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Background: Neutrophil extracellular traps (NETs)—as double-edged swords of innate
immunity —are involved in numerous processes such as infection, inflammation and tissue
repair. Research on neutrophil granulocytes is limited because of their short lifetime of only
afew hours. Several attempts have been made to prolong the half-life of neutrophils using
cytokines and bacterial products and have shown promising results. These long-term
surviving neutrophils are reported to maintain phagocytic activity and cytokine release;
however, little is known regarding their capability to release NETSs.

Methods: We analysed the prolongation of neutrophil survival in vitro under various
culture conditions using granulocyte colony-stimulating factor (G-CSF),
lipopolysaccharide (LPS) or tumour necrosis factor alpha (TNF-o) by flow cytometry
and a viability assay. Additionally, we assessed NET formation following stimulation with
phorbol 12-myristate 13-acetate (PMA) by immunofluorescence staining,
myeloperoxidase (MPO)-DNA sandwich-ELISA and fluorometric assays for cell-free
DNA (cfDNA), neutrophil elastase (NE) and myeloperoxidase (MPO).

Results: Untreated neutrophils could form NETSs after stimulation with PMA for up to 24 h.
Incubation with LPS extended their ability to form NETs for up to 48 h. At 48 h, NET
release of neutrophils cultured with LPS was significantly higher compared to that of
untreated cells; however, no significantly different enzymatic activity of NE and MPO was
observed. Similarly, incubation with G-CSF resulted in significantly higher NET release at
48 h compared to untreated cells. Furthermore, NETs showed significantly higher
enzymatic activity of NE and MPO after incubation with G-CSF. Lastly, incubation with
TNF-a had no influence on NET release compared to untreated cells although survival
counts were altered by TNF-a.
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Conclusions: G-CSF, LPS or TNF-a, each at low concentrations lead to prolonged
survival of cultured neutrophils, resulting in considerable differences in NET formation and
composition. These results provide new information for the use of neutrophils in long-term
experiments for NET formation and provide novel insights for neutrophil behaviour under

inflammatory conditions.

Keywords: neutrophil granulocytes, neutrophil extracellular traps, survival, activation, viability

1 INTRODUCTION

Neutrophil granulocytes produce extracellular web-like
structures called neutrophil extracellular traps (NETs) which
indicate a specialised form of cell death (1). NET's are composed
of decondensed chromatin and granule-derived enzymes, such as
neutrophil elastase (NE) and myeloperoxidase (MPO) (2). These
NETs ensnare pathogens and shield the surrounding tissue from
cytotoxic substances while increasing the local concentrations of
antimicrobial substances (3). NET's are released up to 4 h after
neutrophil stimulation by various inflammatory cytokines and
bacterial products, such as interleukin 8 or lipopolysaccharide
(LPS) (4). In vitro, stimulation with phorbol 12-myristate 13-
acetate (PMA) is often used to induce NET formation. PMA
leads to NET release via direct activation of protein kinase C and
is therefore seen as a proof of concept for NET release
mechanisms (1, 5). Despite being an anti-pathogen defence
mechanism, NETs also have pathological aspects (5-7).
Extracellularly, cell-free DNA (cfDNA) and granule-derived
enzymes can trigger the production of autoantibodies, thereby
promoting autoimmune diseases such as systemic lupus
erythematosus (8-10). Furthermore, the web-like structure of
cfDNA enhances tumour metastasis (11) and leads to organ
damage during sepsis due to its prothrombotic properties (12-15).
Wound healing (16), ischaemic reperfusion injuries (17) and
ulcerative colitis (18) have also been described to be negatively
affected by NETs.

Consequently, several in vitro studies examining NET release
have been conducted to understand the role of neutrophil
granulocytes in inflammation and disease. Neutrophils have a
short half-life of 4-9 h and are not yet amenable to long-term
analysis through the standard tools of molecular biology, such as
transfection (19, 20). The survival of neutrophils was previously
prolonged by supplementation with cytokines or bacterial
products in low concentrations during cell culture (21-26).
One of the frequently used substances, LPS from gram-
negative bacteria, is known to activate NET release at high
concentrations (3) but was shown to inhibit neutrophil

Abbreviations: NETs, Neutrophil extracellular traps; NE, Neutrophil elastase;
MPO, Myeloperoxidase; PMA, Phorbol 12-myristate 13-acetate; cfDNA, cell-free-
DNA; LPS, Lipopolysaccharide; G-CSF, Granulocyte colony-stimulating factor;
TNF-0, Tumour necrosis factor alpha; ROS, Reactive oxygen species; PBS,
Phosphate-buffered saline; BSA, Bovine serum albumin; FACS, Fluorescence-
activated cell sorting; PI, Propidium iodide; 4-ABH, 4-Aminobenzhydrozide;
TMB, Tetramethylbenzidine; SD, Standard deviation; CGD, Chronic
granulomatous disease; TLR4, Toll-like receptor 4; NF-xB, Nuclear factor-«B;
TNER, Tumour necrosis factor receptor; ROS, Reactive oxygen species.

apoptosis at low concentrations (12, 21, 27). A similar dose-
dependent behaviour was demonstrated for tumour necrosis
factor alpha (TNF-a), with higher concentrations leading to a
respiratory burst in neutrophils (22). In addition, granulocyte
colony-stimulating factor (G-CSF) promotes neutrophil survival
by altering protein expression on a transcriptional level in vivo
and in vitro (28-30). Several studies have demonstrated the
preserved functionality of neutrophils cultured with G-CSF,
LPS or TNF-o by measuring the production of reactive oxygen
species (ROS), ability to interact with endothelial cells or protein
biosynthesis (21, 22, 31). As previous studies have described a
successful transfection of neutrophils after prolonged survival
(32), the question arises whether NET release is preserved over
time of survival to conduct NET research with those long-term
surviving neutrophils.

Despite all negative aspects of NETs that have been unveiled
over the last years, NETs still play an important role in host
defence against pathogens, demonstrated by overwhelming
infections in patients with chronic granulomatous disease
(CGD) where neutrophils are unable to produce NETs (33, 34).
Overwhelming bacterial infections in neutropenic or CGD
patients are targeted by transfusion of neutrophil granulocytes
mobilised by G-CSF and stored for up to 24 h (35-37).
Understanding the NET-related behaviour of stored neutrophils
could optimise the transfusion outcomes, whereas the benefits of
neutrophil transfusion are still discussed (38, 39). Additionally,
the modulation of neutrophil survival is reported in sepsis (40),
whereas LPS is used in classic sepsis models to induce
overwhelming immune response (41). TNF-0,, in contrast, plays
a major role in ulcerative colitis, whereas NETs sustain
inflammatory signals, and neutrophils have also been reported
to show increased viability (18, 42).

The current study aimed to investigate the isolated effects of
G-CSF, LPS or TNF-o. on neutrophil survival, viability and
activation and to determine whether the surviving neutrophils
can still produce NET's when stimulated by PMA. These insights
regarding the behaviour of long-term surviving neutrophils on
behalf of NET formation may contribute to further unveiling the
role of neutrophils in inflammation and disease.

2 METHODS

2.1 Isolation of Neutrophil Granulocytes
Blood samples were taken after informed, signed consent was
obtained from healthy local donors following approval by the
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Ethics Committee of the Hamburg Medical Association (PV5921).
Neutrophil granulocytes were isolated using the MACSxpress®
Whole Blood Neutrophil Isolation Kit, human (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s
protocol. Residual erythrocytes were lysed as described before (43).
Purity of the extracted neutrophils (>95%) was assured via
fluorescence-activated cell sorting (FACS) using the anti-CD15-
FITC (mAb HI98, IgM) and anti-CD16-PerCP (mAb 3GS8, 1gG1)
antibodies (BioLegend, San Diego, CA, USA). Cell morphology
was analysed by haematoxylin and eosin staining.

2.2 Culture and Treatment of Neutrophils
After purification, cells were incubated with RPMI medium
containing 1% BSA (medium) at 37°C and 5% CO, (untreated
control). Treatment was performed by supplementing with G-
CSF at 50 U/ml, 500 U/ml or 5000 U/ml (Chugai Pharma,
Tokyo, Japan); LPS at 10 ng/ml, 100 ng/ml or 1 pg/ml (Sigma-
Aldrich, Saint Louis, MO, USA); or TNF-a at 0.1 ng/ml, 1 ng/ml
or 10 ng/ml (Thermo Fischer, Waltham, MA, USA) to the
medium mentioned above. After 6 h, 24 h, 48 h and 72 h of
incubation, cells were stimulated with 20 nM PMA (Cayman
Chemical, Ann Arbor, MI, USA) for 4 h to conduct the NET-
related experiments. Cell counts after 6 h, 24 h, 48 h and 72 h of
incubation are displayed in Supplementary Table 1. Counting
was performed with a haemocytometer.

2.3 FACS Analysis

We seeded 3 x 10° cells per well in flat-bottom 48-well plates to a
final volume of 500 pl, and treated them as mentioned above.
After incubation with endpoints at 6 h, 24 h, 48 h and 72 h, cells
were washed twice with PBS (Thermo Fischer, Waltham, MA,
USA) and labelled with propidium iodide (PI) and Annexin-V-
FITC (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) for the detection of necrosis and apoptosis, whereas double
negative cells were considered vital. Measuring neutrophil
survival by FACS analysis heavily depends on pre-analytical
factors such as physical stress by centrifugation. This may lead
to false negative measurements (44). To overcome these effects,
staining protocols for FACS analysis were altered to reduce
the washing steps after staining while adapting staining
concentrations to avoid false positives. Furthermore, the
neutrophil activation was assessed by staining neutrophils with
anti-CD11b-VioBlue (mAb REA713, IgGl) and anti-CD66b-
APC (mAb REA306, IgGl) antibodies (Miltenyi Biotec,
Bergisch Gladbach, Germany) as described in the
manufacturer’s protocols. A positive control treated for 15 min
with 20 nM PMA was included (45). Analysis was performed
with a flow cytometer (FACSCantoTM II, Becton, Dickinson, and
Company, Franklin Lakes, NJ, USA). Data were analysed using
BD FACSDiva " (Becton, Dickinson, and Company, Franklin
Lakes, NJ, USA).

2.4 Cell Viability Assay

The viability of neutrophils was determined using RealTime-
Glo™ MT Cell Viability Assay (Promega, Fitchburg, WI, USA)
continuously over 72 h as described in the manufacturer’s
protocol. The assay performed in this study is based on the

reduction capability of cells, allowing a reduction of a cell-
membrane-permeable pro-substrate by the neutrophils. Briefly,
10° cells per well were cultured in a white, clear bottom 96-well
plate prior to the addition of the assay test compound to a final
volume of 200 pl. Luminescence was measured using a
microplate reader (Flex Station® 3, Molecular Devices, San
Jose, CA, USA) measuring luminescence with an integration
time of 0.5 s at 6 h, 24 h, 48 h and 72 h of incubation. To reduce
the variability in the redox capability of BSA (46) caused by
oxidation with air, RPMI 1640 medium containing 1% BSA was
freshly prepared prior to each experiment.

