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Abstract: Centrifugation steps are regularly used for neutrophil isolation. Thereby, the influences of
applied g-forces on the functionality of PMNs have hardly been analyzed and could consequently
have been overlooked or led to biased results. We now hypothesize that blood PMNs—when gently
isolated—can be long-lived cells and they physiologically become apoptotic rather than NETotic.
Neutrophils were isolated from whole blood without centrifugation using a sedimentation enhancer
(gelafundin). PMNs were analyzed via live-cell imaging for migratory activity and vitality condition
by fluorescent staining. Native neutrophils showed still relevant migratory activity after more than
6 days ex vivo. The percentage of cells that were annexin V+ or PI+ increased successively with
increasing ex vivo time. In addition, the characteristics of DAPI staining of gently isolated granu-
locytes differed markedly from those obtained by density gradient separation (DGS). We conclude
that NETosis occurring after DGS is the consequence of applied g-forces and not a physiological
phenomenon. Future studies on neutrophils should be performed with most native cells (applied
g-time load as low as possible).
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1. Introduction

Neutrophils (polymorphonuclear leukocytes; PMNs) make up the largest proportion
of leukocytes in the human blood and form an essential part of the innate (nonspecific)
immune system [1]. However, when misguided or malfunctional, the cellular innate
immune response may also be pathological: PMNs are thought to play an important role in
the pathogenesis of several diseases, such as sepsis [2], systemic lupus erythematosus [3],
rheumatoid arthritis [4] or cystic fibrosis [5].

Neutrophils have been considered short-lived cells, circulating half-time in blood less
than 24 h and being gradually cleared in various tissues [6,7].

There is some discussion about the possibility of a longer lifespan of neutrophils in
peripheral blood under physiological conditions: Pillay et al. reported a median lifespan of
5.4 days [8], but this has been questioned [9,10]. However, a definitive clarification of the
issue could not be achieved so far.

It has been described that there are different possible modes of death of neutrophils,
including NETosis and apoptosis [11,12].

The formation of extracellular traps (NETs) is considered the final and one of the
most important ways for PMNs to defend the organism against pathogens [13]. This
process is promoted by reactive oxygen species (ROS) leading to a violent disruption of
the nuclear and cellular membrane and release of chromatin, DNA, citrullinated histones
and contents of intracellular granules [14]. In previous publications of our laboratory, by
default, NETosis was observed within 8 h when PMNs were isolated by density gradient
separation (DGS) [15–17].

In contrast to NETosis, during apoptosis, different signal characteristics, e.g., the
condensation of genetic material, the loss of plasma membrane asymmetry leading to
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extracellular exposure of phosphatidylserine (PS) and the activation of caspases, can be
observed [11,18].

Annexin V-FITC can bind to PS and, therefore, can be used as an apoptosis marker [19].
Propidium iodide (PI) is a DNA dye that can be used to detect non-vital cells because it
cannot passively traverse into cells which have an intact plasma membrane [20]. Differen-
tiation between vital, apoptotic and dead cells can be made by simultaneous use of both
dyes and fluorescence analysis: vital cells are both annexin V− and PI−; (early) apoptotic
cells are annexin V+ but PI−; (late) apoptotic/necrotic cells are both annexin V+ and PI+;
necrotic/dead PMNs are annexin V− and PI+. This classification of the vitality state of cells
was mainly applied by flow cytometry [21–23].

To better understand the physiological and pathological behavior of neutrophils, it
is inevitable to use most native PMNs to represent the in vivo situation as accurately
as possible.

Standard procedures to isolate neutrophils are, for instance, the density gradient sep-
aration [15–17], magnetic-activated [24] or fluorescence-activated cell sorting [25]. These
methods have in common that they involve centrifugation steps. Consequently, the cells
are subjected to g-forces during the isolation process. However, as recently found, cen-
trifugation implements a dramatic paralytic inhibition of PMN functions beyond a certain
g-time (defined as product of centrifugation duration and applied g-force) [26].

To obtain PMNs as native as possible, we used a gentle isolation method without
centrifugation using gelafundin as sedimentation enhancer. To test our hypothesis, that the
exposure to g-times during cell isolation process (here: DGS) is responsible for the sudden
NETotic death of PMNs in vitro, we aim to answer the following questions in this study:

Are gently isolated (non-centrifuged) blood PMNs still short-lived cells under in vitro
observation? How do non-activated neutrophils die, if not in NETosis? How long post
withdrawal can relevant migratory activity be detected and how does it change with
increasing observation time?

2. Results

Whole blood was collected from a total of six healthy donors who had the following
characteristics (Table 1).

Table 1. Characteristics of the study population.

Characteristics Values (Range)

Number of Subjects 6

Gender (female/male) 4/2

Median Age (years) 21 (20–58)

2.1. Chemotactic Migration

The experimental setup was tested in preliminary trials (n = 6). In these, the time
required for PMNs to migrate from the reservoirs into the gel matrix of the observation
channels was investigated. PMNs arrived in the observable part of the channels after a
median of 17.2 h. Based on this result, the ongoing migration evaluation started 24 h post
withdrawal.

