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Abstract

The formation of extracellular traps (ETs) has recently been recognized as a novel defense mechanism in several types of
innate immune cells. It has been suggested that these structures are toxic to microbes and contribute significantly to killing
several pathogens. However, the role of ETs formed by macrophages (METs) in defense against microbes remains little
known. In this study, we demonstrated that a subset of murine J774A.1 macrophage cell line (8% to 17%) and peritoneal
macrophages (8.5% to 15%) form METs-like structures (METs-LS) in response to Escherichia coli and Candida albicans
challenge. We found only a portion of murine METs-LS, which are released by dying macrophages, showed detectable
killing effects on trapped E. coli but not C. albicans. Fluorescence and scanning electron microscopy analyses revealed that,
in vitro, both microorganisms were entrapped in J774A.1 METs-LS composed of DNA and microbicidal proteins such as
histone, myeloperoxidase and lysozyme. DNA components of both nucleus and mitochondrion origins were detectable in
these structures. Additionally, METs-LS formation occurred independently of ROS produced by NADPH oxidase, and this
process did not result in cell lysis. In summary, our results emphasized that microbes induced METs-LS in murine
macrophage cells and that the microbicidal activity of these METs-LS differs greatly. We propose the function of METs-LS is
to contain invading microbes at the infection site, thereby preventing the systemic diffusion of them, rather than
significantly killing them.
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Introduction structures have been implicated as a physical barrier and an
additional defense strategy in response to infections. Studies on
neutrophil extracellular traps (NETs) have revealed that this
mechanism exists in many species, including human, mice, cows,

known for their ability to eliminate various microbial pathogens horses and fish [5,9,10,11,12]. NETs are composed of DNA
through phagocytosis. A combination of oxidative and non-

oxidative microbicidal mechanisms is employed to the killing of
phagocytosed microbes, including the production of antimicrobial
peptides/degradative enzymes, and the generation of antimicro-
bial reactive oxygen species (ROS)/nitric oxide synthase (INOS)
[1,2]. However, these mechanisms are not effective in defense
against microbes that have either evolved various strategies that
interfere with phagocytosis or that are too large to be engulfed
(e.g., fungal hypha) [3,4].

Recently, a phagocytosis-independent antimicrobial mecha-
nism, described as extracellular traps (ETs), was identified in many

Macrophages are dynamic cells distributed in various tissues
that play important roles in immune processes. These cells are well

scaffolds “decorated” with antimicrobial proteins, such as histone
and granule proteins (e.g., myeloperoxidase, elastase, cathelicidins,
cathepsin G and gelatinase B) [5,13,14]. This organization enables
neutrophils to release active effector molecules into the extracel-
lular space and prevent local diffusion, thus preventing the
potential toxicity to the host [15]. The release of these effector
molecules may also enhance local concentrations of these
molecules and promote their synergy [15]. NETs bind and kill
several types of microbes such as the bacteria FEscherichia. colt,
Shigella  flexner, Staphylococcus aureus, the fungi Candida albicans,
Aspergillus fumigatus and the protozoan parasites Leishmania amazo-

mnate effector cells including neutrophils, mast cells, eosinophils nensis and Eimeria bovis [5,16,17,18,19,20]. The ETs released from
and macrophages [5,6,7,8]. ETs are fiber-like extracellular

eosinophils and mast cells also effectively kill microbes, including
structures that can be induced by many different microbes. These

E. coli, S. aureus, Streptococcus pneumoniae and Sreptococcus pyogenes [6,7].
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In addition to microbes, many chemical reagents and cytokines
also induce the formation of ETs. Among these, the protein kinase
C activator phorbol-12-myristate-13-acetate (PMA) is the most
commonly used stimulus. Similar to microbes, PMA induces the
release of ETs from neutrophils and mast cells, which contain
nuclear DNA components in a process that can cause cell death
[21]. This novel cell death program, designated as “NETosis”,
showed characteristics of neither apoptosis or programmed
necrosis [21]. In addition, viable neutrophils and eosinophils
generate ETs following stimulation with the pro-inflammatory
cytokines, such as GM-CSF/LPS or GM-CSF/Cb)a; these ETs
contain mitochondrial, rather than nuclear, DNA components
[6,22]. The NADPH oxidase enzyme complex-mediated produc-
tion of ROS was reported to be essential for the initiation of both
types of ETs [22,23,24]. However, recently studies have demon-
strated that NET's are also induced in a ROS-independent manner
[16,25,26], and that the ROS requirement for these processes
depends on the type of stimulus [27].

While many studies have been performed to evaluate the role
NETs played in an array of activities, very little effort has been
devoted on studying METs. Recently, it has been reported that
murine macrophage cell line RAW264.7 and peritoneal macro-
phages released METSs in response to PMA stimulation after
pretreatment with statins overnight [8]. RAW264.7 macrophages
also form METs in response to TNF-o [28]. Bovine macrophages
produce METSs within minutes after stimulation with Histophilus
somni or the leukotoxin of Mannheimia haemolytica with a ROS-
dependent manner [29,30]. In these studies, the histones were
observed to co-localize with extracellular DNA, implying that the
DNA in METs may originate from the nucleus [8,29]. Moreover,
macrophages differentiated from human peripheral blood mono-
cytes also release METs after challenge with AMycobacterium
tuberculosis, and this effect could be enhanced by pre-treating
macrophages with IFN-y [31]. Although METs have been
reported to be triggered by several stimuli and are capable to
reduce several bacteria, some features of METs such as the
origination of these structures and whether they really Kkill
microbes remain less well defined. In the present study, we
demonstrate that both bacteria (£. cok) and fungi (C. albicans)
induce murine METs-like structures (METs-LS) formation and
that m vitro, these METs-LS are capable of capturing the microbes
but not efficient in killing them. Further, our results on J774A.1
cells reveal that the microbe induced METs-LS show more than
one type of composition, which are released from macrophages in
a NADPH oxidase-independent manner.

