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Abstract

Neutrophils are multifaceted cells that are often the immune system’s first line of defense. Human
and murine cells release extracellular DNA traps (ETs) in response to several pathogens and
diseases. Neutrophil extracellular trap (NET) formation is crucial to trapping and killing
extracellular pathogens. Aside from neutrophils, macrophages and eosinophils also release ETs.
We hypothesized that ETs serve as a mechanism of ensnaring the large and highly motile helminth
parasite Strongyloides stercoralis thereby providing a static target for the immune response. We
demonstrated that S. stercoralis larvae trigger the release of ETs by human neutrophils and
macrophages. Analysis of NETs revealed that NETSs trapped but did not kill larvae. Induction of
NETSs was essential for larval Killing by human but not murine neutrophils and macrophages in
vitro. In mice, extracellular traps were induced following infection with S. stercoralis larvae and
were present in the microenvironment of worms being Killed in vivo. These findings demonstrate
that NETs ensnare the parasite facilitating larval killing by cells of the immune system.
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1. Introduction

Extracellular traps (ETs) are produced by several immune cells in humans and mice
including neutrophils [1], eosinophils [2], mast cells [3] and monocytes/macrophages [4].
The release of ETs is a distinct process of cell death termed *Etosis’ [5] that results in
extrusion of a fibrous network of nuclear [1] or mitochondrial DNA [6], histones and a
concentration of granular proteins. Neutrophil extracellular traps (NETS) have been
implicated in a growing number of human diseases with beneficial roles in bacterial and
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fungal infections [7] and deleterious roles in preeclampsia [8], cystic fibrosis [9], septic
shock [10] and autoimmunity [11,12]. Human NETSs are capable of both trapping and killing
pathogenic bacteria such as Staphylococcus species, Salmonella typhimurium [1,13],
Escherichia coli [13] and fungi such as Candida albicans [14]. Conversely, mouse NETS are
associated with trapping of pathogens such as Sreptococcus pneumonia [15], C. albicans
and Listeria monocytogenes [16]. The antimicrobial activity of NETSs can be attributed to
NET-bound histone 2a [1] or concentrated granular proteins such as MPO [17]. NETSs also
modulate protozoan infections, trapping and killing Leishmania amazonensis promastigotes
[18] while the promastigotes of Leishmania donovani are captured but not Killed [19]. The
protozoan parasite Toxoplasma gondii induces human and mouse neutrophils to release
NETSs that have microbicidal effects [20]. Yet, a role for NETs during parasitic helminth
infections has not been described.

Srongyloides stercoralis, a parasitic nematode of humans, primates and canines, infects an
estimated 60-100 million people worldwide [21,22]. The protective innate and adaptive
immune response to this parasite has been studied in mice [23]. Neutrophils, eosinophils and
macrophages are found in the parasite microenvironment in high numbers in naive mice
[24]. Neutrophils and eosinophils are directly recruited to the parasite microenvironment
[25-27], with neutrophils recruited in a CXCR2 [26] and Gai2 [25] dependent manner.
MPO from neutrophils is required for larval killing during innate and adaptive immune
responses [24,28]. Alternatively activated macrophages also can kill S. stercoralis larvae in
the innate and adaptive responses. In vitro killing by alternatively activated macrophages
requires collaboration with neutrophils and complement [29]. These results were confirmed
using human neutrophils, macrophages and complement, which as a combination also killed
the worms [29]. Although the triad of neutrophils, macrophages and complement from
humans and mice can kill the worms, it is unknown if they use the same mechanism.

The goal of this study was to determine the role of ETs from humans and mice in the killing
of S. stercoralis larvae. It was hypothesized that ETs serve as a mechanism to trap or impede
larval movement allowing immune cells to migrate to the microenvironment of the worm
and kill it. In vitro assays demonstrate that ET formation is required for human neutrophils,
macrophages and complement to kill the worms but not for the mouse triad to kill the
parasite. However, in vivo results demonstrate that mice do produce ETs in response to
infection with S stercoralisand NETS are associated with trapping and killing the parasites
in vivo.

