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Amoebiasis, the disease caused by Entamoeba histolytica is the third leading cause of
human deaths among parasite infections. E. histolytica was reported associated with
around 100 million cases of amoebic dysentery, colitis and amoebic liver abscess that
lead to almost 50,000 fatalities worldwide in 2010. E. histolytica infection is associated
with the induction of inflammation characterized by a large number of infiltrating
neutrophils. These neutrophils have been implicated in defense against this parasite, by
mechanisms not completely described. The neutrophil antimicrobial mechanisms include
phagocytosis, degranulation, and formation of neutrophil extracellular traps (NETSs).
Recently, our group reported that NETs are also produced in response to E. histolytica
trophozoites. But, the mechanism for NETs induction remains unknown. In this report we
explored the possibility that E. histolytica leads to NETs formation via a signaling pathway
similar to the pathways activated by PMA or the Fc receptor FcyRlllb. Neutrophils
were stimulated by E. histolytica trophozoites and the effect of various pharmacological
inhibitors on amoeba-induced NETs formation was assessed. Selective inhibitors of
Raf, MEK, and NF-kB prevented E. histolytica-induced NET formation. In contrast,
inhibitors of PKC, TAK1, and NADPH-oxidase did not block E. histolytica-induced NETs
formation. E. histolytica induced phosphorylation of ERK in a Raf and MEK dependent
manner. These data show that E. histolytica activates a signaling pathway to induce NETs
formation, that involves Raf/MEK/ERK, but it is independent of PKC, TAK1, and reactive
oxygen species (ROS). Thus, amoebas activate neutrophils via a different pathway from
the pathways activated by PMA or the IgG receptor FcyRilllb.
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INTRODUCTION

Entamoeba histolytica is a protozoan parasite with high prevalence in developing countries
(Verkerke and Petri, 2012; Tellevik et al., 2015; Ghenghesh et al., 2016). Amoebiasis, the disease
caused by E. histolytica affects the intestine and the liver, and is the third leading cause of human
deaths among parasite infections (Walsh, 1986; Lozano et al., 2012). In this context, E. histolytica
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was found responsible for about 100 million cases of amoebiasis
that led to some 50,000 global deaths in 2010 (Mortimer
and Chadee, 2010). Although there is growing understanding
of the immune response against amoebas, a full solution to
amoebiasis is still needed (Moonah et al., 2013; Nakada-Tsukui
and Nozaki, 2016; Cornick and Chadee, 2017). E. histolytica
infection of the intestine or liver is associated with a strong
inflammation characterized by a large number of infiltrating
neutrophils (Prathap and Gilman, 1970; Tsutsumi et al., 1984;
Tsutsumi and Martinez-Palomo, 1988; Espinosa-Cantellano and
Martinez-Palomo, 2000). Usually, large numbers of neutrophil
are seen surrounding trophozoites. Yet, amoebas do not seem to
be damaged by this interaction. Neutrophils have been implicated
in defense against this parasite playing a crucial protective role
(Seydel et al., 1997; Velazquez et al., 1998; Jarillo-Luna et al., 2002;
Asgharpour et al., 2005; Estrada-Figueroa et al., 2011). However,
neutrophils and other leukocytes have also been reported as
major inducers of tissue damage during intestinal and liver
amoebiasis (Salata and Ravdin, 1986; Pérez-Tamayo et al., 1991,
2006; Seydel et al., 1998; Olivos-Garcia et al.,, 2007; Dickson-
Gonzalez et al., 2009). Therefore, the role of neutrophils in this
parasitic infection remains controversial.

Neutrophils, the most abundant leucocytes in peripheral
blood, migrate from the circulation to sites of inflammation.
Typically, neutrophils are considered the first line of defense
because they are the first cells to arrive at the infected site,
and they present several antimicrobial functions (Deniset and
Kubes, 2014; Mayadas et al., 2014). Among these functions,
phagocytosis, degranulation, and formation of neutrophil
extracellular traps (NETs) are the most important (Brinkmann
et al, 2004; Yipp et al, 2012). NETs are formed by a
process known as “NETosis” that involves activation in
most cases of nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase, which produces reactive oxygen species
(ROS) (Fuchs et al, 2007; Bianchi et al., 2009; Remijsen
et al., 2011). NETs are fibers of DNA decorated with histones
(Neeli and Radic, 2012) and antimicrobial proteins, such as
elastase, myeloperoxidase, lactoferrin, and metalloprotease 9
(Brinkmann et al., 2004; Fuchs et al., 2007). NETs can block
the dissemination of microorganisms because they function
as a physical barrier where pathogens get caught, and get
also exposed to antimicrobial proteins. Consequently, NETs
can eliminate pathogens extracellularly and independently of
phagocytosis (Papayannopoulos and Zychlinsky, 2009). Several
human protozoan parasites have been reported to induce the
formation of NETs, including Leishmania amazonensis, L. major,
L. chagasi, Leishmania donovani (Guimaraes-Costa et al., 2009;
Gabriel et al., 2010; Hurrell et al., 2015), Toxoplasma gondii
(Abi Abdallah et al., 2012), and Trypanosoma cruzi (Sousa-
Rocha et al., 2015). Recently, E. histolytica trophozoites were
also demonstrated to induce NETs formation (Avila et al,
2016; Ventura-Juarez et al., 2016). Yet, the mechanism of NETs
induction by any of these parasites remains unknown. Although,
many microorganisms can induce NETs, no single receptor
for pathogen-associated molecular patterns (PAMPs) has been
identified as responsible for inducing this neutrophil response.
However, Toll-like receptors (TLRs) have been suggested to

participate (Yipp et al., 2012). Only two receptors for antibody
molecules are reported to be bona fide activators of NETS release
from human neutrophils, the IgA receptor FcaR (Aleyd et al.,
2014), and the IgG receptor FcyRIIIb (Behnen et al, 2014;
Alemadn et al., 2016a).

It was firstly published that signaling activated by phorbol 12-
myristate 13-acetate (PMA) in neutrophils for NETs formation
involves the Raf/ERK pathway (Hakkim et al., 2011) and requires
ROS produced by the NADPH-oxidase (Almyroudis et al,
2013). In contrast, we previously found that signaling activated
by the FcyRIIIb for NETs formation is different from the
pathway activated by PMA (Aleman et al, 2016a,b). For this
receptor, NETs formation is dependent on NADPH-oxidase, and
extracellular signal-regulated kinase (ERK) activation (Alemdn
et al., 2016a), and requires signaling through the kinases spleen
tyrosine kinase (Syk) and transforming growth factor-B-activated
kinase 1 (TAK1) (Alemédn et al., 2016b). These results emphasize
the recent recognized fact that NETs formation is induced
by different signaling pathways depending on diverse stimuli
(Kenny et al., 2017). In the case of parasitic pathogens, such as
E. histolytica, no receptor has been clearly identified as an inducer
of NETs, and nothing is known about the signaling pathway
activated by amoebas in neutrophils to induce NETs formation.
Therefore, in this report we investigated whether E. histolytica
leads to NETs formation via a signaling pathway that involves
ERK activation. Neutrophils were stimulated by E. histolytica
trophozoites and the effect of various pharmacological inhibitors
on amoeba-induced NETs formation was assessed. Selective
inhibitors of Raf, MEK, and NF-kB prevented E. histolytica-
induced NET formation. In contrast, inhibitors of PKC and
NADPH-oxidase, as previously reported, blocked PMA-induced
(Hakkim et al., 2011), but not E. histolytica-induced NET
formation. E. histolytica induced phosphorylation of ERK in a
Raf and MEK dependent manner. Also, NF-kB phosphorylation
was dependent on MEK. Our results indicate for the first time
that E. histolytica triggers a signaling pathway to induce NETs
formation, that involves Raf/MEK/ERK, but it is independent of
PKC, ROS, Syk, and TAK1. Thus, amoebas activate neutrophils
via a different pathway from the pathways activated by PMA or
the IgG receptor FcyRIIIb.

MATERIALS AND METHODS

Neutrophils

Neutrophils (PMN) were purified from blood exactly as
previously described (Garcia-Garcia et al., 2013). Adult healthy
volunteers provided a written informed consent before donating
blood. The Bioethics Committee at Instituto de Investigaciones
Biomédicas—Universidad Nacional Auténoma de México
(UNAM), approved the informed consent form, and all
experimental procedures.

Entamoeba histolytica

Entamoeba histolytica trophozoites (strain HMI1:IMSS) were
cultured axenically at 37°C in TYIS-33 medium supplemented
with 15% heat-inactivated adult bovine serum and Diamond
vitamin Tween® 80 solution (Sigma-Aldrich; St. Louis, MO)
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(Diamond et al., 1978). The cultures were incubated for 72h
and trophozoites were collected after cooling on ice for 5min
and then centrifuging at 300 x g for 5min at 4°C. The pelleted
trophozoites (amoebas) were resuspended in PBS.

Reagents

Bovine serum albumin (BSA) was from F. Hoffmann-La Roche
Ltd. (Mannheim, Germany). UO126, a specific MEK (ERK
kinase) inhibitor was obtained from Promega (Madison, WI,
USA). The antibiotic LLZ 1640-2 (also known as (5Z)-7-
Oxozeaenol; cas 66018-38-0) (catalog no. sc-202055), a specific
TAKI inhibitor, was from Santa Cruz Biotechnology (Santa
Cruz, CA). Wortmannin, a phosphatidylinositol 3-kinase (PI3K)
inhibitor; G66976, a protein kinase C (PKC) inhibitor; G66983,
another PKC inhibitor; SB 203580, a p38 MAP kinase inhibitor
(catalog number 559389); 4’,6-diamino-2-fenilindol (DAPI),
a cell-permeable DNA-binding dye (catalog no. 268298); and
3-(1-methyl-1H-indol-3-yl-methylene)-2-o0xo0-2,3-dihydro-
1H-indole-5-sulfonamide (iSyk), a Syk inhibitor (catalog no.
574711) were from Calbiochem/EMD Millipore (Billerica,
MA). The cOmplete™ protease inhibitor cocktail (catalog
no. 11697498001) and PhosSTOP™ phosphatase inhibitor
cocktail (catalog no. 04906845001) were from Roche Diagnostics
(Basel, Switzerland). Dihydrorhodamine 123 (catalog no.
AS-85711) was from AnaSpec, Inc. (Fremont, CA, USA),
and Dihydroethidium (catalog no. 12013) was from Cayman
Chemical (Ann Arbor, MI, USA). Diphenyleneiodonium
chloride (DPI), an NADPH-oxidase inhibitor (catalog no.
D2926); (E)-3-[4-methylphenylsulfonyl]-2-propenenitrile (BAY
117082), an NF-kB inhibitor (catalog no. B5556); 3-(3,5-
dibromo-4-hydroxybenzyliden)-5-iodo-1,3-dihydroindol-2-one
(GW5074), a cRafl kinase inhibitor (catalog no. G6416);
phorbol 12-myristate 13-acetate (PMA) (catalog no. P8139),
and all other chemicals were from Sigma-Aldrich (St. Louis,
MO). The following antibodies were used: rabbit polyclonal
anti-histone H4 (acetyl K12) antibody (catalog No. ab61238),
and rabbit polyclonal anti-citrulline antibody (catalog No.
ab100932) from Abcam, Inc. (Cambridge, MA). Monoclonal
antibody IgG2a (IB4) anti-integrin P2 (catalog no. sc-65254),
mouse monoclonal IgG2a anti-phospho-ERK 1/2 (pTyr204)
(catalog no. sc-7383), mouse monoclonal IgGl anti-NF-kB
p50 subunit (catalog no. sc-8414), and rabbit polyclonal anti
phospho-NF-kB p50 subunit (pSer337) (catalog no. sc-33022)
from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal
antibody IgG1 (3G8) anti-human CD16 (catalog no. 556617),
and R-phycoerythrin (PE)-conjugated monoclonal antibody
IgG2a (clone CLB-granl 1.5) anti-human CD16b (catalog
No. 550868) were from BD Pharmingen™ (San Diego, CA).
Tetramethylrhodamine (TRITC) conjugate ZyMax™ goat
anti-rabbit IgG (catalog No. 81-6114) was from Thermo Fisher
Scientific (Carlsbad, CA). Rabbit monoclonal IgG anti-ERK 1/2
(catalog no. 4695) was from Cell Signaling Technology, Inc.
(Beverly, MA). HRP-conjugated F(ab’), goat anti-mouse IgG
(catalog No. 0855572), and HRP-conjugated F(ab’), goat anti-
rabbit IgG (catalog No. 0855686) were from MP Biomedicals
(Santa Ana, CA).