Materials and Methods

Bacterial and Fungal Strains

E. coli strain ATCC 25922 and C. albicans strain ATCC 10231
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). E. coli was cultured in Luria-
Bertani (LB) broth at 37°Ci to the mid-log phase. C. albicans was
cultured overnight in Yeast Extract Peptone Dextrose (YPD) broth
at 30°C, and an aliquot was subcultured in fresh YPD broth for an
additional 4 h at 30°C. Both microbes were collected through
centrifugation at 6,000 g for 5 min, washed twice with cold sterile
PBS and diluted to the required concentration before co-
incubating with macrophages. For some experiments, GFP-labeled
E. coli 25922 was constructed by transforming pCN57 plasmid
(kindly provided by Dr. Richard P. Novick, NYU Medical Center)
and cultured as described above.
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Cells Cuture

Murine J774A.1 macrophage cell line was obtained from the
ATCC. Cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco-Life Technologies, Grand Island, NY,
USA) supplemented with 10% heat-inactivated FCS, 2 mM L-
glutamine and 100 U/ml penicillin/100 pg/ml streptomycin
(Invitrogen, Carlsbad, CA, USA). Cells were cultured at 37°C
with 5% COy in a humidified incubator.

Thioglycollate-elicited murine peritoneal macrophages were
prepared by peritoneal lavage. Briefly, 1 ml of Brewer’s complete
thioglycollate broth (Difico, Sparks, MD, USA) was intraperito-
neally (i.p.) injected into female BALB/c mice 4 days before cell
collection. The mice were sacrificed through cervical dislocation,
and their abdominal cavities were washed with 10 ml of DMEM
medium. Lavage fluids were recovered and centrifuged for 10 min
at 400 g, and cell pellet was resuspended in fresh DMEM to an
appropriate concentration. The cell suspension was subsequently
placed into the wells of a cell culture plate or glass bottom dishes
and incubated for 2 h. Non-adherent cells were removed after
washing 5 times with warm PBS. Fresh DMEM was added to the
wells and cells were used for the corresponding experiments.
Murine peritoneal macrophages isolation protocols were approved
by the Jilin University Animal Care and Use Committee.

Fluorescence Microscopy

Macrophages were seeded onto 12-mm glass cover slides in 24
well plate (2x10° cells/well) or 10 mm glass bottom dishes (1 x10°
cells/well), stimulated with the indicated reagents or infected with
E. coli at a multiplicity of infection (MOI) of 5 (bacteria per
macrophage) or C. albicans at an MOI of 1. To inhibit the ROS
produced by NADPH oxidase, macrophages were pretreated with
10 uM diphenylene iodonium (DPI) before stimulation or
infection. After incubation for the indicated times, macrophages
were either fixed or observed under live cell conditions. For DNA
detection, 5 pug/ml Hoechst 33342 (Sigma-Aldrich, St. Louis,
MO, USA), 5 uM SYTOX Green (Invitrogen) or 5 pg/ml PI
(Invitrogen) was used. To observe the entrapment of microbes by
METs-LS, GFP-labeled E. coli was observed directly, and C.
albicans was stained extensively with calcofluor white (Sigma-
Aldrich). For quantification of METs-LS production, the total
number of macrophages and the number of macrophages
releasing METs-LS per field of view were counted in 5 individual
images per sample. At least 400 cells in total were examined for
each sample. Macrophages releasing DNA to form extracellular
structures were considered as producing METs-LS, and each
METs-LS structure was considered been released by one
macrophage. For immunofluorescence staining, C. albiwans infected
cells were fixed with cold methanol (to detect histone) or 4% PFA
(to detect other proteins) for 15 min, permeabilized with 0.5%
Triton X-100 for 2 min and blocked in 1% BSA/PBS overnight.
The samples were subsequently incubated with rabbit anti-histone
HsA (Sigma-Aldrich, 1:50), rabbit anti-myeloperoxidase (MPO)
(Santa Cruz, USA, 1:50) or goat anti-lysozyme (Santa Cruz, 1:50)
antibodies for 120 min at room temperature, followed by
incubation with TRICT-labeled goat anti-rabbit IgG (Sigma-
Aldrich, 1:32) or Cy3 labeled rabbit anti-goat IgG (Boster, Wuhan,
China, 1:50) for 120 min. The samples were then counterstained
with 5 pg/ml Hoechst 33342 for 2 min and mounted using a drop
of Slowlade Gold antifade reagent (Invitrogen), and examined
using fluorescence microscope (Olympus BX53) or a laser
scanning confocal microscope (Olympus FluoView FV1000).
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Scanning Electron Microscopy

J774A.1 macrophages were plated onto glass cover slides and
infected with E. coli or C. albicans as in the fluorescence microscopy
experiments. After 180 min of incubation, the samples were fixed
with 2.5% glutaraldehyde, washed with water and post-fixed with
0.5% osmium tetroxide, followed by 1% tannic acid. Subsequent-
ly, the samples were dehydrated with a graded ethanol series (30%,
50%, 70%, 80%, 90%, 100%), critical point dried with liquid COq
and coated with 5-nm platinum. The samples were examined
using a scanning electron microscope (Hitachi S-3400N, Japan).