2. Materials and methods

2.1. Mice and parasites

Wild type C57BL/6J mice, 6-8 weeks old, were purchased from Jackson Laboratory (Bar
Harbor, ME). Mice were housed in ventilated cages in a pathogen-free facility at Thomas
Jefferson University (Philadelphia, PA). All experiments were in compliance with the
guidelines set forth by the Institutional Animal Care and Use Committee at Thomas
Jefferson University. S stercoralis infective larvae (L3) were obtained from cultures made
with the stool of infected laboratory dogs housed at the University of Pennsylvania School
of Veterinary Medicine. The larvae were collected as previously described [30] and washed
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five times in NI medium (1:1 mixture of NCTC-135 and Iscove’s modified Dulbecco’s
media, Sigma, St. Louis, MO) supplemented with 100 U/ml penicillin plus 100 ug/ml
streptomycin (Corning Cellgro, Manassas, VA), 0.1 mg/ml gentamicin (Life Technologies,
Grand Island, NY), and 0.25 mg/ml levofloxacin (Ortho-McNeil, Raritan, NJ).

2.2. Macrophage culture and differentiation

Human macrophages were generated as previously described [29] from CD34~ negative
stem cell fractions. Briefly, the CD34~ fractions were lysed of erythrocytes, using lysis
buffer (BD Biosciences, San Jose, CA), prior to monocyte adherence for 2 h at 37 °C on
tissue culture treated petri dishes. The plates were then gently washed to remove
nonadherent cells and the monocytes were allowed to mature into macrophages in medium
containing 5% human serum (Cedarlane, Burlington, NC) and 20 ng/mL of human M-CSF
(eBiosciences, San Diego, CA). The macrophages were harvested for in vitro experiments
on day 7 using TrypLE (Life Technologies). All human studies were in compliance with the
guidelines set forth by the Institutional Review Board at Thomas Jefferson University.
Murine macrophages were cultured as previously described [29] by isolating bone marrow
from the femurs and tibias of naive mice. Erythrocytes were eliminated from the single-cell
suspension by hypotonic lysis, and cells were cultured in DMEM containing L-glutamine
supplemented with 25% heat inactivated fetal bovine serum (Hyclone, Thermo Fisher
Scientific, Waltham, MA), 25% L929 cell (ATCC, Manassas, VA) conditioned medium as a
source of macrophage colony-stimulating factor [31], sodium pyruvate, 100 U/ml penicillin
plus 100 pg/ml streptomycin, and 50 uM 2-ME. Medium was replaced on day 3 and
macrophages were harvested for in vitro experiments on day 5.

2.3. Neutrophil isolation

Human neutrophils were isolated from the blood of healthy donors as previously described
[29]. In brief, the blood was layered on a Lympholyte-poly column (Cedarlane, Burlington,
NC), following centrifugation the neutrophil layer was collected and lysed of contaminating
erythrocytes resulting in neutrophil purity of greater than 90%. Murine neutrophils were
isolated as previously described [28] by harvesting bone marrow from the femurs, tibias and
humeri of C57BL/6J mice. The cells were resuspended in a 45% Percoll solution and
layered onto a Percoll gradient column of 80% and 62% Percoll. The cell layer between the
80% and 62% Percoll interface was then incubated with anti-B220 and anti-Thy1.2 MACS
beads (Miltenyi Biotec, Auburn, CA) prior to negative selection using MACS LS columns
(Miltenyi Biotec). To eliminate monocytes, the cells were plated on untreated dishes for 1 h
at 37 °C in RPMI supplemented with 10% (FBS) (Corning Cellgro). The nonadherent cells
were removed and the percentage of neutrophils determined. The purity of the neutrophil
preparations was typically greater than 95%.

2.4. In vitro killing assay

Human or mouse neutrophils (4 x 10%) and macrophages (1 x 10%) were plated in 96-well
plates with 50 larvae with fresh or frozen autologous serum (25% total volume). In vitro
assays were performed for 48 h (for human cells) and 24 h (for mouse cells). DNase |
(Worthington, Freehold, NJ) was added to select wells at the start of each experiment at a
concentration of 100 U/mL. Larval survival was determined based on morphology and
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motility of larvae. The viability of neutrophils and macrophages, not found within the
fibrous network, from the in vitro killing assays were uniformly greater than 90% [29].

