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Neutrophil Extracellular Trap Degradation by 
Differently Polarized Macrophage Subsets
Patrick Haider, Julia B. Kral-Pointner, Julia Mayer, Manuela Richter, Christoph Kaun, Christine Brostjan, Wolf Eilenberg,  
Michael B. Fischer, Walter S. Speidl, Christian Hengstenberg, Kurt Huber, Johann Wojta, Philipp Hohensinner

OBJECTIVE: Macrophages are immune cells, capable to remodel the extracellular matrix, which can harbor extracellular 
DNA incorporated into neutrophil extracellular traps (NETs). To study the breakdown of NETs we studied the capability of 
macrophage subsets to degrade these structures in vitro and in vivo in a murine thrombosis model. Furthermore, we analyzed 
human abdominal aortic aneurysm samples in support of our in vitro and in vivo results.

APPROACH AND RESULTS:  Macrophages were seeded onto blood clots or isolated NETs and polarized. All macrophages were 
capable to degrade NETs. For initial breakdown, macrophages relied on extracellular deoxyribonucleases. Proinflammatory 
polarization enhanced NET degradation. The boost in degradation was because of increased macropinocytosis, as inhibition 
by imipramine diminished their NET breakdown. Inhibition of macropinocytosis in a murine thrombosis model led to increased 
NET burden and reduced thrombus resolution in vivo. When analyzing abdominal aortic aneurysm samples, macrophage 
density furthermore corresponded negatively with the amount of local NETs in the intraluminal thrombi as well as in the 
vessel wall, as increased macrophage density was associated with a reduction in NET burden.

CONCLUSIONS:  We provide evidence that macrophages degrade NETs by extracellular predigestion and subsequent uptake. 
Furthermore, we show that proinflammatory macrophages increase NET degradation through enhanced macropinocytosis, 
priming them for NET engulfment. Based on our findings, that inhibition of macropinocytosis in mice corresponded to 
increased NET amounts in thrombi and that local macrophage density in human abdominal aortic aneurysm is negatively 
associated with surrounding NETs, we hypothesize, that macrophages are able to degrade NETs in vivo.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Macrophages are important effector cells in tissue 
repair as well as in the resolution of inflammation.1 
They form a heterogeneous population of phago-

cytic cells, distributed throughout the body, which can be 
recruited to sites of inflammation by cytokines and chemo-
kines.2 With their repertoire of different receptors found 
not only on the cell surface (eg, IL [interleukin] receptors 
and chemokine receptors) but also in their cytoplasm (eg, 
hormone receptors and toll-like receptors), macrophages 
can sense the environment and polarize into different sub-
sets, leading to the adaption of the cells to actual needs of 

the organism.2–4 In vivo, macrophages display often mixed 
phenotypes, depending on the encountered stimuli and 
tissue.5 For in vitro studies, macrophage polarization can 
be induced by specific stimuli.6 Proinflammatory macro-
phage polarization is achieved by lipopolysaccharide and 
IFN-γ (interferon-γ) stimulation, alternative macrophage 
polarization is simulated in vitro via the cytokines IL-4 
and IL-13. Polarization leads to changes in macrophage 
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function, including different migratory behavior or altered 
extracellular matrix remodeling as we and others have 
shown before.7–11 This plasticity allows macrophages to 
adapt to the environmental needs by altering their ability 
to produce specific signal proteins12 or to take up dead 
cells, debris,13 and extracellular DNA.14

In recent years, a special form of extracellular DNA 
deposition called neutrophil extracellular traps (NETs) was 
identified. NETs were first described by Brinkmann et al15 
as mechanism of neutrophils to trap bacteria in a network 
of DNA. These NETs are studded with neutrophil-derived 
enzymes, leading to bacterial killing. However, NETs, by 
providing a scaffold for platelets and coagulatory pro-
teins also support thrombus formation.16–18 Recently, it 
was shown that extracellular histones, which are part of 
NETs, are able to induce lytic cell death of smooth mus-
cle cells in an atherosclerotic mouse model, indicating a 
destabilizing role of NETs in chronic vascular diseases.19 
In abdominal aortic aneurysms (AAAs), NETs promote 
inflammation which leads to the recruitment of inflamma-
tory cells to the vessel wall. The recruited cells release 
proteolytic enzymes, leading to medial remodeling and 
thinning, ultimately resulting in aortic dilatation and rup-
ture. Conversely, NET inhibition attenuates macrophage 
infiltration and leads to reduced disease development,20 
prompting them as potential therapeutic targets in AAA 
and several other diseases as reviewed recently.21

Although many studies have been exploring the gen-
eration and pathophysiology of NETs, knowledge on 
their degradation and the restitution of tissues is scarce. 
Overall, deoxyribonuclease (DNase) activity is required to 
prevent spontaneous formation of intravascular thrombi 
containing NETs,22 showing that a counterbalance of 
NET generation and degradation is necessary for the 
maintenance of proper homeostasis. Macrophages have 
been described as being capable of degrading NETs in 
vitro,23–25 however, data on the impact of polarization of 
macrophages on their NET-degrading ability and in vivo 
evidence for this notion are lacking so far.

The aim of our study was to determine the capacity of 
macrophages to degrade NETs and to identify the endo-
cytic pathway, to investigate whether polarization would 

change the kinetics of uptake and degradation both in 
vitro and in vivo.

We show here that macrophages degrade NETs by an 
interplay of extracellular and secreted DNases followed by 
intracellular uptake. Furthermore, we provide evidence that 
proinflammatory polarization of macrophages can boost 
NET degradation by increased utilization of macropinocy-
tosis. Inhibition of macropinocytosis in an in vivo thrombosis 
mouse model led to increased NET burden in the thrombi 
and concomitant decreased thrombus resolution. In addition, 
we demonstrate that local macrophage density in human 
AAA samples is negatively associated with surrounding 
NETs, further supporting our hypothesis that macrophages 
are key modulators of extracellular DNA degradation.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Please see the Major Resources Table in the Data Supplement 
for all used materials. Detailed methods’ descriptions are avail-
able in the Methods in the Data Supplement.

