RESEARCH PAPER

Trypanosoma cruzi invades
host cells through the
activation of endothelin and
bradykinin receptors: a
converging pathway leading
to chagasic vasculopathy

Daniele Andrade’, Rafaela Serra', Erik Svensjo', Ana Paula C Lima',
Erivan S Ramos Junior?!, Fabio S Fortes?, Ana Carolina F Morandini?,
Veronica Morandi*, Maria de N Soeiro®, Herbert B Tanowitz® and
Julio Scharfstein!

Unstituto de Biofisica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, ?Centro
Universitdrio Estadual da Zona Oeste, Rio de Janeiro, *Departamento de Ciéncias Bioldgicas,
Universidade de Sdo Paulo, Sdo Paulo, *Departamento de Biologia Celular, Universidade do
Estado do Rio de Janeiro, SLaboratério de Biologia Celular, Instituto Oswaldo Cruz, Fundacao
Oswaldo Cruz, Rio de Janeiro, Brazil, and *Department of Pathology, Albert Einstein College of
Medicine, Bronx, New York, USA

BACKGROUND AND PURPOSE

DOI:10.1111/j.1476-5381.2011.01609.x
www.brjpharmacol.org

Correspondence

Julio Scharfstein, Instituto de
Biofisica Carlos Chagas Filho,
Universidade Federal do Rio de
Janeiro, Av. Carlos Chagas Filho
s/n, cidade universitaria, Ilha do
Fundao, Rio de Janeiro
21941-902, Brazil. E-mail:
jscharf2@gmail.com

Keywords

bradykinin; cardiomyopathy;
Chagas disease; cruzipain;
endothelin; oedema; GPCRs;
invasion; kininogens;
microcirculation; Trypanosoma
cruzi

Received

28 September 2010
Revised

12 July 2011
Accepted

14 July 2011

Independent studies in experimental models of Trypanosoma cruzi appointed different roles for endothelin-1 (ET-1) and
bradykinin (BK) in the immunopathogenesis of Chagas disease. Here, we addressed the hypothesis that pathogenic outcome
is influenced by functional interplay between endothelin receptors (ETAR and ETgR) and bradykinin B, receptors (B2R).

EXPERIMENTAL APPROACH

Intravital microscopy was used to determine whether ETR/B.R drives the accumulation of rhodamine-labelled leucocytes in the
hamster cheek pouch (HCP). Inflammatory oedema was measured in the infected BALB/c paw of mice. Parasite invasion was
assessed in CHO over-expressing ETRs, mouse cardiomyocytes, endothelium (human umbilical vein endothelial cells) or
smooth muscle cells (HSMCs), in the presence/absence of antagonists of B,R (HOE-140), ETAR (BQ-123) and ETgR (BQ-788),
specific IgG antibodies to each GPCRs; cholesterol or calcium-depleting drugs. RNA interference (ETAR or ETgR genes) in

parasite infectivity was investigated in HSMCs.

KEY RESULTS

BQ-123, BQ-788 and HOE-140 reduced leucocyte accumulation in HCP topically exposed to trypomastigotes and blocked
inflammatory oedema in infected mice. Acting synergistically, ETAR and ETgR antagonists reduced parasite invasion of HSMCs
to the same extent as HOE-140. Exogenous ET-1 potentiated T. cruzi uptake by HSMCs via ETRs/B,R, whereas RNA
interference of ETAR and ETgR genes conversely reduced parasite internalization. ETRs/B,R-driven infection in HSMCs was
reduced in HSMC pretreated with methyl-f-cyclodextrin, a cholesterol-depleting drug, or in thapsigargin- or verapamil-treated

target cells.

CONCLUSIONS AND IMPLICATIONS

Our findings suggest that plasma leakage, a neutrophil-driven inflammatory response evoked by trypomastigotes via the
kinin/endothelin pathways, may offer a window of opportunity for enhanced parasite invasion of cardiovascular cells.
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Abbreviations

B,R, bradykinin B, receptor; BK, bradykinin; cruzipain, the major cysteine protease of T. cruzi; CXCR2, CXCR2
chemokine (C-X-C motif) receptor 2; ET-1, endothelin-1, ETR, endothelin receptors; HSA, human serum albumin;
HSMCs, human smooth muscle cells; HUVECs, primary human umbilical vein endothelial cells; MBCD, methyl-B-
cyclodextrin; PI3K, phosphatidylinositol 3-kinase; TCTs, tissue culture trypomastigotes; TLR2, toll-like 2 receptors