2.5. Visualization of extracellular DNA

Human neutrophils (2 x 106) were plated overnight on glass bottom microwell dishes
(MatTek, Ashland, MA) coated with 50 pug/ml poly-L lysine. After 2 h of incubation with
1000 dead larvae, the neutrophils were fixed with 4% paraformaldehyde for 15 min. Dead
larvae were used as movement of live larvae disrupted the fine structure of NETS in the
assay. The neutrophils were then washed with PBS, and stained for 1hr with rabbit
polyclonal anti-histone 3 (Abcam, Cambridge, MA) and mouse monoclonal anti-MPO
(Santa Cruz Biotechnology, Dallas, TX) primary antibodies in blocking buffer (20% goat
serum and 5 mg/ml BSA in PBS). Following several washes with PBS, the cells were
incubated with Hoechst (Life Technologies), goat anti-mouse AlexaFluor594- and goat anti-
rabbit AlexaFluor488-conjugated antibodies (Life Technologies) for 1 h. The coverslips
were then washed and the presence of NETs was analyzed on a Zeiss LSM 510 Meta
Confocal Laser Scanning Microscope (Carl Zeiss, Oberkochen, Germany). Image analysis
was performed using ImageJ (NIH, Bethesda, MD).

2.6. Quantification of extracellular DNA

Human and mouse neutrophils (1 x 10°) were cultured with normal or heat inactivated (56
°C/30 min) human or mouse serum and stimulated with 100 larvae or 100 nM phorbol
myristate acetate (PMA) for 3, 6, 24 and 48 h in vitro. The culture supernatants were
collected and the extracellular DNA was quantified using the Quant-iT PicoGreen® dsDNA
Assay kit (Life Technologies), following manufacturer instructions. Samples were cultured
with the PicoGreen reagent (1:1 dilution) for 5 min. The samples were measured with a
spectro-fluorometer at 480 nm excitation and 520 nm emission. A DNA standard curve was
used to determine the concentration of Free DNA from in vitro and in vivo samples. In vivo
extracellular DNA was measured following injection of NI culture medium or 10,000 live
larvae into the peritoneal cavity of naive C57BL/6J mice. Peritoneal lavages were performed
3 h after the larvae were injected; lavage fluids were centrifuged prior to PicoGreen assay.

2.7. Light and immunofluorescence microscopy

Neutrophils and larvae were cultured in vitro for 24 h and imaged using a light microscope
or Zeiss Axiovert 200M inverted microscope with environmental chamber (Carl Zeiss). The
movie was imaged during the final 2 min of a 10 min incubation with 100 U/ml DNase I.
Immunofluorescent imaging of Sytox Green stained clots were performed by fixing
diffusion chamber contents in 2% para-formaldehyde (PFA) followed by staining in 1:1000
fold dilution of Sytox Green according to manufacturer instructions. Diffusion chamber
contents were placed in 8-well chamber slides (LabTek, Scotts Valley, CA) and images were
acquired using an Andor/Nikon TiE inverted microscope with PFS for image stability
control (Nikon, Melville, NY) at room temperature and MetaMorph v7.6.5 software
(Molecular Devices, Sunnyvale, CA).
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2.8. Diffusion chambers

Diffusion chambers were constructed as previously described [28]. Briefly, cell
impermeable diffusion chambers were constructed using 0.1 pm-pore-size membranes glued
to 14 mm Lucite rings (Millipore, Billerica, MA). Cell impermeable chambers containing 50
larvae and mouse neutrophils (2 x 10%), as indicated, were surgically implanted
subcutaneously in the dorsal flank of naive mice. All surgical procedures were performed on
mice anesthetized with isoflurane (Webster Veterinary, Webster, NY).