2.5 Assay for Reactive Oxygen

Species (ROS)

PMA-induced ROS were measured as described elsewhere (47).
Briefly, 5 x 10* cells per well were seeded in black, clear flat-
bottom 96-well plates to a final volume of 200 pl and cultured
with endpoints as mentioned above. After adding 20 nM PMA
and 25 pM Dihydrorhodamine 123 at the respective timepoints,
fluorescence was measured after 3 h at 37°C at wavelengths of
505 nm for extinction, 534 nm for emission, and with an
automatic cut-off using a microplate reader (Flex Station® 3,
Molecular Devices, San Jose, CA, USA).

2.6 DNA Immunofluorescence Staining

We seeded 2 x 10° cells per well into 12-well plates containing
coverslips to a final volume of 1440 uL and cultured the cells with
the endpoints mentioned above. After adding PMA, cells were
washed twice with PBS, fixated with 99% methanol, and stored at
-20°C. Finally, neutrophils were washed, stained with 1 pg/mL
DAPI (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and
mounted with Fluoromont-G (SouthernBiotech, AL, USA).
Imaging was performed using the Olympus BX 60 Microscope
(Shinjuku, Tokyo, Japan) at 40x magnification. Images were
processed with Adobe Photoshop 21.6.2 (San José, CA, USA).

2.7 NET Release Assays

2.7.1 Sample Preparation

NET samples were produced according to the instructions of the
NETosis Assay Kit (Cayman Chemical, Ann Arbor, MI, USA).
Briefly, 3.6 x 10° cells per well were plated in clear 48-well plates
and cultured with endpoints as mentioned above followed by two
washing steps with NET Assay Buffer (RPMI 1640 containing 1%
BSA and 1 mM CaCl,). Subsequently, NETs were disrupted by
S7 nuclease (Cayman Chemical, Ann Arbor, MI, USA) and
collected. Samples were stored at -20°C for up to two weeks.

2.7.2 cfDNA

Amount of ¢fDNA in the NET samples was measured as
described elsewhere (48), replacing SYTOX Green with
SYTOX Orange (Thermo Fischer, Waltham, MA, USA).
Fluorescence was measured immediately at 544 nm for
extinction and 590 nm for emission and with a cut-off at 570
nm using a microplate reader (Flex Station® 3, Molecular
Devices, San Jose, CA, USA). The amount of cfDNA was
determined relative to a lambda-DNA standard curve. For each
treatment, the delta of expelled cfDNA after PMA stimulus and
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accumulated cfDNA without PMA stimulus is displayed to
eliminate the background produced by cell death.

2.7.3 MPO-DNA Sandwich-ELISA

NET-specific MPO-DNA complexes were measured as described
elsewhere (49). NET samples and NET standards were diluted
1:50 and 1:20 in PBS with 2.5 mM EGTA (Sigma-Aldrich, Saint
Louis, MO, USA), respectively. The anti-MPO capture antibody
(ab267425, abcam, Cambridge, UK) was diluted 1:250. Blocking
was performed using PBS containing 5% BSA (Sigma-Aldrich,
Saint Louis, MO, USA) for 2 h at room temperature. Overnight
incubation of samples was performed at 4°C on an orbital shaker
at 25 rpm. The Anti-DNA Peroxidase detection antibody (Cell
Death Detection ELISA™"YS, 11774425001, Sigma-Aldrich, Saint
Louis, MO, USA) was diluted 1:500. Then, 15 minutes after
addition of tetramethylbenzidine (TMB, Sigma-Aldrich, Saint
Louis, MO, USA), the reaction was stopped by adding 2 M
H,SO,. The absorbance was measured at 450 nm with a
microplate reader (Flex Station® 3, Molecular Devices, San
Jose, CA, USA). The number of MPO-DNA complexes was
determined relative to the NET standard curve, which was
created by mixing nuclease-digested NET supernatants of
PMA-stimulated neutrophils from 5 different donors, as
described before (49), and subsequently diluting this mix 1:2
afterwards. NET samples were freshly thawed before every
measurement. For each treatment, the delta of expelled MPO-
DNA after PMA stimulus and accumulated MPO-DNA without
PMA stimulus is displayed to eliminate the background
produced by cell death.

2.7.4 Analysis of NE and MPO Activity

Activity of NE in the NET samples was measured according to
the instructions “Performing the Elastase Activity Assay” of the
NETosis Assay Kit from Cayman Chemical (Ann Arbor, MI,
USA). The absorbance was measured after 2 h at 405 nm with a
microplate reader (Flex Station® 3, Molecular Devices, San Jose,
CA, USA). NE activity was determined relative to a NE standard
curve. For each treatment, the delta of NE activity after PMA
stimulus and accumulated NE activity without PMA stimulus
was displayed to eliminate the background produced by cell
death or degranulation.

The activity of MPO in the NET samples was measured
according to the instructions “Performing the Assay” of the
Neutrophil Myeloperoxidase Activity Assay Kit from Cayman
Chemical (Ann Arbor, MI, USA). We purchased 4-
aminobenzhydrozide (4-ABH) and tetramethylbenzidine (TMB)
from Sigma-Aldrich (Saint Louis, MO, USA). Absorbance was
measured after 30 min at 650 nm using a microplate reader (Flex
Station® 3, Molecular Devices, San Jose, CA, USA). MPO activity
was determined relative to an MPO standard curve. For each
treatment, the delta of MPO activity after PMA stimulus and
accumulated MPO activity without PMA stimulus is displayed to
eliminate the background due to cell death or degranulation.

2.8 Statistical Analysis
Statistical analysis was performed with SPSS Statistics 24 (IBM,
Armonk, NY, USA) and GraphPad Prism 8 (GraphPad Software,

San Diego, CA, USA). Normality of the data was confirmed by
the Shapiro-Wilk test with o set at 0.05. Differences between the
untreated control group and the treated group each were
calculated individually using the student’s t-test. Differences
arising from repeated measurements were calculated using
ANOVA with Dunnett’s Multiple Comparison. Levels of
significance were set at < 0.05 (*), < 0.01 (**), < 0.001 (***). All
values represent means + standard deviation (SD) with n being
the number of biological replicates, whereas every measurement
was performed as technical duplicates. Means of technical
replications were calculated before statistical analysis.

3 RESULTS

3.1 Modulation of the Survival and
Reduction Capability of Neutrophils by
G-CSF, LPS, or TNF-a

To assess the isolated effects of G-CSF, LPS or TNF-o. on the
survival of neutrophil granulocytes, flow cytometric analysis of
non-necrotic (P1") and non-apoptotic (Annexin-V") cells was
performed (Figure 1A, C, E). Representative dot plots for each
treatment are displayed in Supplementary Figures 1-3.
Furthermore, the metabolic activity of the surviving cells was
evaluated over 72 h through a bioluminescence-based cell
viability assay, in which the measured luminescence is
proportional to the reduction capability of cells (Figures 1B,
D, F). In case of neutrophils, the cumulative reduction capability
can be altered by the total number of surviving cells, by activation
of the surviving cells or by superoxide anion production (50).

After treatment with G-CSF, LPS or TNF-o, neutrophils
showed significantly increased survival rates over time compared
to cells incubated with the medium alone (Figures 1A, C, E).
Whereas neutrophils incubated with G-CSF or LPS showed this
effect up to 72 h in a dose-independent manner (Figures 1A, C),
cells incubated with TNF-o showed higher survival rates up
to 48 h post-treatment with higher doses dampening this effect
(Figure 1E), as described by van den Berg et al. (22). The survival
rates of the untreated neutrophils are compatible with the
findings of Monceaux et al. (32). Interestingly, although G-CSF
led to a significantly higher neutrophil survival at all timepoints
compared to cells treated with medium alone, the cumulative
reduction capability of surviving cells was not significantly
increased compared to cells treated only with medium
(Figures 1A, B, respectively).

Concordantly and as depicted in Figures 1D, F, analysis of
reduction capability demonstrated significantly higher values in
cells treated with LPS and TNF-qo after 24 h and 48 h but not
after 6 h and 72 h. Regarding LPS 24-h treatment with 100 ng/
mL and 1 pg/mL resulted in significantly increased
bioluminescence levels (Figure 1D). At the time point of 48 h,
all concentrations led to a significantly higher reduction
capability. Even after 72 h incubation with 1 pg/mL LPS,
significantly increased reduction capability was observed
(Figure 1D). After 24 h, neutrophils incubated with 10 ng/mL
TNF-o. showed a significantly higher reduction capability
compared to untreated cells (Figure 1F). After 48 h of
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FIGURE 1 | Survival and metabolic activity of neutrophil granulocytes after treatment with G-CSF, LPS or TNF-c.. Survival of neutrophils is represented by the
percentage of Pl- and Annexin V-double negative cells. Neutrophils were incubated with several amounts of G-CSF (A), LPS (C), TNF-a (E) or with only medium and
analysed after 6 h, 24 h, 48 h and 72 h of incubation by FACS analysis. Values represent means + SD of n = 6. Differences between the untreated control group and
one treated group each were calculated individually using student’s t-test. Levels of significance were set at < 0.05 (*), < 0.01 (), < 0.001 (**). Regulation of
neutrophil viability was measured by bioluminescence. For this purpose, cells were cultured with luciferase and prosubstrate and incubated with G-CSF (B), LPS (D),
TNF-a (F) or with only the medium for 6 h, 24 h, 48 h and 72 h. Values represent means + SD of n = 3. Statistical significance for repeated measurements was
analysed by ANOVA with Dunnett’s multiple comparison. Levels of significance were set at < 0.05 (*), < 0.01 (**), < 0.001 (***).

incubation with 10 ng/mL or 1 ng/mL TNF-o, levels of reduction
capability were higher compared to untreated cells (Figure 1F).

The discrepancy between higher survival counts and low
levels of reduction capability can be explained by the
phenomenon of exhausted neutrophils (51). Therefore, we
interpreted the whole cell population as exhausted at 48 h for
untreated cells. Treatment with G-CSF, LPS or TNF-a
postponed this status till 72 h.

3.2 Activation of Neutrophil Granulocytes

After Treatment With G-CSF, LPS, or TNF-a
To distinguish whether the reduction capability mentioned
above was increased by neutrophil survival or activation, the
expression of CD11b (adhesion) (52, 53) and CD66b (secondary
granules, neutrophil-specific) (54, 55) was analysed using FACS

analysis (Figure 2). Representative histograms for each
treatment are displayed in Supplementary Figures 1-3. We
observed increasing levels of CD11b and CD66b over 72 h of cell
culture for cells treated only with medium (Figure 2) which
match previous findings concerning CD11b (56).

G-CSF supplementation resulted in significantly elevated signs
of activation after 6 h for higher concentrations (500 U/mL and
5000 U/mL; Figures 2A, B). In contrast, at later timepoints, G-
CSF supplementation resulted in maintained activation states
with significantly reduced expression of CD66b after 48 h and
72 h of incubation (Figures 2A, B). These findings are compatible
with the previously described reduced expression of intermediate
filaments on neutrophils triggered by G-CSF (57).