Ethical Approval
Blood samples from healthy human donors, as well as human 
AAA samples, were obtained after written informed consent was 
given, and studies were performed according to recommenda-
tions of the ethical board of the Medical University of Vienna 
(1575/2014 and 1729/2014). All animal procedures were 
approved by the animal ethical board of the Medical University of 
Vienna and the Austrian Federal Ministry of Education, Science 
and Research (BMBWF-66.009/0258-WF/V/3b/2017).

In Vitro Generation and Polarization of 
Macrophages
Macrophages were generated from human monocytes, which 
were isolated from blood samples of apparently healthy volun-
teers and polarized with lipopolysaccharide and IFN-γ or IL-4 
and IL-13, respectively, as published previously.10 In total, 

Nonstandard Abbreviations and Acronyms

AAA	 abdominal aortic aneurysm
citH4	 citrullinated histone H4
DNase	 deoxyribonuclease
IFN-γ	 interferon γ
IL-13	 interleukin 13
IL-4	 interleukin 4
MPO	 myeloperoxidase
NETs	 neutrophil extracellular traps
ROI	 regions of interest

Highlights

•	 Macrophages preprocess extracellular DNA derived 
from neutrophil extracellular traps (NETs) by 
deoxyribonucleases.

•	 Uptake of NETs through phagocytosis is necessary 
for their degradation by macrophages.

•	 Proinflammatory polarization of macrophages 
enhances their ability to degrade NETs by additional 
utilization of macropinocytosis.

•	 In a mouse model of thrombosis, inhibition of mac-
ropinocytosis leads to increased NETs in the throm-
bus and reduced resolution of the thrombus.

•	 In human abdominal aortic aneurysm, local macro-
phage density is negatively associated with NET 
amounts.
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macrophages from 84 volunteers were used in this study. 
Macrophage generation and characterization are described 
in detail in the Methods in the Data Supplement and are also 
shown in Figure I in the Data Supplement. All inhibitors used with 
macrophages were confirmed to be nonapoptotic (Figure II in the 
Data Supplement).

Blood Clot Formation In Vitro
Blood clots were generated as published before26 and put into 
Tissue-Tek O.C.T. (Scigen). Details are provided in the Methods 
in the Data Supplement. Frozen samples were cut on a cryomi-
crotome (Leica) and used as described below.

Murine Vena Cava Thrombosis Model
The murine vena cava thrombosis model was performed as 
described by Brill et al.27 Before surgery, all mice were treated 
intraperitoneally with a mixture of medetomidine, midazolam, 
fentanyl, and ketamine to achieve analgesia and anesthe-
sia and subsequently, analgesia was continued for the whole 
time of experiment using buprenorphine. The detailed protocol, 
exact concentrations and application routes of drugs, sample 
size calculation and drug dosage calculation28 are provided in 
the Methods in the Data Supplement.

Immunofluorescent Staining of In Vitro 
Generated Blood Clots, Mouse Thrombi, and 
Human AAA Specimens
Staining was performed on acetone-fixed frozen sections of 
blood clots or mouse thrombi. The detailed protocol, used anti-
bodies, and concentrations are given in the Methods in the Data 
Supplement. Fluorescence images were acquired on TissueFAXS 
microscope (TissueGnostics) using a 20x Zeiss air objective.

Uptake of NETs From Blood Clots by Polarized 
Macrophages
Macrophages at 1×106 cells were seeded onto unfixed sections of 
blood clots, polarized, and incubated for 2 hours at 37°C in a humid-
ified atmosphere and fixed with 4% formaldehyde afterwards. 
Immunohistochemical staining of the sections was performed 
using a rabbit anti-citrullinated histone 4 (citH4, 2 μg/mL, Merck) 
antibody and anti-rabbit horseradish peroxidase-DAB Cell & Tissue 
Staining Kit (R&D systems). Slides were processed as suggested 
by the manufacturer, nuclei were counterstained with Mayer’s 
hematoxylin (Sigma-Aldrich) and mounted using Eukitt mounting 
medium (Sigma-Aldrich). Bright-field images of citH4 uptake were 
acquired with TissueFAXS microscope (TissueGnostics) using 
a 20x Zeiss air objective. Uptake of NETs by macrophages was 
defined as cytoplasmatic signal of citH4 and quantified by blinded 
counting cytoplasmic citH4 negative and positive cells in 10 ran-
domly chosen 500×500 μm sized regions of interest (ROI) of each 
macrophage subset and donor, respectively.

Flow Cytometric Measurement of DNA Uptake 
From Blood Clots by Macrophages
DNA content of in vitro generated clots was stained with 1 
µmol/L SytoxGreen (ThermoFisher) diluted in Hanks’ Balanced 
Salt Solution (Corning). The slides were washed extensively, 

and 1×106 macrophages were seeded onto the slides in RPMI 
1640 (Sigma-Aldrich) supplemented with 10% fetal bovine 
serum (Millipore) as well as penicillin, streptomycin, fungizone, 
glutamine (Lonza) and incubated for 2 hours at 37°C in a 
humidified atmosphere. Afterwards, the cells were scratched, 
fixed in 4% formaldehyde and treated 30 minutes with 4 mU/
mL DNase 1 (Promega) at 37°C to digest all membrane-bound 
DNA. Analysis was done by flow cytometry on an Attune NxT 
flow cytometer (ThermoFisher), and macrophages were identi-
fied by their forward and sideward scatter properties.

