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Abstract

Background: Migration, production of reactive oxygen species (ROS), release

of myeloperoxidase (MPO), and NETosis are functional immunological reac-

tions of elementary importance for polymorphonuclear neutrophils (PMN).

Unregulated inflammatory response of PMN within tissues plays a key role in

the pathophysiology of several diseases. However, little is known about the

behavior of PMN after migration through blood vessel walls. Therefore, we

investigated the influence of the extracellular matrix (ECM) on PMN function.

Materials and Methods: We established an in vitro chemotaxis model of

type I and III collagen, fibrin, and herbal agarose tissues using µ‐slide
chemotaxis devices and N‐formylmethionine‐leucyl‐phenylalanine (fMLP).

PMN within the matrices were assessed with a fluorescent time‐lapse micro-

scope for live‐cell imaging.

Results: PMN function was obviously influenced by the ECM. Type III

collagen had an inhibitory effect on PMN migration regarding track length,

direction, and targeting. Type III collagen also had an accelerating effect on

neutrophil ROS production. Agarose had an inhibitory effect on MPO release

and fibrin a retarding effect on NETosis.

Conclusion: Because of the high abundance of type III collagen in lung and

skin matrices, the interaction of PMN with the respective matrix could be an

important mechanism in the pathophysiology of acute respiratory distress

syndrome and pyoderma gangrenosum.
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1 | INTRODUCTION

Neutrophil granulocytes (polymorphonuclear cells;
PMN) constitute about 50%–70% of all circulating leu-
kocytes and are the most mobile and abundant cellular
component of the innate immune system of the human

body (see Figure 1). PMN are the most important first
line of defense within the innate immune response.1,2

PMN are rapidly recruited from the bone marrow and
transferred to the tissues by targeted chemotaxis. On the
way to their target, PMN have to cross the blood vessel
walls including the endothelial cell layer and the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Immunity, Inflammation and Disease published by John Wiley & Sons Ltd.

http://orcid.org/0000-0001-5280-6530
mailto:Richard-Felix.Kraus@stud.uni-regensburg.de
mailto:Richard-Felix.Kraus@stud.uni-regensburg.de


basement membrane to reach the target tissue after
completion of diapedesis.2–4

Chemotactic migration, production of reactive oxygen
species (ROS), release of myeloperoxidase (MPO) and
NETosis are among the key functions of the PMN im-
mune defense in tissues. These key functions must be
subject to strict regulation because both neutropenia and
PMN overreactions constitute alarming and sometimes
life‐threatening conditions.3

Excessive PMN response is attributed to have a negative
effect on the course of certain inflammatory diseases such as
acute respiratory distress syndrome (ARDS), cerebral apo-
plexy, acute coronary syndrome, COVID‐19, or sepsis.5–7

Furthermore, although several autoimmune diseases are not
directly caused by a malfunction of PMN, these cells are
known to significantly contribute to disease pathogenesis.8

Thus, dysregulated PMN immune response is assumed to
have an important impact on autoimmune diseases such as
systemic lupus erythematodes (SLE), rheumatoid arthritis
(RA) or pyoderma gangrenosum (PG). In most cases, the
cause of illness is dysregulation of ROS production, MPO
release or NET formation.9–11

Although PMN are certainly not the only harmful factors
in pathophysiological processes, they can assume key roles
in the development and maintenance of such processes.5

The migration and immune response of granulocytes
have been the subject of intensive research for decades.
The more advanced the progress in this respect, the
clearer it has become that it is difficult to integrate all
important in vivo parameters in a single setup.12 Because
of its more realistic environment, so far a three‐
dimensional test setup has been found to be the best
option for simulating the conditions in the human body

as accurately as possible.13 A new analysis technology
was described, among others, by Hattenkofer et al.14 in
2018 and by Weckmann et al.15 in 2017, that allowed the
investigation of the migration of PMN at the single cell
level in a three‐dimensional space. However, only PMN
migration was investigated by means of these analyses.
A methodological approach that was first published by
Doblinger et al.16 in 2019 and proposed as a standard
method by Pai et al.17 in 2020 enables the simultaneous
analysis of both migration and immune effects in one
assay. For the first time, the simultaneous consideration
of the elementary PMN functions migration, ROS pro-
duction, MPO release, and NET formation allowed a
combined function analysis, even though the phagocy-
tosis aspect was not included. In several studies, the
times of maximum ROS production (TmaxROS) and
half‐maximal effect of MPO release and NETosis
proved to be suitable parameters for comparing PMN
function.16–19

Although several previous studies such as by Oakes
et al.20 investigated the influence of individual extracellular
matrix (ECM) components on PMNmigration, none of them
simultaneously investigated the influence of the ECM on
PMN migration as well as neutrophil immune effects.

To simulate human body environments as accurately as
possible, previous studies embedded PMN in a gel matrix
similar to that present in human tissue.21,22 Depending on
the body site to be simulated, the matrix mainly consisted of
type IV collagen to imitate the conditions present in en-
dothelial basement membranes, as done by Weckmann
et al.15 for example. Reid et al.23,24 used a matrix consisting of
type I collagen to imitate the interstitial ECM because this
type of collagen is the most common fibrinous component of
the ECM. Fibrin gels, used for example by Moghe et al.,25 are
well suited for the reconstruction of blood clot models in the
inflammatory phase of wound healing or for stroma in solid
tumour growth. In addition, chemotaxis studies using agar-
ose as a gel matrix have been reported in the literature.21

Such “under‐agarose assays,” as described by Nelson et al.26

for instance, use agarose matrices because of their good la-
boratory properties, even though plant‐based agarose is not
present in the human body.

