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Abstract

the manuscript.
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Scorpion sting-induced human envenomation provokes an intense inflammatory reaction. However, the mechanisms
behind the recognition of scorpion venom and the induction of mediator release in mammalian cells are unknown. We
demonstrated that TLR2, TLR4 and CD14 receptors sense Tityus serrulatus venom (TsV) and its major component, toxin 1
(Ts1), to mediate cytokine and lipid mediator production. Additionally, we demonstrated that TsV induces TLR2- and TLR4/
MyD88-dependent NF-kB activation and TLR4-dependent and TLR2/MyD88-independent c-Jun activation. Similar to TsV,
Ts1 induces MyD88-dependent NF-kB phosphorylation via TLR2 and TLR4 receptors, while c-Jun activation is dependent on
neither TLR2 nor TLR4/MyD88. Therefore, we propose the term venom-associated molecular pattern (VAMP) to refer to
molecules that are introduced into the host by stings and are recognized by PRRs, resulting in inflammation.
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Introduction

Human envenomation caused by scorpion stings is a serious
public health issue worldwide. The recognition of scorpion venom
by mammalian cells triggers a strong inflammatory response that is
characterized by increased levels of local and circulating leuko-
cytes [1,2] and that, in severe cases, can cause pulmonary edema
and death in children [3].

Tityus serrulatus venom (TsV) is a complex mixture composed of
a wide array of substances. It is composed of insoluble mucus,
many neurotoxic proteins that affect Na® or K channels,
proteases, hyaluronidase [4] and other peptides, whose biological
functions are stll not clarified [5,6]. Tsl, the major toxin
component of TsV, corresponds to 16% of the crude soluble
venom and contributes significantly to venom toxicity [7]. Tsl
(Uniprot ID P15226, PDB INPI and 1B7D) contains 61 amino
acid residues, including 8 cysteine residues. Tsl has a theoretical
molecular mass of 6,890.9 Da and a pl of 8.67 (http://web.
expasy.org/protparam). Tsl is a sodium channel B-neurotoxin,
which depolarizes the membrane, reduces the amplitude of the
action potential and increases its duration [8]. The structure of
Tsl1 1s composed of a highly conserved dense core formed by three
anti-parallel B-strands and a B-helix that is interlinked by disulfide
bridges [9].

It has previously been reported that interleukin-lo (IL-1at),
tumor necrosis factor-o (I'NF-a,) interleukin-6 (IL-6), interferon-y
(INF-y), granulocyte macrophage colony-stimulating factor (GM-
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CSF), interleukin-10 (IL-10), leukotriene B, (LTBy4), and prosta-
glandin Ey (PGEy) are the primary mediators induced by TsV and
its purified toxins, T's1, Ts2 and Ts6 [1,2,10,11,12,13]. Data from
the literature have demonstrated that inflammatory mediators are
also released during inflammatory responses that are induced as
the result of the recognition of either pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs) by pattern recognition receptors (PRRs) on
innate immune cells [14,15,16,17,18]. Toll-like receptors (TLRs)
are the PRRs of the innate immune system that sense pathogen
invasion, can distinguish microbial patterns that are distinct from
host molecules [19] and detect non-microbial signal indicators of
tissue injury [20] with high sensitivity and specificity. TLRs are
expressed on a variety of leukocytes but are particularly abundant
on macrophages [21]. Pattern recognition by TLRs activates
signaling pathways that result in an inflammatory response.
Multiple events are induced during this process, including the
phosphorylation of the proteins NF-kB and transcription factor
activator protein 1 (AP-1), which translocate into the nucleus and
induce the expression of inflammatory genes. In unstimulated
cells, the canonical NF-kB dimeric protein, composed of the p50
and p65 subunits, is bound to the NF-kB inhibitor-ot (Ix-Bor) in the
cytoplasm. Upon stimulation with endogenous inducers of NI-kB,
such as IL-1P and TNF-o, or potent exogenous inducers, such as
lipopolysaccharide (LPS), IxBa is rapidly phosphorylated by IkB
kinases (IKK) and marked for ubiquitination and degradation in
the cytoplasm. The released NI-kB dimer can then be activated
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Figure 1. TsV and Ts1 induce IL-6, TNF-a, PGE, and LTB, production in peritoneal macrophages. Adherent macrophages from C57BI/6
(WT) mice were stimulated with TsV or Ts1 (50 ug/ml), and the supernatants were collected after 24 h, following incubation in a 5% CO, atmosphere
at 37°C. The levels of IL-6 (a), TNF-a (b), PGE; (c) and LTB, (d) in the supernatants were measured by ELISA. Medium alone was used as the negative
control. *p<<0.05 (one-way ANOVA) compared to medium alone. The data from 3 independent experiments are shown (n=12).

doi:10.1371/journal.pone.0088174.9001

by p65 phosphorylation and can translocate into the nucleus,
where NF-kB triggers the transcription of target genes by binding
to KB elements in the gene promoter regions with high affinity
[22,23,24]. AP-1, a heterodimer composed of proteins belonging
to c-Fos, c-Jun, ATF and JDP families, is also involved in the
inflammatory response [25]. Upon stimulation, TLRs activate
complex signaling cascades, such as the mitogen-activated protein
kinase (MAPK) pathway, which includes the extracellular-signal-
regulated kinase (ERK), the c-Jun N-terminal kinase (JNK) and
p38. The phosphorylation of AP-1 induces the transcription of
TNF-o, IL-1B and matrix metalloproteinase [25,26]. CD14 is a
cell surface receptor that cooperates with TLR4 and MD2 to
mediate the innate immune response to LPS in macrophages
[27,28,29]. Downstream of the tripartite receptor, the recruitment
of the adaptor proteins TIR-containing adaptor molecule (TTRAP)
and myeloid differentiation factor (MyD88) initiates a MyD88-
dependent pathway that culminates in the activation of the NF-xB
and MAPK pathways [30]. In addition to the MyD88-dependent
pathway, LPS stimulation also results in the activation of a
MyD88-independent pathway through the recruitment of the
adaptor molecules TIR-containing adaptor inducing IFN-B
(TRIF) and TRIF-related adaptor molecule (TRAF). This
recruitment leads to the late-phase activation of NF-xB, interferon
regulatory factor 3 (IRF3), MAPKs and phosphatidylinositol 3-
kinase (PI3K) [31].

Currently, the mechanisms underlying the innate immune
recognition and the cell signaling networks that are involved in the
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inflammatory response following envenomation by scorpions are
unknown. Using knockout mice, we identified, for the first time,
the innate immune receptors and cell signaling pathways involved
in macrophage activation by TsV and Tsl. In the present
manuscript, we describe, for the first time, a role for TLR2, TLR4
and CD14 in the innate immune recognition of TsV and purified
Tsl, which we named venom-associated molecular patterns
(VAMPs). Additionally, we identified the macrophage signaling
pathways involved in TNF-a, IL-6, PGE,; and L'TB,4 production
following VAMP recognition. Specifically, our results demonstrat-
ed that TsV interacts with TLR2, TLR4 and CDI14. This
interaction recruits MyD88 and activates the AP-1 and NF-xB
pathways. Similarly, Ts1 induces TNF-o and IL-6 production in a
manner that is dependent on TLR2, TLR4 and CD14, although
signaling occurs specifically through NF-xB activation.