NET Formation Assay

Neutrophils (2.5 x 10°) in 500 wl RPMI-1640 medium (Gibco®;
Grand Island, NY) were added to each well of a 24-well plate
(Costar® 3524; Corning Inc., Corning, NY), and incubated in a
humidified incubator with 5% CO, at 37°C for 30 min. Then 100
ul of 120 nM PMA in PBS, or 100 wl an E. histolytica suspension
(1.25 x 10° cell/ml) were added to each well. The amoeba to
neutrophil ratio was 1:20, as determined previously (Avila et al.,
2016). Plates were incubated in 5% CO, at 37°C for 4 h. Next,
600 ] of 2% paraformaldehyde in PBS were gently added to each
well, and the plates were incubated overnight in 5% CO; at 37°C.
The fixative was removed by very gentle aspiration at the side
of the well, and then the cells were stained with 150 nM DAPI
in PBS for 30 min at room temperature. Finally, the plates were
observed with a fluorescence inverted microscope model IX-70
from Olympus (Center Valley, PA). Images were captured with
an Evolution-VF Cooled Color camera from Media Cybernetics
(Rockville, MD), and the computer program Q Capture pro 6.0
from QIMAGING Surrey (British Columbia, Canada). Images
were processed with the computer program Image] 1.47v from
The National Institutes of Health (Bethesda, MD).

In selected experiments, PMN were incubated on ice for
30 min before stimulation, with the inhibitors: G66983 (1 M),
G66976 (1pM), GW5074 (100 uM), UO126 (75uM), DPI
(Io0pM), BAY 117082 (5pM), iSyk (1wM), antibody IB4
(10 pg/ml), Wortmannin (50nM), LLZ 1640-2 (10nM), SB
203580 (200nM), or the vehicle dimethyl sulfoxide (DMSO)
alone.

Immunofluorescence

For NETs staining, neutrophils (2 x 10°) were incubated with
E. histolytica trophozoites (1 X 10%) in 200 pl RPMI-1640
medium (Gibco®; Grand Island, NY) using Lab-Tek™ chamber
slides from Thermo Fisher Scientific (Rockford, IL). After 1h,
cultures were fixed with 4% formaldehyde for 10 min, then fixed
cells were permeabilized with 0.2% Triton X-100 in PBS for
5 min, and washed three times with PBS. Cells were next blocked
with 1% BSA, 0.3 M glycine, 0.1% Tween 20 in PBS for 30 min at
37°C, and then incubated with anti-histone H4 or anti-citrulline
antibodies diluted 1/100 in 1% BSA, 0.1% Tween 20 in PBS
during 1h at room temperature. Next, cells were gently washed
with cold PBS and incubated in the dark with TRITC-conjugated
goat anti-rabbit IgG antibody diluted 1/50 in the same solution
for 1h at room temperature. Cells were finally washed with PBS
and stained with 150 nM DAPI. Coverslips were mounted with
Fluoroshield before observation in a fluorescence Olympus BX51
microscope.

Live Cell Imaging Quantification of NETs

NETs formation was quantitated by live imaging and an offline
analysis similarly to previous reports (Hoffmann et al., 2016;
van der Linden et al, 2017). Neutrophils (2.5 x 10°) were
incubated in 250 pl RPMI-1640 medium containing 500 nM
SYTOX® Green in each well of a 48-well tissue culture plate
(Costar® 3548; Corning Inc., Corning, NY). The plate was
incubated for 20 min at 37°C in the dark, and then E. histolytica
trophozoites (1.25 x 10*) were added in 50 pl to each well. The
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amoeba to neutrophil ratio was 1:20. NET release was monitored
with an Olympus fluorescence inverted microscope during a
period of 240 min. Images were captured every 5min with an
Evolution-VF Cooled Color camera from Media Cybernetics
(Rockville, MD), and the computer program Q Capture pro 6.0
from QIMAGING Surrey (British Columbia, Canada). Image
files were saved in tiff format and converted to 8-bit grayscale.
Images were processed with the computer program Fiji (version
2.0.0-rc-65/1.52b) (Schindelin et al., 2012). This method for
NET quantification is based on previously described protocols
(Brinkmann et al., 2013; Hoffmann et al., 2016; van der Linden
et al, 2017). Briefly, scale was set and threshold adjusted to
define the area of fluorescent DNA. Then the area of NETs was
measured using the tool “analyze particles.” Total area of all
fluorescent particles indicated the amount of NETs formation.
Unstimulated neutrophils had an area of 62 & 6.1 wm?. Thus
only particles larger than 70 jum? were considered NETs.

Spectrophotometric Quantification of NETs
NET formation was also quantified by detecting DNA release
spectrophotometrically with the DNA-binding dye SYTOX®
Green as previously described (Behnen et al., 2014; Gonzalez
et al, 2014; Alemdn et al, 2016ab). Briefly, neutrophils
were resuspended at 1 x 10° cell/ml in RPMI-1640 medium
(Gibco®; Grand Island, NY), containing 500 nM SYTOX®
Green (Molecular Probes, Inc.; Eugene, OR). Then, 100 ul of
this cell suspension (1 x 10° PMN) were added to each well
of a 96-well plate (Costar® 3590; Corning Inc., Corning, NY).
Next, the plate was incubated at 37°C in a 5% CO; incubator
for 20 min. Neutrophils were then stimulated by adding 20
pl of 120nM PMA (20nM final concentration), or 20 wl of
an E. histolytica suspension (2.5 x 10° amoeba/ml) to each
corresponding well. The amoeba to neutrophil ratio was 1:20.
The plate was then incubated in a 35°C pre-warmed microplate
reader, model Synergy HT from BioTek Instruments (Winooski,
VT), for up to 4h. For this assay, cells were not fixed. The
fluorescence from the bottom of the plate was read every 5min,
using the 485 nm excitation and 528 emission filters.

Fluorescent Calcium Measurements
Neutrophils at 1 x 107 cell/ml in PBS with 1.5mM Ca?* and
1.5mM Mgzﬂ were loaded with Fura-2/AM (Calbiochem; San
Diego, CA) and cytosolic calcium concentration calculated as
previously described (Rosales and Brown, 1991, 1992; Garcia-
Garcia et al., 2002). Briefly, 3 x 10° neutrophils in 1 ml PBS
were transferred to a cuvette and then 1.5 x 10° amoebas
were added in 80 w1 PBS. Fluorescence changes were monitored
with a Perkin Elmer (Waltham, MA) LS55 spectrofluorimeter,
and calcium concentration calculated with the Perkin Elmer FL
WinLab software, version 4.00.02.

FACS

Fluoresce labeling of neutrophil surface receptors for flow
cytometry analysis was completed exactly as described (Garcia-
Garcia et al., 2007).

Neutrophil Stimulation With Trophozoites

and Protein Extraction

Neutrophils (1 x 10°) in 500 wl PBS were placed in a 1.5ml
Eppendorf tube. Next, E. histolytica trophozoites (5 x 10%)
in 100 pul PBS were added. Cells were gently mixed and
immediately incubated at 37°C in a water bath for various
periods of time as indicated. At the end of the corresponding
time, 0.8 ml of cold PBS were added and cells centrifuged at
6,000 rpm in a microcentrifuge for 2min. The supernatant
was removed by aspiration and the cell pellets were then
lysed in cold RIPA buffer (150 mM NaCl, 5mM EDTA, 50 mM
Hepes, 0.5% sodium deoxycholate, 1% Non-idet P-40, 2mM
Na3VOy, pH = 7.5), supplemented with 1X cOmplete™ protease
inhibitor cocktail and 1X PhosSTOP™ phosphatase inhibitor
cocktail, which were added just before lysing the cells. Cell
lysates were incubated on ice for 20 min, and then cleared by
centrifugation. Cell lysates were immediately used for Western
blotting.

Western Blotting

Western blots were performed as previously described (Reyes-
Reyes et al, 2001). Briefly, proteins in cell lysates were
resolved on SDS 10% PAGE, and then electrotransfered
onto polyvinylidine fluoride (PVDF) membranes (Immobilon-
P; Millipore, Bedford, MA). Membranes were incubated in
blocking buffer [1% BSA, 5% non-fat dry milk (Carnation;
Nestle, Glendale, CA), and 0.1% Tween® 20 in Tris-buffered
saline (TBS: 50 mM Tris-HCI, 150mM NaCl, pH = 7.5)]
for 2h at room temperature. Membranes were subsequently
probed with the corresponding antibody in blocking buffer,
overnight at 4°C, anti-phospho-ERK 1 (1/2,500 dilution),
or anti-phospho NF-kB (1/2,500 dilution). Membranes were
washed with TBS-Tween (TBS containing 0.1% Tween® 20)
six times and incubated with a 1/3,000 dilution of the
corresponding HRP-conjugated F(ab’); goat anti-mouse IgG
or goat anti-rabbit IgG for 1h at room temperature. After
washing six more times with TBS-Tween, the membrane
was developed with Immobilon Western chemiluminescent
HRP substrate (catalog no. WBKLS0100) from EMD Millipore
(Billerica, MA) according to the manufacturer’s instructions.
Afterwards, membranes were stripped with 0.2M NaOH,
reprobed with anti-ERK antibody (1/4,000 dilution), or anti-NF-
kB antibody (1/2,500 dilution), to assess protein loading in PAGE
gels.

Reactive Oxygen Species (ROS)

ROS production was assessed with three independent methods
(Wojtala et al., 2014). First, the cell-permeative reagent 2',7’-
dichlorofluorescin diacetate (DCFDA) was used in a fluorescence
spectroscopy assay. Second, Dihydrorhodamine 123 was used in
a flow cytometry (FACS) assay. Third, Dihydroethidium was used
in a fluorescence microscopy assay.

For ROS detection with DCFDA, the DCFDA-cellular
ROS detection assay kit (catalog no. ab113851) from Abcam,
Inc. (Cambridge, MA) was used following the manufacturer’s
instructions. Briefly, neutrophils were washed with 1X buffer
and then incubated with 15uM DCFDA in 1X buffer for
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30min at 37°C in the dark. After one wash in 1X buffer,
neutrophils were resuspended at 1 x 10° cell/ml in 2X buffer.
Fifty microliters of this neutrophil suspension (5 x 10* PMN)
were added into each well of a 96-well clear-bottom black plate
(Costar® 3614; Corning Inc., Corning, NY) and incubated for
20min at 36°C in a plate-reader, model Synergy HT from
BioTek Instruments (Winooski, VT). Then, 50 wl of 40 nM
PMA (20nM final concentration), or 50 pl of an E. histolytica
suspension (2,500 amoebas) were added. Fluorescence was
read every 2min for 2h at excitation 485nm and emission
535nm.

For ROS detection with dihydrorhodamine 123,
neutrophils (1 x 10°) were resuspended in 100 pl of 15uM
dihydrorhodamine 123 in PBS inside a 1.5ml Eppendorf tube,
and incubated for 30 min at 37°C in the dark. Neutrophils were
then centrifuged at 4,000 rpm for 1 min in a microcentrifuge
model 5415C (Eppendorf; Mississauga, Ontario, Canada), and
after removing the supernatant, they were washed in 500 pl
PBS. Finally, neutrophils were resuspended in 500 pl PBS. In
the same tube covered with aluminum foil, 100 pl of 120 nM
PMA in PBS (final concentration 20nM), or 100 pl of an
E. histolytica suspension (5 x 10° amoebas/ml) were added for
PMN stimulation. Cells were incubated for 60 min at 37°C in
a 5% CO; incubator, and then fixed by adding 600 pl of 2%
paraformaldehyde. Finally, cells were analyzed by flow cytometry
using a FACScalibur apparatus (Becton Dickinson; Franklin
Lakes, NJ), with the 485 nm (excitation) and 520 nm (emission)
filters. PMN were gated by dot-plot analysis and 10,000 cells
were acquired per sample. Data analysis was performed using
the Cellquest software (Becton Dickinson; Franklin Lakes,
NJ).

For ROS detection with dihydroethidium, neutrophils (1 x
10°) were resuspended in 100 pl of 15uM dihydroethidium
in PBS, and were incubated for 30 min at 37°C in the dark.
Neutrophils were then centrifuged at 4,000 rpm (1,375 x g) for
I min in a microcentrifuge and washed in 500 pl PBS. Next,
neutrophils were resuspended in 500 pl PBS, and 250 pl of
this cell suspension (5 x 10° PMN) were added to each well
of a 48-well tissue culture plate (Costar® 3548; Corning Inc.,
Corning, NY). The plate was incubated for 20 min at 37°C in
the dark, and then 50 l of 120nM de PMA in PBS (20 nM
final concentration), or 50 wl of a E. histolytica suspension (5
x 10° amoebas/ml) were added to each well. The plate was
incubated for 60 min at 37°C in a 5% CO; incubator. Next,
300 pl of 2% paraformaldehyde were added to each well for
fixing the cells. After 30 min, the plates were observed with a
fluorescence inverted microscope model IX-70 from Olympus
(Center Valley, PA).

Statistical Analysis

Quantitative data were expressed as mean =+ standard error
of mean (SEM). Single variable data were compared by
paired-sample Students f-tests using the computer program
KaleidaGraph®version 3.6.2 for Mac (Synergy Software;
Reading, PA). Differences were considered statistically different
at a value p < 0.05.