NET Generation
Neutrophil granulocytes were isolated from human blood 
using the EasySep Direct Human Neutrophil Isolation Kit 
(Stemcell). Neutrophils at 1×105 cells were seeded in Hanks’ 
Balanced Salt Solution (Corning) containing 100 nmol/L phor-
bol 12-myristate 13-acetate (Sigma-Aldrich) and 1 µmol/L 
Sytox Green (ThermoFisher) into LabTek 8 chamber slides 
(ThermoFisher) and incubated for 4 hours at 37°C in a humidi-
fied atmosphere to generate fluorescence-labeled NETs. NETs 
were stored at 4°C before use.

Degradation of NETs In Vitro
Macrophages at 1×104 cells were added to wells containing 
NETs generated as described above, polarized, and incubated 
for 24 hours at 37°C in a humidified atmosphere. RPMI 1640 
only and DNase 1 (4 mU/mL, Promega) in RPMI 1640 were 
added as negative (NETs only) and positive controls (DNase 
1). Total NET amount per well was quantified at given time 
points by acquiring fluorescent images with the TissueFAXS 
microscope (TissueGnostics) using a 2.5x Zeiss air objective 
and NET area in each individual well was calculated using FIJI 
image analysis software.29 Relative NET amount compared 
with time point 0 was calculated for each well and time point. 
The relative amount of each well at each time point was then 
normalized towards the relative NET amount of the NETs only 
control. As indicated in the respective NET degradation experi-
ments, macrophages were treated with 1 µg/mL cytochalasin 
D (Abcam), 10 mmol/L ammonium chloride (Sigma-Aldrich), 5 
µmol/L imipramine hydrochloride (Sigma-Aldrich), or 5 mmol/L 
EDTA (Sigma-Aldrich), respectively. All NET degradation 
experiments, except the ones testing imipramine or superna-
tants, were performed simultaneously to rule out interindividual 
variance in degradation kinetics.

Protein Quantification
DNases were quantified using Human DNase 1 ELISA Kit 
(Nordic BioSite AB), Human DNase 1L3 ELISA Kit (Abbexa 
Ltd), and Human DNase 2A ELISA Kit (MyBioSource Inc) as 
indicated by the manufacturer’s instructions.

DNase 1L1 protein was quantified by flow cytometry using a 
rabbit anti-DNase 1L1 antibody (10 µg/mL, Atlas Antibodies), 
which was detected by an anti-rabbit Alexa647-conjugated 
secondary antibody (5 µg/mL, Biolegend).

For the detection of TREX 1 (three prime repair exonuclease 
1) as well as DNase 1:actin complexes, custom-made ELISAs 
were used using 2 different TREX 1 antibodies (0.2 µg/mL, 
ThermoFisher; 0.6 µg/mL, horseradish peroxidase conjugated, 
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Santa Cruz) or a DNase 1 (0.2 µg/mL, ThermoFisher) and an 
actin antibody (0.6 µg/mL, Abcam) as published previously.30 
Details are provided in the Methods in the Data Supplement.

Immunofluorescent Staining of DNase 1L1
DNase 1L1 staining was performed on macrophages polarized 
for 6 or 24 hours. Samples were blocked with 2% BSA, 0.5% 
fish gelatine, and 0.3% Tween20 in PBS (Morphisto) and after-
wards incubated with a rabbit anti-DNase 1L1 antibody (0.2 µg/
mL, Atlas Antibodies). Detection was performed using an anti-
rabbit Cy3 antibody (2.5 µg/mL, Biolegend). Actin cytoskel-
eton as well as nuclei were stained with phalloidin-iFluor488 
(1:1000, Abcam) and DAPI (1 µg/mL, Sigma-Aldrich). The 
slides were mounted with Aqueous Mounting Medium (Abcam). 
Fluorescence images were acquired on a Zeiss LSM 700 con-
focal microscope using a Zeiss 63x oil objective and a pinhole 
of 1 airy unit (≈0.8 µm slice thickness).

Quantification of Macrophages and NETs in 
Tissue Samples
Samples were stained as described before. The whole region 
of each sample was acquired on TissueFAXS microscope 
(TissueGnostics) using 20x Zeiss air objective. Total amounts 
of citH4 and macrophages in each sample, identified as CD68 
or F4/80+ cells, were counted using FIJI and expressed as rel-
ative citH4 area or macrophage count per mm2. For the quan-
tification of local NETs surrounding macrophages in thrombi, 
5 200×200 µm sized ROIs were acquired per specimen, and 
the relative citH4 positive area was calculated using FIJI. The 
average of these 5 regions per mouse was compared between 
the 2 groups. In AAA nine 200×200 µm sized ROIs were 
acquired per specimen and classified for macrophage content. 
CD68low regions were defined as <5 macrophages per ROI, 
CD68medium had 5 to 10 macrophages per ROI and CD68high 
regions showed >10 macrophages per ROI. The percentage of 
NET area of each ROI was calculated in FIJI by calculating the 
sum of pixels of the NET fluorescence channel divided through 
total pixel amount of each ROI.

Apoptosis Assessment
Apoptosis was assessed by flow cytometric AnnexinV staining 
of macrophages treated for 24 hours with different inhibitors 
used in the respective experiments. For a detailed description 
see the Methods in the Data Supplement.

RNA Extraction, Quantitative Polymerase Chain 
Reaction, and DNA Electrophoresis
RNA extraction as well as quantitative polymerase chain 
reaction were performed as published previously.31 Primer 
sequences are given in Table I in the Data Supplement. For a 
detailed description see the Methods in the Data Supplement.

Isotype Controls for Immunostaining
Appropriate isotype antibodies were used as a control for 
all immunohistochemical and immunofluorescent stainings. 
The respective images are shown in Figure III in the Data 
Supplement.