2.9. Statistics

In vivo experiments consisted of at least 5 mice per group, unless otherwise stated, and
independent experiments were performed at least twice, with each experiment having
similar outcomes. Data are presented as mean + standard deviation. Statistical analysis was
by multivariate general linear hypothesis ANOVA using the SYSTAT (version 11) software
(Systat Software Inc, Chicago, IL). Fisher’s least significant difference test was performed
for post hoc analysis, and probability values less than 0.05 were considered significant.

3. Results

3.1. Human neutrophils release NETs following exposure to larvae of S. stercoralis

Dead larvae were cocultured with human neutrophils for 2 h and then stained with Hoechst
to label DNA to determine if S. stercoralis was capable of inducing NETs. Confocal
microscopy revealed the release of DNA from S stercoralis-stimulated human neutrophils
(Fig. 1, Hoechst). To further characterize the NETS, extracellular DNA was labeled for
histone and the granular protein MPO. Similar to those induced by bacteria [1], the NETs
released from human neutrophils cocultured with S. stercoralis also stained positive for both
MPO and histone (Fig. 1, MPO and Histone).

The capacity of human neutrophils to release NETSs following exposure to the S. stercoralis
larvae was further evaluated by in vitro stimulation of human neutrophils with live larvae or
PMA for 3, 6, 24 and 48 h in the presence or absence of active complement components.
Neutrophils exposed to live larvae triggered a rapid and significant NET release after only 3
h of stimulation (Fig. 2A). The level of free DNA released into the culture supernatant by
neutrophils exposed to larvae remained elevated throughout the course of the experiment.
Free DNA release by neutrophils stimulated with PMA increased overtime until 24 h, when
the DNA levels in the supernatant were equivalent to levels from larval exposed neutrophils.
Furthermore, the release of free DNA following both larvae and PMA stimulation occurred
irrespective of complement activity.

Observation of cultures with human neutrophils exposed to live larval S. stercoralis revealed
that within 24 h distinct clot-like structures were clearly visible without magnification (Fig.
2B-i). Live larvae could be seen moving within the clots (Supplemental Fig. 1S, Movie).
Examination of the neutrophil-derived clots by fluorescent microscopy revealed positive
staining with the cell impermeable DNA dye Sytox Green (Fig. 2B-iii—iv), which stains the
extracellular DNA backbone on NETS [1]. To confirm that the clots were indeed NETS the
clots containing larvae were treated with DNase | to disrupt the DNA [1]. After 10 min of
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exposure to DNase I, the clots dissolved, releasing the trapped larvae (Fig. 2B-ii and
Supplemental Fig. 1S, Movie), demonstrating that human neutrophils extrude DNA, in a
manner consistent with NETS, which trap live larvae in vitro. These findings indicate that S.
stercoralis larvae induce human neutrophils to release NETS that ensnare larvae in vitro.

Supplementary video related to this article can be found at http://dx.doi.org/10.1016/
j-micinf.2014.02.012.

3.2. Human ETs are required for larval killing by neutrophils and macrophages in vitro

Purified human neutrophils and macrophages collaborate to kill 90% of larvae when
cultured in the presence of complement from normal human serum. Culture with only
neutrophils or macrophages did not kill the larvae. The role of human ET formation during
the in vitro larval killing process was examined by treating cultures with DNase | to dissolve
the NETs. Addition of DNase | to human neutrophils and macrophages in vitro resulted in
only 20% killing of larvae (Fig. 3A). Culture well supernatants were examined using
PicoGreen assays to detect free DNA as an indicator of ET formation. Wells with larvae,
where neutrophils and macrophages were cultured individually or in combination, had
significant levels of free DNA. The quantity of free DNA was significantly lower in cultures
where killing by the combination of macrophages and neutrophils was blocked by DNase |
treatment (Fig. 3B). These findings demonstrate that ETs are vital to the in vitro larval
killing mechanism used by human neutrophils and macrophages and that both neutrophils
and macrophages release DNA. Furthermore, it appears that ETs ensnare the parasites
thereby facilitating the larval killing process by human neutrophils, macrophages and
complement.