RESULTS

Entamoeba histolytica Induce NET

Formation

NETs formation has been mostly studied by using PMA, a
potent activator of PKC as an inducer of NETosis (Brinkmann
et al,, 2004). The antibody receptor FcyRIIIb also induces a
strong activation of NETs formation (Aleman et al., 2016a,b). In
addition, we recently reported that E. histolytica also induce NETs
formation (Avila et al., 2016), but there are not reports on the
mechanism of NETs induction by these parasites. When human
neutrophils were stimulated by PMA, NETs are detected after
2.5h of stimulation (Fuchs et al., 2007). Complete NETs were
seen, as previously reported, by 4 h after stimulation (Figure 1A).
Stimulation with E. histolytica trophozoites also induced NETosis
(Figure 1). The extracellular DNA fibers co-localized with
neutrophil elastase and myeloperoxidase (Diaz-Godinez et al.,
2018), as well as with histone H4 and citrulline (Figure 1B),
confirming that these fibers were bona fide NETs. Live cell
imaging showed that by 30 min after incubation with amoebas,
NETs were already visible (Figure 2A). By 2 h about half of the
total amount of NETs had already been formed, and by 2.5h
NETs reached a maximum level (Figure 2A). NETs formation
was induced only in neutrophils that were in direct contact
with E. histolytica trophozoites (Figure 2B). The NETs were
produced around the amoebas and progressively covered the
parasites (Figure 2B). Neutrophils that were not in contact with
amoebas did not release DNA fibers and never became SYTOX®
Green-positive (Figure 2B), suggesting that the signaling for
NETosis comes from a receptor that directly recognizes the
parasite. Quantification of NETs from live cell imaging analysis
showed that amoeba-induced NETs were formed with a much
faster kinetics than PMA-induced NETs. After stimulation with
amoebas, NETs could be easily detected by 30 min (Figure 3A).
The amount of NETs progressively increased during the
following 2 h, attaining a maximum level by 2.5 h, that was even
higher than the one induced by PMA (Figure 3A). Since NETs
were exclusively formed by neutrophils joining amoebas and the
fluorescence staining of external DNA only reflected NETs, the
formation of NETs was also quantitated spectrophotometrically
as previously reported (Aleman et al., 2016a,b). In accordance
with live cell imaging analysis, neutrophils treated with PMA
showed NETs (extracellular DNA fibers) after 2 h of stimulation
reaching a maximum level by 4h (Figure 3B). Stimulation of
neutrophils with E. histolytica trophozoites also induced NETosis
that could be detected by 30min and reached a maximum
level around 2.5 h (Figure 3B). Neutrophils alone only presented
background fluorescence that did not increase during the time
of the experiment, thus confirming the imaging data showing
that neutrophils did not lose membrane integrity. Therefore,
both quantification methods are equivalent and allowed us to
reach similar conclusions. The difference in kinetics for NETosis
suggested that the signaling induced by E. histolytica was different
from the one induced by PMA. Hence, we next explored
whether the signaling molecules reported to be required for NETs
formation after PMA or FcyRIIIb stimulation were also required
for E. histolytica-induced NETosis.
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FIGURE 1 | Entamoeba histolytica induce NETs formation. (A) Human neutrophils (PMN) were left untreated (—
13-acetate (PMA), or by E. histolytica trophozoites (amoeba to PMN ratio 1:20). After 4 h, cells were fixed and stained for DNA with DAPI. Microphotographs were
taken with white light (a,c,e) or with fluorescent light (b,d,f) and are representative of more than 10 experiments. Scale bar is 100 pm. (B) Human neutrophils were
stimulated with trophozoites during 4 h at 37°C. Cells were fixed and immunofluorescence was performed using anti-histone H4 or anti-citrulline antibodies followed
by TRITC-conjugated anti-rabbit IgG antibody. DNA was stained with DAPI. Scale bar 50 is wm.

), or were stimulated with 20 nM phorbol 12-myristate

Entamoeba histolytica-Induced NETs
Formation Is Dependent on Raf and MEK,
but Not PKC

Because PMA is an activator of PKC, the involvement of
this kinase in NET formation induced by E. histolytica was
tested with two specific PKC inhibitors. PMN treated with
PMA formed NETs as expected (Figure4). However, when
PMN were treated previously with G66983, an inhibitor of
PKCa, PKCB, and PKCy isozymes (Figure 4), or with G66976,

a conventional PKC inhibitor (Figure 4), NETs were not formed
after PMA stimulation. In contrast, NETs formation after
E. histolytica stimulation was not inhibited by these PKC
inhibitors (Figure4, Supplementary Figure 1). In addition,
downstream of PKC, the Raf, MEK, ERK pathway has been
reported to participate in NETs formation after PMA stimulation
(Hakkim et al., 2011). When neutrophils were treated with
GW5074, a specific Raf inhibitor, NETs were not formed after
PMA stimulation (Figure 4), or after E. histolytica stimulation

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 July 2018 | Volume 8 | Article 226


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fonseca et al.

E. hitolytica Induce NETosis via Raf/MEK/ERK

fibers and never became SYTOX® Green-positive. Scale bar is 25 um.

FIGURE 2 | Neutrophils in touch with Entamoeba histolytica release NETs. (A) Human neutrophils were stimulated with E. histolytica in the presence of SYTOX®
Green. Live cell images were captured at different times with a fluorescence inverted microscope. External DNA fluorescence appears bright white in the pictures.
Scale bar is 50 wm. (B) NETs formation was induced only in neutrophils that were in direct contact with E. histolytica trophozoites (orange arrows). The NETs were
produced around the amoebas and progressively covered the parasites. Neutrophils that were not in contact with amoebas (white arrow heads) did not release DNA

(Figure 4, Supplementary Figure 2). In addition, when PMN
were treated with UO126, a potent specific MEK inhibitor, NETs
were not formed after PMA stimulation (Figure4), or after
E. histolytica stimulation (Figure4, Supplementary Figure 3).
These data suggested that E. histolytica stimulation led to NETs
formation using Raf and MEK, but not through PKC activation.

Extracellular Calcium Is Required for
Entamoeba histolytica-Induced NETs

Formation

The involvement of MEK in amoeba-induced NETs formation
suggested that also ERK would be involved. Since calcium
plays a key role in ERK activation, and calcium mobilization is
important for NETosis induced by other stimuli (Gupta et al,,
2014), we explored the role of intracellular or extracellular

calcium pools in E. histolytica induced NETosis. Neutrophils
were placed in PBS with the calcium chelator EGTA, and then
stimulated with the N-formylated chemotactic peptide formyl-
methionyl-leucyl-phenylalanine (fMLF). As previously reported
(Rosales and Brown, 1992), neutrophils showed an increase in
cytosolic calcium concentration that comes from intracellular
stores and is dependent on inositol 1,4,5-trisphosphate (IP3)
(Figure 5A). Then, after adding an excess of calcium outside the
cells a second peak of cytosolic calcium was observed, indicating
that an extracellular calcium flux is also activated by fMLF
(Rosales and Brown, 1991, 1992) (Figure 5A). In contrast, when
neutrophils were stimulated with E. histolytica trophozoites, no
increase in cytosolic calcium concentration was detected. After,
addition of an excess of calcium outside the cells, a robust
calcium mobilization was observed (Figure 5B). This indicates
that amoebas induce a calcium flux in neutrophils that comes
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FIGURE 3 | Entamoeba histolytica induce NETs formation faster than PMA.
Human neutrophils were left untreated (—), or were stimulated with 20 nM
phorbol 12-myristate 13-acetate (PMA), or with E. histolytica, and then
incubated for 4 h. The relative amount of NETs was estimated from (A) live cell
images and reported as area of external DNA or (B) from SYTOX® Green
fluorescence in relative fluorescent units (RFU) every 10 min. Data are mean +
SEM of three experiments done in triplicates.

only from extracellular pools (Figure 5C). This extracellular
calcium flux is important for NETs formation, because NETSs
were not formed when amoebas interacted with neutrophils
in the presence of the calcium chelator EGTA (Diaz-Godinez
et al., 2018). It has also been suggested that calcium mobilization
required for NETosis involves the calcineurin pathway since
cyclosporine A inhibited IL-8-induced NETosis (Gupta et al.,
2014). However, in the case of amoebas, cyclosporine A did
not prevent calcium mobilization nor NETs formation (data not
shown). This suggests that E. histolytica-induced NETs formation
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FIGURE 4 | Entamoeba histolytica-induced NETs formation is dependent on
Raf and MEK, but not PKC. Human neutrophils were left untreated (—),
stimulated with 20 nM phorbol 12-myristate 13-acetate (PMA), or with E.
histolytica trophozoites. PMN were previously treated with solvent alone (—) or
(A) with the PKC inhibitors G66976 (1 wM), or G66983 (1 wM); or (B) with the
Raf inhibitor GW5074 (100 wM); or (C) with the MEK inhibitor UO126 (75 uM).
The relative amount of NETs was estimated from SYTOX® Green fluorescence
in relative fluorescent units (RFU) at 4 h after stimulation. Data are mean +
SEM of 3 experiments. Asterisks denote conditions that are statistically
different from control (o < 0.001).
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requires extracellular calcium, but this calcium does not activate
the calcineurin pathway.

Entamoeba histolytica Trophozoites
Induced NETosis but Not Apoptosis

Live cell imaging revealed that only neutrophils in contact with
amoebas released their DNA (Figure 2). In order to confirm that
neutrophils were undergoing NETosis and no other forms of cell
death in the presence of amoebas, the integrity of chromatin was
analyzed. DNA from neutrophils treated with PMA, or with the
calcium ionophore A23187, or exposed to amoebas did not show
any fragmentation in agarose gels (Diaz-Godinez et al., 2018).
In contrast, neutrophils exposed to 56°C for 1h, a well-known
inducer of apoptosis, showed fragmented DNA (Diaz-Godinez
etal., 2018). Moreover, heat-treated neutrophils, and some PMA-
treated neutrophils, showed an increase in surface expression
of phosphatidylserine; while neutrophils exposed to A23187 or
to amoebas did not show phosphatidylserine surface expression
(Diaz-Godinez et al.,, 2018). In addition, it has been reported
that neutrophils undergoing apoptosis lose the expression of the
antibody receptor FcyRIIIb (CD16b) (Sim et al., 2005). However,
neutrophils exposed to E. histolytica trophozoites, did not show
any difference in FcyRIIIb expression, as indicated by binding
of two different monoclonal antibodies specific for this receptor
(Figure 6). Together these results confirm that amoebas induce
NETs formation and not apoptosis when they are in contact with
neutrophils.

Entamoeba histolytica-Induced NETs

Formation Is Dependent on ERK

To confirm that ERK was activated after E. histolytica stimulation,
neutrophils with or without the MEK inhibitor were incubated
with amoebas and then ERK activation was detected by Western
blotting. E. histolytica induced a rapid ERK phosphorylation,
which reached a maximum at about 2min after neutrophils
and amoebas got in contact (Figure 7A). This phosphorylation
then decreased with time and was barely detectable after
15min. The antibodies used to detect ERK and phospho-
ERK did not recognize any proteins from amoeba cell lysates
(Figure 7A), thus ERK phosphorylation detected was only from
neutrophils. E. histolytica-induced ERK phosphorylation was
prevented by the MEK inhibitor UO126 (Figure 7B). Also,
the Raf inhibitor GW5074 completely impeded E. histolytica-
induced ERK phosphorylation (Figure 7C). These data suggested
that E. histolytica induced, in neutrophils, the Raf, MEK, ERK
signaling pathway to activate NETosis.

The NADPH-Oxidase Inhibitor DPI
Reduced Entamoeba histolytica-Induced

NETs Formation

NETs formed after PMA stimulation require activation
of NADPH-oxidase and formation of ROS (Patel et al,
2010; Almyroudis et al., 2013; Bjornsdottir et al, 2015).
Thus, we explored the involvement of these molecules in
E. histolytica-induced NETs formation. Neutrophils treated
with diphenyleneiodonium (DPI), a NADPH-oxidase inhibitor,
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FIGURE 5 | Entamoeba histolytica trigger extracellular calcium mobilization in
neutrophils. Human neutrophils were incubated with fura-2 for 30 min and then
placed in PBS with EGTA. Neutrophils were stimulated (arrow) with (A) 10nM
formyl-methionyl-leucyl-phenylalanine (fMLF), or were stimulated with (B)

E. histolytica trophozoites (amoeba). After about 250's, an excess (4 mM)
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were assessed by measuring the variations in fluorescence of fura-2-loaded
cells. Tracings are representative of three experiments. (C) The increase of
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extracellular calcium pools. Data are mean + SEM of three experiments.
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FIGURE 6 | Entamoeba histolytica trophozoites did not change surface expression of receptor FcyRlllb (CD16b). Human neutrophils were not stimulated (solid line) or
were stimulated with E. histolytica trophozoites (dashed line) for 30 min at 37°C. Then, cells were fluorescence-stained with secondary antibody only (thin line), or with
monoclonal antibody (mAb) 3G8 or with mAb CLB-gran1, both specific against FcyRlllb, as described in section Materials and Methods. Fluorescence intensity was
then analyzed by flow cytometry. Histograms are representative of three independent determinations.

were not able to form NETs after PMA stimulation (Figure 8).  was not due to inhibition of ROS production, but due to a toxic
Similarly, DPI-treated neutrophils did not efficiently form NETs  effect on E. histolytica.

after E. histolytica stimulation (Figure 8). However, because ) ) .

inhibition by DPI of E. histolytica-induced NETs formation was Entamoeba histolytica Did Not Induce ROS
only to about half (Figure 8), we decided to use apocynin, a Production

different inhibitor of NADPH-oxidase (Kim et al., 2012) and also  In order to confirm that E. histolytica did not induce ROS
a ROS scavenger (Heumiiller et al., 2008). As expected, apocynin  production, neutrophils were loaded with dihydrorhodamine
inhibited PMA-induced NETosis, indicating that this mechanism 123 or with dihydroethidium, and ROS production assessed
depends on ROS production (Diaz-Godinez et al, 2018). In by flow cytometry and fluorescence microscopy respectively.
contrast, apocynin did not decrease amoeba-induced NETs ~ When neutrophils were treated with PMA, a strong increase
formation, suggesting that this type of NETosis is independent  in dihydrorhodamine 123 fluorescence could be easily detected
of ROS production by NADPH oxidases (Difaz-Godinez et al., by flow cytometry (Figure 10A) indicating the presence of
2018). In order to clarify the different effect of these two  ROS. Similarly, PMA induced ROS could be easily detected by
NADPH-oxidase inhibitors, we decided to directly assess ROS  fluorescence microscopy (Figure 10B). In contrast, E. histolytica
production after E. histolytica stimulation of neutrophils. When  did not cause any rise in fluorescence from these ROS indicators
neutrophils were treated with PMA or with tert-butyl hydrogen  (Figure 10). Thus, clearly E. histolytica did not induce any ROS
peroxide (TBHP), a positive control for ROS production, ROS  production from neutrophils. These data suggest that amoebas
were generated in great amounts and could be easily detected  can induce NETs production by a signaling pathway that is
with the 2/,7'-dichlorofluorescin diacetate (DCFDA) method  independent of ROS.