Statistical Analysis
Statistical analysis was performed in GraphPad Prism 8. 
Normality was assessed using D’Agostino-Pearson test (n≥8) 
or Shapiro-Wilk test (n<8). For normally distributed data an 
unpaired or paired t test was calculated comparing 2 groups, 
or 1-way ANOVA was performed for >2 groups. Non-normally 
distributed data were assessed with the Mann-Whitney test for 
2 groups, or, if >2 groups were compared, the Kruskal-Wallis 
test for unpaired data or Friedman test for paired data was used, 
respectively. If >1 parameter was analyzed 2-way ANOVA was 
performed. Correction for multiple testing was done by con-
trolling the false discovery rate with the 2-stage linear step-up 
procedure of Benjamini, Krieger, and Yekutieli. The used tests 
are stated in each of the respective subfigures’ legend.

RESULTS
NETs Form Spontaneously in Human Clotting 
Blood
To study the capacity of macrophages to degrade extra-
cellular DNA, blood clots were generated in vitro. When 
we stained these clots, we found large areas of the clot 
covered by NETs, which were identified as structures 
positive for citH4, myeloperoxidase, CD177, and DAPI 
(Figure 1A and 1B).

Uptake of NETs Through Differently Polarized 
Macrophages
We examined the capability to degrade NETs and 
subsequently take up DNA from in vitro gener-
ated blood clots in unpolarized, proinflammatory 
M(lipopolysaccharide+IFN-γ) and alternatively acti-
vated M(IL-4+IL-13) macrophages. All macrophage 
subsets were able to ingest NETs but interestingly, ≈2-
fold more M(lipopolysaccharide+IFN-γ) stained positive 
for citH4 in their cytoplasm compared with unpolarized 
M0 or M(IL-4+IL-13) (Figure  1C). We confirmed our 
results by flow cytometry using SytoxGreen-labeled 
DNA in blood clots. Macrophages were able to take up 
labeled DNA (Figure 1D) and proinflammatory polariza-
tion of macrophages enhanced the uptake of labeled 
DNA (Figure 1E).

Degradation of In Vitro Generated NETs by 
Differently Polarized Macrophages
To characterize the kinetics of NET degradation by dif-
ferently polarized macrophages, we investigated the 
breakdown of NETs by macrophages in vitro. As can be 
seen from Figure  2A, 1×104 macrophages degraded 
significantly more NETs when they were polarized into 
proinflammatory M(lipopolysaccharide+IFN-γ) after 
seeding as compared to M(IL-4+IL-13) or M0, respec-
tively. EDTA is a chelator of the divalent ions Ca2+, Mg2+, 



Basic Sciences - VB
Haider et al� NET Degradation by Macrophage Subsets

Arterioscler Thromb Vasc Biol. 2020;40:2265–2278. DOI: 10.1161/ATVBAHA.120.314883� September 2020    2269

Mn2+ which are essential for DNases to exert their 
enzymatic activity.32,33 As can be seen from Figure 2B, 
5 mmol/L EDTA reduced the breakdown of NETs by 
≈80% as compared to conditions without EDTA.

In Vitro Generated Macrophages Produce and 
Secrete DNase 1L3
To further examine if secreted DNases could be respon-
sible for the breakdown of NETs, conditioned medium 
from macrophages, which were differently polarized for 
24 hours was tested. Conditioned medium alone, col-
lected from 1×104 macrophages after 24 hours was 
not capable to degrade NETs over a 24 hours observa-
tional period, whereas higher concentrated conditioned 

medium from 2.5×105 macrophages induced NET break-
down, which was inhibited by the addition of 5 mmol/L 
EDTA (Figure IVA in the Data Supplement). However, no 
difference in degradation kinetics between medium of 
differently polarized macrophages was seen. We con-
firmed the presence of DNase activity in the conditioned 
medium of 24 hours polarized macrophage subsets (Fig-
ure IVB in the Data Supplement) and similarly no differ-
ence between the subsets was observed. In humans, 2 
DNases are secreted, namely DNase 1 and DNase 1L3. 
Although all macrophage subsets expressed mRNA spe-
cific for DNase 1 as well as DNase 1L3 (Figure VA in the 
Data Supplement), DNase 1 protein levels in the super-
natant from polarized and unpolarized macrophages 
were below detection limit of the used ELISA (data not 
shown) and only DNase 1L3 levels in the supernatant 

Figure 1. Macrophages take up DNA and neutrophil extracellular traps (NETs) from in vitro generated blood clots.
A, Spontaneous NET formation was visualized by immunofluorescent staining of citrullinated histone 4 (citH4), myeloperoxidase (MPO), and 
CD177 (×20 magnification, scale bar 200 μm). B, Magnification of the marked area in (A; scale bar 20 μm). C, Macrophage subsets were 
seeded onto blood clots, and cytoplasmic citH4 was quantified after 2 h by immunohistochemical staining. A zoomed area from each picture 
is shown in the canvas. Data represent mean±SD (×20 magnification, scale bar 50 μm; n=8, D’Agostino-Pearson test, 1-way ANOVA with 
Benjamini-Krieger-Yekutieli false discovery rate). D, Differently polarized macrophages were incubated for 2 h on SytoxGreen-labeled clots, 
and DNA uptake was analyzed by fluorescence-activated cell sorting. Representative fluorescence-activated cell sorting plot of DNA uptake. 
E, Quantification of D. An overlay of histograms is shown left. Data represent mean±SD of fold change to M0 (n=8, D’Agostino-Pearson test, 
Friedman test for non-normally distributed paired data with Benjamini-Krieger-Yekutieli false discovery rate). **P<0.01 and ***P<0.001.
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were detectable. No significant differences in levels of 
DNase 1L3 secreted by polarized or unpolarized macro-
phages, respectively, were seen (Figure IVC in the Data 
Supplement).