Microbial killing Assays

A plate killing assay was performed as previously described [32],
with slight modifications. Briefly, J774A.1 macrophages or murine
peritoneal macrophages were suspended in serum-free DMEM
and plated into 24-well plastic plates at a concentration of 1x10°
cells/well. Cytochalasin D (Sigma-Aldrich, 10 pg/ml), Protease-
free DNase I (Fermentas, USA, 50 U/ml) or both were added to
the cell cultures at 20 min before infection with microbes. E. coli
was added to the cultured cells at a MOI of 5 and C. albicans was
added at a MOI of 1. The samples were centrifuged at 300 g for
5 min and incubated at 37°C with 5% CO, for the indicated
times. At 5 min before the end of the incubation, DNase I was
added to the wells that did not contain it to release the trapped
microbes from the METSs-LS. The 24-well plate was subsequently
agitated using a micro-plate mixer adjusted to high speed switch.
The aliquots were collected, sequentially diluted in cold dilution
buffer (0.9% NaCl, pH = 11), and plated on LB agar plates (E. col)
or YPD agar plates (C. albicans) to determine the CFUs. In
addition, the residual medium in the 24-well plate was aspirated,
and the wells were washed extensively with 500 ul of cold HyO
(pH=11). This washing procedure lyses macrophages and
recovers the phagocytosed microbes as well as the microbes
remaining in the wells. The CFU of the recovered microbes in
washing buffer was also determined as described above. The
combination of the two recovered CFUs reflected the quantities of
surviving microbes in the wells.

The microbial viability was also determined i sifu using
propidium iodide (PI) staining. PI is a membrane impermeable
nucleic acid dye that is commonly used to identify dead cells
[33,34]. Macrophages were seeded onto glass cover slides and
infected with GFP-labeled E. coli or C. albicans. After an incubation
of 120 min, the samples were stained with 5 pg/ml Hoechst
33342 and 5 ng/ml PI for 15 min; the METSs-LS, as well as dead
microbes and dead macrophages, were stained red by PI. The
viable and dead microbes were identified under microscope with
high magnification. Heat-inactivated C. albican and streptomycin
sulfate inactivated E. coli were used as positive PI staining controls.
The samples were washed gently with warm PBS for 3 times and
observed immediately using fluorescence microscope. The per-
centage of dead cells in microbial population trapped by METs-LS
was calculated by the ratio of dead cells (red) to the total number of
trapped microbes, and at least 10 METs-LS fibers were counted
per sample done in triplicate.

PCR

METs-LS were induced by incubating J774A.1 macrophages
with C. albicans for 180 min as described above. Extracellular DNA
in the supernatant of this culture or control group was purified
using classic phenol/chloroform extraction and directly used as
templates for PCR. Two mitochondria-specific primers (Atp6,
Forward: 5'-AGGATTCCCAATCGTTGTAGCC-3’, reverse:
5-CCTTTTGGTGTGTGGATTAGCA-3'. Ndsl, Forward: 5'-
TCACTATTCGGAGCTTTACGAGC-3', reverse: 5'-CATAT-
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TATGGCTATGGGTCAGGC-3") and two nuclei-specific prim-
ers (Gapdh, Forward: 5'-AAGGGCATCTTGGGCTACAC-3’,
reverse: 5'-TAGGGCCTCTCTTGCTCAGT-3'. Actinf, For-
ward: 5'-CTGTCGAGTCGCGTCCA-3’, reverse: 5'-
CGCAGCGATATCGTCATCCAT-3") were used to determine
the origin of extracellular DNA by PCR reaction. The cycling
parameters were as follows: 95°C for 1 min, 55°C for 30 s, 72°C
for 1 min, 32 cycles. The PCR products were separated on 2%
agarose gel and observed under UV light.

Fluorescence in situ Hybridization Analysis

The DNA fragments for making hybridization probes were
amplified from the total cellular DNA of J774A.1 cells as follows:
the mitochondria-specific fragments (3165 bp) used forward
primer 5’-TCCCACTGTACACCACCACATCA-3" and reverse
primer 5'-TGGGGATTGAGCGTAGAATGGCGT-3'. The nu-
clei-specific fragments (5049 bp), used forward primer 5'-
ATGCCGCCATGGCTGTCACT-3" and reverse primer 5'-
ACAGCGCGGTACACAAGCCA-3". Both fragments were
nick-translated and labeled with red fluorescent dye Alexa Fluor
594 using the FISH tag DNA kit (Invitrogen) according to the
manufacturer’s instructions.

J774A.1 macrophages were seeded onto on glass cover slides
and stimulated with C. albicans for 180 min as described above.
The cells were fixed with 4% PFA, subjected to dehydration/
rehydration in serial graded ethanol solutions and treated with
DNase-free RNase A (Fermentas). The hybridizations were
performed overnight at 37°C using the FISH tag DNA kit
according to the manufacturer’s protocols. The samples were
counterstained with Hoechst 33342, mounted with SlowFade
Gold antifade reagent and analyzed using fluorescence micro-
scope.

Reactive Oxygen Species (ROS) Detection

The intracellular ROS production of activated J774A.1
macrophages was detected using 2’, 7 dichlorofluorescein diace-
tate (DCFH-DA) (Sigma), which is converted to highly fluorescent
dichlorofluorescein (DCF) in the presence of intracellular ROS.
Macrophages were seeded onto glass cover slides in 24-well plates
(2x10° cells/well) or plated in 96-wells plate with black frames
(1x10° cells/well) and infected with E. coli or C. albicans, or
stimulated with 100 nM PMA. DCFH-DA was added to the
cultures at a final concentration of 5 WM. The samples on cover
slides were incubated at 37°C and 5% COy for 60 min. The DNA
was stained with Hoechst 33342 for 5 min and the samples were
observed under fluorescence microscopy. The samples in the
plates were incubated for the indicated times and washed twice
with PBS. The fluorescence intensity was then measured on a
fluorescence plate reader (Tecan infinite F200) at 450 nm
excitation and 530 nm emission.