(Figure 9A). To our surprise, however, E. histolytica stimulation

of neutrophils did not induce any ROS production (Figure 9A). Entamoeba histolytica-Induced NETs
Consequently, the effect of DPI did not seem to be related to  Formation Is Dependent on NF-xkB

inhibition of ROS production. Cell viability was then tested  NETs formation after PMA stimulation requires activation of NF-
in the presence of DPI. Neutrophils remained viable in the B (Lapponi et al., 2013). Thus, we explored the involvement
presence of DPI for more than 2h (Figure9B). In contrast,  of this molecule in E. histolytica-induced NET formation.
E. histolytica trophozoites began losing viability around 45min  As previously reported (Aleman et al, 2016a), neutrophils
after treatment with DPI. By 90 min, only about 20% amoebas  treated with BAY117082, an NE-kB inhibitor, were not able to
were still viable. Finally, by 2h most amoebas were not alive  form NETs after PMA stimulation (Figure 11, Supplementary
(Figure 9B). Therefore, the effect of DPI on NETs production  Figure 4). Similarly, neutrophils treated with BAY117082 did not
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FIGURE 7 | Entamoeba histolytica induce activation of ERK. Human neutrophils were stimulated with E. histolytica trophozoites for various periods of time, and then
cell lysates were prepared. Neutrophils were (A) left untreated, or previously treated with (B) the MEK inhibitor UO126 (75 M), or with (C) the Raf inhibitor GW5074
(100 wM). Proteins were resolved by SDS-PAGE, and then Western blotted for phosphorylated-ERK (p-ERK) (upper panel) or for total ERK (lower panel) to show equal
loading of proteins. Plots on the right show densitometric analysis for the ratio of pERK/ERK. Data are mean 4+ SEM of three experiments.
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form NETs efficiently after E. histolytica stimulation (Figure 11,
Supplementary Figure 4). To confirm that NF-kB was activated
after E. histolytica stimulation, phosphorylation of NF-kB was
detected by Western blotting. E. histolytica induced a rapid and
transient NF-kB phosphorylation, which reached a maximum
at about 1min after neutrophils and amoebas got in contact
(Figure 12A). This phosphorylation then decreased with time
and was barely detectable after 10min. The antibodies used
to detect NF-kB and phospho- NF-kB did not recognize any
proteins from amoeba cell lysates (Figure 12A). E. histolytica-
induced NF-kB activation was completely blocked by the NEF-
kB inhibitor BAY117082 (Figure 12B). In addition, the MEK
inhibitor UO126 also blocked E. histolytica-induced NF-kB
phosphorylation (Figure 12C), indicating that activation of NF-
kB is downstream from the ERK signaling pathway. Together
these data suggested that amoebas could induce the formation of
NETs independently of NADPH-oxidase activation, but with the
involvement of NF-kB activation.

Entamoeba histolytica-Induced NETs
Formation Is Independent on Syk, TAK1,

PI3K, p38 MAPK, and B2 Integrins

When neutrophils are stimulated through the FcyRIIIb, the
kinases Syk and TAK1 are involved in a signaling pathway that
leads to NETs formation (Aleman et al,, 2016a,b). Similarly
some reports suggest that B2 integrins are required for NETs
formation (Raftery et al., 2014; Rossaint et al., 2014). Thus, we
explored whether these signaling molecules were also involved
in E. histolytica-induced NETs formation. Neutrophils pretreated
with iSyk, a specific Syk inhibitor formed NETs efficiently
after both PMA and E. histolytica stimulation (Figure 13).
Similarly, inhibition of TAK1 with the antibiotic LLZ 1640-
2, or inhibition of B2 integrins with the blocking monoclonal
antibody IB4 did not have any effect on NETs formation
(Figure 13, Supplementary Figure 5). Also, inhibition of
phosphatidylinositol 3-kinase (PI3K) with Wortmannin slightly
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FIGURE 8 | The NADPH-oxidase inhibitor DPI reduced Entamoeba
histolytica-induced NETs formation. Human neutrophils were not stimulated
(—), or were stimulated with 20 nM phorbol 12-myristate 13-acetate (PMA), or
with E. histolytica trophozoites. Some neutrophils were previously treated with
10 1M diphenyleneiodonium (DPI), a NADPH-oxidase inhibitor (open symbols).
The relative amount of NETs was estimated from SYTOX® Green fluorescence
in relative fluorescent units (RFU) during 4 h after stimulation. Data are mean +
SEM of three experiments.

reduced, as previously reported (Aleman et al., 2016a), PMA-
induced NETosis, but had no effect on E. histolytica-induced
NETs formation (Figure 13). Finally, inhibition of p38 MAP
kinase with the specific inhibitor SB 203580 did not have any
effect on NETs formation (Figure 13, Supplementary Figure 5).
Together these data indicate that these signaling molecules are
not involved in the signal pathway activated by amoebas to
induce NETs formation.

DISCUSSION

Neutrophils present several antimicrobial defense mechanisms,
including phagocytosis (Rosales and Uribe-Querol, 2017),
respiratory burst, degranulation (Kolaczkowska and Kubes,
2013; Mayadas et al., 2014), and the formation of NETs
(Yipp et al,, 2012). Many pathogens, including virus, bacteria,
fungi, and parasites are capable of inducing NETs formation
(Papayannopoulos and Zychlinsky, 2009). Although the list of
pathogens that induce NETs keeps growing every day, our
knowledge about the molecular mechanisms that initiate this
neutrophil function is very limited. Recently, we have reported
that E. histolytica trophozoites were capable of inducing NETosis
in human neutrophils (Avila et al., 2016), but the role of this
process in amoebiasis and the molecular mechanisms implicated
in NETs formation were not clarified. In this report, we describe
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FIGURE 9 | Entamoeba histolytica does not induce Reactive Oxygen Species
(ROS) formation. (A) Human neutrophils (PMN) were previously incubated with
the ROS-sensitive fluorescent compound DCFDA (15 M), and were not
stimulated (—), or were stimulated with 20 nM phorbol 12-myristate
13-acetate (PMA), or with 200 uM tert-butyl hydrogen peroxide (TBHP), or
with E. histolytica trophozoites. Fluorescence was read in a plate-reader for 2 h
at 36°C. Data are mean + SEM of relative fluoresce units (RFU) from three
experiments. (B) Neutrophils (PMN) or E. histolytica trophozoites were treated
with solvent alone (black symbols) or with the NADPH-oxidase inhibitor
diphenyleneiodonium (DPI) (10 wM) (white symbols). Cell viability was
estimated by Trypan Blue exclusion every 15 min.

for the first time the E. histolytica-induced signaling to activate
NETs formation. This signaling pathway involves Raf/ MEK/ERK,
but it is independent of PKC, ROS, Syk, and TAK1 (Figure 14).
Neutrophils, the most abundant leukocytes in blood, are
rapidly recruited to sites of infection, where they act as the first
line of defense against invading pathogens (Kolaczkowska and
Kubes, 2013). Neutrophil activation, through various membrane
receptors (Mocsai et al., 2015), is important for initiation of the
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various defense mechanisms of these cells. NETs are extracellular
fibers formed by chromatin covered with histones (Neeli and
Radic, 2012) and antimicrobial proteins derived from neutrophil
granules (Brinkmann et al., 2004). NETs seem to act as a physical
barrier for preventing pathogen disemination (Papayannopoulos
and Zychlinsky, 2009). NETs also display antimicrobial activity
that is independent of phagocytosis (Urban et al., 2006). Despite
the fact that many pathogens, including virus, bacteria, fungi,
and parasites (Papayannopoulos and Zychlinsky, 2009) have
all been reported to induce NET formation, no particular
receptor for PAMPs has been identified on the neutrophil

membrane as responsible for inducing this neutrophil response.
However, TLRs have been suggested to participate (Yipp et al.,
2012). Only two receptors on the human neutrophil have
been reported to be genuine activators of NETs release, the
IgA receptor FcaR (Aleyd et al.,, 2014), and the IgG receptor
FcyRIIIb (Behnen et al., 2014; Alemdn et al., 2016a). In the
case of human protozoan parasites, NETs formation has been
described to occur in response to L. amazonensis, L. majot,
L. chagasi, L. donovani promastigotes (Guimaraes-Costa et al.,
2009; Gabriel et al., 2010; Hurrell et al., 2015), T. gondii (Abi
Abdallah et al., 2012), T. cruzi (Sousa-Rocha et al., 2015), and
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FIGURE 11 | Entamoeba histolytica-induced NET formation is dependent on
NF-kB. Human neutrophils were not stimulated (—), or were stimulated with 20
nM phorbol 12-myristate 13-acetate (PMA), or with E. histolytica trophozoites.
Neutrophils were previously treated with solvent alone (—) or with the NF-kB
inhibitor BAY 117082 at 5 wM. The relative amount of NETs was estimated
from SYTOX® Green fluorescence in relative fluorescent units (RFU) at 4 h after
stimulation. Data are mean + SEM of four experiments. Asterisks denote
conditions that are statistically different from control (p < 0.03).

E. histolytica (Avila et al., 2016; Ventura-Juarez et al., 2016).
Yet, the mechanism of NETs induction by any of these parasites
remains unknown.

Most studies on NETs formation have been conducted with
phorbol 12-myristate 13-acetate (PMA) stimulation (Brinkmann
et al., 2004; Fuchs et al., 2007). PMA is a direct activator of
protein kinase C (PKC), and therefore inhibition of PKC has
been shown to block NETs formation (Neeli and Radic, 2013).
In agreement with those reports, we found that two different
inhibitors of PKC indeed blocked NETs formation after PMA
stimulation. In contrast, E. histolytica-induced NETs formation
was not affected by PKC inhibition. Since PMA directly activates
PKC, any possible receptor involved is bypassed. Thus, in the case
of amoeba, it seems that the receptor(s) involved can connect
with downstream signaling molecules required for NETosis
without the need for PKC. This result indicates that PKC is
not always necessary for NETs formation. In contrast, the ERK
signaling pathway seems to be a common denominator for NETs
formation. In the case of PMA-induced NETosis, it was found
that PKC leads to activation of the Raf/MEK/ERK pathway
(Hakkim et al., 2011). In the case of FcyRIIIb stimulation, we also
found that the ERK pathway is important for NETs formation
(Alemén et al.,, 2016a,b). Now, we describe that E. histolytica
also induces activation of the Raf/MEK/ERK pathway for NETs
formation, but independently of PKC (Figure 14). Nevertheless,
we could not identify a particular receptor that would recognize
amoeba and activate the Raf/MEK/ERK signaling cascade.
Several possible receptors on the neutrophil are candidates for

amoeba recognition, including some TLRs. Our group continues
exploring this line of research.

Whatever the neutrophil receptor for amoeba is, it clearly
connects to Raf kinase and activates ERK signaling. At present,
there is no information of how Raf can be activated after
E. histolytica recognition by neutrophils. Since Raf is primarily
activated by the small GTPase Ras (Lavoie and Therrien,
2015), it is possible that amoebas trigger Ras activation and in
turn Raf signaling. But, Raf can also be activated by several
other means, including PKC (Takahashi et al., 1999), other
small GTPases (Mishra et al,, 2005), and even independently
of GTPases (Rouquette-Jazdanian et al., 2012). Receptors for
growth factors that are usually receptor tyrosine kinases (RTK)
activate Raf via the small GTPases Ras (Lavoie and Therrien,
2015) or Rapl (Mishra et al, 2005). Yet, some RTK, such
as the vascular endothelial growth factor (VEGF) receptor
can activate Raf independently of Ras using PKC instead
(Takahashi et al., 1999). Similarly, in lymphocytes the T-
cell receptor uses Pakl kinase to activate Raf-1 and MEK
independently of Ras or PKC (Rouquette-Jazdanian et al,
2012). Thus, in the case of amoebas, Raf activation could be
achieved via either a small GTPase or Pakl kinase. However,
another possibility for Raf activation seems more likely to be
involved in amoeba-induced Raf activation. In keratinocytes,
stimulation with extracellular calcium resulted in activation of
Raf and ERK pathway, without the involvement of Ras (Schmidt
et al., 2000). In addition, this Raf activation did not connect
to the JNK or p38 pathways. In E. histolytica-induced NETs
formation, we also found strong calcium mobilization (Figure 5),
and ERK but not p38 activation (Figure 13). Therefore, the
extracellular calcium flux into neutrophils that are in contact
with amoebas may also serve to activate the Raf/MEK/ERK
pathway. This possibility is actually being explored in our
laboratory.