Characterization of Intracellular DNases in 
Human Macrophage Subsets
As the differences in early NET degradation by differently polar-
ized macrophages could not be explained by respective differ-
ences in the levels of secreted DNases in our experiments, 
we quantified the intracellular DNases DNase 1, DNase 1L1, 
DNase 1L3, DNase 2, and TREX 1. After 6 hours of polar-
ization, however, no differences in mRNA (Figure VB in the 
Data Supplement) and protein amounts of these DNases were 
observed between the individual subsets of macrophages 

(Figure 3A). Long-term polarization for 24 hours led to a sig-
nificant increase in protein amounts of intracellular DNase 
1 in M(lipopolysaccharide+IFN-γ) as compared to M0 and 
alternatively polarized M(IL-4+IL-13). DNase 2 was signifi-
cantly increased in polarized M(lipopolysaccharide+IFN-
γ) and M(IL-4+IL-13), compared with unpolarized M0 
after 24 hours (Figure  3A). As cytoplasmic DNase 1 is 
bound to actin,34 we measured DNase 1:actin complexes 
after 24 hours in cell lysates of polarized macrophages. 
M(lipopolysaccharide+IFN-γ) displayed increased intracel-
lular DNase1:actin complexes, compared with the other 2 
subsets (Figure 3B). For intracellular DNase 1L1, DNase 
1L3, and TREX 1, we did not observe any significant dif-
ferences after 6 and 24 hours of polarization. It is known 
that polarization may alter the amount and protein distribu-
tion on the filopodia of macrophages and that this spatial 

Figure 2. Degradation of in vitro generated neutrophil extracellular traps (NETs) by differently polarized macrophages.
A, NETs were generated in vitro and labeled fluorescently, 1×104 macrophages were seeded onto the NET layer, polarized and the extent of 
remaining NETs was quantified at different time points. Values are given in percent remaining NET area in comparison to time point 0 and are 
normalized towards a control without cells (NETs only). Four mU/mL deoxyribonuclease (DNase) 1 was used as positive control and added at time 
point 0. M(lipopolysaccharide [LPS]+IFN [interferon]-γ) significantly faster degraded the NET layer (thick arrowheads) compared with the other 
2 subsets, which did not differ in their NET degradation capacity (thin arrowheads; ×2.5 magnification, scale bar 50 μm). Data represent 
mean±SD (n=8, 2-way ANOVA for different time points with Benjamini-Krieger-Yekutieli false discovery rate). B, NETs were generated as 
in A and 1×104 macrophages were seeded in the presence of 5 mmol/L EDTA onto them, polarized and remaining NETs were quantified as 
in A (scale bar 50 μm). Data represent mean±SD (n=8) **P<0.01 between M0 and M(lipopolysaccharide [LPS]+IFN-γ); ††P<0.01 between 
M(lipopolysaccharide [LPS]+IFN-γ) and M(IL-4+IL-13).
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relocalization could influence matrix degradation through 
defined mobilization of enzymes to the cell membrane.35 
DNase 1L1 is the only known DNase with a membrane-anchor-
ing ability through a glycosylphosphatidylinositol-anchor.36 
Immunofluorescent staining of DNase 1L1 colocalization 
to filopodia revealed increased amounts of filopodia stain-
ing positive for DNase 1L1 in M(lipopolysaccharide+IFN-γ), 
which were polarized for 6 or 24 hours (Figure 3C). When 
macrophages were polarized for 24 hours before seeding 
the cells onto NETs, no difference in the NET breakdown 
by the differently polarized macrophages was seen (Figure 
VIA in the Data Supplement).

Mechanism of NET Uptake by Differently 
Polarized Macrophages
To further characterize the mechanism of NET uptake and deg-
radation by macrophages, individual components of endocyto-
sis were blocked. Actin polymerization was inhibited by treating 
the cells with 1 µg/mL of cytochalasin D,37 before seeding the 
cells onto the NET layer. Breakdown of NETs by all macro-
phage subsets was almost completely abolished by cytochala-
sin D (Figure VIB in the Data Supplement). Similarly, treatment 
of macrophages with 10 mmol/L ammonium chloride, which 
inhibits phagosome-lysosome fusion,38 did also prevent the 
degradation of NETs (Figure VIC in the Data Supplement). 

Treatment of cells with 5 µmol/L imipramine, an inhibitor of 
macropinocytosis,39 significantly reduced breakdown of NETs 
by M(lipopolysaccharide+IFN-γ) after 6 and 24 hours as 
compared to untreated M(lipopolysaccharide+IFN-γ). In 
contrast, imipramine did not affect the degradation of NETs 
by M0 or M(IL-4+IL-13) significantly (Figure 4A and 4B). 
Macropinocytosis was significantly increased after 2 hours 
in M(lipopolysaccharide+IFN-γ) shortly after stimulation 
with cytokines and subsequently dropped to about 50% 
of baseline levels after 24 hours polarization, which was 
assessed by fluorescent dextran uptake (Figure VID in the 
Data Supplement). Withdrawal of lipopolysaccharide+IFN-
γ for 1 hour before the analysis of dextran uptake did 
not change macropinocytosis rate significantly, revealing 
an initial priming for enhanced macropinocytosis through 
lipopolysaccharide+IFN-γ, without the need of continuous 
stimulation (Figure VID in the Data Supplement).

