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Intra- and Extracellular Degradation of Neutrophil
Extracellular Traps by Macrophages and Dendritic Cells

Beatrice Lazzaretto and Bengt Fadeel

Neutrophil extracellular traps (NETs) composed of nuclear DNA associated with histones and granule proteins are involved in the
extracellular killing of pathogens. Excessive NET formation has been implicated in several noninfectious pathological conditions.
The disposal of NETs is, therefore, important to prevent inadvertent effects resulting from the continued presence of NETs in the
extracellular environment. In this study, we investigated the interaction of NETs released by freshly isolated, PMA-stimulated
primary human neutrophils with primary human monocyte-derived macrophages or dendritic cells (DCs). NETs were internal-
ized by macrophages, and removal of the protein component prevented engulfment of NETs, whereas complexation with LL-37
restored the uptake of ‘“naked” (protein-free) NETs. NETs were also found to dampen the bacterial LPS-induced maturation of
DCs. Cytokine profiling was conducted by using a multiplex array following the interaction of NETs with macrophages or DCs,
and NETs alone were found to be noninflammatory, whereas immunomodulatory effects were noted in the presence of LPS with
significant upregulation of IL-1f3 secretion, and a marked suppression of other LPS-induced factors including vascular endothelial
growth factor (VEGF) in both cell types. Moreover, macrophage digestion of NETs was dependent on TREX1 (also known as
DNaselll), but not DNasell, whereas extracellular DNaselL.3-mediated degradation of NETs was observed for DCs. Collectively,
these findings shed light on the interactions between NETs and phagocytic cells and provide new insights regarding the clearance

of NETs, double-edged swords of innate immunity. The Journal of Immunology, 2019, 203: 2276-2290.

eutrophil extracellular traps (NETs) have attracted con-
N siderable attention in the past decade, with numerous

studies aiming to disentangle the mechanisms of NET
formation, the antimicrobial function of NETS, and the impact of
NET formation in the pathogenesis of various human diseases
(1, 2). Hence, whereas NETSs are known to capture and/or destroy
offending microorganisms, including bacteria and fungi (3), NET
formation in the circulation may also promote coagulation, vas-
cular occlusion, and thrombosis (4, 5). NETs were also shown to
sequester circulating tumor cells and promote metastasis (6) and
to contribute to cancer-associated thrombosis (7). Moreover,
NETs triggered by cholesterol were suggested to promote ath-
erosclerosis by priming macrophages for cytokine release, illus-
trating that danger signals may drive sterile inflammation through
their interactions with neutrophils (8). Interestingly, whereas NET's
may promote inflammation, aggregated NETs could also limit in-
flammation through the degradation of cytokines and chemokines
(9). Systemic lupus erythematosus (SLE) is a multisystemic auto-
immune disease in which patients develop autoantibodies to DNA,
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histones, and other host structures. Previous studies have shown that
a subset of SLE patients degraded NETs poorly because of an
impairment of serum endonuclease DNasel function (10). The latter
findings suggested that defective dismantling of NETs could con-
tribute to the occurrence of autoantibodies in SLE patients. Circu-
lating neutrophils from SLE patients also released more NET's than
those from healthy donors (11), and NETs extruded by SLE patient
neutrophils activated IFN-producing plasmacytoid dendritic cells
(pDCs), one of the main drivers of inflammation and damage in
SLE (12). However, whereas an impairment in DNasel-mediated
degradation of NETs was suggested to be associated with an ex-
acerbation of SLE (10, 13), physiological concentrations of extra-
cellular DNasel are not sufficient to fully degrade NETs (14),
indicating that other mechanisms of degradation and/or clearance of
NETs are required to prevent inadvertent immune responses (15).
Indeed, we have shown in a previous study that human monocyte—
derived macrophages (HMDMs) readily internalized and digested
NETs released from neutrophils from healthy donors without any
proinflammatory effects (14). In this study, we investigated the in-
teractions of PMA-triggered NETs with primary human macro-
phages and dendritic cells (DCs) and examined the subsequent
cytokine responses as well as the role of different intra- and ex-
tracellular DNases for their potential involvement in the degrada-
tion of NETs. We also asked whether the antibacterial peptide,
LL-37 is involved in macrophage uptake of NETs. Previous
studies suggested that LL-37 may promote the formation of NETs
and demonstrated that the presence of LL-37 in NETSs stabilizes
the neutrophil-derived DNA against degradation by bacterial
nucleases (16, 17).

Materials and Methods
Neutrophil isolation and the purification of NETs

Isolation of neutrophils from buffy coat of healthy human volunteers
(Karolinska University Hospital, Stockholm, Sweden) was performed as
described earlier (14). Briefly, after density gradient centrifugation with
Lymphoprep (Axis-Shield Diagnostics), neutrophils were further separated
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from erythrocytes via density gradient sedimentation in a 5% dextran so-
lution, followed by hypotonic lysis of the RBCs and washes with PBS.
Neutrophils were cultured in phenol red-free RPMI 1640 medium
(Sigma-Aldrich) with 2 mM L-glutamine, 100 U/ml penicillin and 100
rg/ml streptomycin (Life Technologies) in the absence of serum, as
FCS contains heat-stable nucleases capable of degrading NETs (18). To
trigger NETs, neutrophils were incubated with 25 nM PMA (Sigma-
Aldrich) for 2 h at 37°C in 5% CO,. The PMA-containing medium was
then removed, and NETs were collected by thorough and repetitive pipetting
in fresh medium or HBSS (Life Technologies) and the mixture was centri-
fuged for 5 min at 1500 rpm. The supernatants containing purified NETs were
subsequently retrieved and either used immediately or kept frozen at —20°C
for further use.

Monocyte-derived macrophages and DCs

Primary human monocytes were isolated from buffy coat of healthy human
donors (Karolinska University Hospital) as previously described (19). In
brief, density gradient centrifugation with Lymphoprep (Axis-Shield Di-
agnostics) was performed to obtain PBMCs, followed by positive selection
of CD14" monocytes using CD14 MACS magnetic beads (Miltenyi Bio-
tec). The cells were then cultured in RPMI 1640 medium (Sigma-Aldrich)
supplemented with 10% heat-inactivated FCS (Life Technologies), 2 mM
L-glutamine, 100 U/ml penicillin, and 100 wg/ml streptomycin (Life Tech-
nologies). To obtain HMDMs, cells were cultured for 3 d with 50 ng/ml
human rM-CSF (PeproTech) at 37°C in 5% CO,. To obtain DCs, the medium
was supplemented instead with 16 ng/ml human rGM-CSF (PeproTech) and
50 ng/ml human rIL-4 (Life Technologies), and the cells were cultured for
6 d at 37°C in 5% CO,, substituting the culture medium with fresh medium
after 3 d.

Cell viability assessment

To evaluate cell viability of HMDMSs and monocyte-derived DCs (MDDCs)
exposed to NETS, both cell types were incubated with NETs for 1 h at
37°C in 5% CO,, then supernatants were removed and cells cultured in
the relevant medium for 24 h, at which time cell viability was evaluated
using trypan blue staining, and cells were counted with a TC20 automated
cell counter (Bio-Rad Laboratories). Cell viability values are expressed as
the percentage of live cells in each sample.

Phenotypic assessment of macrophages and DCs

Bright field microscopy. To assess morphological changes in DCs exposed
to NETs, cells were seeded at a density of 0.5 X 10” cells per well in a
24-well plate and exposed to purified NETs in RPMI 1640 medium, or 100
ng/ml bacterial LPS (Sigma-Aldrich), NETs plus LPS, or RPMI 1640
medium alone for 1 h. Then, cells were washed and the cell medium
replaced with fresh medium for 24 h. Cells were then imaged using the
bright field option on a Nikon ECLIPSE TE2000-S Inverted Fluorescence
Microscope.