Lactate Dehydrogenase (LDH) Activity Detection

J774A.1 macrophages were seeded onto 96-well cell culture
plates at a concentration of 1x10° cells/well. E. coli or C. albicans
were added to the wells and incubated for the indicated time
points. The plates were centrifuged at 300 g for 5 min to collect
the supernatants. The LDH activity in supernatants was deter-
mined using an LDH Cytotoxicity Assay Kit (Roche Applied
Science, Indianapolis, USA), and the control group and positive
lysis group were determined according to the manufacturer’s
protocol after an incubation of 180 min.
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Statistical Analysis

All results were expressed the as the means = SD. The group
means were compared using one-way ANOVA, and Student’s t-
test was used to determine the significance of differences. P values
of 0.05 or less were considered statistically significant.

Results

E. coli and C. albicans Induce and are Trapped by
Macrophage Extracellular Structures

E. coli or C. albicans were co-incubated with murine macrophage
cell line J774A.1 or peritoneal macrophages for 180 min.
Fluorescence imaging analysis revealed that in both cell types,
both pathogens induced the release of extracellular fibers or
reticulation structures, detected with the non-cell-permeable DNA
dye SYTOX Green (Green) and cell-permeable DNA dye
Hoechst 33342 (Blue) (Figure 14-B). This indicated that DNA is
an important component of these matrixes, which is a typical
characteristic of ETs. We defined these matrixes as macrophage
extracellular traps-like structures (METs-LS). Macrophages with-
out microbial stimulation produce relatively few of METSs-LS
(Figure 14-B). The yeast-form of C. albicans was also able to induce
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the formation of METs-LS under the 30°C culture condition
(Figure S14-B).

We next examined the effects of chemical regents such as LPS,
PMA and hydrogen peroxide on the induction of METs-LS
formation. None of these regents stimulated METs-LS formation
in murine J774A.1 or peritoneal macrophages (Figure 14-B).
PMA and hydrogen peroxide treatments only led to death of a
portion of macrophages, which did not release extracellular DNA.
Further, macrophages pretreated with IFN-y (100 U/ml) or M-
CSF (25 ng/ml) were not responsive to stimulation by these
compounds in the formation of METs-LS (data not shown).

Quantification of METs-LS formation revealed that co-culture
of murine macrophages with microbes significantly increased the
amount of cells producing METs-LS, while the portions of cells
undergoing METs-LS formation among the chemical regent-
treatment and control groups were not significantly different
(Figure 1C-D; Figure S1C-D). Moreover, the production of
METs-LS is dependent on the type of microbes used. C. albicans
hyphae induce 17% of J774A.1 macrophages to form METs-LS
after 180 min incubation, which was higher than that of E. coli
(8%) or the yeast-form of C. albicans (10%). Similar phenomenon
was also observed in peritoneal macrophages, in which C. albicans
hyphae induces 15% macrophages, E. coli and the yeast-form of C.

B

*kk

% METs formation

oV

\gt 2
AR

Figure 1. E. coliand C albicansinduce METs-LS formation in murine macrophage cells. A-B: Murine J774A.1 macrophages (A) or peritoneal
macrophages (B) were cultured in serum-free DMEM medium and stimulated with E. coli (MOI 5), C. albicans (MOI 1), PMA (10 uM), LPS (50 ug/ml),
hydrogen peroxide (10 mM) or vehicle control at 37°C for 180 min. Hoechst 33342 (Blue) and SYTOX Green (Green) was added to stain the DNA.
Fluorescence staining images merged with differential interference contrast are shown. The arrows indicate METs-LS released by macrophages in
response to E. coli or C. albicans. Scale Bars: 20 um. C-D: The quantification of METs-LS positive cells in murine J774A.1 macrophages (C) or peritoneal
macrophages (D) stimulated with E. coli, C. albicans, LPS, PMA or hydrogen peroxide is shown as the means = SD (n=5). ***P<0.001 compared with
control group by two tailed Student’s t-test, respectively. These experiments were repeated independently 3 times with similar results.
doi:10.1371/journal.pone.0090042.g001
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albicans induce 10% and 8.5% macrophages to form METs-LS,
respectively.

Scanning electron microscopy was used to observe the
ultrastructure of METs-LS. Rarely extracellular structures were
observed in un-stimulated ]J774A.1 macrophages (Figure 24-B).
J774A.1 macrophages challenged by E. coli or C. albicans formed
METs-LS; and the microbes were observed to bind to the surface
of these structures (Figure 2C-F). The METs-LS were released
from the macrophage membrane, and the morphology of these
cells remained unchanged (Figure 2C-F). Fluorescence images also
showed that the microbes co-localized with the METSs-LS,
indicating that the METs-LS entrapped microbes (Figure 2G-H).

METs-LS Show Limited Killing Effects on E. coli but not C.
albicans

Previous studies have shown that extracellular traps from
neutrophils, eosinophils and mast cells kill various microbes
[5,6,7]. Here, we determined the microbicidal activity of murine
METs-LS by plate assay. Macrophages were treated with
cytochalasin D (which did not affect METs-LS formation [29])
to block phagocytosis or DNase I to degrade METs-LS. Samples
pre-treated with both cytochalasin D and DNase I were set as the
100% survival control group [35]. After incubation with E. coli or
C. albicans for the indicated durations, the surviving microbes in the
supernatant of each group were calculated. METs-LS-mediated
killing was represented in the cytochalasin D-treated group and
phagocytic killing was represented in the DNase I-treated group.
Compared to the control group, J774A.1 METs-LS killed 11%
and phagocytosis killed 55% of the E. coli after 60 min incubation.
When the incubation was extended to 120 min, a similar result
was observed (Figure 34). The METs-LS of J774A.1 macrophages
also showed limited anti-Candida activity in this assay. 60 min
incubation resulted in 18% reduction of C. albicans compared to
the control group. This killing efficiency was not affected by longer
incubation time up to 120 min (Figure 3B). The phagocytosis of

E. coli and C. albicans Induce METs-Like Structures

J774A.1 macrophages was able to reduce 53% C. albicans after the
60 min incubation. Unexpectedly, this phagocytic killing was
significantly reduced after the 120 min incubation (Figure 3B).
Such increase may result from the growth of engulfed C. albicans in
macrophages.

