triggered by carbon
nanoparticles are initial events leading to a pathogenic
phenotype of delayed apoptosis most likely causally
linked to the activated immunophenotype. The absence
of any oxidative capacity by cholesterol-chelator methyl-
3-cyclodextrin is in line with previous observations. In
lung epithelial cells, non-oxidative destruction of lipid
structures by adding ceramide C6 triggered a signaling
pathway, which was identified to be specific for carbon
nanoparticle-induced oxidant dependent pathogenic
outcomes. Both findings support our hypothesis, that
the induction of intracellular reactive oxygen species is a
primary, proximal event in carbon nanoparticle-mediated
signaling in human neutrophils, and membrane changes
are rather the consequence of the carbon nanoparticle-
induced ROS and not vice versa. Carbon nanoparticles
and methyl-8-cyclodextrin seem to elicit quite related
changes in the cell membrane, indeed through highly
distinct mechanism concerning ROS participation.

Conclusions

The data presented here demonstrate delayed apoptosis
as a specific reaction of neutrophilic granulocytes on
the exposure to combustion-derived nanoparticles. The
carbon nanoparticles used in this study are assumed
to represent the different kinds of poorly soluble
nanoparticles including environmental ultrafine and
intentionally generated nanoparticles. Further studies,
with real life particles or industrial samples of e.g.
advanced materials will evaluate the relevance of this
endpoint for other inhalable materials. In our studies,
induction of intracellular reactive oxygen species was
identified to be the initial event leading to membrane
rearrangements which are involved in antiapoptotic



Hornstein et al. Particle and Fibre Toxicology (2025) 22:6

cell reactions. However, only neutrophils with a specific
immunophenotype, that is known from primed lung
neutrophils, are sensitive to these events and exhibit
delayed apoptosis. Toxicological testing for this
proinflammatory pathogenic reaction on the inhalation
of poorly soluble particles by using blood neutrophils
therefore needs a diligent characterization of each
sample with respect to priming markers. Our data with
differentiated HL-60 cells, however, revealed more
homogeneous results. This cell type might be useful
for the establishment of a test system for antiapoptotic
effects of inhaled particles on neutrophils. As there are
several ways to differentiate HL-60 to neutrophil-like
cells, such a system will have to be standardized and
validated.

Abbreviations

AL Acute lung injury

ARDS Acute respiratory distress syndrome
APC Allophycocyanin

ATCC American Type Culture Collection

CcD Cluster of differentiation

CNP Carbon nanoparticles

CcP Carbon particles

COPD Chronic obstructive pulmonary disease
DAPI 4’ 6-Diamidin-2-phenylindol

DCFDA 2,7"-Dichlorodihydrofluorescein diacetate
DMSO Dimethy! sulfoxide

DNA Deoxyribonucleic acid

DPI Diphenyleneiodonium chloride

FCS Fetal calf serum

FITC Fluorescein isothiocyanate

GM1/GM3  Ganglioside M1/M3

GM-CSF Granulocyte-macrophage colony-stimulating factor
HRP Horseradish peroxidase

Ig Immunoglobulin

IPF Idiopathic pulmonary fibrosis

MBC Methyl-3-cyclodextrin

MFI Mean fluorescence intensity

NAC N-acetylcysteine

NADPH Nicotinamide adenine dinucleotide phosphate
PBS Phosphate buffered saline

PE Phycoerythrin

PerCP Peridinin-chlorophyll-protein

PFA Paraformaldehyde

Pl Propidium iodide

ROS Reactive oxygen species

RPMI Roswell Park Memorial Institute

SEM Standard error of the mean
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