Inhibition of Macropinocytosis in an In Vivo 
Murine Thrombosis Model Leads to Increased 
Thrombus NET Burden and Reduced Thrombus 
Resolution
Stenosis of the inferior vena cava leading to thrombus for-
mation was induced in twelve 8 to 12–weeks-old female 
C57BL/6 mice by inferior vena cava ligature surgery. Six 

Figure 3. Characterization of intracellular deoxyribonucleases (DNases).
A, Intracellular DNases in polarized macrophages were quantified as described in the Materials and Methods section. Data are given as fold 
compared with M0 and represent mean±SD (n=8, 2-way ANOVA for different time points with Benjamini-Krieger-Yekutieli false discovery 
rate). B, Intracellular DNase 1:actin complexes were analyzed by a custom-made ELISA. Data are given as normalized OD of each sample 
and represent mean±SD (n=8, D’Agostino-Pearson test, Friedman test for non-normally distributed paired values with Benjamini-Krieger-
Yekutieli false discovery rate). C, Fluorescence microscopy of surface DNase 1L1 in macrophages polarized for 6 or 24 h. On the left side, a 
representative picture of a 6 h polarized M(lipopolysaccharide [LPS]+IFN [interferon]-γ) macrophage is shown with arrows pointing to DNase 
1L1 positive filopodia. Data are expressed as percent DNase 1L1 positive filopodia and represent mean±SD (×63 magnification, scale bar 10 
μm; n=8, D’Agostino-Pearson test, 1-way ANOVA with Benjamini-Krieger-Yekutieli false discovery rate). *P<0.05, **P<0.01, and ***P<0.001.
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mice each were then assigned randomly to either a control 
or an imipramine group. After 1 week, mice were euthanized, 
and the thrombi were harvested together with the inferior 
vena cava. The experimental setup and baseline charac-
teristics are shown in Figure VII in the Data Supplement. 
Thrombus length as well as diameter were significantly 
increased in mice treated with imipramine after 1 week 
(Figure 5A and 5B). To rule out a reduced infiltration of the 
thrombi by imipramine treatment, we stained the thrombi for 
F4/80+ macrophages. No statistically significant difference 
was observed between the 2 groups (Figure 5C, P=0.28). 
In mice treated with imipramine, NET burden, identified as 
structures positive for citH4, myeloperoxidase, Ly6G, and 
DAPI, was significantly higher than in the control group 7 
days after thrombus formation (Figure 5D). To character-
ize the relative location of NETs and macrophages in the 

thrombi, five 200×200 µm sized randomly selected macro-
phage-rich ROIs, identified by high F4/80 signal, were ana-
lyzed for their relative citH4+ area. There was significantly 
more citH4 signal around macrophages in the imipramine 
group compared with the control group (Figure 5E).

Local Macrophage Density Is Inversely 
Associated With Surrounding NETs in Human 
Abdominal Aortic Aneurysms
Human AAA samples have been reported to contain NETs.40 
To investigate NET degradation by macrophages in human 
tissue, we analyzed histological samples obtained after sur-
gery from patients with AAA. Patients’ characteristics are 
shown in Tables II, III, and IV in the Data Supplement. We 
quantified the NET content and macrophage infiltration in the 

Figure 4. Increased neutrophil extracellular trap (NET) degradation by M(lipopolysaccharide [LPS]+IFN [interferon]-γ) is 
dependent on macropinocytosis.
A, Macrophages were either untreated (left) or treated with 5 μmol/L imipramine (right) for 30 min, seeded onto a NET layer and polarized. 
Degradation was measured at the indicated time points after seeding and the extent of remaining NETs was quantified at these time points. 
Values are given in percent remaining NET area in comparison to time point 0, normalized towards a control without cells (NETs only). Data 
represent mean±SD (n=8, 2-way ANOVA with Benjamini-Krieger-Yekutieli false discovery rate) *P<0.05 between M0 and M(lipopolysaccharide 
[LPS]+IFN-γ); †P<0.05 between M(lipopolysaccharide [LPS]+IFN-γ) and M(IL-4+IL-13). B, The remaining NET area at 6 and 24 h is shown 
from the experiment in A, and data are plotted for each donor as fold to untreated M0 macrophages (n=8, 2-way ANOVA with Benjamini-Krieger-
Yekutieli false discovery rate). ***P<0.001.



Basic Sciences - VB
Haider et al� NET Degradation by Macrophage Subsets

Arterioscler Thromb Vasc Biol. 2020;40:2265–2278. DOI: 10.1161/ATVBAHA.120.314883� September 2020    2273

intraluminal thrombus as well as in the vessel wall by immuno-
fluorescence staining of tissue specimens from 16 individual 
patients. We observed intense NET formation in the vessel 
wall of all 16 patients in our cohort. However, intraluminal 
thrombi were more heterogeneous. Most of the thrombi were 
not infiltrated by cells and did not contain any NETs (Figure 
VIIIA in the Data Supplement). NETs were identified by colo-
calization of citH4 with myeloperoxidase, CD177, and DAPI. 
Menders colocalization factor analysis revealed high colocal-
ization of citH4 with all 3 other markers (mean M between 0.5 
and 0.8 for all markers in vessel and thrombus, Figure VIIIB in 
the Data Supplement). Most NETs were found in the ablumi-
nal part, followed by the luminal part of the vessel wall with the 
least amount found in the thrombus (Figure 6A). When mac-
rophage density was quantified between the different parts 

of the AAA, a similar picture was observed with most macro-
phages found at the abluminal site, and the lowest density of 
macrophages was seen in the thrombus (Figure VIIIC in the 
Data Supplement). In the thrombus, NET amounts correlated 
significantly with the number of infiltrating cells as shown in 
Figure VIIID in the Data Supplement. To evaluate the local 
NET amounts surrounding macrophages, nine 200×200 μm 
sized ROIs were randomly acquired per thrombus (Figure 6B) 
or vessel wall (Figure 6C) and scored for macrophage den-
sity (CD68low, CD68medium, and CD68high). CD68low ROIs were 
associated with the highest surrounding NET signal in both 
thrombus and vessel wall. CD68medium and CD68high regions 
displayed lower amounts of NETs with a significant difference 
between CD68medium and CD68high ROIs in the vessel wall 
(Figure 6B and 6C).