The antimicrobial ability of murine peritoneal macrophage-
released METs-LS was also examined by the plate assay. The
results revealed that the amounts of both E. coli and C. albicans
recovered from the cytochalasin D-treated groups were insignif-
icantly lower than those of the control groups, suggesting an
ineffective microbicidal activity of peritoneal METs-LS. Whereas
phagocytosis eliminated 24% of the E. coli and 36% of the C.
albicans after incubation for 60 min, and approximate 20% of both
microbes after incubation for 120 min (Figure 3C-D).

PI staining was performed to determine the viability of the
microbes trapped in the METs-LS, in which dead microbes were
stained red (Figure S2). We found that a portion of microbes
induced METs-LS were released by dying macrophages. No
METs-LS was observed in necrotic macrophages (Figure S3),
which imply this METs-LS associated cell death was different from
necrosis. Meanwhile, METs-LS were also released from viable
macrophages. It was notable that almost all the . coli cells trapped
by the METs-LS released from viable macrophages showed
positive GFP-fluoresence and were stained negative by PI
(Figure 3E; and F;), which indicated these bacteria were still alive.
In contrast, a small portion of E. col trapped by METSs-LS released
from dying macrophages were stained red, suggesting that killing
occurred (Figure 3E; and F). To quantify the bactericidal activity
of these two METs-LS, we counted the mortality of E. coli trapped
by these METSs-LS, respectively. We noticed a small portion of
METs-LS were associated with several macrophages which
contain both viable and dead cells, thus made it difficult to judge
whether they were released from a viable or dead macrophage.
These METs-LS were excluded in this experiment. We found the
METs-LS released from dead J774A.1 macrophages (nuclei

Figure 2. Scanning electron microscopy (SEM) and fluorescence micrographs of microbes trapped by METs-LS. J774A.1 macrophages
were seeded onto glass cover slips and incubated with E. coli or C. albicans for 180 min. A-B: SEM images of uninfected J774A.1 cells. C-D: SEM
images of METs-LS induced by E. coli. The white arrows indicate the bacteria adhered to the surface of METs-LS. E-F: SEM images of METs-LS induced
by C. albicans. The white arrows indicate the fungus trapped in the METs-LS. G: Fluorescence photograph of DNA (Blue) and FITC-labeled E. coli
(Green). H: Fluorescence photograph of DNA (Green) and calcofluor white-stained C. albicans (Blue). Both microbes co-localized with METs-LS. In (G)
and (H), samples were washed twice with PBS to remove unbounded microbes before analysis. These experiments were repeated independently 3
times with similar results. Scale Bars: 20 um.

doi:10.1371/journal.pone.0090042.g002
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Figure 3. METs-LS show limited killing effect on E. colibut not on C. albicans. J774A.1 macrophages or murine peritoneal macrophages were
infected with E. coli or C. albicans and incubated for the indicated time points. A-B: The survival rates of E. coli (A) and C. albicans (B) incubated with
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J774A.1 macrophages. C-D: The survival rates of E. coli (C) and C. albicans (D) incubated with peritoneal macrophages. Experiments were performed
3 times with similar results, and a representative experiment is shown as the means = SD (n=3). ¥*P<<0.05, **P<<0.01 and ***P<<0.001 compared with
the control groups by two tailed Student’s t-test, respectively. E-F: Pl staining was performed to determine the dead macrophages and dead
microbes trapped in the METs-LS formed by J774A.1 cells (E) and peritoneal macrophages (F) after 120 min co-incubation. Macrophages were labeled
with Hoechst 33342 (Blue). METs-LS, dead macrophages and dead microbes were stained positive by Pl (Red). The solid and hollow arrowheads
indicate viable and dead microbes in E. coli (i-ii) or C. albicans (iii-iv) infected groups, respectively. Only a portion of GFP- E. coli trapped by METs-LS
released from dead macrophages was killed. Scale Bars: 10 um. G: The quantification of dead E. coli trapped in METs-LS released from viable and
dead J774A.1 macrophages and peritoneal macrophages, result is shown as the means = SD (n=10), ***P<<0.001 compared with control group by
two tailed Student’s t-test. These experiments were repeated independently 3 times with similar results.

doi:10.1371/journal.pone.0090042.g003

stained red) show significant higher bactericidal activity than that
from viable macrophages (Figure 3G). Similar results were also
observed in peritoneal macrophages (Figure 3G). However, none
of the trapped C. albicans was observed to be dead on both types of
METs-LS (Figure 3E;;;, and Fj; ;). These results indicated that
METs-LS released from macrophages that had undergone cell
death, but not macrophages which stayed alive, possess the ability
to kill £. coli. C. albicans showed resistance to METs-LS mediated
killing, and the reduction of C. albicans in plate assay implied that
their proliferation may be partly inhibited by METs-LS.

Macrophages Release Both Mitochondrial and Nuclear
DNA to form METs-LS

To examine the composition of METs-LS, we conducted
immunofluorescence staining on C. albicans stimulated J774A.1
macrophages. In addition to the DNA backbone, we found that
some microbicidal proteins, including histone [36], MPO and
lysozyme, were co-localized with METs-LS (Figure 44, C, D).
Notably, we found that not all observed METs-LS were positively
stained for histone (Figure 4B5), indicating more than one
composition existed in the microbe induced murine METs-LS.
Because histones were commonly associated with nuclear DNA,
we proposed that the DNA backbone of METSs-LS is originated
from either nuclear or mitochondrial.