Materials and Methods

Animals

TLR2, TLR4, CD14and MyD88 knockout (KO or ~/~) mice
between the ages of 6 and 8 weeks were donated by S. Akira
(Osaka University, Osaka, Japan) and bred in the Animal House of
the FFaculdade de Medicina de Ribeirdo Préto (Universidade de
Sao Paulo, Ribeirdo Préto, Brazil). Strain-matched WT C57B1/6
(G57Bl/6 was the genetic background for the TLR2, TLR4,
CD14 and MyD88 KO mouse) mice of both sexes were bred in
the Faculdade de Ciéncias Farmacéuticas de Ribeirdao Préto
(Universidade de Szo Paulo, Ribeirdo Preto, Brazil). The mice
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Figure 2. TsV and Ts1 stimulation increases the mRNA expression of 7/r2, Cd74, Myd88 and Ptgs2 in peritoneal macrophages.
Adherent macrophages from C57BI/6 (WT) mice were treated with TsV or Ts1 (50 ug/ml) for 4 h. Unstimulated macrophages were used as the
negative control. The cells were lysed, and total RNA was extracted. qRT-PCR was performed to determine the relative expression levels of transcripts
encoding lipid metabolism enzymes, TLRs and adaptor proteins. The results were normalized to the expression levels of the endogenous internal
controls Actb, Gapdh and Tbp. The 2722t method was used for the analysis of the qRT-PCR data. *p<<0.05 (one-way ANOVA followed by Dunnett’s
post-test) compared to medium alone. Statistically significant changes were considered when p<<0.05 and any gene presented a fold-change >2.0.
The results are presented as the fold-change measured from 2 independent experiments.

doi:10.1371/journal.pone.0088174.g002

were maintained in a room at 25°C, with a 12 h/12 h light/dark
cycle, and provided with free access to food and water. The mice
were kept in biohazard facilities. All experiments were approved
and conducted in accordance with the guidelines of the Animal
Care Committee of Prefeitura of Campus of Ribeirdao Preto
(PCARP) at the University of Sao Paulo (Protocol number
11.1.160.53.1).

Toxins

TsV was extracted from Tityus serrulatus, and the Tsl toxin,
representing 16% of the total crude soluble TsV, was purified and
stored at —20°C, as previously described [32]. Prior to the
experiments, TsV and Tsl were dissolved in phosphate buffered
saline (PBS) and filtered through 0.22 um sterilizing membranes.
To determine whether the purified toxins were contaminated with
LPS, a Limulus amoebocyte lysate (LAL) test was performed (QCL-
1000, Bio Whittaker, Cambrex Company, East Rutherford, NY,
USA).

Macrophage Culture and Activation
The macrophages were isolated from the peritoneal cavities of
mice and plated in 96-well micro culture plates at a density of
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2x10° cells/well in RPMI medium supplemented with 10 mM L-
glutamine, 100 U/ml penicillin, 100 U/ml streptomycin and 10%
fetal bovine serum (FBS). The cells were cultured at 37°C in a
humidified 5% COy atmosphere for 18 h. After this period, the
supernatants were collected and the cells were stimulated either
with TsV (50 pg/ml/2x10° cells) for 30 min or 24 h or with Tsl
(50 ug/ml/2x10° cells) for 24 h at 37°C in a 5% CO,
atmosphere. After the stimulation period, the culture supernatants
were harvested and stored at —20°C until further use. To verify
whether the recognition of TsV or Tsl by macrophages was
dependent on their tertiary structures, TsV and Tsl were
thermally inactivated prior to being added to the cell cultures.
For heat inactivation, 50 pg/mL each of TsV and Tsl were
heated for 30 min at 60°C [33], and for heat denaturation, TsV
and Ts1 were boiled at 95°C for 60 min. The supernatants were
collected for IL-6 and TNF-o measurement by ELISA, as
described below.

Assessment of Cell Injury
To ensure the stimuli were not cytotoxic, lactate dehydrogenase

(LDH) levels in the macrophage supernatants were measured after
24 h of incubation with TsV or Tsl. The level of LDH in the cell
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Figure 3. TLR4, TLR2 and CD14 mediate the recognition of TsV and Ts1 and modulate IL-6, TNF-o, PGE, and LTB, production.
Peritoneal macrophages from C57BI/6 (WT) mice, TLR2 /7, TLR4™’~ or CD14™/~ mice were stimulated with TsV (50 ug/ml) (a, b) for 30 min or 24 h or
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with TsV (e, f) or Ts1 (50 pg/ml) (c, d, g, h) for 24 h in a 5% CO, atmosphere at 37°C. The concentrations of IL-6 (a, c), TNF-a (b, d), PGE, (e, g) and LTB,
(f, h) in the culture supernatants were determined by ELISA. *p<<0.05 (one-way ANOVA) compared to the WT mice. The values represent the means =
SD (n=8), and the data are from 2 independent experiments.

doi:10.1371/journal.pone.0088174.g003

supernatant was measured using the CytoTox96® non-radioactive LTB, and PGE, Measurements

assay (Promega) at 490 nm. LDH levels were expressed as A specific enzyme immunoassay (Cayman Chemical) was used
percentages of the LDH levels observed in control cultures. to quantify LTB, and PGE, in the supernatants of cells stimulated
with TsV or Tsl, according to the manufacturer’s instructions.

Cytokine Measurements The sample absorbance was measured at 420 nm in a micro plate
The supernatants from the cells stimulated with TsV or Tsl reader (WQuant, Biotek Instruments Inc.), and the concentrations
were used to measure IL-6 and TNF-a levels by enzyme-linked of eicosanoids were calculated based on the standard curve. The

immunosorbent assays (ELISA), with specific purified and detection limit was >13 pg/ml.
biotinylated antibodies and cytokine standards, according to the

manufacturer’s instructions (R&D Systems). The optical densities Gene Expression Analysis by qRT-PCR
were measured at 450 nm in a micro plate reader (LQuant, Biotek
Instruments Inc.). For each sample, the cytokine levels were
obtained from a standard curve established with the appropriate
recombinant cytokine. The results are expressed as pg/mg of total
protein. The sensitivities were >10 pg/ml.

mRNA expression was evaluated after 4 h of macrophage
stimulation with TsV or Tsl using a custom RTy Profiler PCR
Array kit (Qiagen Inc.). Total RNA was isolated using the RNeasy
Mini kit (Qiagen Inc.), and the reverse transcription of 500 ng of
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Figure 4. TsV induces TLR2- and TLR4/MyD88-dependent activation of NF-kB and TLR2/MyD88-independent and TLR4-dependent
activation of AP-1. Adherent peritoneal macrophages from WT (C57BI/6), TLR2 ™/, TLR4 /™ or MyD88 ™/~ mice were stimulated with TsV (50 pg/
mL) for 10 or 120 min in a 5% CO, atmosphere at 37°C. The p-NF-kB (a, d), p-IkBa (b, €) and p-c-Jun (c, f) protein levels were determined using the
PathScan Inflammation Multi-Target Sandwich ELISA kit. The results are presented as a percentage of the phosphoprotein level in non-stimulated
control cell lysate (dashed line). ¥p<<0.05 (one-way ANOVA) compared to WT. The values represent the means = SD (n=4), and the data are from 2
independent experiments.

doi:10.1371/journal.pone.0088174.9g004
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Figure 5. Activation of NF-kB/AP-1 in RAW-Blue™ cells. These cells were derived from RAW 264.7 macrophages and contain a secreted

embryonic alkaline phosphatase (SEAP) reporter construct that is integrated

into the cellular DNA and that can be induced by NF-kB. The cells were

incubated with either (A) anti-mTLR2-1gG (100 ng/ml) or (B) LPS-RS (10 ng/ml) for 30 min, with or without LPS (0.5 pg/ml), and TsV or Ts1 (50 pg/ml)

for 24 h. The QUANTI-Blue™ substrate was used to measure the SEAP at

650 nm with an ELISA reader. The measurements were performed in

triplicate, and a representative experiment is shown. *p<<0.05 (one-way ANOVA) compared to medium alone (dashed line). The values represent the

means * SD (n=8), and the data are from 2 independent experiments.
doi:10.1371/journal.pone.0088174.g005