An important difference between PMA-induced and amoeba-
induced as well as FcyRIIIb-induced NETs formation was the
time required for NETs release. As previously reported, release
of NETs after PMA was detected 3-4h after stimulation and
was dependent on ROS, since the NADPH-oxidase inhibitor DPI
abolished NETs release (Brinkmann et al., 2004; Fuchs et al,,
2007). In contrast E. histolytica-induced NETs release was much
rapid and stronger than the one induced by PMA (Figure 3).
This response was similar to the rapid, oxidant-independent
NETs release described after Staphylococcus aureus stimulation
of neutrophils (Pilsczek et al., 2010). ROS are required for NETs
formation in most cases (Brinkmann et al., 2004, 2010; Fuchs
et al.,, 2007; Parker et al., 2012a), but ROS are not sufficient,
since ROS production induced by phagocytosis cannot initiate
NETs formation (Branzk and Papayannopoulos, 2013). ROS
production was not detected when human neutrophils were
mixed with E. histolytica trophozoites (Diaz-Godinez et al.,
2018) and (Figures 9, 10). Therefore, NETs formed after amoeba
recognition by neutrophils seem to be independent of ROS.
Because, generation of ROS has been reported during the
interaction of neutrophils with E. histolytica trophozoites (Sim
et al, 2005), our data suggest that the mechanism of NETs
formation induced by amoebas is independent of ROS.
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Also, it has been previously suggested that interaction of
amoebas with neutrophils results in apoptosis (Sim et al., 2005).
We did not find evidence for apoptosis of neutrophils interacting
with E. histolytica trophozoites (Diaz-Godinez et al., 2018).
We do not know exactly the reasons for the different results
between that initial report and our present results. Apoptosis
was evaluated by surface expression of phosphatidylserine and
FcyRIIIb (CD16b) by FACS, and by cleavage of caspases in
Western blots (Sim et al., 2005). Under conditions similar to
those presented in that report (Sim et al., 2005), we did not detect
any increase in phosphatidylserine expression (Diaz-Godinez
et al., 2018), or any decrease in CD16b expression using two
different antibodies anti-CD16 (Figure 6). In addition, no DNA
degradation typical of apoptosis could be detected in our cells
(Diaz-Godinez et al, 2018). Thus, we think neutrophils do
not really undergo apoptosis from interacting with amoebas.
Careful reading of the initial report reveals that neutrophils
alone kept in culture at 37°C for 1h entered spontaneously into

apoptosis, as suggested by having 27% of neutrophils positive for
propidium iodide staining and 29% of neutrophils stained for
annexin-V, a marker for phosphatidylserine (Sim et al., 2005).
These percentages increased in the presence of E. histolytica
trophozoites and were interpreted as amoebas inducing apoptosis
of neutrophils (Sim et al., 2005). Also, the cleavage of caspases
was very high in neutrophils alone (Sim et al., 2005), suggesting
that neutrophils were already in apoptosis without interacting
with amoebas. In addition, reduction of CD16 expression was
used as a marker for apoptotic neutrophils. Although, apoptotic
neutrophils show reduced expression of CD16 (Dransfield et al.,
1994), the rapid loss of CD16 expression is better associated with
the response of neutrophils to inflammatory signals (Moldovan
et al., 1999). Moreover, neutrophils respond to inflammatory
signals by producing ROS (Mayadas et al., 2014; El-Benna
et al, 2016), and we did not find any evidence for ROS
production in the presence of amoebas. Hence, it seems that, in
the initial report, neutrophils were stimulated by other means,
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FIGURE 13 | Entamoeba histolytica-induced NET formation is independent on
Syk, TAK1, B2 integrins, PI3K, and p38 MAPK. Human neutrophils were left
untreated (—), stimulated with 20 nM phorbol 12-myristate 13-acetate (PMA),
or with E. histolytica trophozoites. PMN were previously treated with solvent
alone (—) or 1 uM iSyk, a Syk inhibitor, or 10 wg/ml of the blocking monoclonal
antibody anti-p2 integrins (1B4), or 10nM LLZ 1640-2 (LLZ), a TAK1 inhibitor,
or 50nM Wortmannin (Wort), a PI3K inhibitor, or 200 nM SB203580 (SB), a
p38 MAPK inhibitor. The relative amount of NETs was estimated from SYTOX®
Green fluorescence in relative fluorescent units (RFU) at 4 h after stimulation.
Data are mean + SEM of three experiments. Asterisk denotes a condition that
was statistically different from control (p < 0.05).

and in consequence some of the cells underwent apoptosis,
independently of amoebas.

We believe that a different scenario is taking place when
E. histolytica trophozoites interact with neutrophils. Upon
recognition of trophozoites, only the neutrophils in direct contact
with the parasite release DNA fibers that can completely cover the
amoeba (Figure 2B). Since, neutrophils cannot phagocytize large
cells (Rosales and Uribe-Querol, 2017), they prefer to release
NETs in those cases (Urban et al., 2006; Branzk et al., 2014) to
prevent the pathogen from escaping. Thus, instead of the amoeba
inducing neutrophil apoptosis, it is the neutrophil attacking the
trophozoite by undergoing NETosis.

The exact role of NADPH oxidase-dependent ROS for NETs
formation remains unclear. When neutrophils were stimulated
by Candida albicans or by Group B Streptococcus (GBS), NETs
were formed normally by healthy neutrophils when ROS were
eliminated by the ROS scavenger pyrocatechol (Kenny et al.,
2017), suggesting a ROS-independent via for NETosis. Yet,
neutrophils from chronic granulomatous disease (CGD) patients
were not able to form NETs in response to the same stimuli
(Kenny et al, 2017), indicating a need for ROS in NETs
formation. Possible explanations proposed by the authors are
that in the case of GBS there was some residual ROS activity,
and in the case of C. albicans the fungus itself produces low
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FIGURE 14 | Model for signaling in neutrophils to induce NETosis after
Entamoeba histolytica engagement. In human neutrophils, phorbol
12-myristate 13-acetate (PMA) can directly activate (dashed arrows) protein
kinase C (PKC), which in turn leads to activation of the Raf/MEK/ERK pathway.
These kinases finally promote NETs formation. PKC is also required for
NADPH-oxidase activation to form reactive oxygen species, which are
required for NETs formation after PMA stimulation. In contrast, E. histolytica
trophozoites are recognized by neutrophils via a, yet unknown, receptor, which
connects to the Raf/MEK/ERK pathway. Also the nuclear factor kappa B
(NF-kB) is activated to promote NETs formation. The antibody receptor
FeyRilllb also induces NETs formation via spleen tyrosine kinase (Syk) and
transforming growth factor-p-activated kinase 1 (TAK1), which connects to
MEK (Aleman et al., 2016Db). Other signaling molecules (not shown), such as
phosphatidylinositol 3-kinase (PI3K), and p38 MAP kinase are not involved in
E. histolytica signaling to NETs formation.

levels of ROS that the neutrophil can use to activate NETosis
(Kenny et al.,, 2017). In addition, other pathogens, such as L.
amazonensis, have also been reported to induce NETs in the
absence of ROS production (Rochael et al., 2015; DeSouza-
Vieira et al, 2016). Together, these studies suggest that PMA
absolutely depends on NADPH oxidase derived ROS for NETs
formation, while C. albicans and GBS can elude this need to some
degree, and parasites such as L. amazonensis and E. histolytica
can induce NETosis in complete absence of ROS. In addition to
these parasites, various other stimuli can also induce NETosis
independently of NADPH oxidase activity, including nicotine,
calcium ionophores, uric acid, and immune complexes (Parker
et al., 2012b; Arai et al., 2014; Hosseinzadeh et al., 2016; Kraaij
etal, 2016). Yet, other sources of ROS such as the mitochondrial
respiratory chain or exogenous hydrogen peroxide produced by
microorganisms have been considered key for NETosis induced
by calcium ionophores (Douda et al., 2015) and by C. albicans
(Kenny etal., 2017). Therefore, we cannot abandon the possibility
that another ROS source, producing amounts that might not be
detected with the methodology we used here, play a role in the
amoeba-induced NETosis.

Although, the Raf/MEK/ERK pathway has a central role for
NETs formation induced by both PMA- and E. histolytica, as
shown by MEK inhibition blocking NETosis, the role of ERK in
NETs formation remains unclear. Previously, it was reported that
ERK is required for NADPH-oxidase activation (Hakkim et al.,
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2011), placing ERK upstream of ROS production. However, it has
also been suggested that ROS are downstream of ERK activation
(Keshari et al., 2013). Since, as discussed above, ROS are essential
for PMA-induced NETosis, but they are not needed for amoeba-
induced NETosis, it seems that NADPH-oxidase activation for
NET formation, may proceed not only through an ERK pathway,
but also independently of ERK activation, depending on the
stimulus (Neeli et al., 2009; Kenny et al., 2017). The actual targets
downstream of ERK required for NETosis are still unknown.

One possible molecule activated downstream of ERK that
has been implicated in PMA-induced NETosis is the nuclear
factor kappa B (NF-kB) (Lapponi et al, 2013). Similarly,
E. histolytica-induced NETosis was blocked when NF-kB
activation was prevented (Figures 11, 12). How NF-kB connects
to NETs formation is a mystery. No clear function for this
transcription factor has been reported. Originally, it was
proposed that NF-kB would be required to increase the
inflammatory response of neutrophils (Lapponi et al.,, 2013),
but this idea has not been formally tested. In addition, it
was reported that upon PMA stimulation, gene transcription
does not have any role in NETs formation (Sollberger et al.,
2016). Moreover, NF-kB is not always needed for NETosis.
In the case of FcyRIIIb-induced NETs formation NF-kB was
found not to be involved (Alemén et al., 2016b). Thus, the
participation for this transcription factor in NETosis seems
to depend on the type of stimuli used, and needs further
exploration.

A possible explanation for the role of NF-kB, and other
transcription factors, in NETosis has been provided recently.
Through transcriptomics analyses of neutrophils, it was shown
that the transcriptional activity reflects the degree of DNA
decondensation occurring during NETs formation (Khan and
Palaniyar, 2017). Interestingly, although both ROS-dependent
and ROS-independent NETs formation require transcriptional
activity, transcription starts at multiple loci in all chromosomes
earlier in the rapid ROS-independent NETosis (induced by
calcium ionophore A23187) than in the ROS-dependent
NETosis (induced by PMA) (Khan and Palaniyar, 2017).
Moreover, extensive citrullination of histones in multiple loci
was found only during calcium-mediated NETosis, suggesting
that citrullination of histone contributes to the rapid DNA
decondensation seen in ROS-independent NETosis (Khan and
Palaniyar, 2017). These data are in agreement with our findings
that amoeba-induced NETs formation is rapid, requires calcium,
is independent of ROS, and presents citrullination of histones.
Therefore, the rapid activation of NF-kB (Figure 12) seems
a reflection of the earlier transcriptional activity required
for the rapid ROS-independent E. histolytica-induced NETs
formation.

It is now generally recognized that there are several
mechanisms of inducing NETs formation (Zawrotniak and
Rapala-Kozik, 2013; Kenny et al., 2017; Papayannopoulos, 2018),
but the particular signaling pathways involved remain confusing.
Other signaling molecules that have been suggested to participate
in NETosis initiated by the FcyRIIIb are Syk (Popa-Nita et al.,
2009) and transforming growth factor-B-activated kinase 1
(TAK1) (Aleman et al., 2016b); in NETosis initiated by immune

complexes is phosphatidylinositol 3-kinase (PI3K) (Behnen et al.,
2014); in NETosis initiated by LPS (Neeli et al,, 2009) and
by yeast (Byrd et al, 2013) are p38 MAP kinase, and P2
integrins. Activation of Syk by PMA is dependent on PKC
(Popa-Nita et al., 2009). However, inhibition of Syk with iSyk
slightly reduced PMA-induced NETosis (Aleman et al., 2016a)
and had no effect on E. histolytica-induced NETosis. In the
case of FcyRIIIb, iSyk prevented TAK1 phosphorylation and
NETs formation (Alemdn et al., 2016a). This effect is interpreted
as a result of Syk being activated by receptor engagement
leading then to TAKI1 activation (Figure 14). In the case of
E. histolytica, the receptor used by neutrophils to recognize
amoebas is still unknown. Thus, most likely this putative receptor
does not use Syk to deliver a signal for NET formation.
Similarly, inhibition of TAK1, PI3-K, or p38 MAP kinase had
no effect on E. histolytica-induced NETosis (Figure 14). Thus,
the putative receptor for E. histolytica recognition most likely
connects to the Raf/MEK/ERK pathway independently of these
signaling molecules (Figure 14). As discussed above, a possible
connection for Raf activation might be the extracellular calcium
flux.