To evaluate the migration of PMNs, we compared 15-min observation periods 24–150 h
post withdrawal. Only cell tracks that could be observed for at least 450 s and had a track
length (TL) ≥ 25 µm were considered for further analyses.

2.1.1. Effect of Increasing Ex Vivo Time on Neutrophil TL and TS

Firstly, we investigated the migration of PMNs in terms of TL and mean track speed
(TS) after a gentle cell isolation without centrifugation steps (Figure 1).
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Figure 1. Progress of median TL (a) and median TS (b) of PMNs with increasing ex vivo time. Sig-
nificant differences between groups compared with ex vivo time of 24 h are orange colored (*** p < 
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values (≥3 × IQR). 

The PMNs showed migratory activity until up to 150 h ex vivo. The median TL [µm] 
and the median TS [µm/s] decreased significantly when comparing 24-h (TL: 126; TS: 0.20) 
and 48-h (TL: 63; TS: 0.10) values. The medians remained almost unchanged after 72 h (TL: 
66; TS: 0.10), 96 h (TL: 50; TS: 0.07), 120 h (TL: 56; TS: 0.08) and 150 h (TL: 56; TS: 0.08). TL 
and TS values were significantly higher after 24 h (p < 0.001) compared to all subsequent 
observation periods. 

2.1.2. Effect of Increasing Ex Vivo Time on Analyzed PMN Numbers 
All PMNs that met the above criteria were included in the migration analyses (Figure 2).  

 
Figure 2. Total number of PMNs analyzed with increasing ex vivo time. 

The absolute number of cells in the observation area increased continuously after 24 
h and reached its maximum after 72 h. During this phase, cells migrated steadily from the 

Figure 1. Progress of median TL (a) and median TS (b) of PMNs with increasing ex vivo time.
Significant differences between groups compared with ex vivo time of 24 h are orange colored
(*** p < 0.001), small circles in graphics mark statistical outliers (≥1.5 × IQR) and asterisks display
extreme values (≥3 × IQR).

The PMNs showed migratory activity until up to 150 h ex vivo. The median TL [µm]
and the median TS [µm/s] decreased significantly when comparing 24-h (TL: 126; TS: 0.20)
and 48-h (TL: 63; TS: 0.10) values. The medians remained almost unchanged after 72 h
(TL: 66; TS: 0.10), 96 h (TL: 50; TS: 0.07), 120 h (TL: 56; TS: 0.08) and 150 h (TL: 56; TS: 0.08).
TL and TS values were significantly higher after 24 h (p < 0.001) compared to all subsequent
observation periods.

2.1.2. Effect of Increasing Ex Vivo Time on Analyzed PMN Numbers

All PMNs that met the above criteria were included in the migration analyses (Figure 2).
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Figure 2. Total number of PMNs analyzed with increasing ex vivo time.

The absolute number of cells in the observation area increased continuously after
24 h and reached its maximum after 72 h. During this phase, cells migrated steadily from
the reservoirs into the channel matrix. The number of newly migrated cells exceeded the
number of PMNs that stopped migrating. Over the next 24 h (ex vivo time: 72 h to 96 h),
the cell number almost halved (−47.7%): fewer new cells migrated into the channel and
fewer met the inclusion criteria. This trend continued, the absolute cell count decreased
successively and reached the minimum after 150 h. This corresponds to a 73.8% decrease
when comparing cell numbers at ex vivo times of 72 h and 150 h.
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2.2. Analysis of Fluorescence Staining of Neutrophils
2.2.1. Annexin V and PI Staining of Neutrophils

Analysis of fluorescent staining of PMNs showed that annexin V+ and/or PI+ cells
were present after several hours of observation. Annexin V+ and PI− cells are regarded
to be in an early apoptotic process (Figure 3a). PMNs that were stained simultaneously
by annexin V and PI are categorized as (late) apoptotic (Figure 3b,c). Annexin V−, but PI+

cells are described as late apoptotic/necrotic (Figure 3d).
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Figure 3. PMNs 72 h post withdrawal at different stages of the apoptotic process; left images: phase
contrast + fluorescence channel; right images: fluorescence channel only; annexin V-FITC staining
(top row), PI staining (bottom row). (a) Early apoptotic PMN: annexin V+ but PI− (b) Apoptotic PMN:
annexin V+ and PI+ (c) Late apoptotic PMN: weakly annexin V+ and PI+ (d) Late apoptotic/necrotic
PMN: annexin V− but PI+.

To investigate the average percentage of PMNs stained by annexin V-FITC or PI after
several hours ex vivo, phase contrast images were first used to determine the total number
of PMNs in the channel at a given time point. In the next step, the number of fluorescent
signals was identified and the percentage of fluorescent cells in the total number of cells
was calculated.