RNA was performed using the RTy HT First Strand kit (Qiagen
Inc.). Ten nanograms of the c¢cDNA template was used per
reaction, and the reactions were performed with specific pre-
designed primers for 7#r2 (Toll-like receptor 2), Thr4 (Toll-like
receptor 4), Cd14 (CD 14 molecule), Myd88 (Myeloid differenti-
ation primary response gene 88), Ltb4r] (leukotriene B, receptor
1), Alox5 (Arachidonate 5-Lipoxygenase), Alox5ap (Arachidonate 5-
Lipoxygenase-Activating Protein), Ptgs2 (Prostaglandin-Endoper-
oxide Synthase 2 or Cyclooxygenase-2) and Piges? (Prostaglandin
E synthase 2). The endogenous internal controls used were Thp
(Tubulin), Actb (Beta actin) and Gapdh (Glyceraldehyde 3-
phosphate dehydrogenase). Amplification was performed in an
Eppendorf Mastercycler® ep realplex 4 (Eppendorf AG) using the
SYBR Green Mastermix. Denaturation of the DNA was followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. The 2 A%
method was used for the analysis of the RT-PCR data.

NF-xB Reporter Assay

RAW-Blue™  cells, RAW264.7 macrophages that stably
express the secreted embryonic alkaline phosphatase (SEAP) gene,
which is inducible by the NF-kB/AP-1 transcription factors and is
resistant to the selectable marker Zeocin, were donated by Huy
Ong (Université de Montréal, Canada). The cells were seeded in
96-well micro culture plates at a density of 2x10° cells/well in
DMEM  supplemented with Normocin™ (50 mg/mL) and
cultured at 37°Ci in a humidified 5% CO, atmosphere for 18 h.
After this period, the cells were incubated with 10 ng/ml of LPS
from  Rhodobacter ~sphaeroides, a TLR4 antagonist (LPS-RS -
InvivoGen), with or without LPS from £E. coli (0.5 pg/ml), and
with TsV (50 pg/ml) or Tsl (50 pg/ml) for 24 h. In another
experiment, the cells were pre-incubated with 100 ng/ml of a
purified monoclonal IgG antibody against mouse TLR2 (anti-
mTLR2-IgG — InvivoGen) for 30 min and then stimulated with
LPS from E. coli (0.5 pg/ml) and TsV or Tsl (50 ug/ml) for 24 h.
After 24 h of stimulation, the medium was harvested, and 50 ul
samples were mixed with QUANTI-Blue™ (InvivoGen), which is
a SEAP detection medium (150 ul), in 96-well plates at 37°C for
2 h. The optical density was then measured at 650 nm using an
ELISA reader.

PLOS ONE | www.plosone.org 6

Immunoassay of Phosphoproteins using the Pathscan
ELISA kit

To assess the levels of several phosphoproteins that activate
inflammation in macrophages, a multi-target ELISA kit was used
(PathScan® Inflammation Multi-Target Sandwich ELISA Kit, ref.
7276, Cell Signaling). Peritoneal macrophages were plated in 12-
well microculture plates at a density of 3x10° cells/well in RPMI
medium and cultured at 37°C in a humidified 5% COgy
atmosphere for 18 h. The cells were then stimulated with TsV
or Tsl (both at 50 pg/ml) for 10 min, 2 h or 24 h at 37°C'ina 5%
COy atmosphere. After treatment, the adherent macrophages
were washed with ice-cold PBS. Then, Cell Lysis Buffer (Cell
Signaling) containing protease and phosphatase inhibitors was
added to the cells. The cells were scraped and transferred to an
Eppendorf tube. The lysates were centrifuged (FANEM) at 10,000
x g for 10 min at 4°C, and the supernatant was stored in a new
tube at —80°C. The total protein content of the lysates was
determined using the Bradford method (Sigma-Aldrich). The cell
lysates were analyzed, and the proteins were semi-quantified using
the PathScan® phospho-NFkBp65 (Ser536), phospho-IkBo
(Ser32) and phospho-c-Jun sandwich ELISA kits, according to
the manufacturer’s instructions (Cell Signaling Technology).
Briefly, the lysates were diluted with sample diluent, and 100 ul
of the lysate was added to wells that had been pre-coated with the
primary antibody. The plate was incubated overnight at 4°C and
then washed 4 times. After washing, the plates were incubated
with the detection antibody for 1 h at 37°C. The plates were
washed and then incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody for 30 min at 37°C. The plates
were then incubated with a 3,3',5,5"-tetramethylbenzidine (TMB)
substrate for 30 min at room temperature. Finally, the reaction
was stopped, and the absorbance of the samples was read at
450 nm. The assay was performed in technical duplicates. The
results were expressed as percentages of the levels of phosphor-
ylated proteins in the control.

Cytometric Bead Array Flex Set for MAPKs

The sample preparation was performed according to the
manufacturer’s protocol for adherent cells (Becton Dickinson).
Peritoneal macrophages were plated in 12-well microculture plates
as described above. The cells were stimulated with TsV (50 pg/ml)

February 2014 | Volume 9 | Issue 2 | e88174
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Figure 6. Ts1 induces TLR2- or TLR4/MyD88-dependent activation of NF-kB and TLR2- or TLR4/MyD88-independent activation of
AP-1 in stimulated macrophages. Adherent peritoneal macrophages from WT (C57BI/6), TLR2 ™/, TLR4™’~ or MYD88 ™/~ mice were stimulated
with Ts1 (50 ug/ml) for 10 or 120 min in a 5% CO, atmosphere at 37°C. The p-NF-«B (a, d), p-IxBa (b, €) and p-c-Jun (c, f) protein levels were
determined using the PathScan Inflammation Multi-Target Sandwich ELISA kit, as described in the Materials and Methods section. The results are
presented as a percentage of the phosphoprotein level in non-stimulated control cell lysate (dashed line). *p<<0.05 (one-way ANOVA) compared to
WT. The values represent the means = SD (n=4), and the data are from 2 independent experiments.

doi:10.1371/journal.pone.0088174.9006

for 15, 30, 60 and 120 min at 37°C in a 5% CO, atmosphere.
RPMI medium was used as the negative control. After treatment,
the adherent macrophages were washed with ice-cold PBS, and
Cell Lysis Buffer containing protease and phosphatase inhibitors
was added. The cell lysates were transferred to an Eppendorf tube
and immediately placed in a boiling water bath for 5 min. The
total protein concentration was adjusted to 1 pg/ul, and the cell
lysates were stored at —80°C prior to measurement. The
expression levels of p-JNK1/2 (T183/Y185), p-p38 (T180/
Y182) and p-ERK1/2 (T202/Y204) were quantitatively measured
using antibodies from the multiplex Flex Set Cytometric Bead
Array (Becton Dickinson). Serial dilutions (1/2 v/v) of the
standards were prepared, and the cell lysates were diluted (1/
4 v/v) using the assay diluent. The samples were incubated with
50 pl of the mixed capture beads for 3 h at room temperature,
followed by incubation with 50 pl of phycoerythrin (PE) detection
reagent for 1 h at room temperature. Then, 300 pl of wash buffer

PLOS ONE | www.plosone.org

was added, and the samples were centrifuged at 400 x g for 5 min.
Flow cytometry was performed using the Becton Dickinson
FACSArray Bioanalyzer software. A total of 900 events were
acquired, according to the manufacturer’s protocol. The mini-
mum detection levels for each phosphoprotein were 0.38 U/ml for

p-JNK and 0.64 U/ml for p-p38 and p-ERK.