Flow cytometric analysis. For analysis of surface markers, cells from three
different donors were isolated and differentiated into MDDC, as indicated
above. Cells were then exposed to the respective different stimuli for 1 h,
and the medium was removed and replaced with fresh medium for a further
24 h. Samples were then collected, washed with PBS, and resuspended in
1% BSA in PBS for blocking. Each sample was aliquoted and stained
separately for 30 min with either FITC-conjugated mouse anti-human CD80
(560926), mouse anti-human CD83 (560929), mouse anti-human CD86
(560958), or mouse IgG1 k isotype control (555748), all from BD
Pharmingen, and used according to the manufacturer’s protocol. The
samples were analyzed on a BD Accuri C6 flow cytometer using BD
Accuri C6 Software.

Immunofluorescence staining and confocal microscopy

For immunofluorescence staining, neutrophils, macrophages, or DCs were
seeded on coverslips at a density of 0.5 X 10° cells per well. For visual-
ization of NETs following a 2 h incubation with 25 nM PMA (Sigma-
Aldrich), neutrophils were washed and fixed using 2% paraformaldehyde
(PFA) solution in PBS for 30 min, followed by blocking with 2% BSA
(Sigma-Aldrich) in PBS for 30 min at room temperature. Incubation with
rabbit anti-human cathelicidin (LL-37) primary Ab (ab69484; Abcam) and
mouse anti-human myeloperoxidase (MPO) primary Ab (M0748; DAKO)
was carried out at 1: 300 dilution in 2% BSA in PBS at room tem-
perature for 1 h, followed by staining with FITC-conjugated sheep
anti-rabbit (F7512; Sigma-Aldrich) and Alexa 594-conjugated goat
anti-mouse (A11005; Invitrogen) secondary Abs at 1:500 dilution in
2% BSA in PBS for 45 min at room temperature. Coverslips were
mounted on microscope glass slides using ProLong Gold Antifade
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Mountant with DAPI (Molecular Probes). For localization of nucleases,
HMDMs were allowed to attach to the glass coverslips for 3 h, and
MDDCs were seeded on poly-L-lysine—coated coverslips, then cells
were fixed with 2% PFA in PBS for 30 min. Permeabilization with 0.2%
Triton X-100 in PBS was performed for 5 min at room temperature,
followed by blocking with 2% BSA in PBS for 30 min. Staining with
primary Abs was performed at 1:300 dilution in 2% BSA in PBS for 1 h
at room temperature. The primary Abs used were the following: mouse anti-
human LAMP1 (sc-20011; Santa Cruz Biotechnology), mouse anti-
human calreticulin (ab22683; Abcam), goat anti-human EEA1 (sc-
6515; Santa Cruz Biotechnology), mouse polyclonal anti-DNasell
(ab168782; Abcam), rabbit polyclonal anti-Dnasell (ab8119; Abcam),
rabbit anti-human TREX1 (ab185228; Abcam), and rabbit anti-human
DNASEIL3 Ab (ab152118; Abcam). The samples were further incubated
with secondary Abs at 1:500 dilution in 2% BSA in PBS at room tem-
perature for 45 min. Secondary Abs used were the following: Alexa 594—
conjugated goat anti-mouse (A11005; Invitrogen), FITC-conjugated sheep
anti-rabbit (F7512; Sigma-Aldrich), and Alexa 594—conjugated donkey
anti-goat (A-11058; Invitrogen). Samples mounted on glass slides were
visualized with a ZEISS LSM 510 META or ZEISS LSM 880 confocal
microscope (Carl Zeiss, Oberkochen, Germany).

Cytokine and chemokine multiplex measurements

To quantify the release of soluble mediators, cell culture medium from
HMDMs on day 3 of differentiation or MDDCs on day 6 of differentiation
were removed, and cells were exposed to either control RPMI 1640 me-
dium, RPMI 1640 medium containing purified NETs, LPS (100 ng/ml), or
NETs plus LPS for 1 h. Then, cells were washed and incubated in fresh
cell culture medium for 24 h. Cells from three different donors were used.
After 24 h, supernatants were collected and saved at —80°C for further
analysis using the Luminex Bio-Plex Pro Human Cytokine Panel 27-plex
(MS500KCAFOY; Bio-Rad Laboratories) according to the manufacturer’s
protocol. To perform cluster analysis and generate heatmaps, data were
processed with the R software using complete linkage and Euclidean
distances as metrics for the dendrograms after quantile normalization of
the data (20).

Silencing of DNASEII, TREXI, and DNASEIL3

Gene silencing in HMDMs was conducted using the Amaxa Nucleofector
2B system (Lonza, Basel, Switzerland) and the Amaxa Human Monocyte
Nucleofector Kit (VPA-1007; Lonza) according to the manufacturer’s
protocol. HMDMs were transfected 2 d after isolation from buffy coats with
3 uM of total small interfering RNA (siRNA) and either Silencer Select Neg-
ative Control No.1 siRNA (4390843; Ambion), DNASEII-specific ON-TARGETplus
siRNA (5'-UGGUCACAGUGAACUAUGAATAT-3"), TREXI-specific ON-
TARGETplus siRNA pool (5'-ACAAUGGUGACCGCUACGAUU-3" and
5'-CCAAGACCAUCUGCUGUCAUU-3") (Dharmacon), or a mixture
of DNASEII and TREXI siRNAs in a 1:1 ratio. After transfection,
HMDMs were cultured for another 2 d in complete-cell culture medium
supplemented with M-CSF, and silencing efficiency was evaluated by
RT-PCR as described below. Experiments were carried out with cells
isolated from three different donors. For silencing of DNASEIL3, the
Lipofectamine 3000 Reagent (Thermo Fisher Scientific) was used to
transfect monocytes, stimulated with GM-CSF and IL-4 for 3 d, with either
nontargeting Silencer Negative Control No. 2 siRNA (AM4613; Ambion)
or specific ON-TARGETplus DNASEIL3 siRNA pool (L-012694-00;
Dharmacon) at a concentration of 75 nM. In brief, cells were seeded in
RPMI 1640 medium at a density of 0.3 X 10° cells per well in a 24-well
plate, 100 wl/well, and siRNA/Lipofectamine 3000 complexes were in-
cubated for 30 min prior to addition to the cells (100 wl). After 5 h, 200
wl of complete cell medium including GM-CSF and IL-4 was added, and
cells were kept in culture for an additional 3 d, then used for further
experiments.

Quantitative real-time PCR analysis

Total RNA was extracted from freshly isolated monocytes, HMDMs on days
3 or 4 after isolation, and MDDCs using the QIAGEN RNeasy Mini Kit
following the manufacturer’s protocol. Quantification of RNA was per-
formed using NanoDrop (Thermo Fisher Scientific, Whaltham, MA), and
1 g of total RNA was used for reverse transcription using the RevertAid
H Minus First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific).
Analysis of transcripts of the three different nucleases, as well as down-
regulation of TREX1, DNASEII, and DNASEIL3, was performed with an
Applied Biosystems 7500 Real-Time PCR System using the Power SYBR
Green PCR Master Mix (Applied Biosystems); analysis of the data were
carried out with the Applied Biosystems 7500 Real-Time PCR software
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v.2.3. Primers used were from Sigma-Aldrich and were as follows:
GAPDH forward 5'-CCCCTTCATTGACCTCAACTAC-3'; GAPDH reverse
5'-GAGTCCTTCCACGATACCAAAG-3'; DNASEII forward 5'-TTCCTGC-
TCTACAATGACCAAC-3"; DNASEII reverse 5'-GGAAGTTAGGTACACT-
GTGGACC-3'; TREX! forward 5'-GCATCTGTCAGTGGAGACCA-3'; TREX]
reverse 5'-AGATCCTTGGTACCCCTGCT-3"; DNASEIL3 forward 5'-
GTGCATATGACAGGATTGTG-3'; and DNASEIL3 reverse 5'-AATT-
CAACTGGAAAGTGGTC-3'. Data were normalized on the endogenous
level of GAPDH mRNA. Each experiment was performed with cells de-
rived from three donors.