To determine the origin of the extracellular DNA, PCR and
fluorescence i situ hybridization experiments were performed. We
amplified both mitochondrial (46 and NdsI) and nuclear (Actinf
and Gapdh) genes from the supernatant of C. albiwans-stimulated
macrophages, with no amplification in the control group
(Figure 54). Sequencing of these fragments indicated all of them
were specifically amplified. Fluorescence i situ hybridization with
mitochondrial and nuclear DNA probes confirmed the PCR
results. The mitochondria-specific probe showed cytoplasm
localization and nuclei-specific probe showed nucleus localization
in macrophages which didn’t release METs-LS (Figure 5B).
Positive signals from mitochondria- and nuclei-specific probes
were both observed after hybridization with METs-LS (Figure 55).
Notably, only a portion of the METs-LS showed positive signals
with the nucleus-specific probe (Figure 5B), whereas the
mitochondria-specific probe reacted with all observed METs-LS.
These observations indicate that the DNA backbone of METs-LS
originated from the mitochondrion or both the mitochondria and
the nucleus.

METs-LS Formation is Independent of ROS Produced by
NADPH Oxidase

To investigate the role of ROS production in METs-LS
formation, we determined ROS production of J774A.1 macro-
phages using a DCF fluorescence probe (Green). E. coli or C.
albicans were used to stimulate METs-LS formation, and the
METSs-LS were stained with Hoechst 33342. Macrophages which
released METs-LS were negatively stained with ROS probe,
indicating that these cells did not undergo ROS production
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(Figure 64). Whereas after treating the macrophages with 100 nM
PMA (positive control) for 60 min, which did not induce METs-
LS formation, most cells were positively stained for DCF
(Figure 64). We also determined the level of ROS production
using a fluorescence intensity reader. The results showed that
PMA and E. coli induced significant amounts of ROS production
after incubation for 30 min (Figure 6B). C. albiwans only induced
low amounts of ROS production in the early phase of infection,
which was abolished after 120 min (Figure 6B). As C. albicans are
more effective at inducing METs-LS formation than E. cofi, the
production of ROS may not be a prerequisite for this process.

The NADPH oxidase inhibitor DPI was used to determine
whether microbes induced METs-LS formation depended on
ROS produced by NADPH oxidase. We found that addition of
10 uM DPI did not impede E. coli and C. albicans induced MET's-
LS formation (Figure 6C). The inhibition of NADPH oxidase
mediated ROS production by DPI at the concentration used in
this study was confirmed by using DCF fluorescence probe in
PMA stimulated macrophages (Figure 6D). These results suggest
that J774A.1 macrophages release METs-LS in response to
microbes in a NADPH oxidase-independent manner.

METs-LS Formation is Independent of Cell Lysis

To determine the viable status of macrophages, the non-cell-
permeable DNA dye SYTOX Green was used to stain extracel-
lular DNA and dead cells. We observed that microbes induced
METs-LS were released from either viable J774A.1 cells with
unchanged nuclei shape (Figure 74;) or dying J774A.1 cells which
exhibited enlarged nuclei (Figure 74;). These METs-LS existed
together after the stimulation of macrophages with microbes.

The supernatant LDH level (an indicator of membrane
permeabilization) assay was performed to determine whether
METs-LS releasing by dying cells is associated with membrane
damage. J774A.1 macrophages were co-incubated with F. coli or
C. albicans for 15, 30, 60, 120 and 180 min to induce METs-LS
formation, and subsequently the LDH activity in the supernatant
was determined. Untreated J774A.1 macrophages and cells
treated with lysis buffer were used as negative and positive
controls, respectively. Although E. coli and C. albicans induced
METs-LS formation and cell death, this process was not
concomitant with a detectable increase in the LDH level
(Figure 7B). This result suggests that the macrophage death in
METs-LS formation process did not lead to cell lysis, which was
different from necrosis.

Discussion

Several studies have indicated that the formation of extracellular
traps is an effective innate immune mechanism used to combat
invading pathogens. However, this mechanism in macrophages is
relatively poorly understood. Here, we observed that E. cols (MOI
5) and C. albicans (MOI 1) induce METs-LS formation in both the
murine J774A.1 macrophage cell line and peritoneal macrophag-
es. After infection with these two microbes, only a subset (~10%

February 2014 | Volume 9 | Issue 2 | €90042



E. coli and C. albicans Induce METs-Like Structures

Figure 4. METs-LS contain histone, MPO and lysozyme. METs-LS were induced by incubation murine J774A.1 macrophages with C. albicans at
a MOl of 1 for 180 min. The cells were fixed, permeabilized, blocked and incubated with anti-histone (A-B), anti-MPO (C) or anti-lysozyme (D) primary
antibodies, followed by staining with TRICT or Cy3-labeled secondary antibodies (Red). The DNA was stained with Hoechst 33342 (Blue). The arrows
indicate METs-LS structures. The result shown in Panel B reveals that some METs-LS do not contain histone. Scale Bars: 10 um. These experiments

were repeated 3 independent times with similar results.
doi:10.1371/journal.pone.0090042.9004