Statistical Analyses

The data are expressed as the means = SEM and were analyzed
using one-way ANOVA (o= 0.05). p values lower than 0.05 were
considered statistically significant. For gene expression, changes in
expression levels were considered statistically significant when p<<
0.05 and a fold-change >2.0 was detected.
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Figure 7. A schematic diagram showing the increased pro-inflammatory cytokine production in peritoneal macrophages
stimulated with TsV and Ts1. Pro-inflammatory cytokine production occurs via the following two routes: (1) MyD88-dependent signaling, where
TsV and Ts1 are recognized by TLR4/CD14/TLR2, resulting in NF-kB nuclear translocation; and (2) MyD88-independent signaling, where TsV is
recognized by TLR4/CD14 and activates ERK1/2 and p38 phosphorylation and c-Fos/Jun expression.

doi:10.1371/journal.pone.0088174.g007

Results

TsV and Ts1 Induce the Production of Cytokines and
Lipid Mediators without Affecting Cell Viability

To investigate the effects of TsV on the viability of peritoneal
macrophages obtained from C57Bl/6 mice, macrophages were
exposed to TsV for 24 h. The concentrations (25150 ug/ml) of
TsV used in these experiments had no cytotoxic effects (Fig. STA).
We investigated the absence of cell injury induced by TsV and Tsl
by measuring LDH release in macrophage supernatants. We
observed that the incubation of cells for 24 hours with TsV
(50 ug/ml) or Tsl (50 ug/ml) did not induce membrane
disruption, unlike the LDH positive control (from the kit) (Fig.
S1B). We then investigated the capacity of TsV and Tsl to induce
IL-6 and TNF-o production in peritoneal macrophages. As shown
in Iig. 1A and B, after 24 h of stimulation, both TsV and Tsl
provoked increases in the concentrations of IL-6 and TNF-o in the
cell supernatants when compared to medium alone. Interestingly,
significant reductions in IL-6 or TNF-o release were observed in
macrophages stimulated with either TsV or Ts1 that was heated to
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60°C: prior to being added to the culture medium, and the total
inhibition of cytokine production was observed when TsV and Tl
were heated to 95°C prior to being added to the culture medium
(Figs. S1C and S1D). Together these results demonstrate that
cytokine induction by TsV or Tsl is dependent on their tertiary
structure recognition by PRRs. Finally, we confirmed that the
cytokine induction observed following the addition of the venom
to the cell cultures was not due to the presence of LPS in the
venom preparations. Using the Limulus amoebocyte lysate test
(data not shown) and TsV polymyxin B treatment (a method used
to neutralize contaminating LPS), we observed no changes in
TNF-o induction (Fig. S2).

Lipid mediators are involved in inflammation, the regulation of
the immune response and several homeostatic biological functions
[34,35,36,37,38]. Additionally, L'TB4 and PGE, are produced in
response to Ts2 and Ts6, which are toxins that can be isolated
from scorpion venom [2], and PGL, participates in TsV-induced
edematous responses in mice [39]. To determine whether TsV and
Tsl also induce PGEy; and LTBs production in peritoneal
macrophages, we measured the concentration of these lipid
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mediators in the cell culture supernatants after 24 h of stimulation.
We found that both TsV and Tsl significantly induced PGE, and
LTB, release in peritoneal macrophages (Fig. 1C and Fig. 1D).

TsV and Ts1 Signaling occurs through TLR2, TLR4 and
CD14

Because of the increased production of the inflammatory
mediators TNF-o, IL-6, PGE, and LTB, following TsV and
Tsl stimulation, we evaluated the gene expression of potential
PRRs, adaptor molecules and enzymes involved with cytokines
and arachidonic acid metabolism. For these studies, the macro-
phages were cultured with or without TsV or Tsl for 4 h.
Quantitative real time polymerase chain reaction (qRT-PCR)
analysis of stimulated and non-stimulated macrophages revealed
that TsV up-regulated the expression levels of the genes 7%2,
Cd14, Myd88 and Pigs2 without affecting the expression levels of
Tird, Aloxbap, Ltb4rl or Plges?. Furthermore, Ts1 up-regulated the
CdI14 and Pigs2 genes without affecting the expression levels of
Tir2, Tird, Myd88, Alox5ap, Lib4rl and Plges2. The effects of Ts1 on
gene expression were less dramatic than those observed with TsV-
stimulation (Fig. 2).

Since TsV induced IL-6 and TNF-o production in peritoneal
macrophages and up-regulated the expression levels of the 772,
(d14 and Myd88 genes, we then determined whether the TLR2,
TLR4 and CDI14 signaling pathways were involved in TsV-
induced cellular activation. We observed that 30 min or 24 h
following T'sV-stimulation, the IL-6 (Fig. 3A) and TNF-a (Fig. 3B)
concentrations were significantly decreased in the supernatants of
TLR2-, CD14- or TLR4- knockout (KO) peritoneal macrophages
when compared to wild-type (WT) cells. Similarly, peritoneal
macrophages obtained from TLR2-, CD14- or TLR4-KO mice
that were stimulated with Ts1 (50 pg/ml/24 hours) produced less
IL-6 (Iig. 3C) and TNF-a (Fig. 3D) than macrophages from WT
C57Bl/6 mice. Together, these data indicate that the TsV-
induced inflammatory cytokine release is dependent on TLR4,
TLR2 and CD14 molecules and suggest that Tsl is the primary
component involved in the cytokine response to TsV.

Recently, we demonstrated that Ts2 and Ts6 induced
inflammation through mechanisms that were dependent on
cytokine and lipid mediator generation [2]. Therefore, we next
determined whether the LTB, and PGE, induction caused by TsV
or Tsl in macrophages was dependent on the same receptors
involved in cytokine production. Compared to medium alone
(control), we observed the increased production of both L'TB, and
PGE, following WT macrophage stimulation with either TsV or
Tsl. On the contrary, the PGEy production in response to TsV or
Ts1 was almost completely absent in TLR4- and CD14-KO cells.
Intriguingly, the amount of PGE produced by cells lacking TLR2
was significantly higher than the quantity released by WT cells
(Figs. 3E and 3G). In contrast, the LTB, production induced by
TsV was partially dependent on TLR2 and TLR4 (Fig. 3F), and
LTB,4 production was independent of TLR2 and TLR4 upon
stimulation with Tsl (Fig. 3H). Surprisingly, higher LTB,
concentrations were detected in the supernatants of CD14-KO
macrophages. Our results indicate that TLR2 and CD14 receptors
are involved in the negative regulation of PGE, and LTB,
production, respectively, in response to TsV and Tsl.

Cell Signaling Pathway Activation following TsV
Recognition

The MAPKs p38, ERK1/2 and JNKI1/2 are activated by
specific TLRs [26] and their ligands [40], inducing the production
of inflammatory cytokines and lipid mediators [41]. To identify
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the signaling pathway involved in TsV-induced cellular activation,
we stimulated C57Bl/6 peritoneal macrophages with TsV for 10,
30, 60 and 120 minutes. TsV (50 pg/ml) treatment led to p38 and
ERK1/2 phosphorylation but did not alter the phosphorylation
state of JNK1/2 (Fig. S3).

The activation of NF-kB following TLR stimulation in
monocytes and macrophages is also required for the induction of
inflammatory mediators [42]. We analyzed the proteins involved
in cell signaling pathways triggered by TsV that induced IL-6,
TNF-a, PGEy and LTB, production and discovered that TsV
induced an increase in the phosphorylation of IkB-o, NF-kB and
c-Jun; c-Jun is a transcription factor downstream of the MAPKs
(Fig. S4). These data indicate that TsV recognition induces the
phosphorylation of proteins that are involved in the activation of
the MAPK and NF-xB pro-inflammatory pathways.