Blocking B2 integrins with antibodies against both CD11b
and CD18 chains prevented NET formation by LPS (Neeli et al.,
2009), by B-glucan (Byrd et al, 2013), and by immobilized
immune complexes (Behnen et al, 2014). However, integrin
ligands are not sufficient to induce NETs formation in isolated
neutrophils (Branzk and Papayannopoulos, 2013). Similarly,
in our case selective crosslinking of P2 integrins with mAb
IB4 also did not induce any NETs formation (Aleman et al,
2016a). Also, the mAb IB4 did not block FcyRIIIb-induced NETSs
formation (Aleman et al., 2016b). Similarly, blocking B2 integrins
with mAb IB4 also did not inhibit E. histolytica-induced NETs
formation (Figure 13). The involvement of f2 integrins in NET
formation might be more related to the adhesion requirement
of neutrophils to form NETs (Brinkmann et al., 2010) than to
a signaling capacity of the integrin. Therefore, previous reports
suggest that B2 integrins cooperate with other receptors to
induce NETosis, but our data suggest that 82 integrins do not
participate in NETs formation after E. histolytica engagement by
neutrophils.

In conclusion, to our knowledge, we show for the first time
that E. histolytica activates a signaling pathway for inducing NETs
formation, that involves Raf/MEK/ERK, but it is independent of
PKC, ROS, Syk, and TAK1. Hence, amoebas activate neutrophils
to release NETs via a different pathway from the pathways
activated by PMA or by the IgG receptor FcyRIIIb (Figure 14).
Our results also support the idea that various stimuli promote
NETs release via different signaling pathways.

AUTHOR CONTRIBUTIONS

ZF performed most of the experiments and analyzed data. CD-G
performed experiments and discussed data. NM performed
Western blots. OA performed calcium experiments and
discussed data. EU-Q performed live cell imaging and statistical
analysis, discussed data, and prepared figures. JC designed the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

17

July 2018 | Volume 8 | Article 226


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fonseca et al.

E. hitolytica Induce NETosis via Raf/MEK/ERK

research, analyzed data, and contributed reagents. CR designed
the research, performed statistical analysis, prepared figures,
organized the references, and wrote the paper.

FUNDING

Research in the authors’ laboratories was supported in part by
Grant 284830 (to JC) and Grant 254434 (to CR) from Consejo
Nacional de Ciencia y Tecnologia (CONACyT), Mexico (http://
conacyt.mx), by Grant IN206316 (to JC) from Direccién General
de Asuntos del Personal Académico, Universidad Nacional
Auténoma de México (http://dgapa.unam.mx), and by a special
Grant for encouragement of medical research (to JC) from
the Miguel Alemdn Valdés Foundation, Mexico (https://www.
miguelaleman.org).

REFERENCES

Abi Abdallah, D. S, Lin, C., Ball, C. ], King, M. R., Duhamel, G. E., and Denkers, E.
Y. (2012). Toxoplasma gondii triggers release of human and mouse neutrophil
extracellular traps. Infect. Immun. 80, 768-777. doi: 10.1128/IAL.05730-11

Alemin, O. R., Mora, N., Cortes-Vieyra, R., Uribe-Querol, E., and Rosales, C.
(2016a). Differential use of human neutrophil Fcy receptors for inducing
neutrophil extracellular trap formation. J. Immunol. Res. 2016:142643.
doi: 10.1155/2016/2908034

Alemén, O. R., Mora, N., Cortes-Vieyra, R., Uribe-Querol, E., and Rosales,
C. (2016b). Transforming growth factor-p-activated kinase 1 is required
for human FcyRIIIb-induced neutrophil extracellular trap formation. Front.
Immunol. 7:277. doi: 10.3389/fimmu.2016.00277

Aleyd, E., van Hout, M. W., Ganzevles, S. H., Hoeben, K. A., Everts, V.,
Bakema, J. E., et al. (2014). IgA enhances NETosis and release of neutrophil
extracellular traps by polymorphonuclear cells via Fca receptor L. J. Immunol.
192, 2374-2383. doi: 10.4049/jimmunol.1300261

Almyroudis, N. G., Grimm, M. J., Davidson, B. A, Réhm, M., Urban,
C. F, and Segal, B. H. (2013). NETosis and NADPH oxidase: at the
intersection of host defense, inflammation, and injury. Front. Immunol. 4:45.
doi: 10.3389/fimmu.2013.00045

Arai, Y., Nishinaka, Y., Arai, T., Morita, M., Mizugishi, K., Adachi, S.,
et al. (2014). Uric acid induces NADPH oxidase-independent neutrophil
extracellular trap formation. Biochem. Biophys. Res. Commun. 443, 556-561.
doi: 10.1016/j.bbrc.2013.12.007

Asgharpour, A., Gilchrist, C., Baba, D., Hamano, S., and Houpt, E. (2005).
Resistance to intestinal Entamoeba histolytica infection is conferred
by innate immunity and Gr-17 cells. Infect. Immun. 73, 4522-4529.
doi: 10.1128/IA1.73.8.4522-4529.2005

Avila, E. E., Salaiza, N., Pulido, J., Rodriguez, M. C., Diaz-Godinez, C., Laclette, J.P.,
etal. (2016). Entamoeba histolytica trophozoites and lipopeptidophosphoglycan
trigger human neutrophil extracellular traps. PLos ONE 11:¢0158979.
doi: 10.1371/journal.pone.0158979

Behnen, M., Leschczyk, C., Moller, S., Batel, T., Klinger, M., Solbach, W., et al.
(2014). Immobilized immune complexes induce neutrophil extracellular trap
release by human neutrophil granulocytes via FcyRIIIB and Mac-1. J. Immunol.
193, 1954-1965. doi: 10.4049/jimmunol.1400478

Bianchi, M., Hakkim, A., Brinkmann, V., Siler, U., Seger, R. A., Zychlinsky, A.,
et al. (2009). Restoration of NET formation by gene therapy in CGD controls
aspergillosis. Blood 114, 2619-2622. doi: 10.1182/blood-2009-05-221606

Bjornsdottir, H., Welin, A., Michaélsson, E., Osla, V., Berg, S., Christenson, K.,
et al. (2015). Neutrophil NET formation is regulated from the inside by
myeloperoxidase-processed reactive oxygen species. Free Radic. Biol. Med. 89,
1024-1035. doi: 10.1016/j.freeradbiomed.2015.10.398

Branzk, N., and Papayannopoulos, V. (2013). Molecular mechanisms regulating
NETosis in infection and disease. Semin. Immunopathol. 35, 513-530.
doi: 10.1007/s00281-013-0384-6

Branzk, N., Lubojemska, A., Hardison, S. E., Wang, Q., Gutierrez, M. G., Brown,
G. D,, et al. (2014). Neutrophils sense microbe size and selectively release

ACKNOWLEDGMENTS

Authors thank Mario Nézquiz Avendano (Facultad de
Medicina—UNAM) for culturing and providing E. histolytica
trophozoites; José Pedraza Chaverri (Facultad de Quimica—
UNAM) for providing dihydrorhodamine 123, dihydroethidium
and for advice on ROS assays; and José Carlos Blanco-Camarillo
(Instituto de Investigaciones Biomédicas—UNAM) for FACS
assays.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2018.00226/full#supplementary-material

neutrophil extracellular traps in response to large pathogens. Nat. Immunol.
15, 1017-1025. doi: 10.1038/ni.2987

Brinkmann, V., Goosmann, C. Kithn, L. I, and Zychlinsky, A. (2013).
Automatic quantification of in vitro NET formation. Front. Immunol. 3:413.
doi: 10.3389/fimmu.2012.00413

Brinkmann, V., Laube, B., Abu Abed, U., Goosmann, C., and Zychlinsky, A. (2010).
Neutrophil extracellular traps: how to generate and visualize them. J. Vis. Exp.
36:e1724. doi: 10.3791/1724

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S.,
etal. (2004). Neutrophil extracellular traps kill bacteria. Science 303, 1532-1535.
doi: 10.1126/science.1092385

Byrd, A. S., O’Brien, X. M., Johnson, C. M., Lavigne, L. M., and Reichner,
J. S. (2013). An extracellular matrix-based mechanism of rapid neutrophil
extracellular trap formation in response to Candida albicans. J. Immunol. 190,
4136-4148. doi: 10.4049/jimmunol.1202671

Cornick, S., and Chadee, K. (2017). Entamoeba histolytica: host parasite
interactions at the colonic epithelium. Tissue Barriers 5:e1283386.
doi: 10.1080/21688370.2017.1283386

Deniset, J. F., and Kubes, P. (2014). Recent advances in understanding neutrophils.
F1000Res. 5:2912. doi: 10.12688/f1000research.9691.1

DeSouza-Vieira, T., Guimarées-Costa, A., Rochael, N. C,, Lira, M. N., Nascimento,
M. T., Lima-Gomez, P. S,, et al. (2016). Neutrophil extracellular traps release
induced by Leishmania: role of PI3Ky, ERK, PI3Ko, PKC, and [Ca?t].J. Leukoc.
Biol. 100, 801-810. doi: 10.1189/j1b.4A0615-261RR

Diamond, L. S., Harlow, D. R., and Cunnick, C. C. (1978). A new medium for the
axenic cultivation of Entamoeba histolytica and other Entamoeba. Trans. R. Soc.
Trop. Med. Hyg. 72, 431-432.

Diaz-Godinez, C., Fonseca, Z., Néquiz, M., Laclette, J. P., Rosales, C., and
Carrero, J. C. (2018). Entamoeba histolytica trophozoites induce a rapid
non-classical NETosis mechanism independent of NOX2-derived reactive
oxygen species and PAD4 activity. Front. Cell. Infect. Microbiol. 8:184.
doi: 10.3389/fcimb.2018.00184

Dickson-Gonzalez, S. M., de Uribe, M. L., and Rodriguez-Morales, A. J.
(2009). Polymorphonuclear neutrophil infiltration intensity as consequence
of Entamoeba histolytica density in amebic colitis. Surg. Infect. 10, 91-97.
doi: 10.1089/sur.2008.011

Douda, D. N., Khan, M. A., Grasemann, H., and Palaniyar, N. (2015). SK3 channel
and mitochondrial ROS mediate NADPH oxidase-independent NETosis
induced by calcium influx. Proc. Natl. Acad. Sci. US.A. 112, 2817-2822.
doi: 10.1073/pnas.1414055112

Dransfield, I, Buckle, A. M., Savill, J. S., McDowall, A., Haslett, C., and Hogg, N.
(1994). Neutrophil apoptosis is associated with a reduction in CD16 (Fc gamma
RIII) expression. J. Immunol. 153, 1254-1263.

El-Benna, J., Hurtado-Nedelec, M., Marzaioli, V., Marie, J. C., Gougerot-Pocidalo,
M. A, and Dang, P. M. (2016). Priming of the neutrophil respiratory
burst: role in host defense and inflammation. Immunol. Rev. 273, 180-193.
doi: 10.1111/imr.12447

Espinosa-Cantellano,
Pathogenesis  of

A.
to

M., and Martinez-Palomo,

intestinal

(2000).

amebiasis: from molecules disease.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

18

July 2018 | Volume 8 | Article 226


http://conacyt.mx
http://conacyt.mx
http://dgapa.unam.mx
https://www.miguelaleman.org
https://www.miguelaleman.org
https://www.frontiersin.org/articles/10.3389/fcimb.2018.00226/full#supplementary-material
https://doi.org/10.1128/IAI.05730-11
https://doi.org/10.1155/2016/2908034
https://doi.org/10.3389/fimmu.2016.00277
https://doi.org/10.4049/jimmunol.1300261
https://doi.org/10.3389/fimmu.2013.00045
https://doi.org/10.1016/j.bbrc.2013.12.007
https://doi.org/10.1128/IAI.73.8.4522-4529.2005
https://doi.org/10.1371/journal.pone.0158979
https://doi.org/10.4049/jimmunol.1400478
https://doi.org/10.1182/blood-2009-05-221606
https://doi.org/10.1016/j.freeradbiomed.2015.10.398
https://doi.org/10.1007/s00281-013-0384-6
https://doi.org/10.1038/ni.2987
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.3791/1724
https://doi.org/10.1126/science.1092385
https://doi.org/10.4049/jimmunol.1202671
https://doi.org/10.1080/21688370.2017.1283386
https://doi.org/10.12688/f1000research.9691.1
https://doi.org/10.1189/jlb.4A0615-261RR
https://doi.org/10.3389/fcimb.2018.00184
https://doi.org/10.1089/sur.2008.011
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1111/imr.12447
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fonseca et al.