Western blot analysis

On day 6 of differentiation, culture media was removed, and MDDCs were
seeded at a density of 1.0 X 10° cells/ml in either Ca®*- and Mg>*-free
HBSS or HBSS containing NETs and cultured for the indicated time-
points. At each time-point, supernatants were collected, and pellets
were lysed in radioimmunoprecipitation assay buffer. Total protein
content was assessed using the BCA assay (Thermo Fisher Scientific);
equal amounts of protein from the lysates or equal volumes from the
supernatants were loaded in each well on a NuPAGE 4-12% SDS-PAGE
Gel (Invitrogen), and proteins were separated on the gel under dena-
turing conditions. Transfer on a Hybond low-fluorescence 0.2 um PVDF
membrane (Amersham) was performed, and the LI-COR Biosciences
REVERT Total Protein Stain was used according to the manufacturer’s
protocol to ease normalization on total protein content of the samples.
Incubation with primary anti-human DNASEI1L3 rabbit Ab (Abcam)
was carried out at a 1:1000 dilution overnight at 4°C. After washing, the
membrane was probed with the IRDye 800CW goat anti-rabbit sec-
ondary Ab for 1 h at room temperature, and detection was performed on
an Odyssey CLx LI-COR Biosciences scanner.

Confocal microscopy of cellular uptake of NETs

To assess cellular uptake of NETs, HMDMs after 3 d of differentiation or
MDDCs after 6 d of differentiation were seeded on glass coverslips at a
density of 0.5 X 10° cells per well in a 24-well plate. In experiments in
which the expression of nucleases had been silenced, HMDMs were used
2 d after transfection as described above. Cells were incubated with
CellTracker Orange (Molecular Probes) at a final concentration of 0.5 pM
for 30 min, then Hoechst 33342 (Sigma-Aldrich) at a final concentration of
5 wg/ml was added for 15 min to stain nuclear DNA. Cells were then
washed to remove the dyes, and purified NETs, prestained with the cell-
impermeable SYTOX Green dye (Molecular Probes) at a concentration of
5 M in HBSS for 15 min, were added for 1 h. For the study of intra-
cellular localization of NETSs, no CellTracker was added; instead, 30 min
prior to fixation, LysoTracker Red (Molecular Probes) at a concentration
of 50 nM was added to visualize lysosomes. Samples were washed
three times with PBS and fixed with 2% PFA in PBS for 30 min. Cover-
slips were mounted on microscope glass slides using ProLong Gold
Antifade Mountant without DAPI, and samples were analyzed using a
ZEISS LSM 880 confocal microscope. For evaluation of uptake of NETs,
extranuclear green DNA dots were considered as phagocytosed NETSs, and
cells containing these dots were counted as positive. At least 200 cells
per condition were scored, and the experiment was repeated with three
different donors.

Mechanism of NET internalization

To evaluate the role of proteins contained in NETS for the cellular uptake of
NETs, HMDMs, isolated as described above, were seeded on coverslips and
allowed to attach for 3 h. Staining with CellTracker Orange (red) and
Hoechst (blue) was carried out for 30 and 15 min, respectively, and cells
were then washed and incubated with SYTOX Green—labeled NETSs for 1 h.
In some cases, NETs were subjected to protein digestion with proteinase
K (200 wg/ml, AM2548; Ambion) for 1 h at 50°C, with subsequent inacti-
vation of proteinase K for 20 min at 65°C prior to incubation with HMDMs.
NETSs, with or without pretreatment with proteinase K, were also incubated
with synthetic LL-37 peptide (10 uM, SP-LL37-1; Innovagen, Lund, Sweden)
for 30 min to allow for NET-LL-37 complex formation prior to staining with
SYTOX Green. After incubation for 1 h with NETS, the cells were washed and
fixed with 2% PFA in PBS and mounted on microscope glass slides using
ProLong Gold Antifade Mountant (Molecular Probes). Immunofluorescence
staining with LAMP1 was performed as described above. The samples were
visualized using a ZEISS LSMS880 confocal microscope.

Extracellular degradation of NETs

To assess extracellular degradation of NETSs, we analyzed samples using
agarose gel electrophoresis. To this end, 1 ml of purified NETs in HBSS
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without Ca®* and Mg?* were added to 1.0 X 10° MDDCs on day 6 of
differentiation or to MDDCs transfected with control siRNA or specific
DNASEIL3 siRNA, as described above, and incubated for the indicated
time-points. Supernatants were collected, and enzymatic activity of Dna-
selL3 was promoted by addition of 2 mM CaCl, and 2 mM MgCl, as
described (21). The degradation was carried out for 1 h at 37°C, and the
samples were subjected to a 1% Tris-acetic acid-EDTA-agarose gel elec-
trophoresis, followed by staining of the gel using SYBR Green I dye at
1:10,000 concentration and visualization with a Molecular Imager scanner
(Bio-Rad Laboratories).

Public microarray database analysis

Data on the expression of DNASEIL3 across different human tissues was
extracted from the public in silico transcriptomics database (IST Online)
that contains data from almost 10.000 microarray gene expression analyses
of human tissues (http://ist.medisapiens.com) (22).

Statistical analysis

Statistical analysis was performed using the GraphPad Prism software for
Windows version 5.02 (GraphPad Software, San Diego, CA). One-way
ANOVA was applied for the comparison of multiple groups, and Tukey
posttest was employed to assess statistical significance comparing each
group against all the other groups. Where specified, comparison between
two groups was carried out using two-tailed Student # test. Statistical signi-
ficance is indicated in each figure as the following: *p < 0.05, **p < 0.01,
wrkp < 0,001,

Results
Uptake of NETs by primary HMDMs

NET release by primary human neutrophils is a well-studied
phenomenon, and a variety of different stimuli have been ap-
plied to trigger the production of NETSs (23, 24). In this study, we
triggered NETs in freshly isolated neutrophils by stimulation with
25 nM PMA for 2 h, and we were able to consistently detect fiber-
like NETs as evidenced based on staining for DNA and the neu-
trophil granule protein, MPO (Fig. 1A). The antimicrobial peptide
LL-37, a key component of NETSs, was also found on PMA-triggered
NETs (Fig. 1A). Uptake of NETs in HMDMs has previously been
reported, and visualization of NETs in macrophages was performed
by staining with the cell-permeable dye, DAPI (14). In the current
study, we used the more sensitive, cell-impermeable SYTOX Green
dye for the detection of NETSs following a 1 h incubation with cells.
LysoTracker Red was added to visualize lysosomes, and cell nuclei
were stained by using Hoechst 33342. In this manner, internalized
NETSs were visualized as extranuclear dots in HMDMs and, to a
lesser extent, in MDDC:s (refer to Fig. 1B for representative images).
NET-positive HMDMs were typically 5% of the whole population,
but this varied depending upon the donor. NETs were not colo-
calized with lysosomes in HMDMs or MDDCs, as evidenced by the
absence of colocalization with LysoTracker Red (Fig. 1B). To in-
vestigate this further, we also performed colocalization studies using
specific Abs against EEA1 and LAMP1, markers of early and late
endosomes, respectively, but we could not detect any NETs in these
compartments (Supplemental Fig. 1A, 1B).