Despite the diverse use of different gel matrices in
previous PMN chemotaxis studies, little is known
about how the ECM influences PMN. In view of the
fact that misdirected PMN activation can depend to a
large extent on activities taking place in the inter-
stitium, the present work showed the influence of the
PMN environment, that is, the surrounding interstitial
matrix, on PMN functions.27 The types of different gel
matrices used were chosen to reflect the composition,
elasticity, and density of the barriers and tissues that
migrating PMN meet in the human body.28

FIGURE 1 Segmented neutrophil granulocytes in
Pappenheim‐stained blood cell smears (graphic provided by the
laboratory for Paediatric Oncology and Haematology at the
University Medical Centre Regensburg)
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2 | MATERIALS AND METHODS

2.1 | Vote of the Ethics Committee

The conduct of this study was approved by the local
Ethics Committee of the Medical Faculty of the
University of Regensburg (file number 16‐101‐0322).

2.2 | Sample collection and isolation of
neutrophil granulocytes

Granulocytes were isolated from the blood of healthy
donors by means of density gradient centrifugation
(LeukoSpin/LymphoSpin, pluriSelect) and resuspended
in Roswell Park Memorial Institute (RPMI)‐1640 culture
medium (Pan Biotech) and 10% fetal calf serum (Sigma‐
Aldrich) at a concentration of 18 × 106 cells/ml, as de-
scribed by Doblinger et al.16

2.3 | Preparation of the chemotaxis
chamber

µSlide chemotaxis chambers® (IBIDI GmbH) were used for
the chemotaxis investigations.14–16,29 At each of the three
positions, these chambers have a channel in the middle,
which was filled with the respective cell‐gel matrix (see
Section 2.4) in a liquid state. At the beginning of our ex-
periments, the total average of migrating neutrophils in each
extracellular matrix was generally 110 cells (T=0min). To
the left and right of this channel, there are two reservoirs.
After hardening of the matrix, the left reservoir was filled
with a 10 nM fMLP solution (Sigma). Analogously, the
RPMI‐1640 medium was added to the right reservoir. The
two components ibidi Heating System and ibidi Gas incuba-
tion System for CO2 (IBIDI) generated a test atmosphere with
37°C, 5% CO2, and 50% air humidity for live‐cell imaging
(see Section 2.5).

2.4 | Preparation of the different
three‐dimensional extracellular matrices

A type I collagen matrix in a concentration of 1.5 mg/ml
was prepared according to the protocol Application
Note 26 (IBIDI).14,16,30 For gel preparation, type I
collagen (Advanced Biomatrix) in a concentration of
3.0 mg/ml was used and mixed with buffer and cell
suspension. A matrix with type III collagen in a
concentration of 1.0 mg/ml was prepared by dissolving
10mg type III collagen (Merck) in 3.33ml 0.5M acetic
acid (Sigma‐Aldrich) and mixing with buffer and cell

suspension. An agarose gel matrix in a concentration
of 2.5 mg/ml was prepared according to the method
described by Foxman et al.31 For this purpose, an agarose
solution of 10 mg/ml (Sigma‐Aldrich) was mixed with a
buffer solution and heated to 66°C. For the preparation
of a fibrin gel in a concentration of 3 mg/ml, the
two main components fibrinogen (5 mg/ml; Merck) and
thrombin (2 U/ml) (Merck) were pipetted together
based on the method described by Moghe et al.25 The
components of the gel matrices are listed in Table 1.

2.5 | Microscopy and live cell imaging

Migration and fluorescence were measured according to
Doblinger et al. using a DMi8 inversion microscope
(Leica Microsystems), and photographic images were
obtained using a DFC9000 GT SCMOS black and
white camera (Leica Microsystems). Control of the
microscope and the observation process was computer‐
aided using the Application Suite X software platform
(Leica Microsystems).

The total observation time of each experiment
under the microscope was 6 h. In each cycle, four
images at ×100 magnification per IBIDI channel were
acquired at intervals of 30 s, so that the processes of
each IBIDI channel were recorded in 720 individual
images. ROS production was assessed by means of
1 μM dihydrorhodamine 123 (DHR; Thermo Fisher
Scientific).16,32 NETosis was visualized using 5 µM
4′,6‐diamidino‐2‐phenylindole (Sigma‐Aldrich) and
MPO release using 0.5 μg/ml anti‐MPO‐APC anti-
bodies (Miltenyi Biotech).16,33,34 For fluorescence
microscopy, we used excitation filters between
380–410 and 472–498 nm, emission filters between
424–460 and 505–545 nm, and dichroic beam splitters
at 418 and 502 nm (Chroma Technology Corp.). Mi-
gration was observed in phase contrast (see
Table 2).17

2.6 | Evaluation of the microscope
images

The image series generated by the microscope were
analyzed using the Imaris® 9.0.2 computer software
(Bitplane AG). To quantify migration, axes in x and y
direction were defined for each channel, as in a Car-
tesian coordinate system, over the entire length of the
considered image area so that defined migration
quantities could be determined (see Table 3). The
filter track displacement length (TDL) > 10 µm
was set.
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The 30‐min observation intervals were normalized to
the time of gel–cell contact. Due to the curing time, the
nomenclature was chosen in such a way that the first
observation period, which started 30min after cell con-
tact, was designated “0–30,” and the nomenclature was
then continued accordingly.

ROS production was assessed by determining the
time of maximum ROS production (TmaxROS) using
Excel (Microsoft Corporation) as described before.16 To
establish the average level of ROS production of single
neutrophil cells over 6 h, luminous intensities of ROS‐
producing cells were quantified by Imaris® parameter

“IntensityMeanROS” and averaged in 30‐min intervals in
each IBIDI channel. These average levels of luminous
intensities were then summed up over 6 h. MPO release
and NETosis were evaluated by determining the time of
half‐maximal effect size (ET50MPO and ET50NETosis)
using Phoenix® 8.0.0 (Certara L.P.) as previously de-
scribed.16 The time of first contact between PMN and gel
matrix was chosen as a uniform reference point.