3.3. Mouse NETSs are not required for larval killing by neutrophils and macrophages in vitro

Neutrophils were isolated from the bone marrow of naive mice and placed in culture with
larvae of S stercoralis. Unlike human neutrophils, mouse neutrophils did not form visible
clots in vitro. When mouse neutrophils were cultured with larvae or PMA for 3, 6, 24 and 48
h, the amount of free DNA for both larvae and PMA stimulated cells were equivalent and
increased overtime (Fig. 4A). As with human neutrophils, complement activity had no effect
on the release of free DNA by mouse neutrophils in vitro. Thus, mouse neutrophils like
human neutrophils, are induced by live S. stercoralis larvae to release NETS.

DNase | treatment was used to evaluate the requirement for mouse NETSs during the in vitro
larval killing process. The combination of mouse neutrophils, macrophages and complement
resulted in larval killing in vitro; however, addition of DNase | to the cultures containing
both neutrophils and macrophages did not reduce the killing capacity of the cells (Fig. 4B).
Examination of the supernatants from the in vitro killing assay revealed that mouse
neutrophils cultured with larvae released a significant amount of free DNA, whereas
macrophages did not release measurable levels of free DNA. The quantity of free DNA
measured from mouse neutrophils cultured with larvae was equivalent to the levels recorded
using the same number of human neutrophils. Free DNA in wells containing both cell types
was completely ablated following DNase | treatment, yet larval killing was not affected (Fig.
4C). Therefore, based on the presence of visible clots in culture wells with human but not

Microbes Infect. Author manuscript; available in PMC 2015 June 01.


http://dx.doi.org/10.1016/j.micinf.2014.02.012
http://dx.doi.org/10.1016/j.micinf.2014.02.012

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bonne-Année et al.

Page 7

mouse cells, human neutrophils produce ETs that are phenotypically different from NETSs
produced by murine neutrophils, while having equivalent amounts of DNA released from
both cell sources. Human macrophages release ETs in vitro whereas mouse macrophages do
not release measurable levels of ETs in vitro. Finally, the larval killing mechanism used by
mouse macrophages and neutrophils in vitro occurs independently of NET formation while
human cells require ET formation to kill the larvae in vitro.

3.4. Mice develop both ETs and NETs following exposure to S. stercoralis larvae in vivo

Experiments were performed to determine the role of ETs and NETS in response to larval S
stercoralis in vivo. Naive mice were infected with live larvae and examined for the release
of extracellular DNA to quantify ET release in vivo. Sterile culture medium or larvae were
injected into the peritoneal cavity of naive mice and after 3 h the peritoneal lavage fluid was
examined for extracellular DNA using a PicoGreen assay. Examination of the peritoneal
exudate cells following intraperitoneal injection of live L3 revealed an approximate 10 fold
increase in influx of neutrophils into the peritoneal cavity after 4 h. Increased free DNA was
detected in the peritoneal cavities of mice infected with larvae, suggesting that infection
with S stercoralisinduces ETs in vivo (Fig. 5A).

Neutrophils isolated from naive mice were utilized to examine NET formation during
parasite killing in vivo. Cell impermeable diffusion chambers containing: (1) culture
medium, (2) larvae or (3) larvae and bone marrow isolated neutrophils were implanted in
naive mice for 3 days. The diffusion chamber contents were assessed for larval survival and
NET formation. Neutrophils within the diffusion chamber killed larvae resulting in a 59%
reduction in larval survival (Fig. 5B). Visible clots did not form in implanted diffusion
chambers that contained only culture medium (data not shown). However, small clots
formed in implanted diffusion chambers containing larvae alone. Examination of the clots
using fluorescent microscopy revealed positive staining for Sytox Green indicating release
of ETs in vivo that entered through the pores of the diffusion chamber membranes. Finally,
clots isolated from diffusion chambers where neutrophils were in contact with the larvae and
killed them, stained more intensely for Sytox Green than clots from diffusion chambers that
contained only larvae (Fig. 5C). Of note, the majority of the live worms were found trapped
within the clots in these diffusion chambers. The Sytox Green staining pattern of clots
recovered from in vivo was different from clots that developed in vitro. In vitro derived clots
were uniformly stained with Sytox Green whereas in vivo derived clots had patches of Sytox
Green staining. DNase | treatment of the in vivo derived clots did not dissolve the clots as it
did with the in vitro derived clots. These observations suggest that the in vivo derived clots
were composed of ETs in combination with other host-derived factors.