There were hardly any annexin V+ nor PI+ PMNs 24 h post withdrawal. The median
percentage of PMNs stained by annexin V-FITC increased over time from 7.2% (48 h) to a
maximum of 61.2% (150 h). A similar trend was seen for PI+ cells: the median percentage
increased from 7.0% (48 h) to 44.2% (150 h) (Figure 4).
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Figure 4. Number of non-surviving PMNs with increasing ex vivo time. Significant differences
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2.2.2. Comparison of DAPI-Stained PMNs from Different Isolation Methods

NETosis was observed within 8 h when PMNs were isolated by density gradient sepa-
ration [17,27,28]. The DAPI staining was seen within minutes and only in non-migrating
cells, due to NETotic processes. The cell diameter of a representative PMN increased from
12 µm at the beginning to ultimately 17 µm within 40 min (Figure 5a).
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Figure 5. Examples of DAPI-stained PMNs from different isolation methods. (a) DAPI staining
in a non-migrating PMN isolated by DGS. The fluorescence signal increased strongly in intensity
within 30 min. The cell diameter was initially 12 µm (ex vivo time: 78 min) and increased to 17 µm
(118 min). (b) DAPI staining in a vital PMN after isolation without centrifugation using gelafundin
as sedimentation enhancer. The intensity of the fluorescence signal in the migrating PMN did not
increase significantly over time. The diameter of the PMN remained constant over time at 12 µm.
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In contrast, we saw intracellular DAPI signals in vital, migrating cells without a sudden
beginning, with low intensities slowly increasing with time, due to diffusion through the
intact plasma membrane. The cell diameter remained constant (12 µm) (Figure 5b).

2.2.3. Progress of Median ROS Intensity

Living neutrophils can produce reactive oxygen species (ROS). The mean of the
median fluorescence intensity [artificial fluorescence units; afu] remained almost constant
along the ex vivo time (Table 2). After initial ROS production (up to 24 h), the formation
hardly increased over the further observation period. The existing rhodamine could also
be eliminated (thus losing intensity) and the new formation compensates for the loss.

Table 2. Progress of median ROS intensity along the ex vivo time.

Ex Vivo Time [h] Mean of Median ROS Intensity [afu]

24 13.8 ± 1.9

48 13.1 ± 1.0

72 14.2 ± 3.2

96 14.1 ± 2.1

120 12.9 ± 0.8

150 13.8 ± 0.9

3. Discussion

Koo et al. analyzed granulocyte concentrates (GC) after apheresis with respect to
neutrophil migration and viability [29]. In comparison, our data showed a migration length
of neutrophils that was twice as long. Furthermore, the percentage of apoptotic PMNs was
comparable (24 h), but the number of dead cells in GC was higher (24 h). After 48 h, GC
had a lower percentage of apoptotic cells but a higher percentage of dead cells. However,
these results of Koo et al. [29] were obtained by flow cytometry (Table 3).

Table 3. Comparison of TL and the percentage of apoptotic/dead PMNs in GC [29] as well as after
<1 kgs isolation after 24 h and 48 h, respectively.

Samples Time [h] TL [µm]
(15 min)

TL [µm]
(30 min) Apoptotic [%] Necrotic/Dead [%]

GC 24 57 (calculated) 114 0.42 9.84

<1 kgs 24 126 252 (calculated) <0.5 <0.5

GC 48 31.7 (calculated) 63.5 0.79 17.4

<1 kgs 48 63 126 (calculated) 7.2 7.0

Consequently, g-forces acting on granulocytes during apheresis may lead to a reduction
in both migratory activity and lifespan. These results are consistent with the recently
published work of Hundhammer et al. demonstrating a paralytic effect of centrifugation
on granulocyte functionality as a function of applied g-time [26].

Our results lead to the conclusion that blood PMNs in vitro—with a lifespan up
to 150 h (6.25 d)—are not that short-lived cells. The expected lifespan of non-activated
neutrophils is much longer than previously thought. The results of Pillay et al. take a
similar view: 2H2O-labelled neutrophils revealed an median lifespan of 5.4 days in vivo [8].
In those GC analyzed by Koo et al., more than 80% of the cells were still alive after 2 days
ex vivo [29]. Moreover, of interest and consistent with the hypothesis is the work of
Keating et al. which has shown that by day 5 of storage of non-leukoreduced red blood
concentrates a mean percentage of 24.3% of all neutrophils are stained by annexin V
(=being apoptotic) [30]. Comparing our neutrophil lifespan with the results of Patel et al.
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on monocytes, we obtained similar results at least for the intermediate and nonclassical
cells [31] (Table 4).

Table 4. Lifespan of human blood monocytes in vivo [31].

Cell Type (Human) Mean Lifespan (Days) Test Method

Monocytes (classical) 1.0 ± 0.26 deuterium-labeled glucose

Monocytes (intermediate) 4.3 ± 0.36 deuterium-labeled glucose

Monocytes (nonclassical) 7.4 ± 0.53 deuterium-labeled glucose

Reasons for the contrasting results—compared with the previously assumed maxi-
mum neutrophil circulation half-time in peripheral blood of less than 24 h [6,7]—could
be that in previous studies (which used ex vivo manipulations, e.g., centrifugation), the
circulating half-life of neutrophils was underestimated due to cell activation and homing [8].
Furthermore, neutrophils could become caught in the marginated pool. In addition, there
are subtypes of neutrophils that are associated with a longer lifespan [32]. Further research
on this issue is required, as definitive clarification has not yet been achieved.