2.7 | Statistical analysis

Statistical analysis was done using SPSS® Statistics
25 (IBM). Normal distribution was verified by the
Kolmogorov–Smirnov test. With normal distribution and
in case of multiple comparisons and existing homo-
geneity of variance, the mean values (MV) were checked
for significant differences by a single‐factor analysis of
variance (ANOVA) with indication of the standard
deviation ± SD. If there was no homogeneity of variance,
Welch's ANOVA test was applied. With existing homo-
geneity of variance, the subsequent post‐hoc analysis was
done according to Bonferroni. In case of existing
inhomogeneity of variance, Dunnet′s T3 test was used.
The test for homogeneity of variance was conducted
using Levene's test. Simple or grouped boxplots were

TABLE 1 Ingredients of the gels used for functional PMN testing

Gel component Vendor

Type I
collagen
(1.5mg/ml)

Agarose
(2.5mg/ml)

Type III
collagen
(1.0mg/ml)

Fibrin
(3.0mg/ml)

Cell suspension (µl) 50 75 25 50

3.0 mg/ml type I
collagen

Adv. Biomatrix (µl) 150 ‐ ‐ ‐

3.0 mg/ml type III
collagen

Merck (µl) ‐ ‐ 50 ‐

10mg/ml agarose Sigma‐Aldrich (µl) ‐ 50 ‐ ‐

MEM Sigma‐Aldrich (µl) 20 ‐ 10 ‐

RPMI‐1640 Pan‐Biotech (µl) 50 35.5 25 138

7.5%‐NaHCO3 Sigma‐Aldrich (µl) 10 ‐ 7.5 ‐

H2O distilled (µl) 20 ‐ 10 ‐

NaOH Sigma‐Aldrich (µl) ‐ ‐ 22.5 ‐

HBSS Sigma‐Aldrich (µl) ‐ 35.5 ‐ ‐

Fetal calf serum Sigma‐Aldrich (µl) ‐ 4 ‐ ‐

Fibrinogen (5 mg/ml) Merck (µl) ‐ ‐ ‐ 300

Thrombin (25 U/ml) Merck (µl) ‐ ‐ ‐ 12

Abbreviations: HBSS, Hanks' balanced salt solution; MEM, minimum essential medium; PMN, polymorphonuclear neutrophils; RPMI‐1640, Roswell Park
Memorial Institute 1640 medium.

TABLE 2 Overview of fluorescent‐microscopic detection
properties of the different immune effects

Effect Colorant
Wave length of
excitation/emission

NETosis DAPI 385 nm/461 nm

MPO release ANTI‐MPO‐APC 635 nm/660 nm

ROS production rhodamine 123 490 nm/532 nm

Migration ./. phase contrast

Abbreviations: DAPI, 4′,6‐diamidino‐2‐phenylindole; MPO, myeloperoxidase;
NET, neutrophil extracellular trap; ROS, reactive oxygen species.
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used for the graphical representation of normal
distribution. If there was no normal distribution in the
data to be compared, the central tendencies of the
individual groups were compared with Kruskal–Wallis
testing, indicating the median and the interquartile
range. The post‐hoc analysis after this test was conducted
by Dunn‐Bonferroni testing. An error probability of
p< .05 was considered statistically significant.

3 | RESULTS

3.1 | Type III collagen inhibits
neutrophil movement and reinforces
neutrophil ROS production

The impact of the ECM on neutrophil migration, ROS
production, MPO release and NETosis was assessed with a
fMLP chemotaxis gradient in several series of experiments
using different matrices consisting of type I and
III collagen, fibrin, and agarose according to the model

described by Doblinger et al.16 For measurement of neu-
trophil mobility, neutrophil migration length (track length)
was determined in intervals of 30min over 3 h and nor-
malized to the time point of the first gel contact of the
neutrophils. Our results showed that in all types of gels,
the determined track lengths diminished with increasing
duration of the experiment. The total number of single
moving neutrophil cells (tracks) decreased with increasing
observation time from interval to interval (see Table 4).

In type III collagen, migration was lower than in the
other gels (see Table 4 and Figure 2). This observation was
most evident in the first period after gel contact because the
medians of TL differed between all types of gels (p< .001).
The results of the other time periods were similar to the
results of the first period and showed comparable
significant findings. Thus, a significant influence of ECM
on neutrophil mobility could be determined.

In addition to migration length, we also investigated
the influence of the ECM on neutrophil ROS production.
For this purpose, the time of maximum ROS production
(TmaxROS) was determined for the different types of gels.

TABLE 3 Parameters recorded for
quantifying migration via live‐cell
imaging

TrackDisplacement X (µm) Covered distance in direction x

TrackDisplacement Y (µm) Covered distance in direction y

TrackLength (µm) Effectively covered distance

TrackDisplacement Length (µm) Euclidean distance between the start and the
end point

TrackStraightness =
TrackDisplacementLength

TrackLength Measure for directionality of movement

TrackDuration (s) Duration of “tracked” chemotactic migration

TABLE 4 Overview of medians an interquartile ranges of migration lengths (TrackLength) of the different types of gel (left column) in
determined 30min time sections, which could be observed by means of live‐cell imaging

0–30 31–60 61–90 91–120 121–150 151–180

Type I
collagen

250.4 µm
(205.5 µm)

[n= 1280]

201.7 µm
(131.1 µm)

[n= 1115]

147.0 µm
(131.8 µm)

[n= 739]

118.1 µm
(106.0 µm)

[n= 267]

92.8 µm
(87.7 µm)

[n= 112]

83.6 µm
(66.6 µm)

[n= 77]

Agarose 170.1 µm
(154.8 µm)

[n= 889]

150.1 µm
(135.5 µm)

[n= 933]

97.4 µm
(71.1 µm)

[n= 555]

88.9 µm
(63.0 µm)