Introduction

Chagas disease, the chronic infection caused by the intracel-
lular protozoan Trypanosoma cruzi, is still a major public
health burden in Latin America (Coura and Dias, 2009;
Tanowitz et al., 2009). Natural infection is initiated when a
bloodsucking triatomine insect releases the infective metacy-
clic trypomastigotes onto vulnerable skin surfaces or mucous
membranes. T. cruzi infection may also be transmitted by
blood transfusion, by organ transplantation, from mother
to fetus (congenital) and via the oral route (Coura, 2006).
Trypomastigotes invade cells and are initially confined to a
parasitophorous vacuole. After escaping to the host cell
cytoplasm, the parasites transform into amastigotes, the rep-
licating forms. After several cycles of binary division, the
amastigotes transform into mammalian-stage trypomastig-
otes. Upon host cell death, the trypomastigotes invade adja-
cent uninfected cells or are carried by the blood and
lymphatics to various organs. During the early stages of infec-
tion, innate immunity is triggered by microbial-derived
ligands of toll-like receptors (TLRs) (Almeida and Gazzinelli,
2001; Medeiros et al., 2007). Inflammation is intensified by
the vasoactive action of proteolytically derived endogenous
peptides, such as bradykinin (BK) (Monteiro etal., 2006,
2007). With the onset of adaptive immunity, the acute mani-
festations (blood parasitaemia and systemic inflammation)
gradually subside. Thereafter, the disease enters a clinically
undetermined stage characterized by paucity of bloodstream
parasites and positive serology. Lasting several years, chronic
infection causes a progressive form of myocardiopathy in
15-30% of the patients. Characterized by fibrosis, myocytoly-
sis and cardiac myocyte hypertrophy, the clinical manifesta-
tions vary but may include congestive heart failure,
thromboembolic events and dysrhythmias (Rassi Jr efal.,
2009). Although not excluding the participation of auto-
immunity (Gutierrez etal., 2011), studies in humans and
experimental animals suggest that infection-associated
immunopathology and microvascular abnormalities are
crucial factors in the pathogenesis of chronic heart disease
(Higuchi et al., 1999; Tarleton, 2003; Tanowitz et al., 2005).
Studies on the mechanisms underlying infection-
associated vasculopathy revealed that the vasoconstrictor
endothelin-1 (ET-1) is strongly up-regulated in cardiovascular
tissues of T. cruzi-infected mice (Tanowitz et al., 1999; Petkova
et al., 2000). Preproendothelins are processed by furin-like
proteases to form big endothelin intermediates that are
further cleaved to three physiologically active endothelin
peptides (ET-1, ET-2 and ET-3) by endothelin-converting
enzymes. ETs (21 amino acids) are secreted by endothelial
cells, cardiac myocytes and cardiac fibroblasts (Goto, 2001;
Kedzierski and Yanagisawa, 2001) and act by signalling via
two endothelin GPCR subtypes, ET R and ETgR (for review, see
Dhaun et al., 2007). Apart from its powerful vasoconstrictor
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effects, ET-1 induces plasma exudation (Filep etal., 1993;
Sampaio et al., 2000), stimulates cytokine production (Spe-
ciale et al., 1998; Sampaio et al., 2000), regulates neutrophil
adhesion and migration (Zouki et al., 1999; Sampaio et al.,
2000), modulates the expression of leucocyte adhesion mol-
ecules on endothelial cells and on fibroblast-like synovial cells
(Schwarting et al., 1996) and participates in zymosan-induced
arthritis (Conte et al., 2008). Concerning Chagas disease, sys-
tematic studies have linked infection-associated vasculopathy
to dysregulated activation of the endothelin pathway (Tanow-
itz et al., 2005). The finding that plasma levels of ET-1 are
increased both in chagasic patients and mice (Petkova et al.,
2000; Salomone et al., 2001) suggests that ET-1-driven vasos-
pasm might cause myocardial ischaemia and myonecrosis
(Tanowitz et al., 2005). Notably, cardiac remodelling was ame-
liorated in T. cruzi-infected mice in which the ET-1 gene was
deleted only from cardiac myocytes (Tanowitz et al., 200S5).
These results have causally linked the endothelin pathway to
chronic chagasic cardiomyopathy, raising the possibility that
ETR targeting may serve as adjunctive therapy in Chagas
disease (Mukherjee et al., 2004; Tanowitz et al., 2005).

While research on endothelins progressed, studies focus-
ing on the kinin system (Scharfstein and Andrade, 2011)
revealed that tissue culture trypomastigotes (TCTs) rely on the
enzymatic versatility of the major cysteine protease (cruzi-
pain) to generate peptide ligands (i.e. kinins) which enhance
parasite infectivity through the signalling of G protein-
coupled BK receptors (Scharfstein et al., 2000; Todorov et al.,
2003). In follow-up studies, it was demonstrated that BK
strongly stimulates cellular immunity (Monteiro et al., 2007),
suggesting that activation of the kinin system translates into
mutual benefits for the host-parasite relationship (Scharfstein
and Andrade, 2011). Analysis of the dynamics of the inflam-
matory response evoked by TCTs revealed that the generation
of vasoactive kinins in peripheral sites of infection is a down-
stream response conditioned by tissue culture-derived trypo-
mastigotes (TLR2)/chemokine (C-X-C motif) receptor 2
(CXCR2)-dependent extravasation of plasma proteins (includ-
ing kininogens) (Monteiro et al., 2006; Schmitz et al., 2009).
Briefly, the inflammatory cascade is initiated when innate
sentinel cells, such as macrophages, sense mucin-linked gly-
cosylphosphatidylinositol (GPI)-anchors shed by trypomas-
tigotes (Almeida and Gazzinelli, 2001; Campos et al., 2001) via
TLR2. Translated as secretion of CXC chemokines, the TLR2-
driven innate response activates endothelium/neutrophils via
CXCR2 (Schmitz et al., 2009), thereby increasing vascular
permeability. As a result of plasma extravasation, there is a
rapid increase in the levels of blood-borne kininogens in
peripheral sites of infection. Linking TLR2-dependent innate
immunity to inflammation, cruzipain liberates BK/LBK from
kininogens bound to the extracellular matrix (Del Nery et al.,
1997; Lima et al., 2002; Monteiro et al., 2006). Further down-
stream, the vasoactive kinins further intensify interstitial
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oedema through the triggering of the endothelium bradykinin
B, receptor (B;R). As the inflammation escalates, the released
kinins activate immature dendritic cells via B;R, converting
these specialized antigen presenting cells into T,1 inducers
(Aliberti et al., 2003; Monteiro et al., 2006, 2007). Based on
these studies, angiotensin converting enzyme (ACE/kininase
II), a kinin-degrading metallopeptidase, emerged as a modu-
lator of the TLR2/CXCR2/B;R inflammatory pathway (Mon-
teiro et al., 2006; Scharfstein et al., 2008).