E. hitolytica Induce NETosis via Raf/MEK/ERK

Clin.  Microbiol.
331.2000

Estrada-Figueroa, L. A., Ramirez-Jiménez, Y., Osorio-Trujillo, C., Shibayama, M.,
Navarro-Garcia, F., Garcfa-Tovar, C., et al. (2011). Absence of CD38 delays
arrival of neutrophils to the liver and innate immune response development
during hepatic amoebiasis by Entamoeba histolytica. Parasite Immunol. 33,
661-668. doi: 10.1111/j.1365-3024.2011.01333.x

Fuchs, T. A., Abed, U., Goosmann, C., Hurwitz, R., Schulze, 1., Wahn, V., et al.
(2007). Novel cell death program leads to neutrophil extracellular traps. J. Cell
Biol. 176, 231-241. doi: 10.1083/jcb.200606027

Gabriel, C., McMaster, W. R., Girard, D., and Descoteaux, A. (2010).
Leishmania donovani promastigotes evade the antimicrobial activity
of neutrophil extracellular traps. J. 185, 4319-4327.
doi: 10.4049/jimmunol. 1000893

Garcia-Garcia, E., Brown, E. J., and Rosales, C. (2007). Transmembrane mutations
to FcyRIIA alter its association with lipid rafts: implications for receptor
signaling. J. Immunol. 178, 3048-3058. doi: 10.4049/jimmunol.178.5.3048

Garcia-Garcia, E., Rosales, R., and Rosales, C. (2002). Phosphatidylinositol 3-
kinase and extracellular signal-regulated kinase are recruited for Fc receptor-
mediated phagocytosis during monocyte to macrophage differentiation. J.
Leukoc. Biol. 72, 107-114. doi: 10.1189/j1b.72.1.107

Garcia-Garcia, E., Uribe-Querol, E., and Rosales, C. (2013). A simple and efficient
method to detect nuclear factor activation in human neutrophils by flow
cytometry. J. Vis. Exp. 74:¢50410. doi: 10.3791/50410

Ghenghesh, K. S., Ghanghish, K., BenDarif, E. T. Shembesh, K., and
Franka, E. (2016). Prevalence of Entamoeba histolytica, Giardia lamblia,
and Cryptosporidium spp. in Libya: 2000-2015. Libyan ]. Med. 11:32088.
doi: 10.3402/1jm.v11.32088

Gonzalez, A. S., Bardoel, B. W., Harbort, C.]., and Zychlinsky, A. (2014). Induction
and quantification of neutrophil extracellular traps. Methods Mol. Biol. 1124,
307-318. doi: 10.1007/978-1-62703-845-4_20

Guimarées-Costa, A. B., Nascimento, M. T., Froment, G. S., Soares, R. P., Morgado,
F.N., Conceigao-Silva, F., et al. (2009). Leishmania amazonensis promastigotes
induce and are killed by neutrophil extracellular traps. Proc. Natl. Acad. Sci.
U.S.A. 106, 6748-6753. doi: 10.1073/pnas.0900226106

Gupta, A. K., Giaglis, S., Hasler, P., and Hahn, S. (2014). Efficient neutrophil
extracellular trap induction requires mobilization of both intracellular and
extracellular calcium pools and is modulated by cyclosporine A. PLoS ONE
9:¢97088. doi: 10.1371/journal.pone.0097088

Hakkim, A., Fuchs, T. A., Martinez, N. E., Hess, S., Prinz, H., Zychlinsky,
A., et al. (2011). Activation of the Raf-MEK-ERK pathway is required
for neutrophil extracellular trap formation. Nat. Chem. Biol. 7, 75-77.
doi: 10.1038/nchembio.496

Heumiiller, S., Wind, S., Barbosa-Sicard, E., Schmidt, H. H., Busse, R,
Schréder, K., et al. (2008). Apocynin is not an inhibitor of vascular
NADPH oxidases but an antioxidant. Hypertension 51, 211-217.
doi: 10.1161/HYPERTENSIONAHA.107.100214

Hoffmann, J. H., Schaekel, K., Gaiser, M. R, Enk, A. H., and Hadaschik, E. N.
(2016). Interindividual variation of NETosis in healthy donors: introduction
and application of a refined method for extracellular trap quantification. Exp.
Dermatol. 25, 895-900. doi: 10.1111/exd.13125

Hosseinzadeh, A., Thompson, P. R., Segal, B. H., and Urban, C. F. (2016).
Nicotine induces neutrophil extracellular traps. J. Leukoc. Biol. 100, 1105-1112.
doi: 10.1189/j1b.3AB0815-379RR

Hurrell, B. P., Schuster, S., Griin, E., Coutaz, M., Williams, R. A., Held, W.,
et al. (2015). Rapid sequestration of Leishmania mexicana by neutrophils
contributes to the development of chronic lesion. PLoS Pathog. 11:¢1004929.
doi: 10.1371/journal.ppat.1004929

Jarillo-Luna, R. A., Campos-Rodriguez, R., and Tsutsumi, V. (2002). Entamoeba
histolytica: immunohistochemical study of hepatic amoebiasis in mouse.
Neutrophils and nitric oxide as possible factors of resistance. Exp. Parasitol.
101, 40-56. doi: 10.1016/S0014-4894(02)00021-8

Kenny, E. F.,, Herzig, A., Kriiger, R., Muth, A., Mondal, S., Thompson, P. R, et al.
(2017). Diverse stimuli engage different neutrophil extracellular trap pathways.
Elife 6:¢24437. doi: 10.7554/eLife.24437

Keshari, R. S., Verma, A., Barthwal, M. K., and Dikshit, M. (2013). Reactive
oxygen species-induced activation of ERK and p38 MAPK mediates PMA-
induced NETs release from human neutrophils. J. Cell. Biochem. 114, 532-540.
doi: 10.1002/jcb.24391

Rev. 13, 318-331. doi: 10.1128/CMR.13.2.318-

Immunol.

Khan, M. A., and Palaniyar, N. (2017). Transcriptional firing helps to drive
NETosis. Sci. Rep. 7:41749. doi: 10.1038/srep41749

Kim, S. Y., Moon, K. A.,Jo, H. Y., Jeong, S., Seon, S. H., Jung, E., et al. (2012). Anti-
inflammatory effects of apocynin, an inhibitor of NADPH oxidase, in airway
inflammation. Immunol. Cell Biol. 90, 441-448. doi: 10.1038/icb.2011.60

Kolaczkowska, E., and Kubes, P. (2013). Neutrophil recruitment and function in
health and inflammation. Nat. Rev. Immunol. 13,159-175. doi: 10.1038/nri3399

Kraaij, T., Tengstrém, F. C., Kamerling, S. W., Pusey, C. D., Scherer, H. U.,
Toes, R. E.,, et al. (2016). A novel method for high-throughput detection
and quantification of neutrophil extracellular traps reveals ROS-independent
NET release with immune complexes. Autoimmun. Rev. 15, 577-584.
doi: 10.1016/j.autrev.2016.02.018

Lapponi, M. J., Carestia, A., Landoni, V. L, Rivadeneyra, L., Etulain, J,
Negrotto, S., et al. (2013). Regulation of neutrophil extracellular trap
formation by anti-inflammatory drugs. J. Pharmacol. Exp. Ther. 345, 430-437.
doi: 10.1124/jpet.112.202879

Lavoie, H., and Therrien, M. (2015). Regulation of RAF protein kinases in ERK
signalling. Nat. Rev. Mol. Cell Biol. 16, 281-298. doi: 10.1038/nrm3979

Lozano, R., Naghavi, M., Foreman, K., Lim, S., Shibuya, K., Aboyans, V., et al.
(2012). Global and regional mortality from 235 causes of death for 20 age
groups in 1990 and 2010: a systematic analysis for the global burden of disease
study 2010. Lancet 380, 2095-2128. doi: 10.1016/S0140-6736(12)61728-0

Mayadas, T. N, Cullere, X, and Lowell, C. A. (2014). The
multifaceted functions of neutrophils. Annu. Rev. Pathol. 9, 181-218.
doi: 10.1146/annurev-pathol-020712-164023

Mishra, S., Smolik, S. M., Forte, M. A., and Stork, P. J. (2005). Ras-independent
activation of ERK signaling via the torso receptor tyrosine kinase is mediated
by Rapl. Curr. Biol. 15, 366-370. doi: 10.1016/j.cub.2005.02.022

Mocsai, A., Walzog, B., and Lowell, C. A. (2015). Intracellular signalling
during neutrophil recruitment. Cardiovasc. Res. 107, 373-385. doi:
doi: 10.1093/cvr/cvv159

Moldovan, 1., Galon, J., Maridonneau-Parini, I., Roman Roman, S., Mathiot, C.,
Fridman, W. H., et al. (1999). Regulation of production of soluble Fc gamma
receptors type III in normal and pathological conditions. Immunol. Lett. 68,
125-134. doi: 10.1016/S0165-2478(99)00041-3

Moonah, S. N, Jiang, N. M., and Petri, W. A. Jr. (2013). Host
immune response to intestinal amebiasis. PLoS Pathog. 9:e1003489.
doi: 10.1371/journal.ppat.1003489

Mortimer, L., and Chadee, K. (2010). The immunopathogenesis of Entamoeba
histolytica. Exp. Parasitol. 126, 366-380. doi: 10.1016/j.exppara.2010.03.005

Nakada-Tsukui, K., and Nozaki, T. (2016). Immune response of amebiasis
and immune evasion by Entamoeba histolytica. Front. Immunol. 7:175.
doi: 10.3389/fimmu.2016.00175

Neeli, I, and Radic, M. (2012). Knotting the NETS: analyzing histone modifications
in neutrophil extracellular traps. Arthritis Res. Ther. 14:115. doi: 10.1186/ar3773

Neeli, I, and Radic, M. (2013). Opposition between PKC isoforms regulates
histone deimination and neutrophil extracellular chromatin release. Front.
Immunol. 4:38. doi: 10.3389/fimmu.2013.00038

Neeli, I, Dwivedi, N., Khan, S, and Radic, M. (2009). Regulation of
extracellular chromatin release from neutrophils. J. Innate Immun. 1, 194-201.
doi: 10.1159/000206974

Olivos-Garcia, A., Carrero, J. C., Ramos, E., Nequiz, M., Tello, E., Montfort,
I, et al. (2007). Late experimental amebic liver abscess in hamster is
inhibited by cyclosporine and N-acetylcysteine. Exp. Mol. Pathol. 82, 310-315.
doi: 10.1016/j.yexmp.2006.09.005

Papayannopoulos, V. (2018). Neutrophil extracellular traps in immunity and
disease. Nat. Rev. Immunol. 18, 134-147. doi: 10.1038/nri.2017.105

Papayannopoulos, V., and Zychlinsky, A. (2009). NETs: a new strategy for using
old weapons. Trends. Immunol. 30, 513-521. doi: 10.1016/j.it.2009.07.011.

Parker, H., Albrett, A. M., Kettle, A. J., and Winterbourn, C. C. (2012a).
Myeloperoxidase associated with neutrophil extracellular traps is active and
mediates bacterial killing in the presence of hydrogen peroxide. J. Leukoc. Biol.
91, 369-376. doi: 10.1189/j1b.0711387

Parker, H., Dragunow, M., Hampton, M. B., Kettle, A. J., and Winterbourn, C. C.
(2012b). Requirements for NADPH oxidase and myeloperoxidase in neutrophil
extracellular trap formation differ depending on the stimulus. J. Leukoc. Biol.
92, 841-849.doi: 10.1189/j1b.1211601

Patel, S., Kumar, S., Jyoti, A., Srinag, B. S., Keshari, R. S., Saluja, R,
et al. (2010). Nitric oxide donors release extracellular traps from human

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

19

July 2018 | Volume 8 | Article 226


https://doi.org/10.1128/CMR.13.2.318-331.2000
https://doi.org/10.1111/j.1365-3024.2011.01333.x
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.4049/jimmunol.1000893
https://doi.org/10.4049/jimmunol.178.5.3048
https://doi.org/10.1189/jlb.72.1.107
https://doi.org/10.3791/50410
https://doi.org/10.3402/ljm.v11.32088
https://doi.org/10.1007/978-1-62703-845-4_20
https://doi.org/10.1073/pnas.0900226106
https://doi.org/10.1371/journal.pone.0097088
https://doi.org/10.1038/nchembio.496
https://doi.org/10.1161/HYPERTENSIONAHA.107.100214
https://doi.org/10.1111/exd.13125
https://doi.org/10.1189/jlb.3AB0815-379RR
https://doi.org/10.1371/journal.ppat.1004929
https://doi.org/10.1016/S0014-4894(02)00021-8
https://doi.org/10.7554/eLife.24437
https://doi.org/10.1002/jcb.24391
https://doi.org/10.1038/srep41749
https://doi.org/10.1038/icb.2011.60
https://doi.org/10.1038/nri3399
https://doi.org/10.1016/j.autrev.2016.02.018
https://doi.org/10.1124/jpet.112.202879
https://doi.org/10.1038/nrm3979
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.1146/annurev-pathol-020712-164023
https://doi.org/10.1016/j.cub.2005.02.022
https://doi.org/10.1093/cvr/cvv159
https://doi.org/10.1016/S0165-2478(99)00041-3
https://doi.org/10.1371/journal.ppat.1003489
https://doi.org/10.1016/j.exppara.2010.03.005
https://doi.org/10.3389/fimmu.2016.00175
https://doi.org/10.1186/ar3773
https://doi.org/10.3389/fimmu.2013.00038
https://doi.org/10.1159/000206974
https://doi.org/10.1016/j.yexmp.2006.09.005
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1016/j.it.2009.07.011.
https://doi.org/10.1189/jlb.0711387
https://doi.org/10.1189/jlb.1211601
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fonseca et al.