[n= 513]

81.0 µm
(34.5 µm)

[n= 290]

84.7 µm
(33.6 µm)

[n= 246]

Type III
collagen

108.2 µm
(82.9 µm)

[n= 373]

90.1 µm
(55.2 µm)

[n= 257]

61.2 µm
(54.9 µm)

[n= 118]

71.4 µm
(94.8 µm) [n= 37]

110.6 µm
(83.6 µm)

[n= 18]

66.6 µm
(54.6 µm)

[n= 18]

Fibrin 175.4 µm
(199.7 µm)

[n= 431]

196.7 µm
(130.7 µm)

[n= 427]

104.1 µm
(89.5 µm)

[n= 366]

49.3 µm
(50.9 µm)

[n= 107]

35.0 µm
(28.9 µm)

[n= 20]

28.7 µm
(17.4 µm)

[n= 12]

Note: Data are shown as median (IQR) from n= 9 experiments per gel type (In each table cell, the uppermost value without brackets indicates the median, the
value in round brackets the interquartile range and the value in square brackets contains the number of recorded tracks).
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TmaxROS was significantly premature in type III collagen
compared to the other gels (see Table 5 and Figure 3). A
significant influence of the ECM on neutrophil ROS
production could be determined because of the sig-
nificant mean differences in TmaxROS in type III collagen
in comparison to the other gel types (p< .001).

Mean TmaxROS of type I collagen significantly dif-
fered from that in type III collagen with a mean differ-
ence (MD) of 100.2 ± 8.7 min (p< .001). Mean TmaxROS
of type III collagen also differed significantly from that of
agarose with an MD of 90.8 ± 4.1min (p< .001) and that
of fibrin with an MD of 109.1 ± 3.8 min (p< .001). In
addition, a significant difference in mean TmaxROS
was found for agarose and fibrin with an MD of
18.3 ± 5.1 min (p= .007), whereby TmaxROS was seen at
an earlier time in agarose than in the other gels.

FIGURE 2 Different neutrophil migration patterns in different
extracellular matrices determined by live‐cell imaging. (A)
Overview of migration distances of PMN (TrackLength [µm]), split
in observation periods of 30min, and types of gel normed to the
first gel contact. In all types of gel, migration decreased towards the
end of the observation period. The grouped box plot presents the
results of n= 9 tests per gel type, using medians with a confidence
interval. (B) Different migration lengths (TrackLength [µm]) in the
first observation section “0–30”; the shortest migration length was
found for type III collagen. Data are shown as median with a
confidence interval from nine independent experiments per
gel type
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To further investigate the influence of ECM on the
amount of ROS production in single cells, we determined
the average luminous intensities of ROS production in
single neutrophil cells for 6 h (sum of mean ROS in-
tensity, see Figure 4).

The comparison of the sums of mean ROS intensities
in the different gels showed that the average luminous
intensity of a single cell was significantly higher in
agarose than in collagen I (p= .025) or collagen III
(p= .028). The average intensity level of fibrin did not
show any significant difference and was between the
levels of the different collagens and that of agarose.

3.2 | Agarose has an inhibitory effect on
MPO release

Next, we investigated the impact of the ECM on neu-
trophil MPO release. Determination of the time point of
the half maximum effect of MPO release (ET50MPO)

showed a significant influence of the ECM on neu-
trophils (see Table 5 and Figure 5). Mean ET50MPO
occurred significantly later in agarose than in type III
collagen with an MD of 112.1 ± 15.9 min (p< .001). Mean
ET50MPO occurred significantly later in agarose than in
fibrin with an MD of 101.7 ± 9.7 min (p< .001).

3.3 | Fibrin has an inhibitory effect on
neutrophil NETosis

Finally, we analyzed the impact of the ECM on neutrophil
NETosis. The time of the half‐maximum effect (ET50NE-
Tosis) was determined for the respective gels. All migrating
cells initiated NETosis up to the end of the observation
period. In fibrin, NETosis was retarded in comparison to
agarose (with an MD of 40.8± 13.0min, p= .022). In fibrin,
NETosis was also retarded in comparison to type III collagen
with an MD of 101.2± 23.4min (p= .001; see Figure 6).

3.4 | Presence of a categorical schedule
of neutrophil defensive mechanisms but
no fixed timeline

Our experiments presented the sequence of immune
effects ROS production, MPO release and NETosis in
matrices of type I and III collagen as well as fibrin. In
agarose, we observed a deviating sequence with NETosis
before MPO release. Through formation of quotients of
the single times of the immune effects (see Table 5, right
half), we obtained a relative measure of the immune
effects to each other. The resulting possible assessment of
the time relation indicated rather heterogeneous temporal
relations in the different types of gels (see Table 5).

FIGURE 3 Significantly premature reactive oxygen species
(ROS) production in type III collagen. The time of maximum ROS
production (TmaxROS) was determined by live‐cell imaging. Data
are shown as median with a confidence interval of TmaxROS from
n= 9 experiments per gel type

FIGURE 4 Significantly increased reactive oxygen species (ROS)
production in single neutrophil cells in agarose averaged over 6 h. The
sum of mean ROS intensities was determined by live‐cell imaging.
Data are shown as mean ± 95% confidence interval of the sum of mean
ROS intensities from n= 9 experiments per gel type

FIGURE 5 Significantly decelerated semimaximum effect of
myeloperoxidase (MPO) release in agarose. Time of half‐maximal
netosis effect (ET50MPO) was determined by live‐cell imaging.
Significant differences were observed between agarose and type III
collagen as well as between agarose and fibrin. Data are shown as
median with a confidence interval of ET50MPO from n= 9
experiments per gel type
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3.5 | ECM influences the direction and
targeting of neutrophil movement

Finally, we conducted a more detailed analysis of the
neutrophil course of movement by evaluating the Eu-
clidean distance (TDL) and track straightness, which was
defined as the quotient of the Euclidean distance and the
migration length (see Table 6 and Figure 7). In the first
observation section, significant differences between the
means of TDL of every type of gel indicated a directional
influence of the ECM (p< .001; except for type III col-
lagen and fibrin: p= .003). Significant differences in
track straightness of all time sections indicated depen-
dence of movement targeting (p< .001). In the first ob-
servation section (0–30), PMN moved most target‐
oriented in type I collagen and least target‐oriented in
fibrin (p< .001). This trend reversed towards the last
time section (151–180) (p< .001).