Figure 5. Inhibition of macropinocytosis in an in vivo murine thrombosis model leads to increased thrombus neutrophil 
extracellular trap (NET) burden and reduced thrombus resolution.
A, Thrombus length was assessed using a caliper. B, Frozen sections were stained using Masson Trichrome staining. The maximum diameter 
was measured using a virtual caliper built into the TissueFAXS software. A representative comparison is shown on the left side (×20 
magnification, scale bar 200 μm). C, Macrophage density was quantified by fluorescence staining using an anti-F4/80 antibody. F4/80+ cells 
were measured using FIJI and cells per mm2 were calculated. D, NETs were identified by fluorescence staining in sections of the thrombi 
using citrullinated histone 4 (citH4), myeloperoxidase (MPO), Ly6G and DAPI. A representative image of NETs is shown on the left side (×20 
magnification, scale bar 20 μm). E, CitH4 was measured in macrophage-rich areas. A representative comparison of the 2 groups is shown on 
the left side (×20 magnification, scale bar 20 μm). For all subfigures: Data are given as mean±SD (n=6 per group, Shapiro-Wilk test, unpaired t 
test) ns indicates not significant, *P<0.05, ***P<0.001.
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Figure 6. Local macrophage density is inversely associated with surrounding neutrophil extracellular trap (NET) amount in the 
thrombus and vessel wall of human abdominal aortic aneurysm (AAA).
A, NETs in AAA samples were stained by immunofluorescence against citrullinated histone 4 (citH4), myeloperoxidase (MPO), CD177, and 
DAPI. The left dashed line represents the approximate border between abluminal and luminal parts of the vessel wall, the right dashed line 
between the vessel wall and intraluminal thrombus (×20 magnification, scale bar 1 mm). Relative NET area was quantified as citH4+ areas. 
Data are given as percent citH4+ and are shown as violin plot of 16 patients for abluminal and luminal data and of 14 patients for the thrombi 
(D’Agostino-Pearson test, Kruskal-Wallis test with Benjamini-Krieger-Yekutieli false discovery rate). B, In thrombi with detectable NETs (>0.1% 
citH4), nine 200×200 μm sized regions of interest (ROIs) of the thrombus per patient were analyzed for their macrophage density and divided 
into CD68low, CD68medium, and CD68high areas. The relative citH4+ area was calculated in each ROI with FIJI. Data are represented as violin 
plot (scale bar 20 μm; n=4, Shapiro-Wilk test, 1-way ANOVA with Benjamini-Krieger-Yekutieli false discovery rate). C, Nine 200×200 μm sized 
ROIs of the abluminal part of the vessel wall per patient were analyzed for their macrophage density and divided into CD68low, CD68medium, 
and CD68high areas. The relative citH4+ area was calculated in each ROI with FIJI. Data are represented as violin plot (scale bar 20 μm; n=16, 
D’Agostino-Pearson test, 1-way ANOVA with Benjamini-Krieger-Yekutieli false discovery rate). *P<0.05 and ***P<0.001.
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DISCUSSION
We here provide evidence that macrophages are capa-
ble to degrade and clear NETs by secreting DNases to 
cleave large fragments and by taking up the remaining 
extracellular DNA by endocytosis. We further showed 
that proinflammatory stimulation of macrophages primed 
the cells for enhanced degradation of NETs through 
a boost in macropinocytosis, leading to accelerated 
uptake and breakdown. When we inhibited macropino-
cytosis using imipramine in an in vivo murine thrombo-
sis model, we found increased amounts of NETs inside 
the thrombus and a decreased resolution compared with 
the control group. Last, we demonstrated that increased 
macrophage density in AAA samples is inversely associ-
ated with the presence of NETs in the tissue.

To study the interaction of macrophages with extra-
cellular DNA and NETs, we used an in vitro blood clot 
model.26 Overall, all macrophage subsets were able to 
degrade NETs with increased uptake observed in pro-
inflammatory macrophages. Our results are in accor-
dance with previous reports showing that unpolarized 
macrophages were able to promote NET clearance.23 
Previous reports demonstrated that NET degradation 
of unpolarized macrophages was enhanced by adding 
DNase 1 to the NETs, preprocessing them into smaller 
fragments.23 Our data showed that degradation of NETs 
by unpolarized and polarized macrophages and by their 
respective conditioned media, was inhibited by EDTA, a 
known inhibitor of DNase activity,32 suggesting that even 
unpolarized macrophages produce and secrete DNases 
to allow breakdown of extracellular DNA. Candidates 
for DNases secreted by macrophages are DNase 1 and 
DNase 1L3.22 These DNases are important regulators 
of NET formation and degradation as described previ-
ously.22 Similar to previously published work, our data 
indicated that the main secreted form of DNase in mac-
rophages is DNase 1L3.41

To characterize the repertoire of DNases in human 
macrophages, we analyzed cell lysates of unpolarized 
and polarized macrophages for the presence of DNase 1, 
DNase 1L1, DNase 1L3, DNase 2, and TREX 1. Long-
term polarization increased intracellular DNase 1 amounts 
in M(lipopolysaccharide+IFN-γ). However, DNase 1 is 
also a potent regulator of actin polymerization and is 
found intracellularly as complex together with actin.42,43 
Consequently, we observed increased amounts of 
DNase 1:actin complexes in M(lipopolysaccharide+IFN-
γ), which could be related to altered actin dynamics in 
M(lipopolysaccharide+IFN-γ) rather than intracellular 
DNA cleavage, as it was shown recently, that modula-
tion of actin dynamics or targeting the specific binding 
of proteins to the cytoskeleton in macrophages could be 
used to selectively target individual macrophage subsets 
therapeutically.44,45

Our data also indicated that DNase 2 protein was 
increased after 24 hours in both polarized macrophage 
subsets. However, Farrera and Fadeel23 and Lazzaretto 
and Fadeel25 already demonstrated that knockdown of 
DNase 2 does not inhibit NET degradation by unpolar-
ized macrophages and that cytoplasmic TREX 1 activity 
is needed for effective NET breakdown by macrophages. 
We did not observe changes in intracellular protein lev-
els of TREX 1 as well as DNase 1L1 and DNase 1L3 
upon polarization.