In a striking example of biological versatility, here, we
demonstrate that T. cruzi can further exploit the structural
diversification of the GPCR family to infect mammalian cells
via ETRs, sometimes involving the co-operation of B,R.
Beyond their involvement in parasite infectivity, we present
evidence that infection-associated alterations in the microcir-
culation depend on the functional interplay between endot-
helin and kinin pathways.

Methods

Parasites

T. cruzi Dm28c TCTs were harvested from the supernatants of
infected rhesus monkey kidney cell line cultures maintained
in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 2% fetal calf serum (FCS) (Scharfstein et al.,
2000). Suspensions of freshly released parasites were washed
twice with excess HBSS before being tested in vitro or in vivo.

Cell cultures

Human primary umbilical vein endothelial cells (HUVECs)
were obtained by treatment of umbilical veins with a 0.1%
(wt/vol) collagenase IV solution. Primary HUVECs were
seeded in 25 cm? flasks coated with 2% porcine skin gelatin
and grown in M199 medium supplemented with 2 mM
glutamine, 2.5 ug-mL™' amphotericin B, 100 ug-mL™" penicil-
lin, 100 pg-mL™" gentamycin, 0.13% sodium bicarbonate and
20% FCS. Cells were maintained at 37°C in a humidified 5%
CO, atmosphere until confluence. After treatment with 0.02%
trypsin/0.02% EDTA, the HUVECs were seeded into 24-well
plates with gelatin-coated glass coverslips, and cultivated in
M199-inactivated FCS (20%) at 37°C for 2 days before being
washed and used (sub-confluent conditions) in invasion
assays. Human smooth muscle cells (HSMCs) of gastric
stomach origin [Cell Bank from Hospital Universitdrio Clem-
entino Fraga Filho, Universidade Federal do Rio de Janeiro
(UFR]), Rio de Janeiro] were seeded on coverslips laid in
24-well plates and cultivated in DMEM-inactivated FCS (10%)
at 37°C for 24 h before being washed and used in invasion
assays. The phenotypic distinction between short-term HSMC
cultures (<20 passages) and long-term cultures of myofibro-
blasts was carried out by labelling the monolayers with an
anti-o-actin antibody (1:100; Sigma, St. Louis, MO, USA) that
identifies muscle stress fibres (absent in myofibroblasts). CHO
cells transfected with ET, receptor cDNA (CHO-ET\R) or ETg
(CHO-ETyR) (from Euroscreen, Belgium, 2006) and mock cell
(CHO-K1 control transfected with pcDNA3 plasmid) were
cultivated in 5% CO, in Ham’s F12 medium (Sigma) contain-
ing 10% FCS at 37°C. Primary cultures of mice embryonic
cardiomyocytes obtained from ventricular muscle as previ-

ously described (Meirelles et al., 1986). The purified heart cells
were plated for 20 min in 24-well culture plates previously
coated with 0.01% to allow the adhesion of fibroblasts. Next,
the culture wells were seeded with the cardiomyocyte-
enriched supernatant (5 x 10° cells mL™"). Cultures were
maintained at 37°C in 5% CO, atmosphere in DMEM supple-
mented with 10% FCS to get synchronized contractility.

Invasion assays with T. cruzi

Monolayers of CHO-ETRs, HUVECs or HSMCs were prepared
on 13 mm round coverslips at a density of 5 x 10* cells per
coverslip using the appropriated culture medium (see earlier
discussion) supplemented with 10% inactivated FCS and
further cultivated in 24-well plates for 24 or 48 h at 37°C
in a 5% CO* atmosphere. Before being incubated with
parasites, the monolayers were washed with HBSS and kept in
the appropriate serum-free culture medium containing
1 mg-mL™" human serum albumin (HSA) (Baxter Pharmaceu-
tical, Deerfield, IL, USA) and/or 25 uM of lisinopril (ACE
inhibitor; Sigma) diluted in saline. Parasite-host cell interac-
tion took place in a final volume of 300 uL per well. Before
addition of TCTs (ratio of 10:1 parasite : host cell or as indi-
cated), the culture medium was supplemented, or not, with
the B,R antagonist HOE-140 (Sigma), the ET;R antagonist or
the ET4R antagonist BQ-123 (Calbiochem, La Jolla, San Diego,
CA, USA). Stock solutions of HOE-140 and BQ-123 were pre-
pared in apyrogenic water, whereas BQ-788 was dissolved in
dimethyl sulphoxide (DMSO). Dose-response curves were
used to define the optimal working concentrations of HOE-
140 (100 nM), BQ-788 (10 uM) and BQ-123 (1 uM) (Support-
ing Information Figure S1). As a control for BQ-788 vehicle,
DMSO (0.6%) was added to the complete culture medium
(DMEM-HSA or DMEM-FCS). In some invasion assays, the
medium was supplemented with suboptimal concentrations
of these drugs, tested alone or in combination. Host—parasite
interactions proceeded for 3 h (except when otherwise
informed in legends of figures) at 37°C in a humidified incu-
bator, in a 5% CO, atmosphere. In assays using neutralizing
antibodies, the monolayers were pre-incubated with goat IgG
antibodies against B;R, rabbit anti-ET4R (rabbit) or anti-ETzR
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), at a final
concentration of 10 ug-mL™, and washed twice with HBSS
before incubation with parasites. Purified goat or rabbit
control IgG was used as control. To study the role of [Ca*7];
-dependent pathways in parasite uptake, HSMC monolayers
were either pre-incubated with 0.5 pM of thapsigargin (Sigma)
for 30 min or with 100 uM of verapamil (Sigma) in DMEM-FCS
10%. The drugs were removed by extensive washing in HBSS,
and the cells were incubated with DMEM-HSA. Before addition
of TCTs (ratio of 10:1 parasite : host cell for 1 h), the culture
medium was supplemented, or not, with BQ-788 (10 uM) or
BQ-123 (1 uM). Lipid raft involvement was studied by pre-
treating HSMCs with 2 mM of methyl-B-cyclodextrin (MBCD;
Sigma) for 30 min in DMEM-HSA or with MBCD + cholesterol
(3.6 mM) complex (molar ratio 1:1.8; Tortelote et al., 2004), at
37°C before addition of TCTs. After 3 h of incubation, the
infected monolayers were washed three times with HBSS, once
with PBS, followed by fixation with Bouin and staining with
Giemsa. The determination of infection index was obtained by
counting the number of intracellular parasites in a total of 100
cells per coverslip.
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Interference RNA of ETR