3.6 | A chemotaxis gradient was
established in every type of gel

The values found for TrackDisplacementX and Track-
DisplacementY signalized main neutrophil movement
with targeting in the positive X direction, which

corresponded to the same direction as the fMLP gradient.
The medians of TDX—with exception of the TDX value
in fibrin in the last time section (151–180), had a positive
value (Table S7). The medians of the parameter TDY
were around point zero with values from −2.7 to +3.3 µm
within the first four time sections. In the last two time

FIGURE 6 Significant retardation of the half‐maximum effect
of NETosis in fibrin. Time of half‐maximal netosis effect
(ET50NETosis) was determined using live‐cell imaging. Significant
differences were found between agarose and fibrin as well as
between type III collagen and fibrin. Data are shown as median
with a confidence interval of ET50NETosis from n= 9 experiments
per gel type

TABLE 6 Medians and interquartile ranges of the parameter TDL in the period “0–30” determined by means of live‐cell imaging

Type of gel Type I collagen Agarose Type III collagen Fibrin

Time period “0–30” 67.3 µm
(IQR= 108.1 µm)

43.7 µm
(IQR= 62.9 µm)

29.0 µm
(IQR= 29.6 µm)

20.8 µm
(IQR= 25.4 µm)

Note: Data are shown as medians ± IQR from n= 9 experiments per gel type.

Abbreviations: IQR, interquartile range; TDL, track displacement length.

FIGURE 7 Impact of the ECM on the direction and targeting of
PMN migration. (A) Euclidean distance (track displacement length
[TDL]) was determined by means of live‐cell imaging. Significant
differences in the first observation section indicated a directional
influence of the ECM. Data are shown as median with a confidence
interval from n= 9 experiments per gel type. (B) Significant
dependence of PMN migration targeting from ECM.
TrackStraightness was determined with live‐cell imaging. In the
first observation section “0–30,” PMN moved most target‐
oriented in type I collagen. In the last observation section
“151–180,” PMN moved most target‐oriented in fibrin. Data are
shown as median with a confidence interval from n= 9
experiments per gel type
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sections, type III collagen showed values from –9.3 to
+4.3 µm in contrast to –2.3 to +1.0 µm for the other gels
(see Table S8).

4 | DISCUSSION

4.1 | PMN activation by type III
collagen

The results of this study show the impact of the ECM on
neutrophil function. Because of in comparison con-
sistently lower migration lengths and a very early
standstill of the PMN (rapid decline of the tracked cells
from n= 118 (61–90) to n= 37 (91–120) and n= 18
(121–150), type III collagen seemed to have the strongest
inhibitory effect on PMN migration throughout all ob-
servation phases. With a in comparison significantly
earlier mean TmaxROS value of 47.9 ± 7.1 min, the impact
of the ECM on the ROS production of PMN was best
visible in type III collagen.

Calculation of the average luminous intensity of ROS
by means of the sum of average “IntensityMeanROS”
over 6 h enabled the measurement of the total ROS
production in a single cell. Although TmaxROS occurred
significantly earlier in collagen III (47.9 ± 7.1min) than
in the other gels, the average ROS production in single
neutrophil cells over 6 h was not increased; in contrast,
average ROS production in single cells in collagen III was
decreased compared to that of agarose (see Figure 4).
Hence, although collagen III had shown a previous
maximum ROS production of all neutrophils in the
channel, total ROS production was not increased in
single cells.

Overall, it can be concluded that PMN are put into a
different activation state in gel matrices consisting of type
III collagen because they increase ROS production and
inhibit migration. The results of this study confirm the
postulate published by Nathan et al.35 as early as 1989
according to which the cytokine‐induced respiratory
burst of PMN and thus the ROS production of PMN de-
pends on interactions with the ECM. Although mole-
cular mechanisms are not part of this study, a molecular
classification of the observations may nevertheless be
discussed.

Sorokin et al.36 reported that the ECM and its bio-
chemical composition may provide specific signals to
immune cells, thereby determining the ability of cells to
promote inflammatory responses. Therefore, it would be
conceivable that type III collagen sends signals to PMN,
prompting the observed neutrophil behavior listed in
Section 3.1. This theory can be supported through an in
vitro study published by Nissen et al.,37 who stated that

the presence of bioactive collagen fragments affects mi-
gration and ROS production of PMN.

In this context, Clark and Brugge38 described that
integrins are able to convert extracellular signals into
intracellular processes. Besides the involvement of in-
tegrins in cell attachment to ECM (for more details see
Section 4.2), integrin‐receptors also transmit signals from
the surroundings, and this transmission initiates and
sustains vital cellular responses.27 Such integrin outside‐
in signaling can be triggered by the activation of neu-
trophil β2‐integrins on ligand‐coated surfaces in the
presence of a proinflammatory stimulus (such as fMLP),
subsequently leading to respiratory burst and de-
granulation responses.35,39–41

As reported by Leitinger and Hohenester,42 different
integrin collagen receptors (such as α1β1, α2β1 and α10β1)
can bind to different types of collagen. This way, different
signaling pathways may be activated and explain differ-
ent neutrophil behavior. The expression level of β1 in-
tegrins seems to be relatively insensitive to chemo‐
attractant stimulation alone and appears to require ad-
ditional signaling associated with substrate adhesion.27