Neutrophils are said to be able to die in various ways. The possible modes of death
have been the subject of a variety of publications to date. Some papers describe up to seven
possible modes, others less [11,12]. Nonetheless, apoptosis and NETosis undeniably play
an important role [4,5,13].

Detection of apoptosis has been frequently performed using annexin V and PI in
flow cytometric analyses [21–23]. In this static observation, cells were classified into four
categories based on their fluorescence signals (Table 5) [19,20,33]:

Table 5. Characteristics of fluorescence signals for apoptosis classification of PMNs using flow
cytometry.

Cell State Annexin V PI

Vital − −
Apoptotic + −
Late apoptotic/necroptotic/necrotic + +

Dead − +

In contrast, we used live-cell fluorescence microscopy for apoptosis detection. The
biggest advantage of this method is the dynamic observation which means seeing a pro-
gression of fluorescence signals. There are annexin V+ cells, which later become PI+ and
in further observation, the annexin V signal fades away. Using only flow cytometry, one
would classify this specific neutrophil first as apoptotic, then as late apoptotic or necrotic,
and finally as dead. To avoid discrepancies—static vs. dynamic observation—we applied a
slightly modified classification for fluorescence microscopy (Table 6):

Table 6. Modified characteristics of fluorescence signals for apoptosis classification of PMNs using
fluorescence microscopy.

Cell State Annexin V PI

Vital − −
Early apoptotic + −
Apoptotic + +

Late apoptotic + (weak) +

Late apoptotic/necrotic − +
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Annexin V+ PMNs were thought to be in a stage of apoptosis. The morphological
cell changes were consistent with this assumption. However, annexin V is not a specific
apoptosis marker. A positive fluorescence signal has also been described in necroptosis
or necrosis for example [33,34]. In our study, we have not yet performed trials with other
apoptosis markers. The joint detection of phosphatidylserine and calreticulin could be used
as more informative detection of apoptotic cells in future studies [35].

Our results suggest that neutrophils isolated by DGS die in a different manner than
those obtained without centrifugation steps. We saw that DAPI staining is not automat-
ically associated with NETosis. NETosis is supported by a fast-appearing DAPI signal
that increases in area and shows increasing intensity. DAPI staining of PMNs isolated
by DGS showed these features [15–17]. In contrast, DAPI staining of native granulocytes
showed entirely different characteristics: slow appearance, long-lasting, comparable in-
tensity over time, migrating cells. These cells were not NETotic, but, in our opinion, most
likely apoptotic.

Limitations: The current experimental setup differed from those previously pub-
lished [15,17]. Basic differences were the use of other µ-slides (µ-Slides VI 0.1 vs.
3D-µ-Slide), the PMNs must actively migrate from the reservoirs into the observation
channel, no fetal calf serum in the reservoirs and a higher fMLP concentration (10 µM vs.
10 nM). Nevertheless, we do not think that the modified experimental setup is responsible
for the strongly different results, but, essentially, the different isolation methods: DGS vs.
sedimentation enhanced isolation with gelafundin. However, we cannot entirely rule out
an interference.

For fluorescence analyses, we could only use two dyes per channel. Annexin V-FITC
and DHR-123 as well as DAPI and PI could not be used simultaneously in one channel due
to overlapping absorption spectra.

Furthermore, the number of live cell imaging experiments is limited: n = 4 for mi-
gration analyses; n = 6 for annexin V and PI staining; n = 4 for DAPI staining and ROS
intensity. Since these produced clear results, we considered the number of experiments to
be sufficient.

4. Materials and Methods
4.1. Study Plan

To address the question of whether non-centrifuged PMNs are indeed short-lived cells
and how they meet their demise, live-cell imaging was employed (Figure 6).
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4.2. Blood Withdrawal and PMN Isolation

The in vitro experiments were approved by the Ethics Committee (No. 20-1919-101) of
the University of Regensburg (Regensburg, Germany. The donors were clinically recognized
as healthy and were not taking any medications. After the donors gave their informed
consent, peripheral venous blood was withdrawn. A lithium heparin-anticoagulated blood
collection tube and one serum clot activator tube were used for this purpose (all blood
collection materials were from SARSTEDT AG & Co. KG, Nuembrecht, Germany).

PMNs were isolated without centrifugation. Therefore, 10% gelafundin® ISO
(40 mg/mL; B. Braun SE, Melsungen, Germany) was added to whole blood. The su-
pernatant containing most native PMNs was collected after 30 min.

The serum monovettes were centrifuged for 10 min at 1.181× g and room tempera-
ture (Heraeus™ Megafuge™ type 1.0 R, Thermo Fisher Scientific, Waltham, MA, USA).
Subsequently, the supernatant, which contained blood serum only, was extracted and
further used.