20%) of macrophages formed METs-LS, which was similar to the
METs induced by other stimuli [8,29,31]. Infection with higher
MOI of microbes led to cell lysis of macrophages but did not
significantly increase METSs-LS formation after 180 min incuba-
tion (data not shown). Our results also indicate that METs-LS,
similar to ETs produced by other immune cells, are significantly
associated with the microbial surface. The molecular mechanism
of such association remains unknown, but it is possible that
electrostatic interactions between the cationic components of ETs
and the anionic surface of microorganisms may be involved [37].
ETs have been proposed to restrict microbes to the site of
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infection, thus preventing them from systemic spread, a function
important for controlling invasive infections, particularly those
caused by fungal pathogens [14,18,38]. The fact that macrophages
are present in various tissues and often are the first innate immune
cells to encounter invading pathogens [39,40] further highlight the
importance of METs-LS in controlling infections. These structures
may delay the spread of pathogens after they pass through the
epithelial barrier, thereby providing time to recruit other effector
cells, such as neutrophils, to the infection site for the elimination of
the pathogens. We also found the C. albicans hyphae induce more
METSs-LS than its yeast-form and E. coli, which was similar to the
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Figure 5. Macrophages release both mitochondrial and nucleus DNA to form METs-LS. Panel A: Two mitochondrial genes (Atp6, Nds1)
and two nuclear genes (Actinf, Gapdh) were amplified from different DNA template by PCR. Both mitochondrial and nuclear genes were detectable in
the supernatants of C. albicans infected J774A.1 macrophages but not in control group. B: Fluorescence in situ hybridization analysis of C. albicans-
induced J774A.1 METs-LS. DNA was labeled with Hoechst 33342 (Blue). The arrows indicate the positive signals in the Alexa Fluor 594 (Red)-labeled
nucleus (Nuc) or the mitochondria (Mit) specific DNA probe in macrophage extracellular DNA. The arrowhead indicates that some extracellular DNA
did not stain for the nuclear DNA probe. Scale Bars: 20 um. These experiments were repeated independently 3 times with similar results.

doi:10.1371/journal.pone.0090042.9005

observation described for NETs [9]. At least two reasons can
contribute to this phenomenon: first, because of its linear shape, C.
albicans hyphae cannot be efficiently engulfed by macrophages,
thus allowing longer extracellular stimulation for METs-LS
formation; second, the hyphae form is more relevant to the
invasion and spread phase of C. albicans infection [41], which
might be more efficient to induce METs-LS formation.

Several chemical stimuli, including PMA, LPS and hydrogen
peroxide, are effective inducers for ETs [5,7,42]. However, the
ability of LPS to induce ETs formation remains controversial.
Some studies reported that LPS induced the release of ETs from
neutrophils or eosinophils only after pre-treating the cells with
certain cytokines [6,22] or in combination with platelets under
flow conditions [43]. In our experiments, we unexpectedly
observed that murine macrophages did not form METs-LS in
response to stimulation by PMA, LPS or hydrogen peroxide, even
after priming these cells with cytokines such as IFN-y or M-CSF. A
previous study indicated that in bovine macrophages higher
concentrations of PMA and glucose oxidase (an HyOg-producing
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enzyme) are required to stimulate METs-LS formation than those
needed for the induction of NETs [29]. In contrast, we found that
stimulation of murine macrophages with >10 UM of PMA or >
10 mM of HyOy resulted in only death of the cells, but not the
formation of METs-LS. Although it was reported that neutrophil
produce significant amount of NETs after stimulated with 25 nM
PMA or 10 mM HyO, [5,44], a study on NETosis indicated
H50, only induced apoptotic or necrotic cell death of neutrophil,
but not NETosis [23]. As challenge by microbes is a more effective
METs-LS stimulus than chemicals, we propose that physical
stimulation following the activation of cell receptors is essential to
initiate this METs-LS formation process.

A recently published report indicates that NETs entrap, but
do not kill the microbes [32]; the microbicidal ability of NETs
may have been overestimated in previous studies, probably due
to the limitation of methods for killing analysis [32]. By the
modified plate assay protocol and i situ PI staining, our results
revealed that METs-LS kill only a portion of entrapped E. colt,
but not C. albicans. These results differ from the fact that ETs
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Figure 6. Formation of METs-LS is independent of ROS produced by NADPH oxidase. A: Fluorescence microscope determination of
intracellular ROS production in PMA (positive control), E. coli- and C. albicans-stimulated J774A.1 macrophages using DCF ROS probe (Green). DNA
was stained with Hoechst 33342 (Blue). The arrows indicate macrophages releasing METs-LS. B: The quantification of ROS production in negative,
positive (PMA), E. coli- and C. albicans-infected macrophage groups. The fluorescence intensity of the ROS probe was measured using a fluorescence
plate reader. The data are presented as the means =+ SD of three independent experiments. *P<<0.05 and ***P<0.001 compared with the medium-
only culture control group by ANOVA with Bonferroni's post-test. C: Determination of E. coli or C. albicans induced J774A.1 METs-LS in the presence
of 10 uM DPI. Hoechst 33342 and SYTOX Green were added to assess METs-LS formation. D: Determination of intracellular ROS production in PMA
stimulated J774A.1 macrophages in the presence or absence of 10 uM DPI. DNA was stained with Hoechst 33342 and intracellular ROS was
determined by DCF ROS probe. Scale Bars: 10 um. These experiments were repeated independently 3 times with similar results.
doi:10.1371/journal.pone.0090042.9g006

contain various antimicrobial agents. It is possible that the macrophage after recognition. The signaling pathways that govern
antimicrobial activity of these components has been compro- the mechanisms of the formation of these two METs-LS await
mised in the extracellular environment. In agreement with this future investigation.

notion, the antibacterial peptide CRAMP associated with NETs The formation of E'T in neutrophils, eosinophils and mast cells
exhibited significantly reduced antimicrobial activity against S. upon stimulation depends on the generation of ROS through the
aureus [45]. The loss of antimicrobial activity of by CRAMP activation of the NADPH oxidase [6,7,21]. Some microbes, such
may result from its association with DNA, whose anionic as Staphylococcus aureus [16], Leishmania donovani [25] and C. albicans
property might reduce access of the peptide to the microbial cell [26] induce NETSs formation in an ROS-independent manner,
surface. Similarly, the cationic agents in METs-LS may also which is consistent with our observation that METs-LS formation
have reduced antimicrobial activities, leading to poor killing in response to E. coli and C. albicans appears independent of ROS

potentials of entrapped microbes. Interestingly, we observed that production. Similarly, the NADPH oxidase inhibitor DPI was
the killing of bacteria primarily occurred in the METs-LS which unable to abolish METs-LS production. High concentration of
were released by dying macrophages. These type of METs-LS DPI have been shown to inhibit bovine METs-LS formation [29].