Because the ligation of one type of integrin by matrix
proteins modulates the activity of another type, it is also
conceivable that the same integrins (as the integrin α2β1
in case of type I and III collagen) can bind to the ECM of
the different gels but subsequently activate different
signaling pathways.42,43

Furthermore, ECM may activate G‐protein‐
coupled receptors (GPCRs) or affect the interaction of
fMLP with GPCRs. A common feature of GPCRs is
that chemo‐attractants (such as fMLP) strongly acti-
vate the chemotactic migration of neutrophils.
Nevertheless, chemoattractants (especially formyl‐
peptides) trigger neutrophil responses other than
chemotaxis, including ROS production and exocytosis
of intracellular granules.39

Because of different integrin or GPCR influences (or
both), collagen III may activate the PKC‐signaling path-
way, resulting in the assembly of the nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase complex
or mitochondrial activation. NADPH and mitochondrial
activation ultimately lead to the production of ROS,
which may explain premature TmaxROS in collagen
III.9,32,39

The PKC pathway (and thus neutrophil immune re-
sponse) could, therefore, be activated by both GPCRs and
integrins. In line with this theory, Rossaint et al.44 ob-
served that neutrophils only induce NET formation if
simultaneously activated by both integrin‐mediated
outside‐in and GPCR signaling.

Besides the PKC‐signaling pathway, the Src‐signaling
pathway may be important for the influence of ECM on
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PMN. Neutrophils were shown to express integrins with
an α4‐subunit (such as α4β1, VLA‐4) related to the col-
lagen receptor integrin family. α4‐integrins are able to
recognize ECM proteins, whereby a direct cross‐link of
α4 integrins triggers the release of superoxide. α4 in-
tegrins signal through Src‐family kinases to transduce
intracellular signals, mediating a specific release of
neutrophil granules and a long‐standing respiratory
burst.39,45,46

Because PMN, which lack Src‐ and Syk‐family ki-
nases (both considered essential components of
integrin‐signaling in neutrophils) predominantly
showed normal migration, it should be noted that
integrins may use different signaling transduction
pathways to trigger adherent activation and migration
of neutrophils.39,40

In summary, the different neutrophil behavior ob-
served in different matrices is probably due to the com-
plex interaction of the components described above.
Even though the role of integrins and GPCRs in neu-
trophil adhesion and signalling has been clarified to
some extent, this complex interaction should be further
elucidated in more detail.47

Despite the limitations of the model used in the
present work that is considered to reflect the (patho‐)
physiological reality, the increased ROS production and
the inhibited migration in type III collagen may be linked
to PMN‐associated diseases such as acute respiratory
distress syndrome (ARDS) and pyoderma gangrenosum
(PG). It is striking that PMN are significantly involved in
the pathology of these two diseases and that both dis-
eases have their focus in type III collagen‐rich tissues
(see below).48

All forms of PG show subepidermal and dermal
infiltrates of morphologically mature PMN; however,
such PMN have abnormal chemotaxis and bacter-
icidal properties and are marked by overexpression
and dysregulation of integrins.11,49,50 The sites of
subepidermal and dermal infiltration show abundant
type III collagen in the ECM. In the dermo‐epidermal
junction zone, the epithelium of the epidermis is
connected to the dermis via a chain of adhesion me-
chanisms. Type III collagen forms the extensive net-
work of the lamina fibroreticularis of the basement
membrane, which is located on the basolateral side of
the epidermal epithelium and ultimately mediates the
anchoring of the epithelium to the subepithelial tissue
of the papillary dermis. In contrast, the spatial net-
work of the papillary dermis consists in large part of
type III collagen fibrils.51

In ARDS, PMN migrate into the lung parenchyma as
part of an inflammatory reaction. During the migration
process, PMN release ROS and other substances.

The release of ROS may contribute to the damage to
alveolar structures, which results in higher paracellular
permeability that may ultimately lead to acute lung
failure.5 The fibrils of the alveolar walls and septa
mostly consist of type III collagen.52,53 Furthermore, as
in the skin, the lamina fibroreticularis of the basement
membrane is connected to type III collagen fibrils of the
interstitium via anchor fibrils.54 Pugin et al.55 described
that intense inflammation and increased synthesis of
type III collagen in the alveoli already occur in the early
phase of ARDS.

Gade et al.56 described a close connection between
neutrophil inflammatory diseases of the skin (PG) and
the lung (ARDS), even though pulmonary manifestation
of PG is a rather rare condition. In 2016, Watanabe
et al.57 reported that aggressive disease activity in PG
may even trigger ARDS.

Although no valid data are available so far, our re-
sults may lead to the assumption that PMN in type III
collagen may interact with pathophysiological processes
of skin (PG) or lung (ARDS). However, the present work
cannot provide any proof of this assumption so that
further clarification is necessary.

4.2 | ECM influences the direction and
target orientation of migration

The ECM influenced not only the length but also the
direction and target orientation of migration. It was
striking that TDL values in the first observation phase
(0–30) were significantly lower in fibrin than in the
other gels. Similar TDL values were found in fibrin
and type I collagen (see Table 4) so that PMN mi-
gration in fibrin was less directional than in the other
gels because of lower TS values (see Figure 7).

Lower TDL and TS values at the beginning of the
observation may be due to the fact that the development
of the chemotaxis gradient was more difficult and slower
in fibrin, a supposition supported by the increasing TS
value towards the end of the experiment (see Figure 7).
Another explanation may be that, because of the influ-
ence of the fibrin ECM, PMN can follow chemotactic
gradients to a lesser extent than in ECMs consisting of
type I or III collagen or agarose. The latter assumption
would confirm the observation described by Burns et al.54

that the adhesion properties of different ECM elements
(in this case of fibrin) can not only influence speed and
migration length but also the direction of leukocyte
movement.