Previous studies have shown that prolonged exposure to NET's can
compromise cell viability of macrophages and DCs (25). Indeed,
when HMDMs (Fig. 1C) or MDDCs (Fig. 1D) were exposed to
purified NETs for 1 h, followed by cell culture in normal medium for
24 h, we observed a significant reduction in cell viability in both cell

types.

Contribution of antimicrobial peptides to the cellular uptake
of NETs

We previously reported that macrophage clearance of NETs could
be reduced to some extent by pretreatment of the cells with cy-
tochalasin D, suggesting the involvement of an actin cytoskeleton-
dependent endocytosis/phagocytosis mechanism (14). To further
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FIGURE 1. NETs are engulfed by
monocyte-derived phagocytes. (A)
Freshly isolated primary human
neutrophils from healthy adult do-
nors were exposed to 25 nM PMA
for 2 h. NETs were detected by
immunofluorescence staining of the
following components: MPO (red),
LL-37 (green), and DNA (blue).
Scale bars are 20 wm for the upper
and 10 wm for the lower panels. (B)
HMDMs and MDDCs were incu-
bated with Hoechst 33342 for 15 min to
visualize nuclear DNA, whereas puri-
fied NETs were prestained with the cell-
impermeable DNA dye SYTOX Green
for 15 min. HMDMs or MDDCs were
then washed to remove the Hoechst
staining and incubated with SYTOX
Green-labeled NETs for 1 h. Thirty
minutes prior to the end of incubation,
LysoTracker Red was added to visualize
lysosomes. This dual DNA staining al-
lows for the differentiation between in-
ternalized NETSs (arrows) and the cell
nuclei of the phagocytic cells. Confocal
images are representative of three in-
dependent experiments. Scale bars in
(B) are 5 wm for all panels. Refer to
Supplemental Fig. 1 for results on cos-
taining with EEAl and LAMPI. (C
and D) Cell viability of HMDMs (C)
and MDDCs (D) exposed to NETSs or C

control media for 1 h, then cultured in 100 -
the relevant culture medium for 24 h
prior to the assessment of viability.

B LysoTracker

HMDM

HMDM

MDDC

@
o
L

Data shown are mean values = SD of 2 60 |
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probe the mechanism of uptake of NETs, and to address the po-
tential role of proteins contained in the NETs, we subjected pu-
rified NETs to proteinase K treatment. NETs were then stained with
SYTOX Green and incubated with HMDMs for 1 h. CellTracker
Orange was used to uniformly stain the macrophages, and cell
nuclei were stained by using Hoechst 33342. As depicted in
Fig. 2A, the uptake of NETs, as evidenced by the presence of
extranuclear dots, was abrogated when protein-free NETs were
added. However, when LL-37 was allowed to complex with the
protein-free NETs prior to incubation with macrophages, uptake
of NETs was noted (Fig. 2A). Moreover, LL-37 significantly
promoted the uptake of NETSs that had not been pretreated with
proteinase K, and the nuclear SYTOX Green staining was intensi-
fied, suggesting that NETs complexed with LL-37 may have trans-
located to the nucleus (Fig. 2A, 2B). We also found that cytochalasin
D blocked uptake of NETs by HMDMs, as shown before (14), and
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LL-37 DAPI

overlay

% live cells

NETs control NETs

that the uptake was partially restored by LL-37 (Fig. 2C). We
confirmed the extralysosomal localization of internalized NETs
following their complexation with LL-37 by costaining of the cells
with LAMP1 (Supplemental Fig. 2A). Interestingly, IFN-3 mRNA
expression was induced when HMDMs were exposed to NETs
complexed with exogenous LL-37, but not in the presence of LL-37
alone or NETs alone (Supplemental Fig. 2B).

Phenotypic changes in DCs incubated with NETs with/
without LPS

We then investigated how HMDMs and MDDCs respond to pu-
rified NETs. We also sought to investigate whether NETs modu-
lated the response of HMDMSs and MDDC to endotoxin. Following
exposure of HMDMs and MDDC to NETs, we could observe
morphological changes in both cell types. HMDMs exposed to
NETs presented with cytosolic vacuoles, compatible with vesicular
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Cell Tracker

>

NETs

FIGURE 2. Macrophage uptake
of NETs is facilitated by LL-37.
(A) Representative confocal images
of HMDM:s prestained with Cell
Tracker Orange (red) for 30 min and
counterstained with Hoechst 33342
(blue) for 15 min to identify the
perimeter of the cell and cell nu-
clei, respectively. Purified NETs
were subjected to pretreatment
with proteinase K (200 pg/ml) or
untreated, and LL-37 (10 pM) was
added as indicated prior to stain-
ing with SYTOX Green for 15
min, followed by incubation with
HMDMs for 1 h. Scale bar, 10 wm.
Refer to Supplemental Fig. 2 for
results on costaining with LAMPI.
(B) Quantification of macrophage
uptake of NETs. HMDMs were
exposed as described above. For
each condition, at least 200 cells
were scored and normalized to
the samples transfected with control
siRNA. (€) Quantification of mac-
rophage uptake of NETs following
pretreatment of cells with cytocha-
lasin D (10 pg/ml), followed by
addition of LL-37 (10 pM). The re-
sults in (B) and (C) are presented as
average values of three independent
experiments performed with cells from
three different donors = SEM. One-
way ANOVA with Tukey posttest was 20
used to compare the groups (where
not specified, the differences did not
achieve significance). *p < 0.05,
*#p < 0.01.

NETs + Prot. K

NETs + Prot K + LL37

NETs + LL37

w

25 ~

NETs

trafficking because of uptake of NETSs, whereas this morphology
was not observed in cells exposed to LPS (100 ng/ml) (data not
shown). Untreated MDDCs were nonadherent or loosely adherent
to plastic, and the cells displayed short dendrites, but when exposed
to NETs, MDDCs became strongly adherent and produced long
dendrites (Fig. 3A). LPS treatment did not elicit obvious mor-
phological changes in MDDCs, and the cells maintained a non-
adherent phenotype and were partially clustered. In the presence
of both LPS and purified NETs, a combined phenotype was ob-
served in MDDCs, with cells organizing in clusters of adherent
cells and dendrites were also seen (Fig. 3A). We also studied
surface markers of activation and maturation on MDDCs. LPS
induced significant upregulation of all markers (CD80, CD83,
and CD86), whereas NETs decreased the expression of CD80
and seemed not to affect CD83 and CD86 (Fig. 3B, 3C). Notably,
when MDDCs were exposed to both NETs and LPS (100 ng/ml),
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the LPS-induced upregulation of all the examined markers was
significantly dampened (Fig. 3B, 3C). To exclude any effects
of residual PMA, HMDMSs, or MDDCs were exposed to a
range of concentrations of PMA (0.025-25 nM), but we did not
detect any loss of cell viability, nor did we observe changes in
the expression of CD80, CD83, or CD86 in MDDCs (data not
shown).