HSMCs (5 x 10° cells per sample) were electroporated with
3.5 pmol siRNA oligos to ET4R or to ETyR silencer, pre-designed
(inventoried) siRNA or with scrambled silencer negative
control siRNA (ID: AM4635) (Applied Biosystems, Foster City,
CA, USA). ETAR (siRNA ID: s4467) sequence 5-3° sense:
CGAUGUGAAUUACUUAGUULtt; antisense: AACUAAGUAA-
UUCACAUCGgt and ETgR (siRNA ID: s4469) sequence 5'-3"
sense: CUGUUGGUAUUGGACUAUALtt; antisense: UAUAGU
CCAAUACCAACAGaa. HSMCs were washed, detached from
culture flasks by incubation with trypsin and washed once in
medium FCS before transfection. Cells were resuspended in
100 pL of electroporation solution (Nucleofactor kit V, Lonza,
Basel, Switzerland), incubated with the corresponding oligos
and electroporated in suspension using a Nucleofactor II
device (Amaxa Nucleofector I - ADD-1001S) and programme
T-28. Cells were immediately plated at 1.5 x 10* density and
cultured overnight in DMEM-FCS before analyses. After elec-
troporation, 500 puL of pre-warmed DMEM-10% FCS culture
medium was added to the cuvette, and the cells were gently
transferred into a 24-well plate (for invasion assays) or a 6-well
plate (for Western blotting experiments). After 5 h, the non-
adherent cells were removed by washing twice in serum-free
medium, and the remaining cells were cultured at 37°C, in a
humidified 5% CO, atmosphere for 24-48 h, before the assays.
Fluorescence microscopy of cells transfected with 2 ug of
pmax-GFP control vector at 24 h revealed that transfection
efficiency of HSMCs was ~50% (90% cell viability). At the
indicated times, the cultures were either lysed and subjected to
Western blotting (as described later) or tested in conventional
invasion assays (as described earlier). The densitometry of the
reactive bands was measured using the Image ] Software
(http://imagej.nih.gov/ij/) (National Institutes of Health,
Bethesda, MD, USA). Mock transfected cells were set as 100%.

Western blotting analysis

Cells (10° were washed twice with ice-cold PBS and then
lysed in 100 pL of lysis buffer (50 mM Tris-HCI, pH 7.5; 5 mM
EDTA; 10 mM EGTA; 50 mM NaF; 250 mM NacCl; 0.1% Triton
X-100) with 1:1000 dilution protease inhibitor cocktail II
(Calbiochem, Gibbstown, NJ, USA). Total proteins were deter-
mined with DC protein assay (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s protocol. Then, 40 ug of
protein was diluted in SDS-PAGE sample buffer [8% SDS; 5%
2-B-mercaptoethanol; 20% glycerol; 0.05% bromophenol
blue; 0.125 M Tris-HCL (pH 6.8)], boiled for 5 min and sub-
jected to electrophoresis in 10% SDS-polyacrylamide gels and
transferred to a nitrocellulose membrane (Bio-Rad). The
membranes were blocked with 5% albumin in Tris-buffered
saline containing 0.10% Tween (TBS-T) for 1 h at room tem-
perature, followed by incubation overnight with sheep poly-
clonal anti-ETyR antibody (Abcam, Cambridge, UK, 1:3000).
The membranes were washed three times with TBS-T for
10 min and incubated with horseradish peroxidase-labelled
goat anti-sheep IgG (Abcam, 1:15 000). Visualization of the
ETyR reactive band (50 kDa) was achieved by chemilumines-
cence (ECL kit; Amersham Bioscience, GE Healthcare, Buck-
inghamshire, UK). ETzR normalization was performed by
stripping the membrane for 30 min at 50°C in stripping
buffer (100 mM of 2-B-mercaptoethanol, 2% SDS, 62.5 mM
Tris-HCI, pH 6.8). After stripping, the membrane was washed

1336 British Journal of Pharmacology (2012) 165 1333-1347

with TBS-T, blocked with 5% BSA TBS-T and incubated over-
night with mouse monoclonal anti-B-actin (1:10 000 Sigma).
Detection was performed as described earlier.

Immunoﬂuorescence assays

HSMCs were plated on 13 mm round coverlips at a density
of 3 x 10* cells per coverslip in the appropriate culture
medium (see earlier discussion). After 24 h, we added (or
not) TCTs to the monolayers for 1 h. The monolayers were
washed twice in PBS and fixed in PBS containing 4%
paraformaldehyde for 30 min at room temperature (RT) and
then washed twice in PBS. After blocking non-specific
binding with PBS-bovine serum albumin (3%) for 30 min,
the HSMCs monolayers were incubated with primary anti-
bodies rabbit anti-ETR (1:100; Santa Cruz Biotechnology) or
anti-ET,R (1:100) or normal rabbit IgG control, diluted in
the blocking buffer for 1 h. After two washes in PBS, the
coverslips were incubated with Alexa-Fluo488-conjugated
anti-rabbit antibody (1:400; Invitrogen, Eugene, OR, USA)
for 1h at RT, washed in PBS and 4’-6-Diamidino-2-
phenylindole (DAPI) (Sigma) stained for 5 min. The mono-
layers were laser dissected 13 times in 0.25 um slices from
bottom to top. The figures represent slice 5 (top) (Figure 6B
and Supporting Information Figure S5). For the visualization
of the cytoskeleton (Supporting Information Figure S4B), the
fixed monolayers were permeabilized with Triton X-100
0.5% for 15 min at 4°C and then incubated with 546-Alexa-
phalloidin from Molecular Probes (Invitrogen, Carlsbad, CA,
USA) (1:50) for 90 min at RT. The results are representative
of 30 fields of two independent experiments, performed in
duplicate. The monolayers were DAPI stained and observed
under a Zeiss LSM710 confocal laser scan microscope with
an oil immersion 40x objective.