Our next objective was to determine whether the activation of
the NF-xB and c-Jun inflammatory pathways was dependent on
the interactions between TsV and TLR2 and TLR4 or on
signaling via the adaptor molecule MyD88. TsV induced NF-xB
(Fig. 4A) and IxBo (Fig. 4B) phosphorylation in C57Bl/6 (WT)
cells. In contrast, the levels of phosphorylated NI-xB and IxBo in
peritoneal macrophages from TLR2 ™/~ and TLR4 ™/~ mice were
lower than those observed in WT cells. However, early and
increased c-Jun phosphorylation was observed in TLR2 ™/~
peritoneal macrophages stimulated with TsV, unlike TLR4 ™/~
cells (Fig. 4C). Together, these results demonstrate that TsV-
induced NF-xB activation requires TLR2/TLR4, whereas c-Jun
phosphorylation is dependent on TLR4 only.

The adaptor molecule MyD88 forms homodimers to promote
the recruitment and activation of IL-1 receptor-associated IRAK-1
and IRAK-4, which is followed by the activation of the inhibitory
kB kinase (IKK) and the mitogen-activated protein kinase
(MAPK) [43]. These kinases are pivotal for the activation of
several transcription factors, including AP-1 and NF-xB. In the
present study, we determined whether the MyD88 adaptor
molecule was involved in TsV-induced cell signaling. As shown
in Fig. 4, phosphorylated NF-xB (Fig. 4D) and IxkBa (Fig. 4E)
levels in MyD88™ /" peritoneal macrophages were lower than
those observed in C57Bl/6 macrophages after 10 or 120 min of
stimulation with TsV. However, c-Jun phosphorylation was
increased after 10 min of TsV-stimulation, with no differences
being observed after 120 min (Fig. 4F). Additionally, we confirmed
that TsV and Tsl induce NF-xB activation using another
experimental approach. Our results demonstrated that the
treatment of RAW-Blue™" cells with a TLR4 antagonist (LPS-
RS) or a TLR2 receptor blocker (anti-mTLR2-IgG) prior to the
addition of TsV or Tsl significantly inhibited the secretion of
embryonic alkaline phosphatase when compared with cells treated
with TsV or Ts1 alone (Fig. 5). LPS, a TLR4 agonist that activates
the NF-kB pathway, was used as a positive control.

The Receptors Involved in Ts1-induced Intracellular
Signaling are Similar to the Receptors Activated in
Response to TsV

Next, we determined whether the Tsl-induced activation of
intracellular signaling was similar to that induced by TsV.
Peritoneal macrophages from C57BL/6, TLR2™’~ and
TLR4 ™/~ mice were stimulated i vitro with Tsl for 10 or
120 min. We observed increased levels of p-NF-xB (Fig. 6A), p-
IxkBo (Fig. 6B) and p-c-Jun (Fig. 6C) in C57BL/6 peritoneal
macrophages, whereas decreases in the phosphorylation of NF-kB
and TkBo in TLR2™/~ and TLR4 ™/~ peritoneal macrophages
were detected. Similar to what was observed with T'sV stimulation,
we also detected an increase in the phosphorylation of c-Jun in

February 2014 | Volume 9 | Issue 2 | 88174



TLR2™’~ and TLR4 /" peritoncal macrophages stimulated with
Tsl, compared to WT macrophages (Fig. 6C).

Peritoneal macrophages from MyD88 /" mice that were
stimulated with T'sl (50 pg/ml) for 10 min had decreased levels
of phosphorylation for NF-xB (Fig. 6D) and IxBa (Fig. 6E)
compared to the WT macrophages. Nonetheless, c-Jun phosphor-
ylation in MyD88 /" cells was similar to WT macrophages
(Fig. 6F). Altogether, our data indicate that TsV and Tsl are
TLR2, TLR4 or CD14 agonists, competent to trigger intracellular
signaling pathways, resulting in MyD88 dependent NF-xB
phosphorylation and MyD88 independent c-Jun activation (Fig. 7).

Discussion

Sensing danger is critical for the initiation of the innate immune
response and the preservation of host integrity. Cells responsible
for the recognition of PAMPs and DAMPs express PRRs, and
several molecules that provoke cell signaling, leading to the release
of inflammatory mediators, have been identified [44,45]. Howev-
er, studies concerning the recognition of scorpion venom and its
toxins and their influence on the innate immune response
following envenomation are scarce. In the present study, we
identified TLR2, TLR4, and CD14 as the receptors that sense
TsV and its major component, the Tsl toxin. We also
demonstrated that the recognition of TsV and Tsl by PRRs was
dependent on the tertiary structure of TsV and Tsl and
independent of pathogens or cell-damage-derived products.
Therefore, we proposed the term VAMP to refer to molecules
that are injected in the host by stings and are recognized by PRRs,
resulting in inflammation. We further identified both MyD88-
dependent and MyD88-independent pathways downstream from
PRRs that are responsible for NF-kB and AP-1 activation and
TNF-a, IL-6, PGE, and LTB, release.

Macrophages play a key role in inflammation [46]. These cells
express PRRs that recognize DAMPs and PAMPs and release
cytokines and lipid mediators [18,46]. In the present study, we
demonstrated that TsV and Tsl interact with PRRs present in
murine macrophages, stimulating inflammatory cytokines and
lipid mediator production, independent of cell death. We also
demonstrated, for the first time, that TsV- and Ts1-induced TNF-
o and IL-6 release was TLR2-, TLR4- and CD14-dependent.
Data from the literature demonstrated that TLR2 and TLR4 may
function as LPS receptors and that the co-expression of membrane
CD14 with TLR4 may preferentially enhance the capacity of
TLR4 to confer LPS responsiveness. An additional explanation for
these differences may be the recent finding that an additional
protein, MD-2, is required to confer LPS responsiveness in cells
that express TLR4 [47]. Furthermore, TLLR2 recognizes bacterial
components, such as peptidoglycan (PGN), bacterial triacylated
lipoprotein  (Pam3;CSK,), mycoplasma diacylated lipoprotein
(Malp?2), lipoarabinomannan (AralLAM), zymosan and protozoan
GPI anchors [48,49,50]. Therefore, our results suggest that TLR2
and TLR4 are important for initiating the inflammation that
occurs during envenomation, and CDI14 helps to enhance the
capacity of that response. However, the details of the subsequent
cellular activation pathway still require elucidation.

Moreover, our results demonstrated that PGEs; production
following T'sV or Tsl stimulation was dependent on TLR4 and
CD14, but independent of TLR2, similar to what has been
reported for LPS-stimulated macrophages [51]. However, LTB,
production following TsV or Tsl stimulation was dependent on
TLR2 and TLR4, but independent of CDI14. We have two
possible explanations for these results: 1) in the absence of TLR2,
the activation of cyclooxygenase-2 is enhanced; or 2) the half-life of
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cyclooxygenase-2 is enhanced, which is a common and potent
negative regulatory mechanism. Regarding the CD14/LTB4 axis,
we speculate that, in the absence of CD14, neither TLR4 nor
TLR2 act properly. Coffey etal. [52] have shown that LPS
inhibits 5-LO activity in a manner that is dependent on the
generation of nitric oxide (NO). NO is highly produced during
TLR activation, and it has been shown to induce the nitrosylation
of 5-LO, impairing the activity of 5-LLO. The nature of the binding
between the venom and CD14 or any other receptor is not yet
known and should be further investigated.