Immunomodulatory effects of NETs in cells coexposed to LPS

We then performed profiling of cytokines, chemokines, and growth
factors in both HMDMs and MDDCs exposed to purified NETs in
the presence or absence of LPS for 1 h, followed by continued
culture for 24 h in fresh culture medium. Cells derived from three
different donors were used for these studies, and profiling was
performed on the supernatants of exposed cells using the Luminex
multiplex assay platform. Overall, NETs alone did not generally


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800159/-/DCSupplemental

The Journal of Immunology

A control

NETs

B control NETs + LPS

2281

NETs + LPS

LPS C 40000+ wxx

1000
1000
1000

CD80
Count
Count
Count

1000

30000

*kk

20000

10000+

Count
ﬁ?a
MFI

S T TTIOT TrTIYRTTTTT = T, = AT T
L R £ L I R A ul Wt ST
FLI-H FL1-H FLA-H

1000
1000
1000

0
FLIH control  NETs NETsLPS LPS

25000 *k

CD83
Count
Count

20000

15000

10000

Count
500
.
e
MFI

5000

© T T T T, = T Ty @ T T,
P I w2 W W S B S A
FLI-H FL1-H FLAH

0
ELi control NETs NETsLPS LPS

*kk

100000+ *kk

1000
1000
1000

CD86
Count
Count

]

"
Count

@ T T TR T, T T T T,

1000

80000+
— 600004
T8
=

40000+

20000+

/) \
@ T T T T

FLIH FLIH FLIH

a
R T A A A

W A B 2 0-
FLA-H

control NETs NETsLPS LPS

FIGURE 3. NETs induce phenotypic changes in DCs stimulated with LPS. (A) Representative bright field images at original magnification X20 of
MDDCs exposed to control medium, or medium containing purified NETs for 1 h, followed by 24 h of culture in the relevant medium. (B) Flow cytometry
analysis of MDDCs exposed for 1 h to either LPS (100 ng/ml), control RPMI medium, RPMI medium containing purified NETs or NETs plus LPS,
followed by 24 h culture in the relevant media. Histograms display representative results from one experiment, with the black line indicating isotype control
and colored lines indicating CD80 (blue), CD83 (green), and CD86 (purple), respectively. (C) Quantification of three independent experiments performed as
described above. Data shown as average mean fluorescence intensity (MFI) values = SEM of three experiments performed with different human donors.
One-way ANOVA with Tukey posttest for comparison of all groups was carried out to evaluate statistical significance (where not specified, the differences

between groups were NS). *p < 0.05, **p < 0.01, ***p < 0.001.

induce any cytokine production in HMDMs and MDDCs in relation
to control, with the exception of the IL-1R antagonist (IL-1ra), for
which the secretion was increased, albeit not to a statistically
significant level (Fig. 4A, 4B). Interestingly, coexposure to NETs
and LPS (100 ng/ml) triggered a pronounced release of IL-1{ in
both cells types (Fig. 4A, 4B), suggestive of inflammasome ac-
tivation (26). Furthermore, in cells exposed to NETs plus LPS,
NETSs reduced the LPS-triggered release of IL-10, an immu-
nomodulatory cytokine, and IL-12, a T cell stimulatory factor,
both in HMDMs and MDDCs (Fig. 4A, 4B). With respect to
chemokines, we noted that NETs alone triggered the secretion
of IL-8 (also known as CXCLS8) in both HMDMs and MDDCs
(Fig. 4A, 4B). NETs also induced the release of MIP-1a (CCL3)
and MIP-1p (CCL4) by HMDMs and MDDCs, whereas the
LPS-triggered secretion of IP-10 (also known as CXCL10) was
abolished by coincubation with NETs in the case of HMDMs
and significantly reduced in the case of MDDCs (Supplemental
Fig. 3). Finally, with regards to growth factors, purified NETs
alone did not elicit the release of any of the growth factors in-
cluded in the panel, whereas incubation with NETs plus LPS

triggered the secretion of G-CSF and GM-CSF in HMDMs and
the secretion of G-CSF in MDDCs, although not to a statisti-
cally significant degree (Supplemental Fig. 3). However, we
noted that NETs completely abolished the LPS-triggered release
of vascular endothelial growth factor (VEGF; originally known
as a vascular permeability factor) in both cell types (Fig. 4A,
4B). To highlight differences or similarities between the dif-
ferent conditions, we performed hierarchical cluster analysis
(20). For both cell types, exposure to NETs alone clustered
together with the medium control, in line with the notion that
purified NETS are, in general, immunologically “inert” (14), whereas
exposures to LPS or NETs plus LPS were more closely related (refer
to vertical dendrograms in Fig. 5A, 5B). For HMDMs, NETSs plus
LPS shifted the cytokine secretion profile when compared with LPS
(horizontal dendrogram, Fig. 5A).

Expression of different DNases in phagocytic cells

We then asked which nucleases are involved in the degradation of
NETs. Macrophage-internalized NETs were previously presumed
to be localized partly in lysosomes (14). However, using SYTOX
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FIGURE 5. Hierarchical clustering of
cytokine responses to LPS or NETs.
Heatmaps depicting the hierarchical
cluster analysis of chemokines, cyto-
kines, and growth factors released by
HMDMs (A) and MDDCs (B) in re-
sponse to cell medium alone, purified
NETs, LPS (100 ng/ml), or NETs plus
LPS. Cells were exposed for 1 h, and
cells were then washed and cultured for
a further 24 h in fresh medium followed
by analysis. The results were processed
as described in Materials and Methods.
Horizontal and vertical dendrograms in
(A) and (B) indicate the degree of simi-
larity between the samples/conditions,
with shorter branches designating a
higher similarity.

Normalized expression levels

Green for the detection of NETSs instead of DAPI, we observed
that NETSs, visible as extranuclear dots, were present outside ly-
sosomes (Fig. 1B). We therefore sought to study nucleases that are
known to be active in nonlysosomal compartments. DNasell is a
lysosomal nuclease involved in erythropoiesis and apoptosis,
whereas TREX1 (DNaselll), in contrast, is an endoplasmic re-
ticulum—bound nuclease with cytosolic activity (27). DNaselL3
(also known as DNase v), in turn, is produced and secreted ex-
tracellularly mainly by tissue resident macrophages and DCs (28).
We examined the mRNA expression of DNASEII, TREXI, and
DNASEIL3 in primary human monocytes, M-CSF-stimulated
monocyte-derived macrophages (HMDMs), and IL-4- and GM-
CSF-MDDCs (Fig. 6A—C). The expression of DNASEII in MDDCs
was found to be much lower than in HMDMs, and TREXI ex-
pression was also expressed mainly in HMDMs, but not in MDDCs.
However, DNASEIL3 was prominently expressed in MDDCs in
comparison with HMDMs or monocytes (Fig. 6C), suggesting that
this nuclease may be especially important in MDDCs. Next, we
employed confocal microscopy to study the cellular expression
and localization of DNasell (Fig. 6D) and TREX1 (Fig. 6E) in
HMDMs, and DNase1L3 in MDDCs (Fig. 6F). We confirmed the
expression of both DNasell and TREX1 in HMDMs. However,
contrary to our expectations, DNasell was not colocalized with
LAMP1. We used two different Abs, a mouse polyclonal and a
rabbit polyclonal, and we obtained similar results (data not
shown). It remains possible that DNasell is trafficked to lyso-
somes upon cellular activation, as suggested in a recent study
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(29). TREX1 was not colocalized with the lysosomal marker,
LAMP1 (Fig. 6E), or with calreticulin (data not shown). Inter-
estingly, DNase1L3 was found to have both a nuclear and extra-
nuclear localization in MDDCs, in line with the fact that this
enzyme possesses nuclear localization signal motifs (30), whereas
it is also a secreted protein (28).