Endocytosis assays

HSMCs maintained in DMEM-10%FCS were infected (or not)
with TCTs in the presence of 1 mg-mL™ fluorescein isothio-
cyanate — dextran (FITC)-Dextran40 (Sigma) for 1 h at 37°C.
In some assays, we added BQ-123 (1 uM) or BQ-788 (10 uM)
to the culture medium. Monolayers kept at 4°C were used as
controls, to assess the degree of non-specific surface binding
of the FITC-Dextran to HSMCs. Following the incubation, the
cellular uptake of the fluorescent probe was ceased by the
addition of ice-cold PBS, and the monolayers were then
washed and fixed with 1% paraformaldeyde for 30 min and
then scraped out of the wells before being subjected to flow
cytometry (FACScan) analysis (Supporting Information
Figure S4A).

Oedema measurements

Experiments were conducted with normal BALB/C (males)
(University of Campinas, Sao Paulo), 2-3 months old, each
weighing 20-25 g, housed in micro-isolators (Alesco CO., Sao
Paulo) for a week at 22 = 2°C with a 12 h light-dark cycle.
The animals under light ether anaesthesia were injected with
10 uL s.c. injection of Dm28c TCTs (10°) in PBS, as previously
described (Monteiro et al., 2006; Schmitz et al., 2009). ETR
antagonists (see later discussion) were added to the parasite
suspensions shortly before footpad injection. As a control,
the contralateral paw received the same volume of PBS. Dose—
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response experiments in Swiss mice revealed that ETR antago-
nists (100 ug-kg™") effectively reduced TCT-evoked oedema,
this dose being similar to those used in other animal models
(Piovezan et al., 2004; Fujita et al., 2008; Motta et al., 2009;
Verri et al., 2009). The B,R antagonist HOE-140 (100 pg-kg™)
was injected (s.c.) 1 h before parasite injection in the animal’s
scruff, as previously described (Schmitz et al., 2009). Oedema
volume differences (3 h p.i.) were measured with the aid of a
plethysmometer; the data were expressed in microlitres
(volume difference between the test and control paws). As
control for BQ-788 vehicle, DMSO (0.6%) was added to the
parasite suspension. Also, parasite motility (in complete
culture medium) was not affected at the DMSO concentration
indicated. All animal care and experimental procedures were
in accordance with current guidelines for experiments in
conscious animals and approved by the ethical committees of
UFRJ (code number: IBCCF 101).

Intravital digital microscopy

Hamsters (male), 3 months old, each weighing 110-120 g,
were maintained and anaesthetized according to regulations
by the local ethical committee (IBCCE license protocol
number 014). Altogether, we used 27 hamsters (Anilab, Sao
Paulo, Brazil) with a mean weight of 117 g = 15. Hamsters
were anaesthetized by i.p. injection of sodium pentobarbital
supplemented with i.v. a-chloralose (2.5% W/V, solution in
saline) through a femoral vein catheter as previously
described (Monteiro et al., 2006.; Schmitz et al., 2009; Svensjo
etal., 2009). Briefly, the microcirculation of the hamster
cheek pouch (HCP) was analysed by epiluminescence using
an Axioskop 40 microscope, objective 4x and oculars 10x
(Carl Zeiss, Germany), equipped with appropriate filters (490/
520 nm, FITC-Dextran; 540/580 nm, rhodamine). A digital
camera, AxioCam HRC and a computer with the AxioVision
4.4 software program (Carl Zeiss) were used for image analysis
of arteriolar diameter and total fluorescence in a representa-
tive rectangular area (5 mm?) of the prepared HCP, as recently
described (Svensjo et al., 2009). The blood flow was normal
and there was no evidence of leakage of FITC-Dextran before
application of TCTs. Leucocytes were labelled in vivo by i.v.
injection of rhodamine 100 ug-kg' body weight at 10 min
prior to parasite application and, thereafter,10 ug-kg! body
wt every 5 min for 45 min. Two images were recorded every
5 min interval during the entire experiment; one was used for
arteriolar diameter and the second was used for measurement
of the total amount of leucocytes in the circulation, rolling,
adherent and migrated in the observed area (5 mm?). HCPs
were topically exposed to 500 puL saline (controls) or to the
same volume of a suspension of TCTs in PBS. The effect of
ETR antagonists on parasite-induced leucocyte accumulation
in the microvasculature of the HCP was tested by applying
500 uL of BQ-123 (10 uM), BQ-788 (10 uM) or vehicle con-
trols, after interrupted superfusion or HOE-140 (0.5 uM final
concentration, added to the continuous superfusion). Four
minutes later, we added the TCTs to the HCP for another
5 min before resumption of superfusion. At 60 min after
topical application of TCTs or saline, the HCPs were exposed
to histamine (4 uM) or BK (0.25 uM) for 5 min as an internal
control to confirm that the reactivity of the microvasculature
was preserved. Hamsters with no response to histamine or BK

were excluded. The experimental groups included n = 4-8
hamsters.