Another objective of the current study was to identify the
signaling pathway triggered by TsV downstream of TLR2, TLR4
and CDI14. The activation of NF-kB is essential for the
coordination of innate and adaptive immune responses, including
the production of pro-inflammatory mediators [53,54]. The data
from the present study indicated that TsV and Tsl stimulation
increased the levels of phosphorylated NF-kB and IxBo. These
results are consistent with a previous study indicating that, upon
LPS stimulation, the IxB proteins are phosphorylated and
degraded, allowing NF-kB to move to the nucleus and bind the
transcriptional-regulatory elements in a nucleotide sequence-
specific manner to activate the transcription of certain genes
[55]. Additionally, we demonstrated that ERKI1/2 and p38
MAPK activation in TsV-stimulated macrophages contributed to
the production of inflammatory cytokines. A previous study
demonstrated that bee venom and its primary component,
melittin, suppressed the LPS-induced activation of NF-kB by
blocking the degradation of IkBa and the phosphorylation of JNK
[56]. Because the activation of NF-kB can also be regulated by
cellular kinases, such as the MAPKs [55], the possibility of
crosstalk between these pathways during TsV-induced inflamma-
tory cytokine production cannot be ruled out.

Subsequently, we determined whether the TsV-mediated
activation of NI-kB and AP-1 occurred downstream of TLR2
or TLR4 and whether MyD88 played a role in this process. TLR2
often heterodimerizes with TLR1 or TLR6 to respond to many
TLR2 ligands [57,58,59]. TLR2 cooperates with TLR6 in
response to diacylated mycoplasma lipopeptide [60] and associates
with TLR1 to recognize triacylated lipopeptides [61]. It has been
well established that TLRs can recognize infectious agents by
sensing PAMPs and triggering the antimicrobial immune respons-
es of the host [62,63]; however, emerging evidence indicates that
certain molecules can also activate TLRs, such as TLR2-MyD88,
independent of TLR1 and TLR6 [64]. We observed that the
activation of NF-«B occurred in a MyD88-dependent manner as a
result of TLR2 and TLR4 stimulation, suggesting that these
receptors are important in the response to TsV. Notably, the
activation of the AP-1 pathway is dependent on TLR4 but can be
cither dependent on [65] or independent [66] of TLR2 and
MyD88. Our results are in agreement with a TLR2/MyD88-
independent pathogen recognition pathway [66]. Usually, TLR4
signaling via the MyD88 adaptor leads to pro-inflammatory
cytokine production [59,63,67,68,69,70]. Because TRIF involve-
ment in pro-inflammatory events has been reported [71,72,73], its
role in TsV-mediated signaling cannot be discarded.

To the best of our knowledge, the present study is the first to
demonstrate that TsV and Tsl can induce the production of
inflammatory mediators by interacting with TLR2 and CD14/
TLR4. We also demonstrated that the phosphorylation of NF-xB
is TLR2- and TLR4/MyD88-dependent and is most likely
mediated by Tsl, the primary component of TsV. In contrast,
TLR2/MyD88-independent phosphorylation of ¢-Jun may be the
result of other components of TsV. Although we observed the
increased phosphorylation of c-Jun in TLR2 ™/~ and TLR4 ™/~
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macrophages upon Ts1 stimulation, our primary findings are that
venom recognition occurs through TLR2 and TLR4, resulting in
NF-kB activation to generate IL-6 and TNF-o.. Our results do not
exclude the possibility that c-Jun activation might be due to other
membrane receptor activation, which deserves further investiga-
tion.

These findings indicate that TsV signaling through TLR2 and
TLR4/CD14 activates the NF-kB and MAPK signaling pathways,
which may serve as important therapeutic targets for the
prevention of the deleterious effects that result from the intense
systemic inflammatory mediator release following 7. serulatus
envenomation. Alternatively, although a number of antivenom
treatments that typically attempt to neutralize the harmful venom
exist, our results suggest that TLR antagonism may have potential
therapeutic benefits following envenomation.

Supporting Information

Figure S1 TsV and Tsl do not affect cell viability. (A)
Adherent macrophages were stimulated for 24 h with TsV at the
indicated concentrations (25-150 ug/ml) in a 5% CO, atmo-
sphere at 37°C. Cell viability was measured using the M'TT assay.
Each column represents the mean value of 8 samples from 2
independent experiments. (B) Peritoneal macrophages were
stimulated with TsV or Tsl (50 pg/mL) for 24 h. After this
period the disrupt membrane cell was determined by LDH release.
*$<<0.001 (one-way ANOVA) compared to the medium alone. (C
and D) TsV or Ts1 inactivation by heating reduces IL-6 and TNF-
o release in peritoneal macrophages. 50 pg/mL of TsV or Tsl
were heated or not at 60°C or 95°C and after 24 hours the
cytokines were measured in the supernatant by ELISA. *$p<<0.001
(one-way ANOVA) compared to the medium alone; #p<0.001
compared to TsV room temperature (RT) and &5<0.001
compared to Tsl RT.

(TIF)

Figure S2 Peritoneal macrophages from C57B1/6 mice
stimulated with TsV and LPS (0.5 ug/ml) were pre-
incubated with or without polymyxin B (poly) to
neutralize contaminating LPS. After 24 h, the amount of
TNTF-o in the supernatant was determined by ELISA. *p<<0.001

References

1. Magalhaes MM, Pereira ME, Amaral CF, Rezende NA, Campolina D, et al.
(1999) Serum levels of cytokines in patients envenomed by Tityus serrulatus
scorpion sting. Toxicon 37: 1155-1164.

2. Zoccal KF, Bitencourt Cda S, Sorgi CA, Bordon Kde C, Sampaio SV, et al.
(2013) Ts6 and Ts2 from Tityus serrulatus venom induce inflammation by
mechanisms dependent on lipid mediators and cytokine production. Toxicon 61:
1-10.

3. Cupo P, Jurca M, Azeedo-Marques MM, Oliveira JS, Hering SE (1994) Severe
scorpion envenomation in Brazil. Clinical, laboratory and anatomopathological
aspects. Rev Inst Med Trop Sao Paulo 36: 67-76.

4. Cologna CT, Marcussi S, Giglio JR, Soares AM, Arantes EC (2009) Tityus
serrulatus scorpion venom and toxins: an overview. Protein Pept Lett 16: 920~
932.

5. Pimenta AM, Legros C, Almeida Fde M, Mansuelle P, De Lima ME, et al.
(2003) Novel structural class of four disulfide-bridged peptides from Tityus
serrulatus venom. Biochem Biophys Res Commun 301: 1086-1092.

6. Rates B, Ferraz KK, Borges MH, Richardson M, De Lima ME, et al. (2008)
Tityus serrulatus venom peptidomics: assessing venom peptide diversity.
Toxicon 52: 611-618.

7. Vasconcelos F, Lanchote VL, Bendhack LM, Giglio JR, Sampaio SV, et al.
(2005) Effects of voltage-gated Na+ channel toxins from Tityus serrulatus venom
on rat arterial blood pressure and plasma catecholamines. Comp Biochem
Physiol C Toxicol Pharmacol 141: 85-92.

8. Jonas P, Vogel W, Arantes EC, Giglio JR (1986) Toxin gamma of the scorpion
Tityus serrulatus modifies both activation and inactivation of sodium
permeability of nerve membrane. Pflugers Arch 407: 92-99.

PLOS ONE | www.plosone.org

1

Macrophage Recognition of Scorpion Venom

(one-way ANOVA) compared to the medium alone (dashed line).
The values are expressed as the mean = SD (r=8). The data are
from 2 independent experiments.

(TIF)
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from C57Bl/6 mice stimulated with TsV (50 ug/ml) for 10, 30, 60
or 120 min. Medium alone was used as the negative control. The
data are expressed as the fold-increase over the control (PBS) =
standard deviation (SD). *¥<<0.05 (one-way ANOVA) compared to
medium alone (dashed line). The values are expressed as the mean
* SD (n=4), and the data are from 2 independent experiments.