In contrast, LPS treatment significantly increased the
expression of CD11b and CD66b between 6 h and 48 h,
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FIGURE 2 | G-CSF, LPS and TNF-o. regulate CD11b and CD66b expression in neutrophils. CD11b and CD66b expression levels were analysed by FACS after
incubation of neutrophil granulocytes with G-CSF (A, B), LPS (C, D), TNF-o. (E, F) or with only the medium for 6 h, 24 h, 48 h and 72 h. Activation by a positive control
(PMA) was included for reference. Values are represented as means + SD of, n = 3 of the mean fluorescence intensity (MFI). Differences between the untreated control
group and one treated group each were calculated individually by student’s t-test. Levels of significance were set at < 0.05 (), < 0.01 (), < 0.001 (**.

achieving the maximal signal at the 24 h time point.
Interestingly, LPS-mediated CD11b increase occurred in a
dose-dependent manner after 6 h of incubation, whereas for
CD66b, this effect was prolonged up to 24 h post-treatment
(Figures 2C, D). Additionally, the signal intensity of CD11b but
not of CD66b was increased after 72 h of incubation with LPS
compared to medium-only treated neutrophils. Activation of
neutrophils by LPS was reported to be triggered by even lower
doses of 1 ng/mL LPS (12). TNF-a. treatment resulted in a dose-
dependent increase in CD11b and CD66b expression levels after
6 h (Figures 2E, F). CD11b upregulation induced by TNF-o. was
previously shown by van den Berg et al. (22). After 24 h of
incubation, the lowest concentration of 0.1 ng/mL showed no
significant increase in CD11b and CD66b expression levels.
Furthermore, after 48 h of incubation, only the highest
concentration of 10 ng/mL showed a significant increase in
CD11b and CD66b expression levels (Figures 2E, F). After
72 h of incubation with all concentrations of TNF-q,
neutrophil activation levels were equivalent to those in the
untreated population (Figures 2E, F).

Based on these results, we conclude that neutrophils cultured
with G-CSF have a prolonged lifetime, maintain their metabolic
activity up to 48 h, and are not additionally activated or primed.
Neutrophils cultured with LPS show high parameters of

activation as well as a prolonged lifetime and maintain
metabolic activities up to 48 h. TNF-o treatment resulted in
increased survival up to 48 h, with metabolic activity detectable
and additional activation induced in a dose-dependent manner
at the early timepoints.

3.3 Treatment With G-CSF, LPS or TNF-a
Does Not Alter Basal Production of ROS
But Alters PMA-Induced ROS Production
Figures 3A, C, E show the cumulative basal ROS production of
neutrophils cultured with G-CSF, LPS or TNF-o. over 72 h
compared to an untreated group incubated only with medium.
Basal ROS production was not significantly altered by any
treatment over 72 h. Interestingly, the cumulative basal ROS
production remained at a comparable low level over the 72 h of
incubation, although the cell numbers were decreasing.

Figure 3B shows the PMA-induced ROS production of
neutrophils cultured with G-CSF. After 6 h, no significant
difference in PMA-induced ROS production was observed. At
every later timepoint and every concentration of G-CSF used, the
PMA-induced ROS production was significantly higher
compared to that in the untreated control. Concordantly,
incubation with LPS showed the same dynamic trend except
for the lowest concentration of 10 ng/mL LPS (Figure 3D).
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FIGURE 3 | Measurement of ROS accumulation (left panel) and PMA-induced ROS production (right panel) in neutrophils cultured with G-CSF (A, B), LPS (C, D) or
TNF-o (E, F) over 72 h by fluorometric measurement of ROS compared to an untreated control (Medium). Fluorometric measurement was conducted with samples

stimulated with 20 nM PMA after 6 h, 24 h, 48 h and 72 h. The displayed fluorescence is proportional to ROS produced. Values represent means + SD of n = 3.
Differences between the untreated control group and one treated group each were calculated individually using student’s t-test. Levels of significance were set at

<0.05 (), <0.01 (), < 0.001 ().

Interestingly, the ROS levels after incubation with LPS are even
higher than after incubation with G-CSF. Incubation with TNE-
o results in no significantly different ROS production over 72 h
compared to the untreated control except after incubation with 1
ng/mL TNE-o for 24 h (Figure 3F).

The discrepancy between exhausted cells at 72 h described
above and ROS levels still present at this timepoint with G-CSF
and LPS enabling PMA-induced ROS production even after 72 h
shows that the ROS production of neutrophils does not interfere
with the viability assay.

3.4 DNA Immunofluorescence Imaging and
Quantitative Analysis of cfDNA and MPO-
DNA Complexes Suggest a G-CSF- and
LPS-Dependent, But Not TNF-o-
Dependent, Modulation of NET Formation
To determine whether the surviving neutrophils maintained their
ability to produce NETSs, we performed immunofluorescence
staining of PMA-treated neutrophils incubated with G-CSF, LPS
or TNF-o. to visualise extracellular web-like DNA, which is the
main element of NETs. Additionally, cell-free DNA was quantified
through fluorometric analysis under the same culture conditions.

A further indication for NET formation was the presence of MPO-
DNA complexes detected by a sandwich-ELISA.

Contrary to unstimulated cultured neutrophils
(Supplementary Figure 4), immunostaining of PMA-stimulated
cells (Figures 4A, 5A and 6A) showed extracellular DNA strains.
Cells incubated with medium only showed PMA-induced
extracellular DNA formations after incubation for 6 h and 24 h.
Additional application of G-CSF or LPS for culturing prolonged
the formation of DNA web-like structures by PMA up to 48 h
post-incubation (Figures 4A and 5A, respectively). In contrast,
neutrophils treated with TNF-o. showed DNA secretion by PMA
only up to 24 h (Figure 6A). Correspondingly, quantification of
cfDNA revealed a significant increase of extracellular DNA after
48 h incubation for all G-CSF concentrations, as depicted in
Figure 4B and for 10 ng/mL and 100 ng/mL but not 1 ug/mL LPS
(see Figure 5B). Incubation with TNF-o presented no
modification on c¢fDNA amounts compared to the medium
control (Figure 6B), whereas after 6 h and 24 h, incubation led
to similar levels of cfDNA; little to no cfDNA was detected 48 h
and 72 h post-treatment (Figure 6B).

Based on the microscopic analysis of PMA-induced NET
release combined with the quantitative analysis of cfDNA, we
conclude that treatment with G-CSF or LPS preserved NET
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FIGURE 4 | Immunofiuorescence imaging of extracellular DNA and quantitative analysis of cfDNA induced by PMA after incubation with G-CSF. (A) Immunofiuorescence
imaging shows extracellular DNA of neutrophils cultured with 50 U/mL, 500 U/mL, 5000 U/mL of G-CSF or of an untreated control (medium). Cells were stimulated with
20 nM PMA at the indicated time points. After fixation, DNA was stained with 1 pg/mL DAPI (blue). PMA-induced NET formations can be detected after up to 48 h after
treatment with G-CSF. Images represent areas with comparable cell density at 40x magnification. (B) Quantification of PMA-induced cfDNA release by fluorometric
measurement of cfDNA after treatment of neutrophil granulocytes with 50 U/mL, 500 U/mL or 5000 U/mL of G-CSF compared to untreated control (medium).
Fluorometric measurement was performed with samples stimulated with 20 nM PMA after 6 h, 24 h, 48 h and 72 h. G-CSF preserves cfDNA release for up to 48 h with
significant difference compared to the untreated group. Values represent means + SD of n = 3. Differences between the untreated control group and one treated group
each were calculated individually using student’s t-test. Levels of significance were set at < 0.05 (*), < 0.01 ().
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FIGURE 5 | Immunofluorescence imaging of extracellular DNA and quantitative analysis of PMA-induced cfDNA after incubation with LPS. (A) Immunofluorescence
imaging shows extracellular DNA of neutrophils cultured with 10 ng/mL, 100 ng/mL, 1 ug/mL of LPS or of an untreated control (medium). Cells were stimulated with
20 nM PMA at the indicated time points. After fixation, DNA was stained with 1 pg/mL DAPI (blue). PMA-induced NET formations can be detected after up to 48 h
after treatment with LPS. Images represent areas with comparable cell density 40x magnification. (B) Quantification of PMA-induced cfDNA release by fluorometric
measurement of cfDNA after treatment of neutrophil granulocytes with 10 ng/mL, 100 ng/mL or 1 pg/mL LPS compared to an untreated control (medium).
Fluorometric measurement was conducted with samples stimulated with 20 nM PMA after 6 h, 24 h, 48 h and 72 h. LPS preserves cfDNA release for up to 48 h
with significant differences compared to the untreated group at 48 h. Values represent means + SD of n = 3. Differences between the untreated control group and
one treated group each were calculated individually by student’s t-test. Levels of significance were set at < 0.05 (¥).
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FIGURE 6 | Immunofluorescence imaging of NETs and quantitative analysis of PMA-induced cfDNA after incubation with TNF-c.. (A) Immunofluorescence imaging
shows extracellular DNA of neutrophils cultured with 0.1 ng/mL, 1 ng/mL, 10 ng/mL of TNF-a. or of an untreated control (medium). Cells were stimulated with 20 nM
PMA at the indicated time points. After fixation, DNA was stained with 1 pg/mL DAPI (blue). PMA-induced NET formations can be detected after up to 24 h after
treatment with TNF-c.. Images represent areas with comparable cell density at 40x magnification. (B) Quantification of PMA-induced cfDNA release by fluorometric
measurement of cfDNA after culturing neutrophil granulocytes with 0.1 ng/mL, 1 ng/mL or 10 ng/mL TNF-o. compared to an untreated control (medium).
Fluorometric measurement was conducted with samples stimulated with 20 nM PMA after 6 h, 24 h, 48 h and 72 h. TNF-a preserves cfDNA release for up to 24 h
with no significant difference compared to the untreated group. Values represent means + SD of n = 3. Differences between the untreated control group and one
treated group each were calculated individually using student’s t-test. Levels of significance set at <0.05 were not reached.
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formation for up to 48 h. Even after 72 h, cells treated with G-
CSF or LPS showed single strands of extracellular DNA.
Treatment with TNF-o. and no treatment resulted in preserved
PMA-induced secretion of NET formations for up to 24 h. After
48 h and 72 h, the untreated and TNF-o.-treated cells showed no
signs of extracellular DNA after stimulation with PMA.

Detection of DNA-MPO complexes resulted in significantly
increased values for all G-CSF concentrations at 48 h compared
to untreated cells (Medium) (Figure 7A). LPS treatment resulted
in a higher number of DNA-MPO complexes after 48 h of
incubation at 10 ng/mL and 100 ng/mL compared to cells
cultured with medium alone (Figure 7B). Even after 72 h
incubation, 100 ng/mL LPS resulted in a significantly increased
level of DNA-MPO complexes compared to untreated cells.
Finally, neutrophils incubated with TNF-o showed no
significant difference in NET release compared to the untreated
cell population among all time points (Figure 7C). The ELISA
results presented above reinforce the data obtained by the
immunofluorescence assay and cfDNA assay. Absolute number
of DNA-MPO complexes may be underestimated by detachment
of MPO from DNA during S7 nuclease treatment.

3.5 Qualitative Analysis of NETs by
Examining Enzymatic Activity of NET
Components

Subsequently, we aimed to elucidate whether the maintained
release of NET structures and NET-related complexes was paired
with maintained enzymatic activity. For this purpose, the
activities of NE and MPO were analysed.