Statistical analyses

Statistically significant differences for all experimental data
were determined by ANOVA. When the mean values of the
groups showed a significant difference, pair-wise comparison
was performed by using the Bonferroni test. Statistical evalu-
ation of hamster results was performed with ANOVA followed
by Student’s t-test (between groups). A P-value of 0.05 or less
was considered to indicate a statistically significant differ-
ence. Data are presented as means * SD.

Results

TCTs evoke interstitial oedema via activation
of ETRs and B3R

Unlike the situation prevailing in the acute infection, the
release of parasites from infected heart cells is a sporadic event
during the course of chronic chagasic infection because the
parasitism in myocardial tissues is kept at very low levels by
the selective pressure of anti-parasite effector T cells. Given the
technical obstacles to investigate the dynamics of infection-
associated inflammation in the cardiac microcirculation of
T. cruzi-infected animals, in previous studies, we have used a
combination of two models to study the pro-inflammatory
role of the kinin pathway: measuring parasite-evoked plasma
leakage in the microcirculation of the HCP and monitoring
swelling responses (inflammatory oedema) in the footpad of
infected B,R-deficient mice (Monteiro et al., 2006; Schmitz
et al., 2009). Here, we determined whether the endothelin
pathway participates in the B,R-driven inflammatory cascade
evoked by Dm28c TCTs. First, we checked if ETR antagonists
could attenuate the swelling responses, which TCT evoke in
the footpad of BALB/c mice. Our results (Figure 1) showed a
marked decrease in footpad swelling in mice injected with a
TCT suspension supplemented with optimal concentrations
of BQ-123 (highly selective ET,R antagonist) or BQ-788
(highly selective ETsR antagonist). Noteworthily, the anti-
inflammatory activity of ETR antagonists was as effective as
HOE-140 (B;R antagonist), used here as an internal control. We
then examined if ETR and B,R antagonists when added to the
HCP could reduce leucocyte accumulation in microvascular
beds topically exposed to TCTs. Positive controls showed
leucocyte accumulation 15 min after TCT application and this
response reached plateau levels within 60 min (Figure 2).
Pharmacological interventions revealed that the maximum
values of leukocyte accumulation observed after TCT applica-
tion (100%) were significantly reduced by BQ-788 (to 25%; P <
0.01) and HOE-140 (to 25%; P < 0.01), that is, 75% inhibition
(Figure 2). BQ-123 reduced leucocyte accumulation to 66% of
the maximal TCT-induced response (P < 0.05) (Figure 2). Base-
line levels of leucocyte accumulation were not different in
HCPs exposed to vehicle controls, that is, saline-DMSO (0.4%)
or saline (data not shown). BQ-788 reduced leucocyte accu-
mulation below (32%) saline control values, perhaps reflecting
ETsR-dependent influence on endothelium interaction with
leucocytes in the steady state. In the absence of ACE inhibitors,
TCTs only elicit a modest (albeit significant) increase in plasma

British Journal of Pharmacology (2012) 165 1333-1347 1337



DS Andrade et al.

S
o
)

w
o
'

-
o
1
*

Increase in paw volume (pL)
N
o
[l

o
L

\
0&0 Q;\bp O"\({:J /\Céb
€)

Figure 1

TCT evokes footpad swelling via activation of ETAR, ETgR and B,R.
BALB/c mice (n = 5/group) were injected with 10 uL of Dm28c TCTs
(10%) in PBS. As a control, the contralateral paw received the same
volume of PBS. The specificity of B,R responses was examined by
injecting HOE-140 (100 pug-kg™) s.c. 1 h before parasite injection.
Involvement of ETR in the induction of footpad oedema was exam-
ined by injecting TCT suspensions supplemented with BQ-123
(100 ug-kg™") and BQ-788 (100 pg-kg™). Oedema was measured
with the aid of a plethysmometer 3 h after the injections and was
expressed in pL (volume difference between the test and control
paws). The results (media * SD) are representative of three indepen-
dent experiments (n = 5 mice/group). *P < 0.01.

Fluorescence-Rhodamine
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Figure 2

Intravital microscopy reveals the accumulation of rhodamine-labelled
leucocytes in the hamster cheek pouch microcirculation. After label-
ling the leucocytes with i.v. injection of rhodamine, the superfusion
of the cheek pouch was interrupted. After removing the superfusate,
we applied 500 pL of BQ-123 (10 uM), or BQ-788 (10 uM) or the
corresponding drug vehicle. In a separate group of hamsters, HOE-
140 (0.5 uM) was added directly to the superfusion solution. Four
minutes later, TCTs (3.107) or saline control were applied topically to
the cheek pouch, and the incubation was prolonged up to 9 min
total time. Controls (not shown) for drug vehicle were done by
adding saline or saline-DMSO (0.4%) to the pouch for 4 min, prior
to the application of TCTs. Results represent the mean + SD of
rhodamine fluorescence units in a 5 mm? area of the cheek pouch.
The results are representative of five series of experiments (n = 4-8
hamsters per group). P < 0.05; P < 0.01, as indicated).
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Figure 3

T. cruzi invades CHO cells over-expressing ETAR or ETgR in a subtype
receptor-specific manner. Transfected CHO cells over-expressing
endothelin receptors (i) CHO ETaR, (i) CHO ETgR or (iii) CHO K1
(mock control) were incubated with TCTs at parasite : cell ratio of
10:1 for 3 h in HAM’s F12 medium supplemented with HAS. Where
indicated, the medium was supplemented with BQ-788 (10 uM) or
BQ-123 (1 uM) immediately before addition of parasites. Controls
for drug vehicle involved addition of equivalent volume of HBSS or
HBSS-DMSO (0.6%) to HSMC cultures treated with TCTs (not
shown). After 3 h of host-parasite interaction, the monolayers were
washed in HBSS, fixed with Bouin for 24 h and stained with Giemsa.
The infection index represents the number of intracellular parasites
per 100 cells (in triplicate) (mean = SD). The results are representa-
tive of two independent experiments. *P < 0.05.