4. Discussion

The objective of this study was to determine if release of ETs by human and mouse cells
would serve as a mechanism for ensnaring and killing large and highly motile nematode
parasites. The release of extracellular DNA by human neutrophils was confirmed by
visualization of cellular clots comprised of extracellular DNA, which disintegrated
following DNase | treatment. The colocalization of DNA, histone and MPO following
exposure of neutrophils to the larvae of S stercoralis indicate the presence of NETS which
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are structurally similar to NET induction by bacteria, fungi and protozoa [1,14,18]. Despite
the induction of NETs by human neutrophils the NET based clots trapped but did not kill the
parasite. The larval killing process by human cells in vitro requires the presence of multiple
immune components including neutrophils, macrophages and complement [29]. This
confirms previous reports that culture of S. stercoralis larvae with either human neutrophils
or monocytes alone lead to cell adherence but not parasite death [31]. Human neutrophils
rapidly release NETs when exposed to worms in vitro, independent of complement activity.
Interestingly, ETs were also quantified in culture wells where larvae were cultured with
macrophages, yet killing only occurred when neutrophils, macrophages and complement
were present. Therefore, both human neutrophils and macrophages are required for killing
the larvae of S stercoralis through a mechanism dependent on ET formation. The relative
importance of the contributions of neutrophils and macrophages to ET formation remains
unknown.

In vitro experiments were performed to determine whether cells from mice would
recapitulate the results obtained with human neutrophils and macrophages. As with human
cells, killing of larvae in vitro requires murine neutrophils, macrophages and complement, as
previously reported [29]. In vitro exposure of mouse neutrophils to larvae resulted in NET
release that was also independent of complement activity. Culture of larvae with neutrophils
alone did not result in a visible clot although there was measurable DNA release. Unlike
human macrophages, culture of larvae with murine macrophages did not result in
measurable DNA release. Treatment with DNase | eliminated the presence of released DNA,
but did not block killing of the larvae by mouse neutrophils and macrophages in vitro. This
observation suggests that in contrast to human neutrophils and macrophages, mouse cells do
not require ET formation in vitro to kill the worms. Thus, although human and mouse
neutrophils, macrophages and complement kill the larvae, the mechanism used by this triad
appears to be different in mice and humans.

There are several possible reasons for the discrepancy between the results obtained with
human and mouse cells. There may be fundamental differences in the biology of human and
mouse cells that is manifest in how they respond to pathogens. Alternatively, the data may
reflect the ability of neutrophils from different sources to release NETs. Mouse neutrophils
were isolated from the bone marrow of naive mice reflecting a more immature activation
state as compared to peripheral human neutrophils which were isolated from the blood of
healthy uninfected donors [29]. Likewise, the macrophages used in the human and mouse
studies may have been in different activation states, which might explain why human
macrophages produced ETs while mouse macrophages did not. Finally, multiple killing
mechanisms have been described for the larvae of S stercoralisin the mouse primary and
secondary responses [23]. It is unknown if similar redundancies occur in the human
protective immune response, although the fact that humans are susceptible to the infection
suggests that humans will have a limited repertoire of killing mechanisms. The redundancy
in Killing responses found in mice may mask the capacity of ETs to participate in Killing the
larvae. Thus, ETs may function in killing the larvae but are not required in vitro for killing
the worms.
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Experiments were performed in mice to determine whether ETs formed in vivo in response
to infection with S. stercoralis. It was hypothesized that while ETs were not required for
mouse cells to kill the parasite in vitro, the culture conditions may have obscured a role that
ETs may play in control of the infection in vivo. Mice infected with S. stercoralis larvae
developed a significant increase in free DNA in the peritoneal cavity within 3 h after larval
infection. The modest increase in free DNA released by mock infected mice may be the
result of nonspecific NET release in response to the needle stick which alone is sufficient to
elicit a swarming response by neutrophils [32]. Release of ETs in the peritoneal cavity of
infected mice was likely produced by neutrophils, as they are the dominant cell type in the
peritoneal cavity at this time point [33]. However, the ability of eosinophils, basophils,
monocytes/macrophages and mast cells [3,4,34] to produce extracellular traps following
exposure to larvae remains a possibility.