As shown in Figure 8, neutrophils incubated with medium
alone showed a decreasing PMA-induced NE and MPO activity
over the time, reaching low or not-detectable signals at 48 h and
72 h. NE and MPO activity decreased with decreasing number of
surviving cells (Figures 1 and 8). Although, the addition of TNE-
o to the cell culture showed no modulation on the kinetics of NE
(Figure 8E, respectively), G-CSF led to significantly increased
NE activity at the 24 h and 48 h timepoints for every
concentration used (Figure 8A). Interestingly, the lowest
concentration of LPS (10 ng/mL) also resulted in significantly
higher NE activity after 48 h compared to the untreated
cells (Figure 8C).

Furthermore, Figure 8F demonstrates no regulation by TNE-
o on the activity and kinetics of MPO compared to cells
incubated with only medium. Incubation with the lowest used
concentration of LPS (10 ng/mL) resulted in a significantly
higher activity of MPO after 48 h (Figure 8D). Strikingly, G-
CSF incubation resulted in significantly higher MPO activity
after 48 h of incubation at every concentration used (Figure 8B).

4 DISCUSSION

In the current study, we aimed to evaluate whether long-term
surviving neutrophils, cultured with G-CSF, LPS or TNF-a,
maintain the ability to form NETs. It is well known that G-CSF
prolongs the survival of neutrophil granulocytes in vitro (21).

In this study, we demonstrated that these surviving neutrophils
also maintain reduction capability up to 48 h with no additional
elevation of activation markers and can form NET's with sustained
enzymatic activity of NE and MPO.

G-CSF is linked to hypoxia-inducible factor low (HIF-1ot)
(58), which works as a transcription regulator of NF-xB and is
also a known antiapoptotic stimulus (32, 59). Cell survival and
pro-inflammatory activation in neutrophils is regulated by NF-
&B. This transcription factor is central to neutrophil function and
shows a unique expression pattern distinct from that of other
leukocyte subsets (60). HIF-1o was reported to increase CD11b
expression in B-cells, which act as suppressors in inflammatory
bowel disease (61). As we could show that G-CSF leads to no
alterations in the expression of CD11b compared to untreated
controls and CD11b is needed and upregulated for neutrophil
apoptosis (56, 62), the role of surviving neutrophils should be
further investigated in terms of G-CSF, HIF-1a. and CD11b.

Another interesting viewpoint might be the new pathway of
mitochondrial NETosis (63). Despite the pathway described
above, G-CSF was shown to act by blocking the redistribution
of the Bcl-2 proteins Bid/Bax and inhibiting caspase activation.
Bid/Bax is activated after cell-death activation to induce
mitochondrial release of proapoptotic factors (64). Stabilization
of this mitochondrial activation pathway might play a role in the
preservation of the ability to produce previously described
mitochondrial NETosis (63).

Our findings show no significant difference in enzymatic
activity of both enzymes (NE and MPO) after G-CSF treatment
for any time point other than 48 h compared to untreated cells,
although higher counts of surviving cells were achieved at all time
points. PMA-induced NET release depends on ROS formed by the
NADPH oxidase complex, activated by protein kinase C (1, 2, 65).
In vivo, protein kinase C is activated by elevated cytosolic Ca**
levels (6). Furthermore, NET release is regulated by the migration
of NE and MPO into the nucleus (2). ROS production was
demonstrated to be possible after G-CSF-induced neutrophil
survival, and the functionality of NADPH oxidase was shown to
be preserved after treatment with G-CSF (21, 36). We reproduced
these findings. Our study showed intact NE and MPO enzyme
activity after G-CSF-induced neutrophil survival. For the cells
treated with G-CSF at the earlier time points, the increase in
survival and relative decrease in release of NET components may
be explained by interference of G-CSF in Ca®" signalling, as G-
CSF lowers intracellular Ca** levels to inhibit apoptosis (66).

We describe preserved NET formation over 48 h with
maintained enzymatic activity after G-CSF treatment for the
first time. This could have important implications for the clinical
use of neutrophil transfusions for neutropenic patients.
Considering that higher doses of neutrophils resulted in a
better secondary outcome (38), and that our study showed
preserved NET release for all concentrations of G-CSF used
after 48 h of incubation while considering the necessary ability
of neutrophils to produce functional NETs to act successfully
in vivo, our study provides data to reason clinical studies using
G-CSF not only to mobilise neutrophils but also to enhance
transport and storage conditions, as already suggested (67).
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FIGURE 7 | DNA-MPO complexes after stimulation with PMA in neutrophils incubated with G-CSF, LPS or TNF-a.. Neutrophils were treated with G-CSF (A), LPS
(B), TNF-o. (C) or medium only for 6 h, 24 h, 48 h and 72 h. Extracellular MPO-DNA complexes were detected by sandwich ELISA: capture antibody was MPO-
directed and detection of DNA by antibody for double-stranded DNA coupled with a peroxidase. Results were measured by fluorometry at 650 nm. Values represent
means + SD of n = 3. Differences between the untreated control group and one treated group each were calculated individually using student’s t-test. Levels of

The preserved NET-release ability may improve the clinical

outcomes of neutrophil transfusions.

LPS in low doses is also a well-known antiapoptotic stimulus
for neutrophils (21). Medium supplementation with LPS,

however, results in highly activated neutrophils. These surviving
neutrophils also showed NET formations after stimulation with
PMA up to 48 h of incubation; however, the enzymatic activity of
NE and MPO was compromised at this timepoint. This effect on
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FIGURE 8 | Analysis of NE- and MPO-activity in PMA-induced NETSs after incubation with G-CSF, LPS or TNF-a.. Neutrophils were incubated with G-CSF (A, B),
LPS (C, D), TNF-a (E, F) or medium only and stimulated with 20 nM PMA at the indicated timepoints. Neutrophil elastase (left panel) and myeloperoxidase (right
panel) activities were measured using the absorption with a plate-reader (405 nm for NE, 650 nm for MPO) and normalized to a standard. Values represent means +
SD of n = 5. Differences between the untreated control group and one treated group each were calculated individually using the student’s t-test. Levels of
significance were set at < 0.05 (*), < 0.01 (**), < 0.001 ().

survival and activation is most likely triggered by the activation of
toll-like receptor 4 (TLR4) (68). Interestingly, significantly higher
survival of cells after 24 h of cultivation with LPS (Figure 1C) did
not enable neutrophils to form significantly more MPO-DNA
complexes (Figure 7B), interpreted as NETs, compared to
untreated cells. This might be explained by the exhaustion of
cells as described previously. The described exhaustion was
coupled to high values of CD11b, concordantly with the results
of our study (69).

Interestingly, after 48 h, cells could expel significantly more
cfDNA and DNA-MPO complexes in accordance with higher
survival rates. These LPS-treated cells had high viability and high
activation markers. However, despite the finding of significantly
more NET formations, the enzymatic activity was only
significantly increased by treatment with the lowest
concentration of 10 ng/mL LPS (Figures 8C, D). Despite
studies suggesting that the binding of NE to DNA inhibits the
proteolytic activity of the protease (70), other studies have shown
that NET-associated NE remains proteolytically active (71).
Considering that LPS-induced neutrophil survival is

independent of protein biosynthesis (72), low enzymatic
activity in NETs could be explained by degradation over time
with no new enzymes synthesized.

Another reason for the high DNA-MPO levels without
enzymatic activity after 48 h for the higher concentrations of
LPS used could be explained by the high ROS levels triggered in
the surviving neutrophils treated with high doses of LPS, as
shown in Figure 3D. LPS is known to prime neutrophils and
leads to ROS production via NADPH oxidase (73). High levels
of ROS could additionally degrade enzymes and prime
the neutrophils. Therefore, the stimulation with PMA resulted
in higher levels of DNA-MPO complexes without
enzymatic activity.

Interestingly, we could show that the basal ROS production
after any treatment used does not differ from the basal ROS
production of untreated cells, although PMA-induced ROS
production is altered by the treatment. We showed that higher
levels of LPS lead to high levels of ROS even after 72 h (Figure
3D). This overshooting ROS production after priming with LPS
could lead to additional tissue damage (74).
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Our findings indicate that the formation of large amounts of
NET with loss of enzymatic activity after survival by LPS might
furthermore play a role in the process of bacterial sepsis. This
could explain how the negative aspects of NET's - namely, leading
to septic complications - overtake during systemic inflammation.
This should be investigated in further studies, as this could lead
to new therapy options for sepsis (13, 40, 75) and the absence of
NETs does not increase host vulnerability (76). In contrast, the
long-term surviving neutrophils are a relevant factor regarding
tissue damage. In vivo studies have demonstrated increased
tissue damage to be caused by longer neutrophil survival (77).
This means that ¢fDNA accumulation in septic tissue by
surviving neutrophils contributes to negative outcomes in
sepsis and disease and should be addressed in further studies.

Additionally, neutrophil transfusion with preserved NET
release by G-CSF should be discussed as a tentative treatment
option for septic patients. Several studies concerning G-CSF
treatment of septic patients show better bacterial clearance and
improved outcome by restoring neutrophil functions (78).
Hemofiltration of cytokines and endotoxins and selective
removal of neutrophils show also promising results in
treatment of sepsis (79, 80). Future studies should investigate if
these effects could benefit from an additional transfusion of
functioning neutrophils stored with G-CSF.

Using TNF-o to prolong neutrophil lifetime results in no
significantly different behaviour in terms of PMA-induced NET
release compared to untreated cells, despite an alteration in the
survival count and activation occurring at the earlier timepoints.
Neutrophil granulocytes treated with TNF-o. showed high
survival and viability for up to 48 h (Figures 1E, F). High
activation markers, especially at the 48 h timepoint, could only
be observed for high treatment doses (Figures 2E, F). The effect
of TNF-o. on neutrophils is well characterised and has different
effects on the apoptosis of neutrophils depending on the dose
(22). An early proapoptotic effect is exerted by tumour necrosis
factor receptor 1 (TNFR1) and TNFR2, and a latter survival effect
is mediated by the activation of phosphoinositide 3-kinase and
NF-kB (81). In addition to this effect, another group
hypothesised that TNF-o induces cell death in susceptible cells
early after the start of treatment but induces an antiapoptotic
pathway in the surviving cells (29). TNF-a. at higher doses
initiates NET formation, which sustains the inflammatory
signals in ulcerative colitis, as shown in neutrophils of patients
(18). Interestingly, despite the higher survival up to 48 h by low
doses of TNF-0, there is no difference to the untreated cells after
6 h or 24 h of incubation concerning PMA-induced NET
formation and no significant difference in the measured NET
markers. This could suggest a protective mechanism, in which
the survival of neutrophils by low doses of pro-inflammatory
cytokines such as TNF-o. does not lead to overshooting NET
release but still benefits from the longevity of neutrophils at
inflammatory sites by use of other neutrophil functions (82).