Although no molecular mechanisms were considered
in the present work, its results can nevertheless be placed
in the context of the current scientific literature.
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The significant differences in the migration para-
meters determined by this study seem to contradict the
postulate in a Nature review article published by
Nourshargh et al.4 According to this postulate, leuko-
cytes can distinguish between an integrin‐dependent and
an integrin‐independent mode, and their ameboid mode
of locomotion is mostly independent from the composi-
tion of the ECM. However, as further formulated by
Nourshargh et al., it is not yet clear to what extent leu-
kocytes actually use extracellular guidance structures for
locomotion. Particularly during interstitial locomotion,
leukocytes remain firmly integrated in the tissue through
cell‐matrix contacts. Thus, the ECM seems to modulate
rather than strictly determine migration. The sig-
nificantly different migration lengths found in all gels in
this study confirm the influence of the ECM on PMN
migration.4

As Kuntz et al.58,59 found out through various
additions to collagen matrices, the impact on PMN
migration can be based on a spatial steric barrier
function of the ECM. On the contrary, it is also con-
ceivable that potentially integrin‐mediated cellular
interactions with the different ECMs generate in-
tracellular biochemical signals, which influence cell
motility inside the gels.38,58

The inhibitory influence of type III collagen on mi-
gration length confirms the observation described by
Lindbom and Well.27 that the chemotaxis of PMN is also
influenced by the relative frequency of matrix proteins
inside the tissue. Taking this idea further, this finding
could mean that abundant type III collagen in the ECM
strongly increases the binding strength between integrins
and their ligands, thus counteracting motility.27

The different migration lengths could be explained
not only by the influence on the binding strength of the
same integrin subtypes but also by the fact that cell–ECM
interaction in the different matrices is mediated by dif-
ferent integrin subtypes or different ECM receptors.
Leitinger and Hohenester42 described different collagen
receptors on immune cells, each of which binds specifi-
cally to individual collagen types, which may result in
different control of the cell behavior of immune cells.
Furthermore, various subtypes of β1 integrins on the
surface of PMN have already been described, which bind
to some ECM components such as fibronectin but not to
other ECM components such as type I or IV collagen.
According to Sixt et al.,60 such specific integrin‐mediated
interactions signal specific information to the cells that
can exert control over PMN movement in inflamma-
tion foci.

Overall, the results of this study confirm a conclusion
formulated by Loike et al. as early as 1995: PMN che-
motaxis is regulated by the composition of the ECM.43

4.3 | Sequence of defensive mechanisms

In our experiments, the sequence of the immune effects
in type I and III collagen and fibrin gels was as follows:
ROS production, MPO release and finally NETosis. This
sequence, which is consistent with earlier observations
by Doblinger et al., is recognized in the current scientific
literature and reflects the fact that ROS und MPO are
released through degranulation first, whereas NETosis
occurs last.9,16,61 The deviating sequence in agarose ob-
served in our experiments can be explained by in-
accuracy of measurement methods.

With regard to the quotient T ROS/ET NETosismax 50 ,
similar relation values were only found for type I
and III collagen and fibrin gels. The quotient
ET MPO/ET NETosis50 50 also had similar values in type I
and III collagen gels. Consequently, the time intervals
between the effects varied according to the gel matrix.
This finding suggests that there is no fixed, temporally
defined scheme according to which these effects occur
successively.

Although ROS production seems to be indispensable
for NETosis, the two processes do not seem to be directly
linked in a consecutive manner. Despite more intensive
ROS production of single neutrophil cells, the herb
agarose even delayed ET50MPO, and ET50NETosis was
also not determined prematurely (see Section 3.1). In
spite of mean ROS intensities similar to those in type I
collagen and fibrin, type III collagen seemed to ensure
reduction in neutrophil migration lengths. Type III
collagen also seemed to effectuate, that most neutrophils
produced ROS at an early time point, and both
ET50NETosis and ET50MPO occured at an early stage.

4.4 | MPO release

The choice of extracellular gel matrix seems to influence
the MPO release of PMN. With a mean value of
267.1 ± 21.4 min, MPO release in agarose was delayed
compared to that in the other gels. However, these results
were only statistically significant when MPO release in
agarose was compared to that in type III collagen and
fibrin but not in type I collagen.

Similar to excessive ROS production, uncontrolled
MPO release by PMN involves the risk of tissue damage,
which is associated with a negative course of various
inflammatory diseases such as rheumatoid arthritis or
acute and chronic pneumonia.62 The knowledge of the
molecular mechanisms behind inhibited MPO release in
agarose would be helpful to develop a drug‐based control
of PMN overreaction in acute and chronic inflammatory
diseases.
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4.5 | NETosis

We observed a significant impact of ECM gels on PMN
NETosis. Gel matrices consisting of fibrin seemed to
have an inhibitory effect. With a mean value of
287.3 ± 41.9 min, ET50NETosis occurred last in fibrin,
and the results were statistically significant in compar-
ison to those of agarose and type III collagen.

Recent studies on sepsis have shown that excessive
formation of NETs correlates with the development of
organ damage and that NETs are associated with
increased disseminated intravascular coagulation
(DIC).63,64 NETs are also assumed to contribute to an
increased tendency to thrombosis in patients with SLE or
COVID‐19 as well as to premature filter blockage during
the long‐term use of extracorporeal membrane oxyge-
nation (ECMO) in critical care patients.7,65–68

In both infectious and noninfectious diseases,
NETs are also formed within the vascular system.
A study by Fuchs et al.65 showed that NETs can have a
procoagulating effect, resulting in the formation of a
scaffold. Furthermore, Semeraro et al.69 reported, that
extracellular histones (important components of
NETs) promote thrombin generation. On the one
hand, NETs also have a stimulating effect regarding
the adhesion, activation and aggregation of throm-
bocytes. On the other hand, NETs promote thrombin‐
dependent fibrin generation by binding fibrinogen.
NETs and fibrin have been observed to colocalise in
vitro. On the basis of these findings, Fuchs et al.65

hypothesized that NETs closely interact with fibrin
strands in the thrombus, thus influencing thrombus
organization and stability.