TREXI, but not DNasell, involved in degradation of NETs
in macrophages

With the purpose to assess the involvement of these nucleases in the
degradation of NETSs, we optimized a model in which expression of
DNASEII and/or TREX] is transiently downregulated in differen-
tiated primary human macrophages by the use of specific siRNAs.
HMDMs were transfected with control siRNA, specific DNASEII
siRNA or specific TREX siRNA, or a pool of siRNAs targeting
both DNASEIl and TREXI simultaneously. We successfully
achieved downregulation of DNASEII using both the spe-
cific siRNA and the siRNA pool (Fig. 7A) as well as relevant
downregulation of TREX with both the specific siRNA and the
siRNA pool (Fig. 7B). Using this model, we performed phago-
cytosis assays of purified NETs prelabeled with SYTOX Green
and noticed that TREX1-deficient HMDMs displayed a greater
number of undigested NETs compared with HMDM:s transfected
with control siRNA or DNASEII siRNA (Fig. 7C, Supplemental
Fig. 4). To quantify these results, we performed the same ex-
periment using cells obtained from three different donors and
scored all the samples (Fig. 7D). We observed that silencing of
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FIGURE 6. Expression and localization of DNases in phagocytes. (A—C) mRNA expression of DNASEII (A), TREXI (B), and DNASEIL3 (C) in freshly
isolated monocytes and monocytes differentiated with M-CSF for 3 or 4 d (HMDMs) or GM-CSF plus IL-4 for 6 d (MDDCs). Target mRNA was nor-
malized to GAPDH, and mRNA relative quantity of freshly isolated monocytes was set to one, and normalization was carried out to simplify the comparison
between the different treatments. The data are displayed as average values of independent experiments with samples from three adult donors = SEM. One-way
ANOVA with Tukey posttest for comparison of all groups was carried out to evaluate statistical significance (where not specified, the differences between
groups were NS). **p < 0.01. (D-F) Representative confocal images from three independent experiments showing the expression and subcellular localization
of the respective nucleases. HMDMs on day 3 of differentiation were stained for DNasell (green) (D) or TREX1 (E) (green), LAMPI (red) for lysosomes,
and counterstained with DAPI (blue) to visualize cell nuclei. Scale bar, 10 wm. Results with isotype-matched control Abs were negative (data not shown).
(F) MDDCs on day 6 of differentiation were stained for DNASEI1L3 (green), LAMP1 (red) (lysosomes), and counterstained with DAPI (blue). Scale

bar, 10 pm.

DNASEII did not affect degradation of NETs, whereas si-
lencing of TREXI alone, or in combination with DNASEII,
resulted in approximately twice as many cells with undigested
NETs (Fig. 8D).

DNaselL3 is secreted by human DCs and is capable of
degrading NETs

As we identified DNase1L3 to be the relevant DNase expressed by
MDDCs, we sought to confirm its role in the digestion of NETs in
our model. For this purpose, MDDCs on day 6 of differentiation
were kept in culture in HBSS for up to 24 h, with sampling at 1, 2, 6,
and 24 h. Both pellets and supernatants were collected at these time-
points, and protein extracts were used for Western blot analysis of
DNase1L3. For supernatants, equal volumes of samples were loaded

onto the gel, and assessment of total loaded protein was performed
for both pellets and supernatant samples using the LI-COR Bio-
sciences REVERT Total Protein Stain normalization protocol (data
not shown). DNaselLL3 was detected at all time-points in the cell
pellets (Fig. 8A), and a slight increase over time was seen in the
protein expression in the supernatants (Fig. 8B). We also evaluated
the effect of HBSS containing purified NETs and observed a de-
crease of DNase1L3 expression in the cell pellets, and an increase
of the protein in the supernatants, compared with supernatants from
cells maintained in HBSS alone (Fig. 8A, 8B), suggesting that
NETs induced the secretion of DNaselL3 in this model. Interest-
ingly, when examining the cell pellets, we could detect two separate
bands (Fig. 8A), possibly indicating that two forms of DNaselL.3
are expressed in MDDCs, whereas for the supernatants, only one
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FIGURE 7. TREXI is involved in
intracellular degradation of NETs.
(A) mRNA expression of DNASEII
in HMDMs transfected with control
siRNA, DNASEII siRNA, or DNASEII
plus TREXI siRNA simultaneously as
described in Materials and Methods.
Data are expressed as mRNA quantity
normalized to GAPDH transcripts and
values for the control siRNA sample
were arbitrarily set to 100 and nor-
malization carried out to simplify the
comparison. Results are presented as
mean values of three independent ex-
periments carried out with cells from
three adult donors = SEM. One-way
ANOVA with Tukey posttest was used to
compare all the groups and evaluate sta-
tistical significance (where not specified,
the differences between groups were
found to be NS). (B) mRNA quantifica-
tion of TREXI transcripts in HMDMs
transfected with TREX] siRNA, DNA-
SEII plus TREX siRNA simultaneously,
or control siRNA. Data were reported as
described in (A). (C) Representative
confocal images of HMDM s transfected
with either TREXI siRNA or control
siRNA cocultured with NETs carried for
1 h to evaluate internalization of NETSs.
HMDMs were stained with CellTracker
Orange (red), NETs with SYTOX Green,
and cell nuclei are shown in blue
(Hoechst 33342). Arrows in the upper
panels at lower magnification indi-
cate cells presenting SYTOX Green—
positive extranuclear NETs, whereas
in the lower panels, arrows are
pointing at undigested intracellular
NETs (green dots). Scale bars are 20
pm for the upper and 10 wm for the
lower panels. Refer to Supplemental
Fig. 4 for DNASEIl siRNA and
DNASEII plus TREXI siRNA results.
(D) Quantification of the internalization
of NETs by HMDMs transfected as in-
dicated. For each condition, at least 200
cells were scored and normalized to the
samples transfected with control
siRNA. The results are presented as
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band was present, suggesting that only one of the two (putative)
isoforms of DNaselL3 is released (Fig. 8B).

Having established that MDDCs are capable of releasing
DNaselL3, we monitored the degradation of NETs in super-
natants of these cells. Hence, we observed a time-dependent

11|

DNASEII
+ TREX1
siRNA

TREX1
siRNA

degradation of NETs in the supernatants. The time-dependent
disappearance of the high-m.w. band at the top of the gel, cor-
responding to nondegraded DNA, indicated that NET degrada-
tion had taken place (Fig. 8D, left panel). To confirm a role for
DNaselL3 in this model, MDDCs were transfected with specific
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FIGURE 8. Secreted DNasell3
degrades NETs extracellularly. West-
e blots of cell lysates from pellets
(A) and supernatants (B) of MDDCs
cultured in HBSS or exposed to HBSS
containing purified NETs for 1, 2, 6,
and 24 h. Membranes were probed
with Abs against human DNasellL3
(predicted molecular mass = 36 kDa).
Note that two bands were observed in
cells and only one band in the super-
natants. Equal loading was verified by
using a total protein normaliza-
tion protocol (data not shown). (C)
Expression of DNASEIL3 in MDDCs
transfected with control siRNA or
DNASEIL3 siRNA. Data are expressed
as mRNA normalized to GAPDH, and
the control siRNA values were ar-
bitrarily set to 100, and normali-
zation was carried out to simplify
the comparison. Results shown are
mean values = SEM. **p < 0.01.
(D) NET-containing supernatants
retrieved from the same experi-
ments as in (B), or supernatants
retrieved from MDDCs trans-
fected with either control siRNA
or DNASEIL3 siRNA as in (C)
containing NETs were run on a
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siRNA-targeting DNASEIL3 versus control siRNA, and si-
lencing was confirmed by RT-PCR (Fig. 8C). We then per-
formed experiments with purified NETs and noted that the DNA
was degraded by supernatants from MDDCs transfected with
control siRNA, whereas supernatants from MDDCs with di-
minished DNASEIL3 expression were ineffective (Fig. 8D, right
panel). Finally, we have shown that DNASEIL3 is expressed in
MDDCs, but not in HMDMs (Fig. 6C), whereas other reports
have indicated that DNaselL3 is also produced by macrophages
(28). To shed light on this, we queried a public microarray
database (22) and found that DNASEIL3 mRNA is abun-
dantly expressed in DCs when compared with other blood cells
(Fig. 8E). High expression of DNASE1L3 was also noted in liver
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and spleen, in line with a previous study showing expression of
DNASEIL3 in DCs and in tissue resident macrophages (28).