To date, NET release by primary neutrophils after prolonged
cultivation with various cytokines and bacterial products has not
previously been reported. Numerous studies have assessed the
primary functions of neutrophils, such as ROS production,

ability to interact with endothelial cells or protein biosynthesis
after prolongation of their lifetime and have described these
functions as preserved over the time of survival (21, 22, 31, 32,
72). Observations of neutrophils in vitro may not represent the
mechanisms in vivo because surrounding tissues as well as cell-
cell interactions are crucial for neutrophil function in vivo (12,
20, 83, 84). Nonetheless, it is not possible to reproduce the
complex interactions of neutrophils in vivo in a cell culture
system. Our study shows that untreated neutrophils can form
NETs for up to 24 h of incubation. G-CSF and LPS prolong the
ability to form NETs for up to 48 h, whereas LPS treatment
results in NETs with low enzymatic activity. Incubation with
TNF-o did not result in significantly different NET release
compared to the untreated group. We provided the first insight
regarding NET release after prolonged survival in our study and
developed a possible cultivation method to broaden the
amenable methods for the study of neutrophils. Further in vivo
studies on NET release in long-term surviving neutrophils are
required to fully understand their role in disease and therapy.
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Supplementary Figure 1 | Representative FACS dot plots for survival and
histograms for activation after treatment with G-CSF. Neutrophils were incubated with
several amounts of G-CSF or medium only and analysed after 6 h (A), 24 h (B), 48 h (C)
and 72 h (D) incubation by staining with Annexin-V and PI. Double negative cells (green)
are considered vital, Annexin-V°°® (orange) are considered in apoptosis and double
positive cells (red) are considered dead. Expression of CD11band CD66b was analysed
by FACS analysis after incubation of neutrophil granulocytes with G-CSF or medium
only for 6 h (A), 24 h (B), 48 h (C) and 72 h (D). Every dot plot or histogram consists of
10.000 events. Gating cut-off was set by measurement of unstained controls for Pland
Annexin-V or iso controls for CD11b and CD66b.

Supplementary Figure 2 | Representative FACS dot plots for survival and
histograms for activation after LPS treatment. Neutrophils were incubated with
several amounts of LPS or medium only and analysed after 6 h (A), 24 h (B), 48 h
(C) and 72 h (D) incubation by staining with Annexin-V and PI. Double negative cells
(green) are considered vital, Annexin-VP°® (orange) are considered in apoptosis and
double positive cells (red) are considered dead. Expression of CD11b and CD66b
was analysed by FACS analysis after incubation of neutrophil granulocytes with LPS
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2.1. Einleitung

Neutrophile Granulozyten produzieren extrazellulare netzartige Strukturen als
spezialisierte Form des Zelltodes (Fuchs et al.,, 2007), welche neutrophile
extrazellulare Fallen (neutrophil extracellular traps, NETs) genannt werden
(Brinkmann et al, 2004). Diese NETs bestehen aus einem Gerust aus
dekondensiertem Chromatin und granularen Enzymen wie neutrophile Elastase (NE)
und Myeloperoxidase (MPO) (Papayannopoulos et al., 2010). Zu den Funktionen von
NETs gehdren die Immobilisation von Pathogenen und der Schutz des umgebenden
Gewebes vor zytotoxischen Substanzen (Brinkmann et al., 2004). Die Freisetzung
der NETs erfolgt bis zu 4 h nach Stimulierung durch inflammatorische Zytokine oder
durch Bestandteile von Bakterien (Brinkmann and Zychlinsky, 2007). In vitro kann
Phorbol-12-myristat-13-acetat (PMA) als Stimulus verwendet werden (Fuchs et al.,
2007; Yang et al., 2016). NETs wurden initial als Abwehrmechanismus beschrieben,
jedoch werden unter anderem bezuglich der Entstehung autoimmuner Prozesse oder
Komplikationen wahrend Sepsis immer mehr negative Aspekte beschrieben (Yang et
al.,, 2016; Kaplan and Radic, 2012; Hamam and Palaniyar, 2019; Wadehn et al.,
2021). Aufgrund dieser sowohl protektiven als auch pathologischen Eigenschaften
werden NETs auch als ,zweischneidiges Schwert des angeborenen Immunsystems*
bezeichnet (Kaplan and Radic, 2012).

Neutrophile Granulozyten sind ausdifferenzierte Zellen des angeborenen
Immunsystems, die aufgrund ihrer kurzen Uberlebenszeit von wenigen Stunden nur
schwer zuganglich fir Methoden wie Transfektion sind (Amulic et al., 2012; Tak et
al., 2013). Eine Verlangerung des Uberlebens durch Zytokine oder Bestandteile von
Bakterien in niedrigen Konzentrationen wurde bereits beschrieben (Colotta et al.,
1992; van den Berg et al.,, 2001; Kinkead et al., 2017; O'Donnell et al., 2015;
Kobayashi et al., 2017). Hierbei wurde schon gezeigt, dass einige der Funktionen
dieser langzeituberlebenden neutrophilen Granulozyten uber die Zeit erhalten
bleiben (Colotta et al., 1992; van den Berg et al., 2001; Drewniak et al., 2008). Die
Fahigkeit der neutrophilen Granulozyten zur Freisetzung von NETs nach
verlangertem Uberleben wurde bisher nicht ndher untersucht. Besonderer Fokus wird

im Folgenden auf die Effekte von Granulozyten-Kolonie-stimulierenden Faktor
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(Granulocyte-Colony Stimulating Factor, G-CSF), Lipopolysaccharide (LPS) von

gram-negativen Bakterien und Tumornekrosefaktor-a (TNF-a) gelegt.

G-CSF findet unter anderem Anwendung bei der Gewinnung von Granulozyten-
Konzentraten (Lightfoot et al., 2000; Price et al., 2015). Weiterhin zeigt G-CSF eine
zusatzliche Verbesserung der Lagerbedingungen der Granulozyten-Konzentrate
zugunsten einer hoheren Uberlebensrate der Zellen (Leavey et al., 2000). LPS wird
haufig verwendet, um eine Uberschielende Immunreaktion in Sepsis-Modellen
auszulosen (Dickson and Lehmann, 2019). Dabei haben neutrophile Granulozyten
wahrend Sepsis ebenfalls eine erhdhte Uberlebensrate (Ertel et al., 1998). TNF-a
spielt in vielen inflammatorischen und autoimmunologischen Prozessen wie zum
Beispiel der Colitis ulcerosa eine zentrale Rolle (Dinallo et al., 2019). Neutrophile
Granulozyten haben auch hier eine héhere Uberlebensrate in dem inflammatorischen
Milieu (Hanai et al., 2004).

Ziel dieser Arbeit ist, die Effekte von G-CSF, LPS und TNF-a auf das Uberleben und
die Funktionalitat von neutrophilen Granulozyten zu demonstrieren und die Frage zu
beantworten, ob und in welchem Ausmal® die uUberlebenden neutrophilen

Granulozyten noch NETSs freisetzen kénnen.

2.2. Material und Methoden

Die Isolation der neutrophilen Granulozyten erfolgte mithilfe des MACSxpress®
Whole Blood Neutrophil Isolation Kit, human (Miltenyi Biotec, Bergisch Gladbach,
Germany). Ein zusatzlicher Schritt zur hypotonen Lyse von residualen Erythrozyten
mit Kaliumchlorid (KCI) wurde durchgefuhrt (Schulz et al., 2020). Anschlielend
wurden die neutrophilen Granulozyten in ein Kulturmedium bestehend aus RPMI
1640 mit 1 % bovinem Serumalbumin (BSA) Gberfihrt.

Behandelt wurden die isolierten Zellen, indem zu dem Kulturmedium jeweils G-CSF
(Chugai Pharma, Tokyo, Japan), LPS (Sigma-Aldrich, Saint Louis, MO, USA) oder
TNF-a (Thermo Fischer, Waltham, MA, USA) hinzugegeben wurde. Die finale
Konzentration von G-CSF betrug jeweils 50 U/ml, 500 U/ml oder 5000 U/ml. Die
finale Konzentration von LPS betrug jeweils 10 ng/ml, 100 ng/ml oder 1 ug/ml. Die

finale Konzentration von TNF-a betrug jeweils 0,1 ng/ml, 1 ng/ml oder 10 ng/ml.

Zur Analyse mittels Durchflusszytometrie wurden die neutrophilen Granulozyten mit
Propidiumiodid (PI) und Annexin-V-FITC gefarbt (Becton, Dickinson and Company,
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Franklin Lakes, NJ, USA). Zusatzliche Waschschritte wurden vermieden, um
praanalytische Faktoren zu minimieren (Teng et al.,, 2017). Die Messung der
Aktivierung der neutrophilen Granulozyten erfolgte mittels Farbungen mit anti-
CD11b-VioBlue (mAb REA713, IgG1) und anti-CD66b-APC (mAb REA306, 1gG1)
Antikdrpern (Miltenyi Biotec, Bergisch Gladbach, Germany) nach den Angaben des

Herstellers.

Die Viabilitat der neutrophilen Granulozyten wurde mittels RealTime-Glo™ MT Cell

Viability Assay (Promega, Fitchburg, WI, USA) kontinuierlich Gber 72 h gemessen.

Reaktive Sauerstoffspezies wurden nach Stimulierung mit PMA fluorometrisch mittels
Dihydrorhodamin 123 bestimmt (Hempel et al., 1999).

Extrazellulare DNA wurde durch Farbung mit 1 ug/ml DAPI (Carl Roth GmbH + Co.
KG, Karlsruhe, Germany) mittels Fluoreszenzmikroskopie dargestellt.

Zellfreie DNA (cell free DNA, cfDNA) aus NET-Proben wurde durch Farbung mit
SYTOX Orange (Thermo Fischer, Waltham, MA, USA) gemessen (Fuchs et al.,
2012).

Die Messung von MPO-DNA Komplexen aus NET-Proben erfolgte mittels Sandwich-
ELISA (Sil et al., 2016).

Die Aktivitat der neutrophilen Elastase aus NET-Proben wurde entsprechend der
Herstellerangaben des NETosis Assay Kit von Cayman Chemical (Ann Arbor, MI,

USA) gemessen.

Die Aktivitat der Myeloperoxidase aus NET-Proben wurde entsprechend der
Herstellerangaben des Neutrophil Myeloperoxidase Activity Assay Kit von Cayman
Chemical (Ann Arbor, MIl, USA) gemessen.

Die statistische Analyse wurde mittels SPSS Statistics 24 (IBM, Armonk, NY, USA)
und GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) durchgeflhrt.
Vorab wurde die Normalitat der Daten mittels Shapiro-Wilk Test bestatigt. Die
Unterschiede zwischen der unbehandelten Gruppe und jeweils einer behandelten
Gruppe wurden individuell mittels t-Test auf Signifikanz getestet. Fur kontinuierliche

Messungen wurde ANOVA mit Dunnett-Test verwendet.
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2.3. Ergebnisse
2.3.1. Modulation des Zelluberlebens und der Reduktionsfahigkeit von
neutrophilen Granulozyten durch G-CSF, LPS und TNF-a
Die Behandlung mit G-CSF, LPS und TNF-a fiihrte zu erhéhten Uberlebensraten bei
neutrophilen Granulozyten im Vergleich zu unbehandelten Zellen. Mit G-CSF oder
LPS war dieser Effekt bis zu 72 h zu beobachten. Bei Behandlung mit TNF-a hielt
dieser Effekt nur 48 h, wobei hohere Konzentrationen zu verringerten

Uberlebensraten fiihrten.