leakage (15%, P < 0.05) in HCPs sensitized with Dm28c TCTs
(Monteiro et al., 2006; Schmitz et al., 2009), as compared with
the saline control group. Initially, this discrete leakage
response was insensitive to HOE-140. However, the inhibitory
activity of the B,R antagonist became significant as the
experiment progressed (up to 60 min; data not shown). Col-
lectively, these studies suggest that ETRs contribute to the
TLR2/CXCR2/B,R-dependent cascade type of inflammatory
response elicited by kinin-releasing strains of T. cruzi
(Monteiro et al., 2006; Schmitz et al., 2009).

Host cell invasion is influenced by T. cruzi
interplay between ETAR, ETsR and B,R

Given the precedent that T. cruzi invasion is enhanced by
activation of G protein-coupled BK receptors (Scharfstein
et al., 2000; Todorov et al., 2003), and the evidence that ET-1
expression is up-regulated in parasite-infected cardiovascular
cells (Tanowitz et al., 2005), we reasoned that TCTs may have
developed competence to persistently infect heart cells
through the signalling of ETRs. As a starting point, we
checked the outcome of Dm28c TCT interaction (3 h) with
CHO cells over-expressing individual ETRs (ratio of 10:1 para-
site vs. CHO) in serum-free HAM’s medium supplemented
with HAS. Using a parasite : host cell ratio of 10:1, our data
(Figure 3) show that the extent of TCT invasion was signifi-
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GPCR antagonists specifically reduce TCT uptake by mammalian cells that naturally express ETRs and B,R. (A) HSMCs were incubated with TCTs
(parasite : cell ratio 10:1) for 3 h in DMEM-HAS. Where indicated, the cultures received either BQ-788 (5 uM or 10 uM), BQ-123 (0.5 pM or 1 uM)
or HOE-140 (0.1 nM or 100 nM). At the right side of the panel, the host-parasite interaction occurred in the presence of the combination of two
drugs, each one tested at suboptimal concentrations (i.e. 0.5 uM BQ-123, 5 uM BQ-788 and 0.1 nM HOE-140). (B) HSMCs were pre-incubated
or not with 100 nM of ET-1 in DMEM-HAS for 20 min prior to the addition of TCTs (parasite : cell ratio 5:1 — suboptimal ratio). Where indicated,
the ET-1 treated medium was supplemented with either BQ-788 (10 uM), BQ-123 (1 uM) or HOE-140 (100 nM). (C) HSMCs were pre-incubated
with 10 ug-mL™" of IgG anti-B,R, anti-ET4R, anti-ETgR or the respective rabbit or goat IgG controls. Thirty minutes later, the HSMCs were washed
twice and incubated with TCTs (parasite : cell ratio 10:1) for 3h in DMEM-HAS. Positive controls for ETR and B,R-driven parasite uptake were
performed in the presence of BQ-788 (10 uM) or BQ-123 (1 uM) or HOE-140 (100 nM). The cells were then fixed with Bouin and stained with
Giemsa. The infection index represents the number of intracellular parasites per 100 cells (in triplicate) (mean = SD). The results are representative
of three independent experiments. *P < 0.05. ** *** < 0.05 indicate significant difference between controls marked with the same symbols.

cantly increased in CHO cells expressing either ETAR or ETgR
(60%; P < 0.05), as compared to CHO-K1 (controls). As shown
in Figure 3, BQ-123 (1 uM) significantly reduced TCT inva-
sion of CHO-ETsR (35%; P < 0.05), whereas BQ-788 (10 uM)
did not interfere at all with the extent of invasion of CHO-
ET\R (Figure 3). Conversely, BQ-788 (but not BQ-123) selec-
tively reduced parasite uptake by ETzR-transfected CHO cells
(Figures 3 and 35%; P < 0.05), whereas BQ-123 did not sig-
nificantly alter parasite uptake by CHO-ETzR or CHO-K1
(Figure 3). Noteworthily, the inhibitory effects of these ETR
antagonists were more pronounced when the invasion assays
were performed at lower parasite : host cell ratio (5:1) (data
not shown). Reminiscent of the phenotype of CHO-B;R and
CHO-B;R (Scharfstein et al., 2000; Todorov et al., 2003), the
current results indicated that TCTs (Dm28) can aptly invade
mammalian cells over-expressing both subtypes of ETRs.
Next, we examined if TCTs could invade human cells that
naturally express ETRs. We chose to work with HSMCs as they

express ET4R, ETsR (Kitsukawa et al., 1994) and B,R (Bach-
varov et al., 1995; Knox et al., 2001). Titration assays (Sup-
porting Information Figure S1) were performed to determine
the optimal concentration of GPCR antagonists that protect
HSMCs from parasite invasion. Based on these results, we
used BQ-123 (1 uM), BQ-788 (10 uM) and HOE-140 (100 nM)
in subsequent studies. Invasion assays run under these con-
ditions showed that parasite uptake was markedly inhibited
either by BQ-123 (65% of inhibition; P < 0.05), BQ-788
(60% of inhibition; P < 0.05) or HOE-140 (50%, P < 0.05)
(Figure 4A). Extending this analysis to mouse cardiomyo-
cytes, we observed that parasite invasion was partially, yet
significantly inhibited by each of these drugs (Supporting
Information Figure S2). As endothelial cells express ETzR but
not ET4R (Kedzierski and Yanagisawa, 2001), we took advan-
tage of this differential functional property to double-check
the selectivity of our subtype-specific ETR antagonists in inva-
sion assays with HUVECs. As predicted, parasite infectivity

British Journal of Pharmacology (2012) 165 1333-1347 1339



DS Andrade et al.