Discussion

Nucleic acid degradation is required to prevent inadvertent auto-
immune responses, as evidenced by the fact that mutations in
various nucleases, including DNasel, DNaselL3, and TREX1
(DNaselll), are associated with inherited forms of SLE (31-33).
Mice deficient for these nucleases also develop lupus-like disease
apparently because of the persistence of nucleic acids (28, 34, 35).
Mice deficient for DNasell, a lysosomal nuclease, display defec-
tive erythropoiesis, and DNasell in macrophages was suggested to
be responsible for destroying the nuclear DNA that is expelled
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from erythroid precursors (36). Previous work has shown that
nuclear chromatin present in microparticles released from apo-
ptotic cells serves as a potential source of autoantigen in SLE (28).
However, less is known about the degradation of nuclear DNA
present in NETs. DNasel present in serum is capable of digesting
NETs, and several pathogens deploy similar nucleases to escape
NETs and may even repurpose NETS to trigger cell death (37). We
have previously reported that preprocessing of NETs with DNasel
facilitates their clearance by macrophages; however, DNasel is not
sufficient to degrade NETs (14), suggesting that other com-
plementary systems are needed to prevent deleterious effects of
NETs. In the current study, we show that TREXI, but not
DNasell, is required for degradation of NETs in HMDMs.
These results expand on the repertoire of potential substrates
for TREX1 (38, 39). We also provide evidence that DNasell.3
released from DCs is involved in the extracellular degradation of
NETs (Fig. 8D). During the preparation of the current manuscript,
it was reported that DNasel and DNaselL3 cooperated in the
degradation of NETs in circulation, thereby preventing vascular
occlusion by NETs during severe bacterial infections (40). Taken
together, DNaselL.3 emerges as an important extracellular NET-
degrading nuclease, alongside DNasel, whereas TREX1, but not
DNasell, is implicated in the intracellular degradation of NETSs
following internalization of NETs by macrophages. DNasell.3
may also participate in the intracellular degradation of DNA from
apoptotic cells (41), whereas DNasel has been implicated in the
disposal of necrotic cells (42), both potential sources of autoantigens.
The fact that so many endo- and exonucleases participate in DNA
degradation testifies to the importance of avoiding unscheduled
immune responses to this ubiquitous self-antigen.

We successfully demonstrated the expression of DNasell in the
current model, but DNasell failed to colocalize with the lysosomal
marker, LAMP1. DNasell, also known as acid DNase, functions
optimally at acidic pH and is believed to be present in lysosomes.
However, Chan et al. (29) recently reported that a majority of
DNasell was expressed outside the lysosomes, whereas DNasell
trafficking into lysosomes was induced by CpG-A stimulation. We
believe that further studies are needed to (re)evaluate DNasell
localization and its potential trafficking in human macrophages.
Nevertheless, our data showed that silencing of DNasell did not
affect degradation of NETs.

We found that DNASE1L3 was highly expressed in MDDCs, but
not in macrophages, in line with the recent report by Sisirak et al.
(28), who demonstrated expression of DNaselL3 in DCs in hu-
mans and mice by microarray analysis, whereas expression in
macrophages was apparent only in select tissues (liver, spleen, and
intestines). The authors concluded that circulating DNaselL3 is
predominantly produced by DCs and by certain tissue macro-
phages (28). Indeed, our results showed that DNase1L3 can digest
the DNA component of NETs (i.e., nuclear DNA associated with
histones), and we found that exposure of DCs to NETs promoted
the release of DNasel1L3 from these cells. Unlike other DNase I
family members, DNase1L3 contains nuclear localization signals
(30). Based on the present observation regarding the localization
of DNaselL3 in the nucleus and cytosol of DCs, one may spec-
ulate that two isoforms of DNaselL3 exist, and that the nuclear
isoform is devoted to chromatin fragmentation in cells undergoing
apoptosis (43), whereas the fraction present in the cytosol is re-
leased constitutively or in response to relevant stimuli, such as
NETs, to digest DNA extracellularly. Alternatively, deletion of the
N-terminal signal peptide may allow the protein to be distributed
in the nucleus and cytosol, as shown for murine DNase1L3 (21).

Lande et al. (11) reported that the antibacterial peptide LL-37
protected NETs from degradation by DNasel, thus contributing to
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the exacerbation of SLE. In addition, it has been demonstrated that
mitochondrial DNA complexed with LL-37 is resistant to degra-
dation by DNasell, leading to activation of TLR9-mediated in-
flammatory responses (44). Furthermore, LL-37 was suggested to
transfer genomic DNA from the extracellular environment to the
cytosol (45) and may also shuttle plasmid DNA into the cell nu-
cleus (46). These findings are intriguing in light of the fact that we
observed a nonlysosomal localization of NETs in macrophages in
our study, raising the possibility that NETs are “transfected” into
the cytoplasm of macrophages by LL-37. In fact, our data show
that macrophage uptake is dependent on the protein component of
NETs purified from primary human neutrophils, and we were able
to demonstrate that the addition of LL-37 restored uptake of
“naked” NETs (i.e., purified, protein-free NETs). LL-37 also en-
hanced the uptake of NETsS in cells exposed to cytochalasin D. It is
instructive to note that previous mass spectrometry studies have
shown that that the uptake of naked DNA is aided by the presence
of LL-37, as well as HMGBI1 and histones, all known components
of NETs (47). However, citrullination of LL-37 may abolish its
ability to bind DNA, and this may influence the inflammatory
potential of NETs (48). Nevertheless, the available data suggest
that LL-37 not only facilitates the internalization of NETSs into
cells, but may also protect NETs against degradation by bacterial
and cellular nucleases. We have also noticed that cell nuclei in
TREX] siRNA-treated cells displayed a stronger SYTOX Green
signal upon uptake of NETs. Although we cannot exclude that this
could be an artifact, it is interesting to speculate that the down-
regulation of TREX1 and/or the complexation of NETs with LL-
37 leading to the persistence of undigested DNA in the cytosol
may favor the translocation of NETs into the nucleus. For com-
parison, horizontal gene transfer via apoptotic bodies has been
reported (49), and DNasell together with the Chk2, p53, and p21
were suggested to form a genetic “barrier” blocking the replica-
tion of potentially harmful DNA introduced via such apoptotic
bodies (50). Perhaps TREX1 serves a similar function with respect
to NETs.

Carmona-Rivera et al. (51) recently reported that synovial fi-
broblasts are capable of internalizing NETs into EEA1-positive
compartments in an actin cytoskeleton-independent manner
(i.e., insensitive to cytochalasin D). The authors suggested that
fibroblasts internalized NETs through a RAGE/TLRY pathway,
promoting an inflammatory phenotype and upregulation of MHC
class II in these cells (51). Our studies, using primary human
macrophages, did not disclose any colocalization of internalized
NETs with endosomes or lysosomes, and silencing of DNasell did
not have an impact on the intracellular degradation of NETs. We
found, instead, that silencing of TREX1 resulted in a marked re-
duction in NET degradation. The cellular localization of TREX1
was previously shown to be determined by a transmembrane do-
main in the C terminus of the protein, and mutations in this region
have been shown to affect its localization, but not the nuclease
activity of the protein (32, 52). Mislocalization would, neverthe-
less, deprive immune-competent cells of a cytosolic DNA diges-
tion machinery. The discovery that TREX1 is involved in the
degradation of NETs was somewhat unexpected, as a previous
study has shown that oxidative damage of DNA purified from
NETs conferred resistance to TREX1 degradation and potentiated
stimulator of IFN genes (STING)-dependent immune sensing
(53). However, in our study, we used “pristine” NETs purified
from PMA-triggered neutrophils, without DNA extraction of the
DNA component, as oxidative damage may arise from purification
methods (54), and we could show that TREX1 is required for
intracellular degradation of NETs in macrophages. These results
do not exclude that oxidized genomic DNA (53) or mitochondrial
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DNA (55) may serve as critical danger signals in chronic in-
flammatory or autoimmune diseases.