Der anschlieBend durchgefiihrte Viability Assay basiert auf der Fahigkeit der
neutrophilen Granulozyten zur Reduktion eines Prosubstrates. Die erhohten
Uberlebensraten durch G-CSF waren jedoch nicht mit einer erhéhten kumulativen
Reduktionsfahigkeit kombiniert. Die Behandlung mit LPS und TNF-a fuhrte hingegen
zu einer erhohten kumulativen Reduktionsfahigkeit insbesondere nach 24 h und 48
h. Die Diskrepanz zwischen hohen Uberlebensraten und niedriger
Reduktionsfahigkeit zu den spateren Zeitpunkten kdénnte durch das Phanomen der

erschopften neutrophilen Granulozyten erklart werden (Hong, 2017).

2.3.2. Aktivierung der neutrophilen Granulozyten nach Behandlung mit
G-CSF, LPS und TNF-a
Die Aktivierungsmarker CD11b und CD66b wurden mittels Durchflusszytometrie
gemessen. Uber den Verlauf zeigten sich kontinuierlich ansteigende Werte bei

unbehandelten Zellen wie bereits fur CD11b beschrieben (Dransfield et al., 1995).

Die Behandlung mit G-CSF fuhrte nach initial erhdhten Aktivierungsmarkern im
Verlauf zu niedrigeren Werten von CD66b im Vergleich zu nicht behandelten Zellen.
Entsprechend ist die reduzierte Expression von Intermediarfilamenten durch
Behandlung mit G-CSF bereits beschrieben (Moisan and Girard, 2006).

Die Behandlung mit LPS fuhrte zu erhohten Aktivierungsmarkern zum Zeitpunkt 6 h,
24 h und 48 h. Zum Zeitpunkt 72 h war der Aktivierungsmarker CD11b durch
Behandlung mit allen Konzentrationen von LPS signifikant erhdht. Die Aktivierung
von Neutrophilen wurde bereits fur weitaus niedrigere Konzentrationen von 1 ng/mg
LPS beschrieben (Clark et al., 2007).

Die Behandlung mit TNF-a flhrte zu einer dosisabhangigen Erhdéhung der

Aktivierungsmarker. So fuhrten zum Zeitpunkt 6 h noch alle verwendeten
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Konzentrationen zu signifikant erhdhten Aktivierungsmarkern. Zum Zeitpunkt 48 h
fuhrte jedoch nur noch die héchste der verwendeten Konzentrationen zu signifikant
erhdhten Aktivierungsmarkern. Die Erhéhung von CD11b durch TNF-a wurde bereits

gezeigt (van den Berg et al., 2001).

2.3.3. Einflusse der Behandlung mit G-CSF, LPS und TNF-a auf die

basale und die PMA-induzierte Produktion von reaktiven

Sauerstoffspezies
Die Produktion von reaktiven Sauerstoffspezies nicht-stimulierter neutrophiler
Granulozyten wird nicht durch die Behandlung mit G-CSF, LPS und TNF-a im
Vergleich zu einer unbehandelten Gruppe erhoht. Weiterhin verandert sich diese
basale Produktion von reaktiven Sauerstoffspezies nicht Uber die Zeit, obwohl die
Zellzahl abnimmt. Somit kann eine Interferenz von reaktiven Sauerstoffspezies,
gebildet durch Behandlung mit G-CSF, LPS oder TNF-a, in dem vorangegangenen

Viability Assay ausgeschlossen werden.

Die PMA-induzierte Produktion reaktiver Sauerstoffspezies von neutrophilen
Granulozyten nach Behandlung mit G-CSF war initial zum Zeitpunkt 6 h nicht
verandert im Vergleich zu einer unbehandelten Zellpopulation. Zu jedem spateren
Zeitpunkt fuhrte die Behandlung mit G-CSF zu einer signifikant erhdhten PMA-

induzierten Produktion von reaktiven Sauerstoffspezies.

Gleichermalien fihrt die Behandlung mit LPS zu einer erhdhten PMA-induzierten
Freisetzung von reaktiven Sauerstoffspezies im Vergleich zu unbehandelten Zellen

zu den spateren Zeitpunkten.

Die Behandlung mit TNF-a fuhrte zu keiner signifikant veranderten PMA-induzierten

Produktion von reaktiven Sauerstoffspezies im Vergleich zu unbehandelten Zellen.

2.3.4. Modulation der Freisetzung von NETs durch Behandlung mit G-
CSF, LPS und TNF-a dargestellt mittels DNA Immunfluoreszenzfarbung
und quantitativer Analyse von cfDNA sowie MPO-DNA Komplexen
Die PMA-induzierte Freisetzung von NETs zeigte sich bei unbehandelten Zellen nach
6 h und 24 h als extrazellulare DNA-Faden in der Immunfluoreszenzmikroskopie. Die
Zugabe von G-CSF oder LPS fuhrte zur Detektierbarkeit von PMA-induzierten
extrazellularen DNA-Faden nach bis zu 48 h in Kultur, wohingegen die Behandlung
mit TNF-a keinen Unterschied zu unbehandelten Zellen zeigte.
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Entsprechend zeigte nach 48 h Kultur die quantitative Analyse von PMA-induzierter
cfDNA signifikant erhdhte Level nach Behandlung mit allen Konzentrationen von G-
CSF und den niedrigeren Konzentrationen von LPS im Vergleich zu unbehandelten
Zellen. Die Behandlung mit TNF-a zeigte zu keinem Zeitpunkt signifikante
Unterschiede in der PMA-induzierten Freisetzung von cfDNA im Vergleich zu

unbehandelten Zellen.

Die quantitative Analyse von NET-spezifischen MPO-DNA Komplexen deckt sich mit
den vorher gesammelten Ergebnissen von der cfDNA Quantifizierung und der DNA-

Fluoreszenzmikroskopie.

2.3.5. Qualitative Analyse von NETs nach Behandlung mit G-CSF, LPS
und TNF-a anhand der enzymatischen Aktivitat von NE und MPO
Die enzymatische Aktivitat von NE und MPO nach PMA-induzierter Freisetzung von
NETSs sinkt fir unbehandelten Zellen mit der Zeit auf bis zu nicht detektierbare Level
zum Zeitpunkt 48 h. Ein ahnliches Verhalten zeigt sich nach der vorherigen
Behandlung mit TNF-a.

Die Behandlung mit G-CSF flhrte nach Freisetzung von NETs zu signifikant erhdhter
Aktivitat von NE zu den Zeitpunkten 24 h und 48 h. Die Aktivitat von MPO war zu
dem Zeitpunkt 48 h im Vergleich zu unbehandelten PMA-stimulierten Zellen

signifikant erhoht.

Ebenfalls fuhrte die niedrigste Konzentration von LPS zu signifikant erhdhter NE- und
MPO-Aktivitdt nach Freisetzung von NETs zum Zeitpunkt 48 h im Vergleich zu

unbehandelten Zellen.

2.4. Diskussion

Der antiapoptotische Effekt von G-CSF auf neutrophile Granulozyten in vitro ist
bereits bekannt. Zusatzlich konnte die Behandlung mit G-CSF die Fahigkeit der
neutrophilen Granulozyten NETs freizusetzen bis zu 48 h aufrechterhalten. Die
mittels G-CSF Uberlebenden neutrophilen Granulozyten waren nicht zusatzlich

aktiviert und die NETs wiesen erhaltene Enzymaktivitat von NE und MPO auf.

Die Freisetzung der NETs ist abhangig von den Enzymen NE und MPO sowie von
reaktiven Sauerstoffspezies und Ca?* Signalen (Papayannopoulos et al., 2010;
Metzler et al., 2014). Auch nach verlangertem Uberleben der neutrophilen
Granulozyten konnte Enzymaktivitdt von NE und MPO sowie die Bildung von
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reaktiven Sauerstoffspezies nachgewiesen werden. Trotzdem war zu den friheren
Zeitpunkten keine signifikant hohere kumulative Enzymaktivitat in den NETs nach
Behandlung mit G-CSF bei einer hdheren Uberlebensrate festzustellen. G-CSF senkt
die intrazelluldren Ca?* Level, um Apoptose zu verhindern (van Raam et al., 2008;
Kaplan and Radic, 2012). Diese Veranderung der Ca?* Signale durch G-CSF konnte

die Erklarung fur die beschriebene Diskrepanz sein.

Die erhaltene Fahigkeit zur Freisetzung von NETs nach 48 h unterstutzt die Ansatze
zur Supplementierung von Granulozyten-Transfusionen mit G-CSF (Leavey et al.,
2000). Klinische Studien zeigten bereits ein besseres sekundares Outcome bei
Neutropenie durch eine hohere Dosis transfundierter Granulozyten (Price et al.,
2015). Dies koénnte durch eine erhdhte Uberlebensrate der neutrophilen

Granulozyten in den Granulozyten-Konzentraten mittels G-CSF erreicht werden.

LPS in niedrigen Konzentrationen ist ein bekannter Uberlebensstimulus fiir
neutrophile Granulozyten (Colotta et al., 1992). Die Freisetzung von NETs zeigt sich
nach bis zu 48 h erhalten, jedoch resultiert die Behandlung mit LPS in hoheren
Konzentrationen in einer verringerten Enzymaktivitat in den NETs. Die niedrige
Enzymaktivitat konnte durch die hohen Level an reaktiven Sauerstoffspezies nach
Priming der Neutrophilen durch LPS erklart werden (Guthrie et al., 1984).

NETs sind mit Komplikationen wahrend Sepsis vergesellschaftet (Xu et al., 2009).
Dies kdnnte durch die nicht erhaltene Enzymaktivitat erklart werden. Es sind bereits
Ansatze beschrieben, die Funktion der neutrophilen Granulozyten durch Behandlung
mit G-CSF zu reaktivieren (Boomer et al., 2014). Weiterhin konnten bei Sepsis
bereits vielversprechende Ergebnisse durch die Hamofiltration von inflammatorischen
Zytokinen und die Entfernung von den nicht funktionalen neutrophilen Granulozyten

erzielt werden (Kumagai et al., 2010; Rimmele et al., 2016).

TNF-a fiihrt trotz einer Verdnderung der Uberlebensrate von neutrophilen
Granulozyten nicht zu einer Veranderung der freigesetzten NETs. Dies konnte auf
einen Schutzmechanismus vor Uberschiel3ender Bildung von NETs durch Zytokine
bei gleichzeitig erhaltenen Vorteilen von hoheren Uberlebensraten der Neutrophilen
hinweisen (Condliffe et al., 1998).

Diese Arbeit verschafft einen ersten Einblick in die Funktion von neutrophilen
Granulozyten nach verlangertem Uberleben. Die komplexen Interaktionen in vivo

konnen jedoch in diesem in vitro Modell nicht abgebildet werden, da neutrophile
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Granulozyten und deren Funktion von dem umgebenden Milieu und den Zell-Zell-
Interaktionen abhangig sind (Christenson et al., 2011; Suratt et al., 2001; Amulic et
al., 2012; Clark et al., 2007). Weitere Studien sind notwendig, um die Rolle

langzeituberlebender neutrophiler Granulozyten in vivo vollstandig zu verstehen.