In summary, NETs and NETosis promote the for-
mation and stabilization of fibrin thrombi; fibrin, how-
ever, inhibits NETosis and thus the formation of NETs. If
this idea is consistently pursued, a negative feedback
mechanism may be assumed. This assumption raises the
question whether there is a fibrin‐triggered NETosis de-
lay mechanism and thus ultimately a fibrin‐controlled
delay mechanism of NETosis‐mediated thrombosis. Al-
though earlier approaches (for instance by Bredthauer
et al.18) failed to prove the influence of drug‐based an-
ticoagulants (heparins and argatroban) on the NETosis of
PMN, PMN‐fibrin interaction may be a starting point for
inhibiting the coagulation‐promoting effect of PMN.18

4.6 | Characteristics and limitations of
the in vitro test model

The development of individual matrices was based on the
maxim to create physiologically relevant extracellular gel

matrices. Despite the careful selection of the applied
methods, the study has some limitations.

To be able to also observe TmaxROS in type III col-
lagen under the microscope, the polymerization time was
reduced to 15min, and the observation periods had to be
adjusted. Without this adjustment, evaluations would
have been incorrect because different periods would have
been compared with each other with respect to the
reference point. Several studies, for instance, by
Chenoweth et al.70 and Trevani et al.,71 have shown that
the pH value of the extracellular environment may in-
fluence PMN functions. Therefore, attention was paid to
adjusting the pH value to the neutral point, using pri-
marily the CO2/HCO3‐buffer system because this system
plays the most important physiological role in extra-
cellular buffering in the human body.

According to a study by Trevani et al.,71 the extra-
cellular pH value alone neither increases ROS production
nor MPO release. However, PMN release more hydrogen
peroxide in acidic environments in the additional pre-
sence of fMLP. It could be argued that the pH value was
not properly adjusted to a neutral value during the pro-
duction of the type III collagen matrix and that pre-
mature TmaxROS (see Table 5) was solely due to this fact.
However, this assumption is disproved by the fact that,
according to Trevani et al., an acidic pH value without
the presence of fMLP does not increase ROS production.
Furthermore, Trevani et al. showed that PMN have a
significantly delayed apoptosis and an extended lifetime
in acidic environments.71 However, our experiments
showed that NETosis in type III collagen occurs earlier
(with a mean ET50NETosis value of 186.2 ± 94.5 min)
than in other gels (cf. Section 4.5). From a critical point
of view, premature TmaxROS in type III collagen could be
explained by the fact that cells in type III collagen came
into contact with the chemokine fMLP 15min earlier
than the cells in the other gels. However, in considera-
tion of the mean values of TmaxROS and ET50NETosis,
the significant mean value differences diverge by more
than 15min (cf. Table 5). In addition, this consideration
should take into account that, according to Kim snd
Wu,72 it takes about 80min to reach a steady‐state of a
fMLP gradient, which in turn relativises an fMLP contact
of 15min earlier. Furthermore, we considered the time of
first contact between PMN and the gel matrix as the
appropriate reference time point because it proved
to be the least susceptible time to interference because of
the lowest standard deviation in comparison and because
the influence of the ECM on PMN was effective from this
point in time onwards.

Finally, we would like to note, that due to the influ-
ence of the ECM, comparisons of experimental results
regarding the function of PMN (particularly migration,
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ROS production, MPO release, and NETosis) should be
considered critically when PMN have been embedded in
different gel matrices.

5 | CONCLUDING REMARKS

PMN play a key role in the development and main-
tenance of pathophysiological processes in inflammatory
diseases.5 Given that misdirected PMN activations may
depend to a high degree on activities taking place in the
interstitium, the results of this study showed an influence
of the ECM on the neutrophil functions migration, ROS
production, MPO release, and NETosis.

Type III collagen inhibited neutrophil migration and
increased neutrophil ROS production. Taking into con-
sideration that PMN‐associated diseases such as PG and
ARDS have lesion foci in ECMs consisting of type III
collagen‐rich tissue, the question arises whether in-
creased neutrophil ROS production and inhibited mi-
gration in ECMs consisting of type III collagen are
associated with excessive PMN responses in in-
flammatory diseases. The knowledge of the molecular
mechanisms behind inhibited MPO release in agarose
would also be helpful to develop a drug‐based control of
PMN overreaction in acute and chronic inflammatory
diseases.

The inhibitory effect of fibrin on NETosis could be
based on a negative feedback mechanism as a regulatory
measure in case of increased NET‐mediated thrombus
formation. If the existence of such a feedback could be
confirmed, the molecular mechanisms could be used to
develop substances that delay or prevent PMN‐mediated
thrombotic complications such as ECMO filter blockage,
thromboses in SLE, or DIC in sepsis.

The results showed that ECM gels influenced not
only the length of migration but also the direction of
movement. Integrin‐mediated interaction between ECM
and PMN would be in accordance with previous stu-
dies27,42,60 but could not be proven within the scope of
this study.

The investigation and manipulation of integrin‐
mediated cell–matrix interactions is not only a worth-
while subject in basic research but already an important
pillar in the current treatment of inflammatory
diseases.73 Therefore, for the purpose of therapy‐oriented
research, it would be desirable to further investigate the
interactions of PMN with their environment to elucidate
potential integrin involvement. A better understanding of
the molecular modes of action of the ECM influence on
PMN could pave the way for a broader use of already
established anti‐inflammatory therapies and contribute
to the discovery and further development of alternative

ways and means of manipulating inflammatory
responses.4,36
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