4.3. Experimental Setup

µ-Slides VI 0.1 (Ibidi GmbH, Graefelfing, Germany) were used to study the migration
and fluorescent staining of PMNs. A slide consists of six channels, with a reservoir attached
to the top and bottom of each channel (Figure 7).
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After filling the channels, the slide was incubated for 45 min under constant humid
conditions at 37 ◦C and 5% CO2. Subsequently, the reservoirs were filled.

N-Formylmethionine-leucyl-phenylalanine (fMLP; Sigma Aldrich, St. Louis, MO,
USA) was used as a chemoattractant. The oxidation of dihydrorhodamine 123 (Thermo
Fisher Scientific, Waltham, MA, USA) into rhodamine 123 was used as an indicator of
intracellular ROS production. Free (fast, widespread and bright glowing) and intracellular
(slow, bruising and dimly glowing) DNA was stained with DAPI (Sigma Aldrich, St. Louis,
MO, USA). To show loss of plasma membrane asymmetry annexin V-FITC (BioLegend, San
Diego, CA, USA), and to detect nonviable cells PI (Thermo Fisher Scientific, Waltham, MA,
USA) were added. The composition of the channel and reservoir fillings are listed below
(Table 7).

Live cell imaging was performed with a DMi8 microscope, Leica DFC9000 GT camera,
Leica Application Suite X software (version 3.4.2.18368; all supplies from Leica Microsys-
tems GmbH, Wetzlar, Germany), a top stage incubator (Ibidi GmbH Graefelfing, Germany)
and a pE-4000 LED light source (CoolLED, Andover, UK). Phase contrast images and two
fluorescence images per cycle were automatically recorded. The recording frequency varied
and was either 30 s for migration analysis or 10/30 min for fluorescence analysis. The
observation period was at least 24 h and a maximum of 150 h.
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Table 7. Composition of a channel and its reservoir fillings of the µ-Slides VI 0.1 used.

Upper Reservoir
(60 µL)

Channel
(5 µL)

Lower Reservoir
(60 µL)

fMLP [10 µM] in
autologous serum

Cell medium (33%)
DAPI [2 µg/mL]
DHR-123 [6.6 µM]
Collagen type I (50%)

Cell medium (38%)
Annexin V-FITC
[7.6 µg/mL]
PI [4.6 µg/mL]
Collagen type I (50%)

PMNs supernatant and
autologous serum

(each 50%)

4.4. Data Analysis

IMARIS 9.02 (Bitplane, Zurich, Switzerland), Excel (Microsoft Corp., Redmond, WA,
USA) and IBM® SPSS® (version 28.0.0.0, IBM Corp., Armonk, NY, USA) were used for data
analysis. Before examining statistical differences between the groups, statistical outliers
were excluded. For statistical analyzation normal distribution tests (Kolmogorov–Smirnov)
were performed. Since, in all cases, the data did not show normal distribution, comparison
of multiple groups (Kruskal–Wallis tests) were performed followed by post hoc tests
(Bonferroni). p values below 0.05 were considered significant if not stated otherwise. Small
circles in graphics mark statistical outliers (≥1.5 × IQR) and asterisks display extreme
values (≥3 × IQR).

4.4.1. Migration Analysis

PMNs in autologous serum migrated towards an fMLP gradient from the lower
reservoirs into the collagen matrix of the channels and were observed there.

Migration activity was compared during 15 min observation periods (recording fre-
quency: 30 s) after ex vivo periods from 24 h to 150 h. We investigated the following
parameters (Table 8):

Table 8. Analyzed parameters as indicators of the migration properties of PMNs, defined according
to [28].

Parameter (Abbreviation) Unit Description

Track length (TL) [µm] Total track of a PMN within 15 min

Mean track speed (TS) [µm/s] Migration speed of the tracked PMN

Number of PMNs 1
Total number of analyzed PMNs

meeting inclusion criteria:
TL ≥ 25 µm + track duration ≥ 450 s

4.4.2. Fluorescent Staining

Fluorescent staining of PMNs was examined along the ex vivo time. Briefly, percentage
medians of all PMNs in the observable part of the channels stained by annexin V or PI after
24 h, 48 h, 72 h, 96 h, 120 h and 150 h were investigated.

In addition, the characteristics of DAPI-stained PMNs from different isolation methods
were visually compared: density gradient separation vs. sedimentation enhanced isolation
without centrifugation.

To examine the progress of ROS intensity the median intensities after 24–150 h were
investigated. Afterwards the mean median intensities were compared.

5. Conclusions

Isolation steps with centrifugation significantly impair the functions of neutrophils.
Native PMNs are not at all immediately death prone cells; instead, a considerable amount
showed a relevant migratory activity even after more than six days post withdrawal. The
cells become consecutively apoptotic rather than NETotic after many hours ex vivo. For
further studies on neutrophils, it is crucial to minimize g-time load.
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In conclusion, the behavior of most native neutrophils—long migratory activity as
well as late annexin V and PI staining—is different from PMNs isolated by density gradient
separation. Therefore, we claim that NETosis after DGS is the consequence of applied
g-forces and not the physiological mode of death of neutrophils.