2.5. Weitere Methoden

Neutrophile Granulozyten kénnen ebenfalls mittels Dextran Sedimentation aus
venosem Vollblut extrahiert werden (Herman et al., 2020). Hierbei wird, nach
Sedimentation von Erythrozyten durch Zugabe von 6 % Dextran, der
leukozytenreiche Uberstand gewonnen. Nach Zentrifugation des Uberstandes wird
das entstandene Leukozyten-Pellet mittels Dichtegradientenzentrifugation erneut
aufgetrennt. Die hierbei entstehende obere Phase mit peripheren mononukledren
Blutzellen und neutrophilen Granulozyten wird gewonnen und die neutrophilen
Granulozyten mittels erneuter Zentrifugation isoliert. Das entstandene Granulozyten-
Pellet kann nach Verwerfen des Uberstandes anschlieRend in ein Zellkulturmedium

Uuberfuhrt werden.

2.6. Weiterfihrende Ergebnisse

2.6.1. Vergleich der Isolation von neutrophilen Granulozyten mittels

Dextran Sedimentation und MACSxpress® Isolation Kit
Vor der Durchfihrung der Experimente zum Langzeitiiberleben der neutrophilen
Granulozyten wurden zwei Methoden zur Isolation von neutrophilen Granulozyten
aus peripherem Blut verglichen. Die erste Methode ist die bereits etablierte
Sedimentation mittels Dextran und anschlieRender Dichtegradientenzentrifugation
(Jackson et al., 1989; Herman et al.,, 2020). Diese Art der Isolation aktiviert die
neutrophilen Granulozyten zusatzlich und Mechanismen wie die Freisetzung von

reaktiven Sauerstoffspezies werden beeinflusst (Quach and Ferrante, 2017).

Die zweite Methode ist die in der Arbeit verwendete Negativselektion mittels
MACSxpress®. Hierbei werden mittels magnetisch geladener Partikel, die an
Zelloberflachenmarker binden konnen, alle Zellen aulRer den Zielzellen entfernt.
Diese Methode erlaubt eine effizientere Extraktion in kirzerer Zeit mit niedrigerer
Zellaktivierung nach Isolation (Son et al., 2017). Aufgrund der weitaus kurzeren

Arbeitszeit und hdéheren Ausbeute mittels MACSxpress® (Tabelle 1) wurde fur die
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vorliegende Arbeit diese Methode verwendet. Weiterhin konnten somit praanalytische

Einflisse auf die Aktivierung der Zellen minimiert werden.

Ausbeute pro 8 Zelltod Reinheit Arbeitszeit

ml (x 10°) [%] [%] [h]

Dextran 7,57 £ 2,50 23,5+ 17,58 88,9 + 4,80 ~4

MACSxpress® 27,78 + 2,64 2,73+2,72 95,9 + 3,30 ~1
i ns ns

Tabelle 1: Vergleich der Extraktionsmethoden mittels Dextran und MACSxpress® flr neutrophile Granulozyten.
Im Vergleich konnten gréRere und reinere Zellpopulationen aus dem gleichen Ausgangsvolumen an Vollblut in
kiirzerer Zeit gewonnen werden. Die Analyse des Zelltods und der Reinheit wurde mittels Durchflusszytometrie
durchgefiihrt. Alle Messwerte reprasentieren einen Mittelwert von n = 3 Wiederholungen mit jeweils technischen
Duplikaten. Signifikanztestung mittels t-Test. Signifikanzlevel: ** (p < 0,001), ns (p > 0,05).

2.6.2. Berucksichtigung der Stoffwechselaktivitit von neutrophilen

Granulozyten
Bei der Durchfihrung des RealTime-Glo™ MT Cell Viability Assay erreichten die
neutrophilen Granulozyten nach 6 h ein Maximum in der gemessenen Lumineszenz.
Diese Aufsattigung war fur alle Behandlungen gleich und lie® sich bei jeder
Durchfihrung reproduzieren. Neutrophile Granulozyten weisen aufgrund ihrer
terminalen Ausdifferenzierung nur eine trage Stoffwechselaktivitat auf (Curi et al.,
2020), was dieses Phanomen erklaren kéonnte. Das Herstellerprotokoll geht von
einem proportionalen Zusammenhang zwischen gemessener Lumineszenz und

Zellviabilitat aus, welcher in diesem Zeitraum nicht gegeben ist.

Ein ahnliches Verhalten konnte bei der Bestimmung der reaktiven Sauerstoffspezies
nach Stimulierung mit PMA beobachtet werden. Wahrend der kontinuierlichen
Messung Uber 3 h kam es anfanglich zu einem Anstieg, bis sich nach 150 min bis
180 min ein Plateau einstellte. Zur Vergleichbarkeit wurden Messwerte nach 180 min

fur die Analyse verwendet.

Zusatzlich zu dem moglichen Einfluss von Zellaktivierung und Reduktionsfahigkeit
des Zellkulturmediums sollte bei Durchfihrung von stoffwechselbasierten Versuchen
mit neutrophilen Granulozyten die Messung Uber einen langeren Zeitraum erfolgen,
um die trage metabolische Aktivitat der neutrophilen Granulozyten zu
bertcksichtigen.
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2.6.3. Anwendbarkeit bereits etablierter Methoden bei der Arbeit mit
langzeitiiberlebenden neutrophilen Granulozyten
Wie beschrieben wurde bei der Durchfihrung der Durchflusszytometrie auf
zusatzliche Waschschritte verzichtet, um praanalytische Einflusse zu reduzieren. Ein
ahnliches Problem zeigte sich bei der Durchfihrung von immunhistochemischen

Farbungen.

Die Darstellung von NETs mittels Farbung der DNA durch DAPI und der
immunhistochemischen Farbung von NE, MPO oder citrulliniertem Histon H3 (H3cit)
ist bereits etabliert (Schulz et al., 2020). Die Immunhistochemie ist jedoch ebenfalls
mit vielen Waschschritten verbunden. Aufgrund der bereits beschriebenen fragilen
Beschaffenheit langzeitiberlebender Granulozyten konnte nur die Farbung mit DAPI
durchgefuhrt werden (Teng et al., 2017). Zusammen gesehen mit der hohen
Suszeptibilitat fur aktivierende Einflisse (Jackson et al., 1989) ist die Arbeit mit

langzeitiberlebenden neutrophilen Granulozyten eine besondere Herausforderung.

Um praanalytische Fehlerquellen zu minimieren, sollten bereits etablierte Protokolle
erneut verifiziert und mdglicherweise angepasst werden, um physikalischen Stress,

zusatzliche Aktivierung und Zelltod zu vermeiden.

31



2. Darstellung der Publikation

2.7. Literaturverzeichnis

AMULIC, B., CAZALET, C., HAYES, G. L., METZLER, K. D. & ZYCHLINSKY, A. 2012.
Neutrophil function: from mechanisms to disease. Annu Rev Immunol, 30, 459-89.

BOOMER, J. S., GREEN, J. M. & HOTCHKISS, R. S. 2014. The changing immune system in
sepsis: is individualized immuno-modulatory therapy the answer? Virulence, 5, 45-56.

BRINKMANN, V., REICHARD, U., GOOSMANN, C., FAULER, B., UHLEMANN, Y., WEISS,
D. S., WEINRAUCH, Y. & ZYCHLINSKY, A. 2004. Neutrophil extracellular traps Kill
bacteria. Science, 303, 1532-5.

BRINKMANN, V. & ZYCHLINSKY, A. 2007. Beneficial suicide: why neutrophils die to make
NETs. Nat Rev Microbiol, 5, 577-82.

CHRISTENSON, K., BJORKMAN, L., KARLSSON, J., SUNDQVIST, M., MOVITZ, C.,
SPEERT, D. P., DAHLGREN, C. & BYLUND, J. 2011. In vivo-transmigrated human
neutrophils are resistant to antiapoptotic stimulation. J Leukoc Biol, 90, 1055-63.

CLARK, S. R.,, MA, A. C., TAVENER, S. A., MCDONALD, B., GOODARZI, Z., KELLY, M. M.,
PATEL, K. D., CHAKRABARTI, S., MCAVOY, E., SINCLAIR, G. D., KEYS, E. M.,
ALLEN-VERCOE, E., DEVINNEY, R., DOIG, C. J., GREEN, F. H. & KUBES, P. 2007.
Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic
blood. Nat Med, 13, 463-9.

COLOTTA, F., RE, F., POLENTARUTTI, N., SOZZANI, S. & MANTOVANI, A. 1992.
Modulation of granulocyte survival and programmed cell death by cytokines and
bacterial products. Blood, 80, 2012-20.

CONDLIFFE, A. M., KITCHEN, E. & CHILVERS, E. R. 1998. Neutrophil priming:
pathophysiological consequences and underlying mechanisms. Clin Sci (Lond), 94,
461-71.

CURI, R., LEVADA-PIRES, A. C., SILVA, E. B. D.,, POMA, S. O., ZAMBONATTO, R. F,,
DOMENECH, P., ALMEIDA, M. M., GRITTE, R. B., SOUZA-SIQUEIRA, T., GORJAO,
R., NEWSHOLME, P. & PITHON-CURI, T. C. 2020. The Critical Role of Cell
Metabolism for Essential Neutrophil Functions. Cell Physiol Biochem, 54, 629-647.

DICKSON, K. & LEHMANN, C. 2019. Inflammatory Response to Different Toxins in
Experimental Sepsis Models. Int J Mol Sci, 20.

DINALLO, V., MARAFINI, I, DI FUSCO, D., LAUDISI, F., FRANZE, E., DI GRAZIA, A,
FIGLIUZZI, M. M., CAPRIOLI, F., STOLFI, C., MONTELEONE, I. & MONTELEONE,
G. 2019. Neutrophil Extracellular Traps Sustain Inflammatory Signals in Ulcerative
Colitis. J Crohns Colitis, 13, 772-784.

DRANSFIELD, 1., STOCKS, S. C. & HASLETT, C. 1995. Regulation of cell adhesion
molecule expression and function associated with neutrophil apoptosis. Blood, 85,
3264-73.

DREWNIAK, A., BOELENS, J. J., VRIELINK, H., TOOL, A. T., BRUIN, M. C., VAN DEN
HEUVEL-EIBRINK, M., BALL, L., VAN DE WETERING, M. D., ROOS, D. &
KUIJPERS, T. W. 2008. Granulocyte concentrates: prolonged functional capacity
during storage in the presence of phenotypic changes. Haematologica, 93, 1058-67.

ERTEL, W., KEEL, M., INFANGER, M., UNGETHUM, U., STECKHOLZER, U. & TRENTZ,
0. 1998. Circulating mediators in serum of injured patients with septic complications
inhibit neutrophil apoptosis through up-regulation of protein-tyrosine phosphorylation.
J Trauma, 44, 767-75; discussion 775-6.

FUCHS, T. A, ABED, U., GOOSMANN, C., HURWITZ, R., SCHULZE, |., WAHN, V.,
WEINRAUCH, Y., BRINKMANN, V. & ZYCHLINSKY, A. 2007. Novel cell death
program leads to neutrophil extracellular traps. J Cell Biol, 176, 231-41.