To further test the role of NETS in Kkilling larvae in vivo, mouse neutrophils were implanted
with S stercoralis larvae in diffusion chambers in vivo. The diffusion chambers were cell
impermeable; cells on the inside could not leave and cells on the outside of the diffusion
chamber could not enter. Diffusion chambers that contained neither larvae nor cells did not
develop visible clots, demonstrating that surgical implantation of diffusion chambers did not
induce ET formation. Diffusion chambers containing larvae alone had small visible clots
that stained positive for extracellular DNA indicating that ETs entered through the pores of
the diffusion chamber. Chemotactic studies have demonstrated that a soluble extract of
larval S. stercoralis directly recruits neutrophils in a CXCR2 [26] and Gai2 [25] dependent
manner. Neutrophils may have been attracted to soluble parasite material that diffused out of
the diffusion chamber and in response underwent ETosis giving rise to ETs that entered the
diffusion chamber. Examination of the contents of diffusion chambers containing both
neutrophils and larvae showed larval Killing, as previously reported [24]. More intense
staining of extracellular DNA in clots was associated with diffusion chambers containing
neutrophils and larvae where parasite killing occurred, which suggests an association
between mouse NETSs and parasite killing in vivo. This conclusion was supported by the
observation that the majority of live worms recovered from these diffusion chambers, were
not in the fluid, but rather were trapped within a fibrous network.

Killing larval S stercoralis unlike bacteria or fungi presents two critical challenges to the
cells of the immune system. The first challenge is that the infective larvae of S. stercoralis
migrate through tissue at a rate of 10 cm/h [35,36], 20 times faster than neutrophils, which
migrate through skin at 0.5 cm/h [32]. The second challenge is that there is an enormous
disparity between the size of S. stercoralis infective larvae, 500-570 pum [37], and that of
neutrophils and macrophages which range from 8 to 12 pm [38] to 12-22 um [39], making
phagocytosis impossible. The rapid release of NETs by human neutrophils exposed to live
and dead larvae may represent a solution to both challenges. Invading infective larvae
induce the release of NETS, which trap free parasites for killing by cells of the innate
immune response, independent of phagocytosis [23,29].

Results obtained using human neutrophils in vitro demonstrate that NETs trap the worms,
but do not kill them. NETS entrapping pathogens without killing them have been observed in
L. donovani [19], Plasmodium fal ciparum [40], Mycobacterium tuberculosis [41], T. gondii
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[20] and Streptococcus species [42]. We therefore hypothesize that killing larvae of S
stercoralis by the innate immune response is initiated by neutrophils that are recruited
directly to the parasite [26] and induced to release NETSs. The live parasites are trapped
within the NETS, which completely blocks their ability to migrate away from danger. Cells,
including macrophages, neutrophils and eosinophils, undergo chemotaxis to the worms and
upon contact or close proximity release toxic molecules such as major basic protein from
eosinophils or myeloperoxidase from neutrophils [28] onto the immobilized worms.