E. hitolytica Induce NETosis via Raf/MEK/ERK

neutrophils by augmenting free radical generation. Nitric Oxide 22, 226-234.
doi: 10.1016/j.ni0x.2010.01.001

Pérez-Tamayo, R., Martinez, R. D., Montfort, I, Becker, I, Tello, E., and Pérez-
Montfort, R. (1991). Pathogenesis of acute experimental amebic liver abscess in
hamsters. J. Parasitol. 77, 982-988.

Pérez-Tamayo, R., Montfort, I, Garcia, A. O., Ramos, E., and Ostria, C. B.
(2006). Pathogenesis of acute experimental liver amebiasis. Arch. Med. Res. 37,
203-209. doi: 10.1016/j.arcmed.2005.10.007

Pilsczek, F. H., Salina, D., Poon, K. K., Fahey, C., Yipp, B. G., Sibley, C. D,,
etal. (2010). A novel mechanism of rapid nuclear neutrophil extracellular trap
formation in response to Staphylococcus aureus. J. Immunol. 185, 7413-7425.
doi: 10.4049/jimmunol.1000675

Popa-Nita, O., Proulx, S., Paré, G., Rollet-Labelle, E., and Naccache, P.
H. (2009). Crystal-induced neutrophil activation: XI. Implication and
novel roles of classical protein kinase C. J. Immunol. 183, 2104-2114.
doi: 10.4049/jimmunol.0900906

Prathap, K., and Gilman, R. (1970). The histopathology of acute intestinal
amebiasis. A rectal biopsy study. Am. J. Pathol. 60, 229-246

Raftery, M. J., Lalwani, P., Krautkramer, E., Peters, T., Scharffetter-Kochanek,
K., Kriiger, R, et al. (2014). P2 integrin mediates hantavirus-induced
release of neutrophil extracellular traps. J. Exp. Med. 211, 1485-1497.
doi: 10.1084/jem.20131092

Remijsen, Q., Vanden Berghe, T., Wirawan, E., Asselbergh, B., Parthoens,
E., De Rycke, R., et al. (2011). Neutrophil extracellular trap cell death
requires both autophagy and superoxide generation. Cell. Res. 21, 290-304.
doi: 10.1038/cr.2010.150

Reyes-Reyes, M., Mora, N., Zentella, A, and Rosales, C. (2001).
Phosphatidylinositol 3-kinase mediates integrin-dependent NF-kB and
MAPK activation through separate signaling pathways. J. Cell Sci. 114,
1579-1589. Available online at: http://jcs.biologists.org/content/114/8/1579.
long

Rochael, N. C., Guimaries-Costa, A. B., Nascimento, M. T., DeSouza-Vieira, T. S.,
Oliveira, M. P., Garcia e Souza, L. F., et al. (2015). Classical ROS-dependent and
early/rapid ROS-independent release of neutrophil extracellular traps triggered
by Leishmania parasites. Sci. Rep. 5:18302. doi: 10.1038/srep18302

Rosales, C., and Brown, E. J. (1991). Two mechanisms for IgG Fc receptor-
mediated phagocytosis by human neutrophils. J. Immunol. 146, 3937-3944.

Rosales, C., and Brown, E. J. (1992). Signal transduction by neutrophil IgG Fc
receptors: dissociation of [Ca™?] rise from IP3. J. Biol. Chem. 267, 5265-5271.

Rosales, C., and Uribe-Querol, E. (2017). Phagocytosis: a fundamental process in
immunity. BioMed Res. Int. 2017:9042851. doi: 10.1155/2017/9042851

Rossaint, J., Herter, J. M., Van Aken, H., Napirei, M., Déring, Y., Weber, C.,
et al. (2014). Synchronized integrin engagement and chemokine activation is
crucial in neutrophil extracellular trap-mediated sterile inflammation. Blood
123, 2573-2584. doi: 10.1182/blood-2013-07-516484

Rouquette-Jazdanian, A. K., Sommers, C. L., Kortum, R. L., Morrison, D. K., and
Samelson, L. E. (2012). LAT-independent Erk activation via Bam32-PLC-y1-
Pakl complexes: GTPase-independent Pakl activation. Mol. Cell 48, 298-312.
doi: 10.1016/j.molcel.2012.08.011

Salata, R. A., and Ravdin, J. I. (1986). The interaction of human neutrophils and
Entamoeba histolytica increases cytopathogenicity for liver cell monolayers. J.
Infect. Dis. 154, 19-26

Schindelin, J., Arganda-Carreras, L, Frise, E., Kaynig, V., Longair, M., Pietzsch, T,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682. doi: 10.1038/nmeth.2019

Schmidt, M., Goebeler, M., Posern, G., Feller, S. M., Seitz, C. S., Brocker, E.
B., et al. (2000). Ras-independent activation of the Raf/MEK/ERK pathway
upon calcium-induced differentiation of keratinocytes. J. Biol. Chem. 275,
41011-41017. doi: 10.1074/jbc.M003716200

Seydel, K. B., Li, E., Zhang, Z., and Stanley, S. L. Jr. (1998). Epithelial
cell-initiated inflammation plays a crucial role in early tissue damage
in amebic infection of human intestine. Gastroenterology 115, 1446-1453.
doi: 10.1016/S0016-5085(98)70023-X

Seydel, K. B., Zhang, T., and Stanley, S. L. Jr. (1997). Neutrophils play a
critical role in early resistance to amebic liver abscesses in severe combined
immunodeficient mice. Infect. Immun. 65, 3951-3953.

Sim, S., Yong, T. S., Park, S.J., Im, K. I, Kong, Y., Ryu, J. S., et al. (2005). NADPH
oxidase-derived reactive oxygen species-mediated activation of ERK1/2 is

required for apoptosis of human neutrophils induced by Entamoeba histolytica.
J. Immunol. 174, 4279-4288. doi: 10.4049/jimmunol.174.7.4279

Sollberger, G., Amulic, B., and Zychlinsky, A. (2016). Neutrophil extracellular trap
formation is independent of de novo gene expression. PLoS ONE 11:e0157454.
doi: 10.1371/journal.pone.0157454

Sousa-Rocha, D., Thomaz-Tobias, M., Diniz, L. F., Souza, P. S., Pinge-Filho,
P., and Toledo, K. A. (2015). Trypanosoma cruzi and its soluble antigens
induce NET release by stimulating toll-like receptors. PLoS ONE 10:e0139569.
doi: 10.1371/journal.pone.0139569

Takahashi, T., Ueno, H., and Shibuya, M. (1999). VEGF activates protein
kinase C-dependent, but Ras-independent Raf-MEK-MAP kinase pathway
for DNA synthesis in primary endothelial cells. Oncogene 18, 2221-2230.
doi: 10.1038/sj.onc.1202527

Tellevik, M. G., Moyo, S. J., Blomberg, B., Hjollo, T., Maselle, S. Y., Langeland,
N., et al. (2015). Prevalence of Cryptosporidium parvum/hominis, Entamoeba
histolytica and Giardia lamblia among young children with and without
diarrhea in Dar es Salaam, Tanzania. PLoS Negl. Trop. Dis. 9:e0004125.
doi: 10.1371/journal.pntd.0004125

Tsutsumi, V., and Martinez-Palomo, A. (1988). Inflammatory reaction in
experimental hepatic amebiasis. An ultrastructural study. Am. J. Pathol. 130,
112-119.

Tsutsumi, V., Mena-Lopez, R., Anaya-Veldzquez, F., and Martinez-Palomo, A.
(1984). Cellular bases of experimental amebic liver abscess formation. Am. J.
Pathol. 117, 81-91.

Urban, C. F., Reichard, U., Brinkmann, V., and Zychlinsky, A. (2006).
Neutrophil extracellular traps capture and kill Candida albicans yeast and
hyphal forms. Cell. Microbiol. 8, 668-676. doi: 10.1111/j.1462-5822.2005.
00659.x

van der Linden, M., Westerlaken, G. H. A., van der Vlist, M., van Montfrans,
J., and Meyaard, L. (2017). Differential signalling and kinetics of neutrophil
extracellular trap release revealed by quantitative live imaging. Sci. Rep. 7:6529.
doi: 10.1038/s41598-017-06901-w

Velazquez, C., Shibayama-Salas, M., Aguirre-Garcia, J., Tsutsumi, V., and
Calderon, J. (1998). Role of neutrophils in innate resistance to Entamoeba
histolytica liver infection in mice. Parasite Immunol. 20, 255-262.
doi: 10.1046/j.1365-3024.1998.00128.x

Ventura-Juarez, J., Campos-Esparza, M., Pacheco-Yepez, J., Lopez-Blanco, J. A.,
Adabache-Ortiz, A., Silva-Briano, M., et al. (2016). Entamoeba histolytica
induces human neutrophils to form NETs. Parasite Immunol. 38, 503-509.
doi: 10.1111/pim.12332

Verkerke, H. P., Petri, W. A. Jr, and Marie, C. S. (2012). The dynamic
interdependence of amebiasis, innate immunity, and undernutrition. Semin.
Immunopathol. 34, 771-785. doi: 10.1007/s00281-012-0349-1

Walsh, J. A. (1986). Problems in recognition and diagnosis of amebiasis: estimation
of the global magnitude of morbidity and mortality. Rev. Infect. Dis. 8,
228-238

Wojtala, A., Bonora, M., Malinska, D., Pinton, P., Duszynski, J., and
Wieckowski, M. R. (2014). Methods to monitor ROS production by
fluorescence microscopy and fluorometry. Methods Enzymol. 542, 243-262.
doi: 10.1016/B978-0-12-416618-9.00013-3

Yipp, B. G., Petri, B., Salina, D., Jenne, C. N., Scott, B. N., Zbytnuik, L. D., et al.
(2012). Infection-induced NETosis is a dynamic process involving neutrophil
multitasking in vivo. Nat. Med. 18, 1386-1393. doi: 10.1038/nm.2847

Zawrotniak, M., and Rapala-Kozik, M. (2013). Neutrophil extracellular traps
(NETs) - formation and implications. Acta Biochim. Pol. 60, 277-284. Available
online at: http://www.actabp.pl/pdf/3_2013/277.pdf

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Fonseca, Diaz-Godinez, Mora, Alemdn, Uribe-Querol, Carrero
and Rosales. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

20

July 2018 | Volume 8 | Article 226


https://doi.org/10.1016/j.niox.2010.01.001
https://doi.org/10.1016/j.arcmed.2005.10.007
https://doi.org/10.4049/jimmunol.1000675
https://doi.org/10.4049/jimmunol.0900906
https://doi.org/10.1084/jem.20131092
https://doi.org/10.1038/cr.2010.150
http://jcs.biologists.org/content/114/8/1579.long
http://jcs.biologists.org/content/114/8/1579.long
https://doi.org/10.1038/srep18302
https://doi.org/10.1155/2017/9042851
https://doi.org/10.1182/blood-2013-07-516484
https://doi.org/10.1016/j.molcel.2012.08.011
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1074/jbc.M003716200
https://doi.org/10.1016/S0016-5085(98)70023-X
https://doi.org/10.4049/jimmunol.174.7.4279
https://doi.org/10.1371/journal.pone.0157454
https://doi.org/10.1371/journal.pone.0139569
https://doi.org/10.1038/sj.onc.1202527
https://doi.org/10.1371/journal.pntd.0004125
https://doi.org/10.1111/j.1462-5822.2005.00659.x
https://doi.org/10.1038/s41598-017-06901-w
https://doi.org/10.1046/j.1365-3024.1998.00128.x
https://doi.org/10.1111/pim.12332
https://doi.org/10.1007/s00281-012-0349-1
https://doi.org/10.1016/B978-0-12-416618-9.00013-3
https://doi.org/10.1038/nm.2847
http://www.actabp.pl/pdf/3_2013/277.pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Entamoeba histolytica Induce Signaling via Raf/MEK/ERK for Neutrophil Extracellular Trap (NET) Formation
	Introduction
	Materials and Methods
	Neutrophils
	Entamoeba histolytica
	Reagents
	NET Formation Assay
	Immunofluorescence
	Live Cell Imaging Quantification of NETs
	Spectrophotometric Quantification of NETs
	Fluorescent Calcium Measurements
	FACS
	Neutrophil Stimulation With Trophozoites and Protein Extraction
	Western Blotting
	Reactive Oxygen Species (ROS)
	Statistical Analysis

	Results
	Entamoeba histolytica Induce NET Formation
	Entamoeba histolytica-Induced NETs Formation Is Dependent on Raf and MEK, but Not PKC
	Extracellular Calcium Is Required for Entamoeba histolytica-Induced NETs Formation
	Entamoeba histolytica Trophozoites Induced NETosis but Not Apoptosis
	Entamoeba histolytica-Induced NETs Formation Is Dependent on ERK
	The NADPH-Oxidase Inhibitor DPI Reduced Entamoeba histolytica-Induced NETs Formation
	Entamoeba histolytica Did Not Induce ROS Production
	Entamoeba histolytica-Induced NETs Formation Is Dependent on NF-κB
	Entamoeba histolytica-Induced NETs Formation Is Independent on Syk, TAK1, PI3K, p38 MAPK, and β2 Integrins

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