(TIF)

Figure S4 TsV induces the phosphorylation of NF-kB,
IxBo and c-Jun in stimulated macrophages. Adherent
peritoneal macrophages from WT' (C57Bl/6) mice were stimulated
with TsV (50 pg/ml) for 10 min, 2 and 24 h in a 5% CO,
atmosphere at 37°C. Medium alone was used as the negative
control. p-NF-kB (a), p-IxBo (b) and p-c-Jun (c) protein levels
were measured using the PathScan Inflammation Multi-Target
Sandwich ELISA kit. The results are presented as the percentage
of the relative levels of the phosphoproteins and are normalized to
the positive control (100%). *<<0.05 (one-way ANOVA) com-
pared to medium alone. The values are expressed as the mean *
SD (n=4), and the data are from 2 independent experiments.

(TIF)

Acknowledgments

We thank Aline de Souza Soares for technical assistance with the qR'T-
PCR and Carlos Henrique Serezani for discussion and careful reading of
the manuscript.

Author Contributions

Conceived and designed the experiments: CAS ECA LHF. Performed the
experiments: KFZ CSB FWGPS. Analyzed the data: KFZ CSB FWGPS
CAS LHF. Contributed reagents/materials/analysis tools: ECA KCFB.
Wrote the paper: KFZ FWGPS LHF.

9. Polikarpov I, Junior MS, Marangoni S, Toyama MH, Teplyakov A (1999)
Crystal structure of neurotoxin Ts1 from Tityus serrulatus provides insights into
the specificity and toxicity of scorpion toxins. J] Mol Biol 290: 175-184.

. Petricevich VL. (2010) Scorpion venom and the inflammatory response.
Mediators Inflamm 2010: 903295.

. Nascimento EB Jr, Costa KA, Bertollo CM, Oliveira AC, Rocha LT, et al.
(2005) Pharmacological investigation of the nociceptive response and edema
induced by venom of the scorpion Tityus serrulatus. Toxicon 45: 585-593.

. Zoccal KF, Bitencourt Cda S, Secatto A, Sorgi CA, Bordon Kde C, et al. (2011)
Tityus serrulatus venom and toxins Tsl, Ts2 and Ts6 induce macrophage
activation and production of immune mediators. Toxicon 57: 1101-1108.

. Pessini AC, de Souza AM, Faccioli LH, Gregorio ZM, Arantes EC (2003) Time
course of acute-phase response induced by Tityus serrulatus venom and TsTX-I
in mice. Int Immunopharmacol 3: 765-774.

. Sorgi CA, Secatto A, Fontanari C, Turato WM, Belanger C, et al. (2009)
Histoplasma capsulatum cell wall {beta}-glucan induces lipid body formation
through CD18, TLR2, and dectin-1 receptors: correlation with leukotriene B4
generation and role in HIV-1 infection. J Immunol 182: 4025-4035.

15. Lentschat A, Karahashi H, Michelsen KS, Thomas LS, Zhang W, et al. (2005)
Mastoparan, a G protein agonist peptide, differentially modulates TLR4- and
TLR2-mediated signaling in human endothelial cells and murine macrophages.
J Immunol 174: 4252-4261.

. Liu X, Zhan Z, Li D, Xu L, Ma F, et al. (2011) Intracellular MHC class II
molecules promote TLR-triggered innate immune responses by maintaining
activation of the kinase Btk. Nat Immunol 12: 416-424.

. O’Neill LA, Bowie AG (2007) The family of five: TIR-domain-containing

adaptors in Toll-like receptor signalling. Nat Rev Immunol 7: 353-364.

February 2014 | Volume 9 | Issue 2 | e88174



20.

21.

22.

23.

24.

28.

29.

30.

31.

32.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

. Yang X, Zhang G, Tang X, Jiao J, Kim SY, et al. (2013) Toll-like receptor 4/

nuclear factor-kappaB signaling pathway is involved in ACTG-toxin H-
mediated anti-inflammatory effect. Mol Cell Biochem 374: 29-36.

. Medzhitov R (2007) Recognition of microorganisms and activation of the

immune response. Nature 449: 819-826.

Chen GY, Nunez G (2010) Sterile inflammation: sensing and reacting to
damage. Nat Rev Immunol 10: 826-837.

Takeda K, Kaisho T, Akira S (2003) Toll-like receptors. Annu Rev Immunol 21:
335-376.

Bowie A, O’Neill LA (2000) Oxidative stress and nuclear factor-kappaB
activation: a reassessment of the evidence in the light of recent discoveries.
Biochem Pharmacol 59: 13-23.

Aktan F (2004) iNOS-mediated nitric oxide production and its regulation. Life
Sci 75: 639-653.

Ghosh 8, Karin M (2002) Missing pieces in the NF-kappaB puzzle. Cell 109
Suppl: S81-96.

. Kunz M, Ibrahim S, Koczan D, Thiesen HJ, Kohler H]J, et al. (2001) Activation

of c-Jun NH2-terminal kinase/stress-activated protein kinase (JNK/SAPK) is
critical for hypoxia-induced apoptosis of human malignant melanoma. Cell
Growth Differ 12: 137-145.

. Hu X, Chen J, Wang L, Ivashkiv LB (2007) Crosstalk among Jak-STAT, Toll-

like receptor, and ITAM-dependent pathways in macrophage activation.
J Leukoc Biol 82: 237-243.

. Kirkland TN, Finley F, Leturcq D, Moriarty A, Lee JD, et al. (1993) Analysis of

lipopolysaccharide binding by CD14. J Biol Chem 268: 24818-24823.

da Silva Correia J, Soldau K, Christen U, Tobias PS, Ulevitch RJ (2001)
Lipopolysaccharide is in close proximity to each of the proteins in its membrane
receptor complex. transfer from CDI14 to TLR4 and MD-2. J Biol Chem 276:
21129-21135.

Lucas K, Maes M (2013) Role of the Toll Like Receptor (I'LR) Radical Cycle in
Chronic Inflammation: Possible Treatments Targeting the TLR4 Pathway. Mol
Neurobiol 48: 190-204.

Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, et al. (2001) TAKI is a
ubiquitin-dependent kinase of MKK and IKK. Nature 412: 346-351.
Dauphinee SM, Karsan A (2006) Lipopolysaccharide signaling in endothelial
cells. Lab Invest 86: 9-22.

Arantes EC, Prado WA, Sampaio SV, Giglio JR (1989) A simplified procedure
for the fractionation of Tityus serrulatus venom: isolation and partial
characterization of TsTX-IV, a new neurotoxin. Toxicon 27: 907-916.

Pessini AC, Takao TT, Cavalheiro EC, Vichnewski W, Sampaio SV, et al.
(2001) A hyaluronidase from Tityus serrulatus scorpion venom: isolation,
characterization and inhibition by flavonoids. Toxicon 39: 1495-1504.

. Haeggstrom JZ, Funk CD (2011) Lipoxygenase and leukotriene pathways:

biochemistry, biology, and roles in disease. Chem Rev 111: 5866-5898.

. Harizi H, Corcuff JB, Gualde N (2008) Arachidonic-acid-derived eicosanoids:

roles in biology and immunopathology. Trends Mol Med 14: 461-469.

. Hirata T, Narumiya S (2012) Prostanoids as regulators of innate and adaptive

immunity. Adv Immunol 116: 143-174.

Murphy RC, Gijon MA (2007) Biosynthesis and metabolism of leukotrienes.
Biochem J 405: 379-395.

Wymann MP, Schneiter R (2008) Lipid signalling in disease. Nat Rev Mol Cell
Biol 9: 162-176.

Pessini AC, Kanashiro A, Malvar Ddo C, Machado RR, Soares DM, et al.
(2008) Inflammatory mediators involved in the nociceptive and oedematogenic
responses induced by Tityus serrulatus scorpion venom injected into rat paws.
Toxicon 52: 729-736.