In conclusion, the current study demonstrates that human and mouse neutrophils release
NETS following exposure to S. stercoralis. Human NETS ensnare the parasite and facilitate
killing by human neutrophils and macrophages. Mice produce ETs in response to infection
with S stercoralisand NETS are associated with trapping and killing of the worms. This
study indicates that ETs, in particular NETS, play a role in the control of the large
extracellular parasite S. stercoralis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Human neutrophils release NETSs following exposure to S stercoralis larvae. Human

neutrophils (2 x 10%) were exposed to 1000 dead larvae for 2 h at 37 °C. Cells were labeled
with Hoechst (Blue) for DNA, anti-MPO (Red) and anti-histone (Green) to visualize NETSs.
Inserts on the right depict an enlarged NET co-labeled with Hoechst, anti-MPO, and anti-
histone. Scale bar = 20 um.
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Fig. 2.
Human neutrophils release NETS that trap the larvae of S, stercoralis. A) Human neutrophils

(1 x 10°) were stimulated ex vivo with 100 larvae (L3) or PMA in the presence of
autologous human serum as a complement source (C’) or heat inactivated serum for 3, 6, 24
and 48 h. The culture supernatants were analyzed for extracellular DNA using the
PicoGreen assay. Data are shown as mean + SD. B) Human neutrophils, larvae and
autologous human serum were cocultured for 24 h in vitro. Cultures revealed live larvae
trapped within clots in wells containing only PMN and L3 (i, iii). The resulting clots were
then extracted and stained with Sytox Green, a cell impermeable DNA dye, to visualize
NET formation using a fluorescent microscope for Bright-field and fluorescent DNA
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(Green), (iv). Scale bars = 100 um for (iii—iv). The larvae containing clots completely
dissolved within 10 min of treatment with 100 U/ml of DNase | (ii). Scale bars = 6 mm for

(i-ii).
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Fig. 3.
NETS are required for larval killing by human neutrophils in vitro. A) Human macrophages

(Me) and neutrophils (PMN) cultured in vitro with 50 larvae (L3) for 48 h. The cultures
were treated with 100 U/ml of DNase I to block NET formation and assessed for larval
killing. Data are shown as mean £ SD. *, p < 0.001 when compared with all other groups. B)
Supernatants from the in vitro assay were analyzed for extracellular DNA using the
PicoGreen assay. Data are shown as mean + SD. *, p < 0.001 compared to L3 alone group or
** p<0.001 compared to the L3 + PMN + M¢ group. Each group was performed in
triplicate for at least two independent experiments.
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Fig. 4.

Mouse NETSs are not required for larval killing in vitro. A) Mouse neutrophils (1 x 10°)
were stimulated ex vivo with 100 larvae (L3) or PMA in the presence of mouse serum as a
complement source (C’) or heat inactivated serum for 3, 6, 24 and 48 h. The culture
supernatants were analyzed for extracellular DNA using the PicoGreen assay. Data are
shown as mean £ SD. B) Mouse bone marrow-derived macrophages (M) were cultured
with neutrophils (PMN) and 50 larvae (L3) for 22 h. The cultures were treated with 100
U/ml of DNase | to degrade NETSs and assessed for larval killing. Data are shown as mean +
SD. *, p < 0.01 when compared with wells containing L3 alone. C) Supernatants from the in
vitro assay were analyzed for extracellular DNA using the PicoGreen assay. Data are shown
as mean + SD. *, p < 0.001 compared to L3 alone group or **, p < 0.001 when compared to
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wells with Mo and PMN but not treated with DNase |. Each group was performed in
duplicate for at least two independent experiments.
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Fig. 5.

Mice release both ET and NETSs following exposure to S. stercoralis larvae in vivo. A)
Naive C57BL/6J mice were injected with medium or 10,000 larvae in the peritoneal cavity
(infected) and subjected to peritoneal lavages after 3 h. The peritoneal lavage fluid was
measured for extracellular DNA using the PicoGreen assay. Data displayed as mean + SD,
where n = 3 mice per group, representative of at least three independent experiments. Data
are shown as mean + SD. *, p < 0.04 when compared to mice injected with medium. B)
Neutrophils (PMN) (2 x 106) were isolated from naive C57BL/6J mice and 50 larvae (L3)
were placed in cell impermeable diffusion chambers, with a 0.1 um pore-size membrane.
The chambers were then implanted into naive WT mice for 3 days at which time larval
survival was assessed. Data are shown as mean + SD. *, p < 0.001 when compared to L3
alone control. C) Fluorescent images of Sytox Green stained clots taken from diffusion
chambers containing L3 or L3 + PMN. Scale bars = 40 um.
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