Author Contributions: Conceptualization, J.R., M.G. and S.W.; methodology, J.R. and M.G.; soft-
ware, J.R. and M.G.; validation, J.R., M.G. and S.W.; formal analysis, J.R. and M.G.; investigation,
J.R.; resources, M.G.; data curation, J.R.; writing—original draft preparation, J.R.; writing—review
and editing, M.G. and S.W.; visualization, J.R.; supervision, M.G. and S.W.; project administra-
tion, J.R.; funding acquisition, M.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University of Regensburg (protocol code
20-1919-101).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this work are available on request from the
corresponding author.

Acknowledgments: The authors are very grateful to Angela Geiger for permission to use images of
her experiments for Figure 5a.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Summers, C.; Rankin, S.M.; Condliffe, A.M.; Singh, N.; Peters, A.M.; Chilvers, E.R. Neutrophil kinetics in health and disease.

Trends Immunol. 2010, 31, 318–324. [CrossRef]
2. Denning, N.-L.; Aziz, M.; Gurien, S.D.; Wang, P. DAMPs and NETs in Sepsis. Front. Immunol. 2019, 10, 2536. [CrossRef]
3. Bashant, K.R.; Aponte, A.M.; Randazzo, D.; Rezvan Sangsari, P.; Wood, A.J.; Bibby, J.A.; West, E.E.; Vassallo, A.; Manna, Z.G.;

Playford, M.P.; et al. Proteomic, biomechanical and functional analyses define neutrophil hetero-geneity in systemic lupus
erythematosus. Ann. Rheum. Dis. 2021, 80, 209–218. [CrossRef]

4. Apel, F.; Zychlinsky, A.; Kenny, E.F. The role of neutrophil extracellular traps in rheumatic diseases. Nat. Rev. Rheumatol. 2018, 14,
467–475. [CrossRef]

5. Gray, R.D.; Hardisty, G.; Regan, K.H.; Smith, M.; Robb, C.T.; Duffin, R.; Mackellar, A.; Felton, J.M.; Paemka, L.; McCullagh, B.N.;
et al. Delayed neutrophil apoptosis enhances NET formation in cystic fibrosis. Thorax 2018, 73, 134–144. [CrossRef]

6. Borregaard, N. Neutrophils, from marrow to microbes. Immunity 2010, 33, 657–670. [CrossRef]
7. Adrover, J.M.; Del Fresno, C.; Crainiciuc, G.; Cuartero, M.I.; Casanova-Acebes, M.; Weiss, L.A.; Huerga-Encabo, H.; Silvestre-Roig,

C.; Rossaint, J.; Cossío, I.; et al. A Neutrophil Timer Coordinates Immune Defense and Vas-cular Protection. Immunity 2019, 50,
390–402. [CrossRef]

8. Pillay, J.; Den Braber, I.; Vrisekoop, N.; Kwast, L.M.; de Boer, R.J.; Borghans, J.A.M.; Tesselaar, K.; Koenderman, L. In vivo labeling
with 2H2O reveals a human neutrophil lifespan of 5.4 days. Blood 2010, 116, 625–627. [CrossRef]

9. Tofts, P.S.; Chevassut, T.; Cutajar, M.; Dowell, N.G.; Peters, A.M. Doubts concerning the recently reported hu-man neutrophil
lifespan of 5.4 days. Blood 2011, 117, 6050–6052. [CrossRef]

10. Lahoz-Beneytez, J.; Elemans, M.; Zhang, Y.; Ahmed, R.; Salam, A.; Block, M.; Niederalt, C.; Asquith, B.; Macallan, D. Human
neutrophil kinetics: Modeling of stable isotope labeling data supports short blood neutrophil half-lives. Blood 2016, 127, 3431–3438.
[CrossRef]

11. Pérez-Figueroa, E.; Álvarez-Carrasco, P.; Ortega, E.; Maldonado-Bernal, C. Neutrophils: Many Ways to Die. Front. Immunol. 2021,
12, 631821. [CrossRef] [PubMed]

12. Gupta, S.; Chan, D.W.; Zaal, K.J.; Kaplan, M.J. A High-Throughput Real-Time Imaging Technique To Quantify NETosis and
Distinguish Mechanisms of Cell Death in Human Neutrophils. J. Immunol. 2018, 200, 869–879. [CrossRef] [PubMed]

13. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [CrossRef]

14. Mutua, V.; Gershwin, L.J. A Review of Neutrophil Extracellular Traps (NETs) in Disease: Potential Anti-NETs Therapeutics. Clin.
Rev. Allergy Immunol. 2021, 61, 194–211. [CrossRef]