Beyond their antimicrobial function (56), it is also important to
understand the potential immunomodulatory role of NETs. We
previously reported that macrophages are capable of internaliz-
ing NETs in a “silent” manner [i.e., without a proinflammatory
response (14)], whereas others have found that NETs generated
after neutrophil activation by Leishmania promastigotes inter-
fered with IL-4/GM-CSF—-driven differentiation of monocytes,
resulting in reprogramming into anti-inflammatory macrophages
(57). In contrast, previous work has shown that NETs trigger
proinflammatory IL-13 secretion in macrophages primed
with LPS, and this was enhanced in macrophages from patients
with SLE (26, 58). Furthermore, macrophage-like THP-1 cells
were shown to display a phenotype-dependent response after
degradation of NETSs insofar as M2 macrophages (i.e., IL-4—
stimulated cells) displayed a proinflammatory response, whereas
M1 macrophages (i.e., IFN-y plus LPS—stimulated cells) un-
derwent cell death (59). In the current study, we confirmed IL-183
secretion in monocyte-derived, M-CSF-stimulated macrophages
upon coexposure to LPS, and we also showed that DCs derived
from IL-4/GM-CSF-stimulated monocytes produced IL-1(3
when coexposed to NETs and LPS. Furthermore, we could detect
a significant release of the chemokine, IL-8/CXCLS, as well as
MIP-1a (CCL3) and MIP-13 (CCL4), but not RANTES (CCLS5)
or IP-10/CXCL10, in response to NETs, both in HMDMs and
MDDCs. These findings suggest that NETs have the potential to
elicit production of chemotactic factors that could attract neu-
trophils and other phagocytes to the site of infection. Thus, to
clarify, our previous work (14) demonstrated that the clearance
of NETs by macrophages is immunologically “silent” in the
sense that this process does not trigger proinflammatory cyto-
kines, and the present study, using both HMDMs and MDDCs,
also supports the view that NETs are not proinflammatory.
Nevertheless, one may conclude that NETs are immunomodu-
latory. Barrera-Vargas et al. (60) reported, as the current study
was underway, that stimulation with LPS-induced NETs led to
an enhanced production of TNF-a and IL-10 in macrophages
from patients with SLE when compared with controls, and this
was dampened when macrophages were treated with chloro-
quine, an inhibitor of endosomal acidification and lysosomal
enzyme activity. Because acidic pH of endosomes is a prereq-
uisite of endosomal TLR activation, chloroquine is frequently
used as an antagonist for endosomal TLRs, and the results thus
suggest that TLR signaling is partly implicated (60). Moreover,
these findings underscore that responses to NETs in healthy in-
dividuals and in patients with autoimmune diseases may differ.
Papadaki et al. (61) recently reported that exposure of DCs to
NETs from mice with collagen-induced arthritis induced DC
maturation characterized by upregulation of costimulatory mol-
ecules, and NETs from rheumatoid arthritis patients also had the
potential to induce the maturation of DCs from healthy indi-
viduals. In contrast, NETs from healthy individuals did not alter
the maturation status of DCs (62). We confirmed that NETSs from
healthy donors did not affect maturation of MDDCs and,
moreover, that the LPS-induced upregulation of CD80, CD83,
and CD86 was greatly suppressed by NETs. The potential impact
of residual amounts of PMA in the purified NET samples was
excluded (data not shown). NETs were also able to decrease the
effect of LPS on the secretion of IL-10 and IL-12 significantly. In
contrast, NETs promoted the production of IFN-vy, a type II IFN,
in MDDCs coexposed to LPS, whereas NETs alone did not in-
duce significant amounts of IFN-vy. There is a large and consis-
tent body of evidence supporting the presence of dysregulated

TREX1 AND DNaselL.3 DIGEST NETs

IFN-related pathways in SLE (63), and a previous study has
shown that NETs produced by neutrophils from SLE patients
activated pDCs to produce IFN-a, a type I IFN (12). Type I IFN,
in turn, primed neutrophils for NET release in patients with SLE,
suggesting a positive feedback loop. The role of NET-induced
type II IFN release in DCs exposed to LPS remains to be studied,
but it is noted that not only IFN-o, but also IFN-v, is implicated
in the pathogenesis of SLE (63). We also found that NETSs re-
markably abolished LPS-triggered release of VEGF both in
HMDMs and MDDCs. Macrophages are not only involved in
“waste disposal,” but also play a key role in the regulation of
tissue regeneration with secretion of various growth factors, in-
cluding VEGF, that promote proliferation of neighboring cells
(64). Macrophage phagocytosis of apoptotic cells was shown to
lead to VEGF secretion and promotion of the proliferation of
endothelial cells (65). One may speculate on the implications of
the marked reduction of VEGF secretion in macrophages and
DCs costimulated with LPS and NETSs. Previous work has shown
that so-called low-density granulocytes from SLE patients that
have an increased propensity to release NETs not only stimu-
lated IFN-a synthesis by pDCs, but also had the ability to kill
endothelial cells (66). Moreover, it has been shown that neu-
trophils released NETs into the liver vasculature during sys-
temic infection with methicillin-resistant Staphylococcus aureus,
resulting in profound tissue damage (67). The dysregulation of
angiogenic factors such as VEGF may conceivably play a role in
this context. Sensitization of mice with the common indoor al-
lergen house dust mite plus endotoxin was recently shown to
result in NETosis in the lungs with formation of NETs and so-
called neutrophil cytoplasts, and the cytoplasts were implicated
as an underlying mechanism for the allergen-mediated Ty17
responses (68). The latter study suggests that it is highly relevant
to study responses of immune cells to NETs in the absence and
presence of LPS. Furthermore, we believe it is critically im-
portant to study primary human immune cells to complement
findings obtained using animal models (69).

The mechanisms of NET formation have been studied in con-
siderable detail (70, 71), but less is known about the interplay
between NETs and other immune-competent cells and, in partic-
ular, regarding the clearance of these extracellular structures.
However, deciphering the mechanisms that control the clearance
and degradation of NETs may contribute to our understanding of
inflammatory and autoimmune diseases (72). Using primary hu-
man cells, we conducted a systematic analysis of the interactions
between NETs and monocyte-derived macrophages and DCs, re-
spectively, in terms of cytokine release and with regard to deg-
radation of the DNA component of NETs. These studies have
disclosed that NETs are, overall, noninflammatory, but they are,
nevertheless, capable of modulating the immune response to
bacterial LPS, and several commonalities were noted between
HMDMs and MDDCs, including the upregulation of IL-1p se-
cretion and suppression of VEGF secretion in cells coexposed to
LPS. We also showed for the first time, to our knowledge, that
NETs are degraded by the cytosolic exonuclease TREXI1 in
macrophages, whereas DNase1L3 released from DCs was found
to mediate extracellular degradation of NETSs. These findings shed
light on the interactions between NETs and phagocytic cells and
provide insights regarding the disposal of NETs.
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