contain nuclear histones [8], which are very effective microbi- Because this compound is toxic to both the host cells and microbes
cidal proteins [36] and may contribute to the bactericidal [47,48,49], such inhibition may be caused by its non-specific
activity of the METs-LS. toxicity. Nevertheless, much remains to be done in the elucidation
Granulocyte ETs structures contain an extracellular DNA of the molecular mechanisms underlying ROS-independent ETs
scaffold and various antimicrobial proteins and peptides [5,14,46]. formation.
Similarly, we found that murine J774A.1 METs-LS consisting of The NETs-induced cell death was recently designated as a
histones, MPO and lysozymes. The distribution of histones in novel form of cell death - NETosis [46]. This type of cell death
METs-LS reveals that the microbe-induced METs-LS may possess occurs by a series of events, including chromatin homogeniza-
more than one composition. We also detected both nuclear and tion, nuclear envelope formation, granule membranes disinte-
mitochondrial DNA in J774A.1 METs-LS, suggesting that gration, NETs component mixing and cell membrane breakage
macrophages form these structures in response to microbes [21]. However, whether the macrophages cell death upon
through both the “nuclear extrusion” [21] and the “mitochondrial METs-LS formation possesses similar mechanism to NETosis is
catapult” [6] mechanisms. The DNA in ETs released by microbes- still unclear. Lack of specific markers (such as citrullinated

induced neutrophils and mast cells was generally thought to be histone in NETosis) for “METosis” also made it difficult to
originated from the nucleus [5,7,16]. Because the release of distinguish this type of cell death from necrosis in quantitative
mitochondrial DNA to the extracellular milieu is a process more assays. It has been reported that unlike necrosis, several stimuli
rapid than the release of nuclear DNA [6,22], we speculate that induced NETosis do not promote the release of LDH, which
this pattern contributes to the initial capture of microbes by indicates that NETosis do not accompany cell lysis [5,16,50,51].
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Figure 7. METs-LS-induced cell death is independent of necrosis. A: The J774A.1 METs-LS induced by C. albicans were stained with SYTOX
Green and Hoechst 33342, revealing that the METs-LS are released from either viable (i) or dead (ii) macrophage cells after 120 min incubation. The
arrows indicate viable METs-LS formation cells with unchanged nuclei shape, the arrowheads indicate dead MET-LS formation cells with enlarged
nuclei. Scale Bars: 10 um. These experiments were repeated independently 3 times with similar results. C: J774A.1 macrophages were infected with E.
coli or C. albicans for 15, 30, 60, 120 and 180 min, respectively. The LDH level in the supernatant of each group was quantified. The data are presented

as the means = SD of three independent experiments.
doi:10.1371/journal.pone.0090042.9g007

We found some macrophages undergo cell death during METs-
LS formation (Figure 3£-F), and there was also no detectable
LDH activity increase (Figure 7B). As METs-LS released from
viable macrophages appeared deficient in killing microbes, we
propose that the cell death associated with METs-LS production
is a ‘“‘suicide attack”, in which activated macrophages are
induced to release both nuclear and cytoplasmic microbicidal
agents for strengthening the microbicidal activity of METSs-LS.

In conclusion, our study demonstrates that compared to
NETs, the murine J774A.1 METs-LS possess some unique
characteristics in their formation. Instead of killing the invading
microbes, the primary function of METs-LS likely is to ensnare
invading microbes to prevent their dissemination. We speculate
this phagocytosis-independent antimicrobial mechanism serves
as a “supplementary” strategy in innate defense when phago-
cytosis failed to eliminate invaded pathogens. In addition,
METs-LS may also participate in mediating certain cytokines
release as reported in NETs [52]. Meanwhile, accumulation of
METs-LS is potentially harmful to host, because NETs has
been proved to participate in initialing or propagating some
autoimmune diseases such as systemic lupus erythematosus and
small vessel vasculitis [53,54]. Why only a small portion of
macrophages form METs-LS in response to microbes infection
is still unclear. As viable macrophages play essential roles in
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driving adaptive and innate immune through antigen presenta-
tion or cytokines and chemokines secretion, this pattern is more
likely to be a “self-regulation” because excessive METSs-LS
formation may damage the ordinary functions of macrophages.

Supporting Information

Figure S1 C. albicans yeast-form induces murine
METs-LS formation. A-B: Murine J774A.1 macrophages (A)
or peritoneal macrophages (B) were infected with C. albicans (MOI
1:1) or a vehicle control and cultured at 30°C for 180 min.
Hoechst 33342 (Blue) and SYTOX Green (Green) were added to
label the nucleus and extracellular DNA. The arrows indicate
macrophages releasing METs-LS in response to the C. albicans
yeast-form. Scale Bars: 20 pm. C-D: The quantification of
METs-LS-positive cells in murine J774A.1 macrophages (C) or
peritoneal macrophages (D) stimulated with the C. albicans yeast-
form, the result is shown as the means = SD (n=15). **P<(.001
compared with the control group by two tailed Student’s t-test,
respectively. The experiments were repeated independently 3
times with similar results.

(TIF)

Figure S2 Dead E. coli and C. albicans are stained red
by PL. E. coli treated with 200 pg/ml streptomycin sulfate for 2 h
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(A) and C. albicans treated at 100°C for 15 min (B) were used as
positive control for PI staining. Scale Bars: 10 um.

(TIF)

Figure S3

Necrotic macrophages do not form METs-LS.

PI staining of necrotic J774A.1 macrophages (A) and necrotic
peritoneal macrophages (B) induced by hydrogen peroxide
(100 uM, 3 h). Scale Bars: 20 um.
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