15. Pai, D.; Gruber, M.; Pfaehler, S.-M.; Bredthauer, A.; Lehle, K.; Trabold, B. Polymorphonuclear Cell Chemotaxis and Suicidal
NETosis: Simultaneous Observation Using fMLP, PMA, H7, and Live Cell Imaging. J. Immunol. Res. 2020, 2020, 1415947.
[CrossRef]

https://doi.org/10.1016/j.it.2010.05.006
https://doi.org/10.3389/fimmu.2019.02536
https://doi.org/10.1136/annrheumdis-2020-218338
https://doi.org/10.1038/s41584-018-0039-z
https://doi.org/10.1136/thoraxjnl-2017-210134
https://doi.org/10.1016/j.immuni.2010.11.011
https://doi.org/10.1016/j.immuni.2019.01.002
https://doi.org/10.1182/blood-2010-01-259028
https://doi.org/10.1182/blood-2010-10-310532
https://doi.org/10.1182/blood-2016-03-700336
https://doi.org/10.3389/fimmu.2021.631821
https://www.ncbi.nlm.nih.gov/pubmed/33746968
https://doi.org/10.4049/jimmunol.1700905
https://www.ncbi.nlm.nih.gov/pubmed/29196457
https://doi.org/10.1126/science.1092385
https://doi.org/10.1007/s12016-020-08804-7
https://doi.org/10.1155/2020/1415947


Int. J. Mol. Sci. 2023, 24, 7368 12 of 12

16. Bredthauer, A.; Kopfmueller, M.; Gruber, M.; Pfaehler, S.-M.; Lehle, K.; Petermichl, W.; Seyfried, T.; Bitzinger, D.; Redel, A.
Therapeutic Anticoagulation with Argatroban and Heparins Reduces Granulocyte Migration: Possible Impact on ECLS-Therapy?
Cardiovasc. Ther. 2020, 2020, 9783630. [CrossRef]

17. Bredthauer, A.; Geiger, A.; Gruber, M.; Pfaehler, S.-M.; Petermichl, W.; Bitzinger, D.; Metterlein, T.; Seyfried, T. Propofol
Ameliorates Exaggerated Human Neutrophil Activation in a LPS Sepsis Model. J. Inflamm. Res. 2021, 14, 3849–3862. [CrossRef]

18. Segawa, K.; Kurata, S.; Yanagihashi, Y.; Brummelkamp, T.R.; Matsuda, F.; Nagata, S. Caspase-mediated cleavage of phospholipid
flippase for apoptotic phosphatidylserine exposure. Science 2014, 344, 1164–1168. [CrossRef] [PubMed]

19. Crowley, L.C.; Marfell, B.J.; Scott, A.P.; Waterhouse, N.J. Quantitation of Apoptosis and Necrosis by Annexin V Binding, Propidium
Iodide Uptake, and Flow Cytometry. Cold Spring Harb. Protoc. 2016, 2016, pdb-prot087288. [CrossRef]

20. Crowley, L.C.; Scott, A.P.; Marfell, B.J.; Boughaba, J.A.; Chojnowski, G.; Waterhouse, N.J. Measuring Cell Death by Propidium
Iodide Uptake and Flow Cytometry. Cold Spring Harb. Protoc. 2016, 2016, pdb-prot087163. [CrossRef] [PubMed]

21. Scannell, M.; Flanagan, M.B.; deStefani, A.; Wynne, K.J.; Cagney, G.; Godson, C.; Maderna, P. Annexin-1 and Peptide Derivatives
Are Released by Apoptotic Cells and Stimulate Phagocytosis of Apoptotic Neutrophils by Macrophages. J. Immunol. 2007, 178,
4595–4605. [CrossRef]

22. Li, B.; Zeng, M.; Zheng, H.; Huang, C.; He, W.; Lu, G.; Li, X.; Chen, Y.; Xie, R. Effects of ghrelin on the apoptosis of human
neutrophils in vitro. Int. J. Mol. Med. 2016, 38, 794–802. [CrossRef] [PubMed]

23. Sulowska, Z.; Majewska, E.; Klink, M.; Banasik, M.; Tchórzewski, H. Flow Cytometric Evaluation of Human Neutrophil Apoptosis
During Nitric Oxide Generation In Vitro: The Role of Exogenous Antioxidants. Mediat. Inflamm. 2005, 2005, 81–87. [CrossRef]
[PubMed]

24. Zahler, S.; Kowalski, C.; Brosig, A.; Kupatt, C.; Becker, B.F.; Gerlach, E. The function of neutrophils isolated by a magnetic
antibody cell separation technique is not altered in comparison to a density gradient centrifugation method. J. Immunol. Methods
1997, 200, 173–179. [CrossRef] [PubMed]

25. Swierczak, A.; Pollard, J.W. FACS isolation and analysis of human circulating and tumor neutrophils. Meth. Enzymol. 2020, 632,
229–257. [CrossRef]

26. Hundhammer, T.; Gruber, M.; Wittmann, S. Paralytic Impact of Centrifugation on Human Neutrophils. Biomedicines 2022, 10, 2896.
[CrossRef]

27. Kraus, R.F.; Gruber, M.A. Neutrophils-From Bone Marrow to First-Line Defense of the Innate Immune System. Front. Immunol.
2021, 12, 767175. [CrossRef]