Upon intracellular activation of specific GTPases, mac-
rophages can form cell surface protrusions, so-called 
filopodia, to spatially relocalize membrane-bound effector 
proteins onto these filopodia, altering, for example, their 
capacity to degrade the extracellular matrix.10 Only DNase 
1L1 has a signal sequence for membrane-anchoring 
through a GPI anchor,46 and it was shown that human 
macrophages express DNase 1L1 on their surface.47 
Although we did not observe a difference in total intracel-
lular amounts, interestingly M(lipopolysaccharide+IFN-γ) 
had increased colocalization of DNase 1L1 to their 
filopodia after 6 and 24 hours of polarization. This 
might, at least partially, explain an increase in NET 
degradation by proinflammatory macrophages.

Taken together, our DNase data suggest that altered 
intracellular DNase levels did not alone account for 
the increased breakdown of NETs by newly polarized 
M(lipopolysaccharide+IFN-γ). In addition, our data fur-
ther indicated a rapid early acceleration of degradation 
in M(lipopolysaccharide+IFN-γ) rather than a constitu-
tive increased degradation regulated through increased 
DNase protein amounts.

Consequently, we further characterized the mechanism 
of extracellular DNA uptake by macrophages. Prevent-
ing phagocytosis through inhibiting actin polymerization 
or phagosome-lysosome fusion reduced NET breakdown 
in our study significantly. We, therefore, suggest that NET 
degradation requires not only secreted DNases and extra-
cellular breakdown of large DNA fragments into smaller 
entities but also an endocytic uptake. Previous reports 
suggested an activation of macropinocytosis after stimu-
lation of toll-like receptors in macrophages.48 In addition, 
macropinocytosis has been described to be altered in 
differently polarized macrophages.49 Both lipopolysac-
charide and granulocyte-macrophage colony-stimulating 
factor were demonstrated to boost macropinosome for-
mation, leading to increased uptake of fluids as well as 
soluble proteins.50 We show here that macropinocytosis 
was indeed increased for 2 hours after stimulation with 
lipopolysaccharide+IFN-γ in our in vitro generated mac-
rophages. This early increase is followed by a late reduc-
tion to ≈50% of the baseline rate, similar to previous 
reports showing that continuous long-term polarization 
with lipopolysaccharide leads to dramatically reduced 
stimulated macropinocytosis in macrophages,50 which 
might explain our observation that 24 hours prepolarized 
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M(lipopolysaccharide+IFN-γ) did not show increased 
degradation of NETs. Addition of imipramine, a selec-
tive inhibitor of macropinocytosis,39 resulted in a selective 
reduction of NET breakdown in freshly stimulated proin-
flammatory macrophages. Therefore, we hypothesize that 
proinflammatory stimuli could prime macrophages not only 
for degradation of naked DNA or oligonucleotides but also 
for effective clearance of NETs.

In vivo effective clearance of extracellular DNA is 
necessary for the prevention of local inflammation and 
associated diseases.51 Macrophages scavenge apop-
totic cells as well as debris to restore the physiological 
integrity of tissue, protecting the organism from poten-
tial danger signals.52 When we induced thrombosis 
through stenosis of the inferior vena cava in mice, we 
were able to show that macropinocytosis is necessary 
for the effective clearance of NETs in these thrombi. 
Inhibition of macropinocytosis by imipramine resulted in 
longer and wider thrombi with increased NET burden. 
When we analyzed the NET content of regions with 
high macrophage density, a significant NET reduction 
was seen in untreated animals compared with imipra-
mine-treated animals, supporting our hypothesis, that 
macropinocytosis is an important pathway in the uptake 
of NETs by macrophages both in vitro as well as in vivo.

To investigate if similar processes might be seen in 
human disease, we obtained samples of AAA tissue from 
a cohort of patients who underwent surgery. NETs have 
been shown to play an important role in the pathogen-
esis of AAA and are thus prominently found in human 
samples.20 AAAs are characterized through inflamma-
tion of the vessel wall with subsequent destruction of 
the medial layer and the formation of an intraluminal 
thrombus.53 Monocytes are recruited to the vessel wall 
in AAA and differentiate into macrophages, which then 
polarize, depending on the disease state, into proinflam-
matory or anti-inflammatory subsets.54,55 We showed 
that local macrophage density was negatively associ-
ated with surrounding NETs in the intraluminal thrombi 
as well as in the vessel wall. Therefore, we hypothesize 
that macrophages could also be involved in the removal 
of NETs in AAA.

In summary, we show here that macrophages degrade 
NETs in vitro by extracellular DNases and thus preprocess 
large NETs for subsequent intracellular uptake. Proinflam-
matory polarization leads to an increase in macropinocyto-
sis, boosting the uptake of NETs by macrophages. Blocking 
of macropinocytosis in vivo in mice bearing a thrombus 
led to prolonged resolution with increased NET amounts 
inside the thrombus. In human AAA, macrophage density 
is inversely related to surrounding NETs. Taken together, 
by showing that polarization of macrophages impacts their 
ability to degrade NETs and by providing evidence that this 
ability critically depends on macropinocytosis in vitro and 

in vivo, we here describe, at least to the best of our knowl-
edge, a novel aspect of NET degradation.
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