MacKichan ML, DeFranco AL (1999) Role of ceramide in lipopolysaccharide
(LPS)-induced signaling. LPS increases ceramide rather than acting as a
structural homolog. J Biol Chem 274: 1767-1775.

Lin CC, Hsieh HL, Shih RH, Chi PL, Cheng SE, et al. (2013) Up-regulation of
COX-2/PGE2 by endothelin-1 via MAPK-dependent NF-kappaB pathway in
mouse brain microvascular endothelial cells. Cell Commun Signal 11: 8.
Karin M, Ben-Neriah Y (2000) Phosphorylation meets ubiquitination: the
control of NF-[kappa]B activity. Annu Rev Immunol 18: 621-663.

Hardiman G, Rock FL, Balasubramanian S, Kastelein RA, Bazan JF (1996)
Molecular characterization and modular analysis of human MyD88. Oncogene
13: 2467-2475.

Kumar H, Kawai T, Akira S (2011) Pathogen recognition by the innate immune
system. Int Rev Immunol 30: 16-34.

. Kolli D, Velayutham TS, Casola A (2013) Host-Viral Interactions: Role of

Pattern Recognition Receptors (PRRs) in Human Pneumovirus Infections.
Pathogens 2.

Murray PJ, Wynn TA (2011) Protective and pathogenic functions of
macrophage subsets. Nat Rev Immunol 11: 723-737.

Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome K, et al. (1999) MD-2, a
molecule that confers lipopolysaccharide responsiveness on Toll-like receptor 4.
J Exp Med 189: 1777-1782.

PLOS ONE | www.plosone.org

12

48.

49.

50.

51.

52.

53.

54.

58.
59.
60.

61.

66.

67.

68.

69.

70.

71.

72.

73.

Macrophage Recognition of Scorpion Venom

Takeuchi O, Hoshino K, Kawai T, Sanjo H, Takada H, et al. (1999) Differential
roles of TLR2 and TLR4 in recognition of gram-negative and gram-positive
bacterial cell wall components. Immunity 11: 443-451.

Campos MA, Almeida IC, Takeuchi O, Akira S, Valente EP, et al. (2001)
Activation of Toll-like receptor-2 by glycosylphosphatidylinositol anchors from a
protozoan parasite. ] Immunol 167: 416-423.

Means TK, Lien E, Yoshimura A, Wang S, Golenbock DT, et al. (1999) The
CD14 ligands lipoarabinomannan and lipopolysaccharide differ in their
requirement for Toll-like receptors. J Immunol 163: 6748-6755.

Weinlich R, Bortoluci KR, Chehab CF, Serezani CH, Ulbrich AG, et al. (2008)
TLR4/MYD88-dependent, LPS-induced synthesis of PGE2 by macrophages or
dendritic cells prevents anti-CD3-mediated CD95L upregulation in T cells. Cell
Death Differ 15: 1901-1909.

Coffey MJ, Phare SM, Luo M, Peters-Golden M (2008) Guanylyl cyclase and
protein kinase G mediate nitric oxide suppression of 5-lipoxygenase metabolism
in rat alveolar macrophages. Biochim Biophys Acta 1781: 299-305.

Mancuso G, Midiri A, Beninati C, Piraino G, Valenti A, et al. (2002) Mitogen-
activated protein kinases and NF-kappa B are involved in TNF-alpha responses
to group B streptococci. J Immunol 169: 1401-1409.

Li Q, Verma IM (2002) NF-kappaB regulation in the immune system. Nat Rev
Immunol 2: 725-734.

Guha M, Mackman N (2001) LPS induction of gene expression in human
monocytes. Cell Signal 13: 85-94.

5. Moon DO, Park SY, Lee KJ, Heo MS, Kim KC, et al. (2007) Bee venom and

melittin reduce proinflammatory mediators in lipopolysaccharide-stimulated
BV2 microglia. Int Immunopharmacol 7: 1092-1101.

. Takeda AA, dos Santos JI, Marcussi S, Silveira LB, Soares AM, et al. (2004)

Crystallization and preliminary X-ray diffraction analysis of an acidic
phospholipase A(2) complexed with p-bromophenacyl bromide and alpha-
tocopherol inhibitors at 1.9- and 1.45-A resolution. Biochim Biophys Acta 1699:
281-284.

Takeda K, Akira S (2004) TLR signaling pathways. Semin Immunol 16: 3-9.
O’Neill LA, Golenbock D, Bowie AG (2013) The history of Toll-like receptors -
redefining innate immunity. Nat Rev Immunol 13: 453-460.

Girard R, Pedron T, Uematsu S, Balloy V, Chignard M, et al. (2003)
Lipopolysaccharides from Legionella and Rhizobium stimulate mouse bone
marrow granulocytes via Toll-like receptor 2. J Cell Sci 116: 293-302.
Ozinsky A, Underhill DM, Fontenot JD, Hajjar AM, Smith KD, et al. (2000)
The repertoire for pattern recognition of pathogens by the innate immune
system is defined by cooperation between toll-like receptors. Proc Natl Acad

Sci US A 97: 13766-13771.

. Iwasaki A, Medzhitov R (2004) Toll-like receptor control of the adaptive

immune responses. Nat Immunol 5: 987-995.

. Akira S (2006) TLR signaling. Curr Top Microbiol Immunol 311: 1-16.
. Yang FL, Hua KF, Yang YL, Zou W, Chen YP, et al. (2008) TLR-independent

induction of human monocyte IL-1 by phosphoglycolipids from thermophilic
bacteria. Glycoconj J 25: 427-439.

. Chen R, Lim JH, Jono H, Gu XX, Kim YS, et al. (2004) Nontypeable

Haemophilus influenzae lipoprotein P6 induces MUC5AC mucin transcription
via TLR2-TAK1-dependent p38 MAPK-AP1 and IKKbeta-IkappaBalpha-NF-
kappaB signaling pathways. Biochem Biophys Res Commun 324: 1087-1094.
Burns E, Eliyahu T, Uematsu S, Akira S, Nussbaum G (2010) TLR2-dependent
inflammatory response to Porphyromonas gingivalis is MyD88 independent,
whereas MyD88 is required to clear infection. J Immunol 184: 1455-1462.
Mata-Haro V, Cekic C, Martin M, Chilton PM, Casella CR, et al. (2007) The
vaccine adjuvant monophosphoryl lipid A as a TRIF-biased agonist of TLR4.
Science 316: 1628-1632.

Uematsu S, Sato S, Yamamoto M, Hirotani T, Kato H, et al. (2005) Interleukin-
1 receptor-associated kinase-1 plays an essential role for Toll-like receptor
(TLR)7- and TLR9-mediated interferon-{alpha} induction. J Exp Med 201:
915-923.

Horng T, Medzhitov R (2001) Drosophila MyD88 is an adapter in the Toll
signaling pathway. Proc Natl Acad Sci U S A 98: 12654-12658.

Kaisho T, Takeuchi O, Kawai T, Hoshino K, Akira S (2001) Endotoxin-
induced maturation of MyD88-deficient dendritic cells. J Immunol 166: 5688
5694.

Hoebe K, Janssen EM, Kim SO, Alexopoulou L, Flavell RA, et al. (2003)
Upregulation of costimulatory molecules induced by lipopolysaccharide and
double-stranded RNA occurs by Trif-dependent and Trif-independent path-
ways. Nat Immunol 4: 1223-1229.

Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T, et al. (2003) Role of
adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway.
Science 301: 640-643.

Krummen M, Balkow S, Shen L, Heinz S, Loquai C, et al. (2010) Release of IL-
12 by dendritic cells activated by TLR ligation is dependent on MyD88
signaling, whereas TRIF signaling is indispensable for TLR synergy. J Leukoc
Biol 88: 189-199.

February 2014 | Volume 9 | Issue 2 | e88174