28. Doblinger, N.; Bredthauer, A.; Mohrez, M.; Hähnel, V.; Graf, B.; Gruber, M.; Ahrens, N. Impact of hydroxyethyl starch and
modified fluid gelatin on granulocyte phenotype and function. Transfusion 2019, 59, 2121–2130. [CrossRef]

29. Koo, S.; Offner, R.; Haile, S.-M.; Brosig, A.; Hähnel, V.; Gruber, M.; Burkhardt, R.; Ahrens, N. Granulocyte con-centrate splitting
does not affect phenotype and function. Transfusion 2023, 63, 393–401. [CrossRef]

30. Keating, F.K.; Butenas, S.; Fung, M.K.; Schneider, D.J. Platelet-white blood cell (WBC) interaction, WBC apop-tosis, and
procoagulant activity in stored red blood cells. Transfusion 2011, 51, 1086–1095. [CrossRef]

31. Patel, A.A.; Zhang, Y.; Fullerton, J.N.; Boelen, L.; Rongvaux, A.; Maini, A.A.; Bigley, V.; Flavell, R.A.; Gilroy, D.W.; Asquith,
B.; et al. The fate and lifespan of human monocyte subsets in steady state and systemic inflammation. J. Exp. Med. 2017, 214,
1913–1923. [CrossRef]

32. Pfirschke, C.; Engblom, C.; Gungabeesoon, J.; Lin, Y.; Rickelt, S.; Zilionis, R.; Messemaker, M.; Siwicki, M.; Ger-hard, G.M.;
Kohl, A.; et al. Tumor-Promoting Ly-6G+ SiglecFhigh Cells Are Mature and Long-Lived Neutrophils. Cell Rep. 2020, 32, 108164.
[CrossRef] [PubMed]

33. Wan, P.; Yan, J.; Liu, Z. Methodological advances in necroptosis research: From challenges to solutions. J. Natl. Cancer Cent. 2022,
2, 291–297. [CrossRef] [PubMed]

34. Sawai, H.; Domae, N. Discrimination between primary necrosis and apoptosis by necrostatin-1 in Annexin V-positive/propidium
iodide-negative cells. Biochem. Biophys. Res. Commun. 2011, 411, 569–573. [CrossRef]

35. Gardai, S.J.; McPhillips, K.A.; Frasch, S.C.; Janssen, W.J.; Starefeldt, A.; Murphy-Ullrich, J.E.; Bratton, D.L.; Oldenborg, P.-A.;
Michalak, M.; Henson, P.M. Cell-Surface Careticulin Initiates Clearance of Viable or Apoptotic Cell through trans-Activation of
LRP on the Phagocyte. Cell 2005, 123, 321–334. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1155/2020/9783630
https://doi.org/10.2147/JIR.S314192
https://doi.org/10.1126/science.1252809
https://www.ncbi.nlm.nih.gov/pubmed/24904167
https://doi.org/10.1101/pdb.prot087288
https://doi.org/10.1101/pdb.prot087163
https://www.ncbi.nlm.nih.gov/pubmed/27371595
https://doi.org/10.4049/jimmunol.178.7.4595
https://doi.org/10.3892/ijmm.2016.2668
https://www.ncbi.nlm.nih.gov/pubmed/27431014
https://doi.org/10.1155/MI.2005.81
https://www.ncbi.nlm.nih.gov/pubmed/16030390
https://doi.org/10.1016/S0022-1759(96)00206-2
https://www.ncbi.nlm.nih.gov/pubmed/9005956
https://doi.org/10.1016/bs.mie.2019.07.023
https://doi.org/10.3390/biomedicines10112896
https://doi.org/10.3389/fimmu.2021.767175
https://doi.org/10.1111/trf.15279
https://doi.org/10.1111/trf.17217
https://doi.org/10.1111/j.1537-2995.2010.02950.x
https://doi.org/10.1084/jem.20170355
https://doi.org/10.1016/j.celrep.2020.108164
https://www.ncbi.nlm.nih.gov/pubmed/32966785
https://doi.org/10.1016/j.jncc.2022.08.007
https://www.ncbi.nlm.nih.gov/pubmed/36532841
https://doi.org/10.1016/j.bbrc.2011.06.186
https://doi.org/10.1016/j.cell.2005.08.032
https://www.ncbi.nlm.nih.gov/pubmed/16239148

	Introduction 
	Results 
	Chemotactic Migration 
	Effect of Increasing Ex Vivo Time on Neutrophil TL and TS 
	Effect of Increasing Ex Vivo Time on Analyzed PMN Numbers 

	Analysis of Fluorescence Staining of Neutrophils 
	Annexin V and PI Staining of Neutrophils 
	Comparison of DAPI-Stained PMNs from Different Isolation Methods 
	Progress of Median ROS Intensity 


	Discussion 
	Materials and Methods 
	Study Plan 
	Blood Withdrawal and PMN Isolation 
	Experimental Setup 
	Data Analysis 
	Migration Analysis 
	Fluorescent Staining 


	Conclusions 
	References