FUCHS, T. A., KREMER HOVINGA, J. A., SCHATZBERG, D., WAGNER, D. D. & LAMMLE,
B. 2012. Circulating DNA and myeloperoxidase indicate disease activity in patients
with thrombotic microangiopathies. Blood, 120, 1157-64.

GUTHRIE, L. A., MCPHAIL, L. C., HENSON, P. M. & JOHNSTON, R. B., JR. 1984. Priming
of neutrophils for enhanced release of oxygen metabolites by bacterial
lipopolysaccharide. Evidence for increased activity of the superoxide-producing
enzyme. J Exp Med, 160, 1656-71.

32



2. Darstellung der Publikation

HAMAM, H. J. & PALANIYAR, N. 2019. Post-Translational Modifications in NETosis and
NETs-Mediated Diseases. Biomolecules, 9.

HANAI, H., TAKEUCHI, K., IIDA, T., KASHIWAGI, N., SANIABADI, A. R., MATSUSHITA, 1.,
SATO, Y., KASUGA, N. & NAKAMURA, T. 2004. Relationship between fecal
calprotectin, intestinal inflammation, and peripheral blood neutrophils in patients with
active ulcerative colitis. Dig Dis Sci, 49, 1438-43.

HEMPEL, S. L., BUETTNER, G. R., O'MALLEY, Y. Q., WESSELS, D. A. & FLAHERTY, D.
M. 1999. Dihydrofluorescein diacetate is superior for detecting intracellular oxidants:
comparison with 2',7'-dichlorodihydrofluorescein diacetate, 5(and 6)-carboxy-2',7'-
dichlorodihydrofluorescein diacetate, and dihydrorhodamine 123. Free Radic Biol
Med, 27, 146-59.

HERMAN, K. D., RAHMAN, A. & PRINCE, L. R. 2020. Isolation and High Throughput Flow
Cytometric Apoptosis Assay of Human Neutrophils to Enable Compound Library
Screening. Bio Protoc, 10, e3640.

HONG, C. W. 2017. Current Understanding in Neutrophil Differentiation and Heterogeneity.
Immune Netw, 17, 298-306.

JACKSON, M. H., MILLAR, A. M., DAWES, J. & BELL, D. 1989. Neutrophil activation during
cell separation procedures. Nucl Med Commun, 10, 901-4.

KAPLAN, M. J. & RADIC, M. 2012. Neutrophil extracellular traps: double-edged swords of
innate immunity. J Immunol, 189, 2689-95.

KINKEAD, L. C., FAYRAM, D. C. & ALLEN, L. H. 2017. Francisella novicida inhibits
spontaneous apoptosis and extends human neutrophil lifespan. J Leukoc Biol, 102,
815-828.

KOBAYASHI, S. D., MALACHOWA, N. & DELEO, F. R. 2017. Influence of Microbes on
Neutrophil Life and Death. Front Cell Infect Microbiol, 7, 159.

KUMAGAI, T., TAKEYAMA, N., YABUKI, T., HARADA, M., MIKI, Y., KANOU, H., INOUE, S.,
NAKAGAWA, T. & NOGUCHI, H. 2010. Apheresis of activated leukocytes with an
immobilized polymyxin B filter in patients with septic shock. Shock, 34, 461-6.

LEAVEY, P. J., THURMAN, G. & AMBRUSO, D. R. 2000. Functional characteristics of
neutrophils collected and stored after administration of G-CSF. Transfusion, 40, 414-
9.

LIGHTFOOT, T., LEITMAN, S. F. & STRONCEK, D. F. 2000. Storage of G-CSF-mobilized
granulocyte concentrates. Transfusion, 40, 1104-10.

METZLER, K. D., GOOSMANN, C., LUBOJEMSKA, A., ZYCHLINSKY, A. &
PAPAYANNOPOQULOS, V. 2014. A myeloperoxidase-containing complex regulates
neutrophil elastase release and actin dynamics during NETosis. Cell Rep, 8, 883-96.

MOISAN, E. & GIRARD, D. 2006. Cell surface expression of intermediate filament proteins
vimentin and lamin B1 in human neutrophil spontaneous apoptosis. J Leukoc Biol, 79,
489-98.

O'DONNELL, J. A., KENNEDY, C. L., PELLEGRINI, M., NOWELL, C. J., ZHANG, J. G,
O'REILLY, L. A., CENGIA, L., DIAS, S., MASTERS, S. L., HARTLAND, E. L.,
ROBERTS, A. W., GERLIC, M. & CROKER, B. A. 2015. Fas regulates neutrophil
lifespan during viral and bacterial infection. J Leukoc Biol, 97, 321-6.

PAPAYANNOPOULOS, V., METZLER, K. D., HAKKIM, A. & ZYCHLINSKY, A. 2010.
Neutrophil elastase and myeloperoxidase regulate the formation of neutrophil
extracellular traps. J Cell Biol, 191, 677-91.

PRICE, T. H.,, BOECKH, M., HARRISON, R. W., MCCULLOUGH, J., NESS, P. M.,
STRAUSS, R. G., NICHOLS, W. G., HAMZA, T. H., CUSHING, M. M., KING, K. E.,
YOUNG, J. A., WILLIAMS, E., MCFARLAND, J., HOLTER CHAKRABARTY, J.,
SLOAN, S. R., FRIEDMAN, D., PAREKH, S., SACHAIS, B. S., KISS, J. E. &
ASSMANN, S. F. 2015. Efficacy of transfusion with granulocytes from G-
CSF/dexamethasone-treated donors in neutropenic patients with infection. Blood,
126, 2153-61.

33



2. Darstellung der Publikation

QUACH, A. & FERRANTE, A. 2017. The Application of Dextran Sedimentation as an Initial
Step in Neutrophil Purification Promotes Their Stimulation, due to the Presence of
Monocytes. J Immunol Res, 2017, 1254792.

RIMMELE, T., PAYEN, D., CANTALUPPI, V., MARSHALL, J., GOMEZ, H., GOMEZ, A,
MURRAY, P., KELLUM, J. A. & WORKGROUP, A. X. 2016. Immune Cell Phenotype
and Function in Sepsis. Shock, 45, 282-91.

SCHULZ, A., PAGEROLS RALUY, L., KOLMAN, J. P., KONIGS, |., TROCHIMIUK, M.,
APPL, B., REINSHAGEN, K., BOETTCHER, M. & TRAH, J. 2020. The Inhibitory
Effect of Curosurf((R)) and Alveofact((R)) on the Formation of Neutrophil Extracellular
Traps. Front Immunol, 11, 582895.

SIL, P., YOO, D. G., FLOYD, M., GINGERICH, A. & RADA, B. 2016. High Throughput
Measurement of Extracellular DNA Release and Quantitative NET Formation in
Human Neutrophils In Vitro. J. Vis. Exp. (112), 52779, doi:10.3791/52779 (2016).

SON, K., MUKHERJEE, M., MCINTYRE, B. A. S., EGUEZ, J. C., RADFORD, K., LAVIGNE,
N., ETHIER, C., DAVOINE, F., JANSSEN, L., LACY, P. & NAIR, P. 2017. Improved
recovery of functionally active eosinophils and neutrophils using novel
immunomagnetic technology. J Immunol Methods, 449, 44-55.

SURATT, B. T., YOUNG, S. K., LIEBER, J., NICK, J. A., HENSON, P. M. & WORTHEN, G.
S. 2001. Neutrophil maturation and activation determine anatomic site of clearance
from circulation. Am J Physiol Lung Cell Mol Physiol, 281, L913-21.

TAK, T., TESSELAAR, K., PILLAY, J., BORGHANS, J. A. & KOENDERMAN, L. 2013.
What's your age again? Determination of human neutrophil half-lives revisited. J
Leukoc Biol, 94, 595-601.

TENG, Y., LUO, H. R. & KAMBARA, H. 2017. Heterogeneity of neutrophil spontaneous
death. Am J Hematol, 92, E156-e159.

VAN DEN BERG, J. M., WEYER, S., WEENING, J. J., ROOS, D. & KUIJPERS, T. W. 2001.
Divergent effects of tumor necrosis factor alpha on apoptosis of human neutrophils. J
Leukoc Biol, 69, 467-73.

VAN RAAM, B. J., DREWNIAK, A., GROENEWOLD, V., VAN DEN BERG, T. K. &
KUIJPERS, T. W. 2008. Granulocyte colony-stimulating factor delays neutrophil
apoptosis by inhibition of calpains upstream of caspase-3. Blood, 112, 2046-54.

WADEHN, H., PAGEROLS RALUY, L., KOLMAN, J., DUECKER, C., TROCHIMIUK, M.,
APPL, B., BOETTCHER, M., REINSHAGEN, K. & TRAH, J. 2021. Time- and dose-
dependent inhibition of neutrophil extracellular trap formation by blocking of the
interleukin-1 receptor. Central European Journal of&nbsp;Immunology.

XU, J., ZHANG, X., PELAYO, R., MONESTIER, M., AMMOLLO, C. T., SEMERARO, F.,
TAYLOR, F. B., ESMON, N., LUPU, F. & ESMON, C. T. 2009. Extracellular histones
are major mediators of death in sepsis. Nat Med, 15, 1318-21.

YANG, H., BIERMANN, M. H., BRAUNER, J. M., LIU, Y., ZHAO, Y. & HERRMANN, M. 2016.
New Insights into Neutrophil Extracellular Traps: Mechanisms of Formation and Role
in Inflammation. Front Immunol, 7, 302.

34



3. Zusammenfassung

3. Zusammenfassung

G-CSF, LPS und TNF-a verandern die Uberlebensraten von neutrophilen
Granulozyten mit unterschiedlichen Auswirkungen auf die Freisetzung von NETs

nach verlangertem Zelluberleben.

Die Behandlung mit G-CSF ermoglicht die Freisetzung von NETs nach bis zu 48 h
mit signifikant hoherer Enzymaktivitdat der NET-Bestandteile im Vergleich zu

unbehandelten Zellen.

Die Behandlung mit LPS ermdglicht ebenfalls die Freisetzung von NETs nach bis zu
48 h. Jedoch zeigt nur die niedrigste verwendete Konzentration von LPS auch
signifikant erhohte enzymatische Aktivitat der NET-Bestandteile im Vergleich zu
unbehandelten Zellen.

Die Behandlung mit TNF-a fuhrt trotz einer dosisabhangigen Veranderung der
Uberlebensraten zu keiner Veranderung in der Freisetzung von NETs oder

enzymatischen Aktivitat der NET-Bestandteile.

4. Summary

G-CSF, LPS and TNF-a alter the survival rates of neutrophil granulocytes with

different results regarding NET release after prolonged cell survival.

Treatment with G-CSF resulted in maintained NET release after up to 48 h with
significantly higher enzymatic activity of the NET components compared to untreated

cells.

Treatment with LPS also resulted in maintained NET release after up to 48 h.
Significantly higher enzymatic activity of the NET components compared to an
untreated group occurred only after treatment with the lowest of the used

concentrations of LPS.

Treatment with TNF-a resulted in no different NET release compared to untreated

cells although survival rates were altered in a dose dependent matter.
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