A
SCR
48h

SCR SIETsR SiETsR

48h

24h 24h

Anti-ETsR

B-actin

1.2

48h

Fold expression

0.04

Figure 5

Parasites/100 HSMCs
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Interference RNA indicates that TCTs invade HSMCs in an ETR-dependent manner. HSMCs were either nucleofected with siRNA ETgR-silencer
selected siRNA, ETaR-silencer selected siRNA, scrambled-silencer selected siRNA (SCR) or nucleofected without siRNA (mock treatment) as controls.
After 24 h (A), the cell lysates derived from the earlier mentioned HSMCs cultures were boiled in complete sample buffer and then subjected to
electrophoresis in 10% SDS-PAGE. After transferring the proteins to a nitrocellulose membrane, they were probed with sheep anti-ETgR antibody.
The immunoblotted ETgR protein (50 kDa) was identified using horseradish peroxidase-labelled goat anti-sheep IgG followed by ECL. Lower panel:
the optical density of mock transfected cells was set as 1. The graph represents the relative intensity in relation to mock cells (24 h). (B) HSMCs
subjected to ETR silencing were incubated with TCTs (parasite : cell ratio 10:1) in DMEM-HSA. Where indicated, these cultures also received
BQ-788 (10 uM) or BQ-123 (1 uM). The infection index represents the intracellular parasites per 100 cells (in triplicate) (mean = SD). The results

are representative of two independent experiments. *P < 0.05.

was partially inhibited by BQ-788 (Supporting Information
Figure S3A; 53%, P < 0.05). In contrast to HSMCs or cardi-
omyocytes, HUVECs were not protected from infection by
BQ-123 or HOE-140, thus adding credence to the specificity
profile of these GPCR-antagonists. As predicted (Scharfstein
et al., 2000), we restored the functional role of B,R in parasite
infectivity by adding lisinopril (ACE/kininase II inhibitor)
to the HUVEC culture medium (Supporting Information
Figure S3B). Under these particular conditions, the half-life of
kinin agonists (liberated by cruzipain) is strongly increased,
allowing for increased engagement of the B,R/[Ca*']; pathway
of invasion in endothelial cells (Scharfstein et al., 2000). Strik-
ingly, BQ-788 abolishes parasite uptake via the kinin/B,R
pathway. These results imply that ACE dictates whether
T. cruzi uptake by HUVECsS is co-ordinated by ETzR (without
B2R) or via ‘cross-talk’ between B,R/ETgR.

We next determined whether ETR subtypes act
co-operatively. This was checked using suboptimal concen-
trations of BQ-123 (0.5 uM) and BQ-788 (5 uM) in invasion
assays performed with HSMCs (Figure 4A). These experiments
showed that the combination of BQ-123 and BQ-788 effec-
tively inhibited (82% of control levels; P < 0.01) parasite
uptake by HSMCs. Based on these results, we concluded that
ETAR- and ETyR-driven intracellular pathways may converge,
optimizing the efficiency of the invasion process. We then
extended this analysis to HOE-140 (0.1 nM). Our results
showed that HSMCs exposed to suboptimal concentrations of
[HOE-140 plus BQ-123] or [HOE-140 plus BQ-788] were not
protected from infection (Figure 4A). Thus, these data suggest
that Dm28c trypomastigotes drive HSMC invasion via
mechanisms involving co-operation between ET,R and ETgR.
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Next, we checked if exogenous ET-1 could potentiate
parasite uptake by HSMCs. Indeed, using a lower ratio of
parasite/HSMCs (5:1), we found that ET-1 significantly
increased the efficiency of infection (Figure 4B). As predicted,
these effects were reverted by BQ-123 or BQ-788 (baseline
levels) (Figure 4B). Strikingly, the potentiating effects of exog-
enous ET-1 were also nullified by HOE-140, thus suggesting
that B,R and ETRs induce trypomastigotes uptake via inter-
dependent mechanisms. Noteworthily, the results of assays
performed at optimal concentrations of these GPCR antago-
nists (data not shown) revealed that (i) HOE-140 alone pro-
tects HSMCs from parasite invasion to the same extent as
each ETR antagonist; and (ii) the combination of HOE-140 to
BQ-123 or to BQ-788 did not increase the protection over the
levels achieved with the individual ETR blocker. Collectively,
these results suggest that B,R and ETRs, acting interdepen-
dently, promote parasite uptake by HSMCs through the sig-
nalling of common intracellular pathways.

Seeking for independent criteria to validate these phar-
macological data, we next verified whether neutralizing IgG
antibodies (10 ug-mL™) specifically recognizing individual
GPCRs (B,R and ETAR or ETyR) could interfere with parasite
invasion. Indeed, our results showed that the receptor-
specific antibodies reduced cellular invasion to a similar
extent as their respective antagonists (Figure 4C).

To further confirm the involvement of the ETR gene prod-
ucts in the invasion of HSMCs, we repeated these experi-
ments using RNA interference methods. Results from Western
blots performed 24 and 48 h after nucleofection revealed that
ETyR silencer siRNA reduced ETpR expression over control
gene expression (Figure 5A), but only 48 h after electropora-
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tion. This notwithstanding, at the early (24 h) time point, the
percentage of infected HSMCs was significantly reduced as
compared to cells electroporated with scrambled silencer
control siRNA (Figure SB and 57%, P < 0.05) or mock-
electroporated HSMCs (24 h) (45%, P < 0.05). The phenotypic
effects were only marginal at the 48 h time point, most likely
reflecting preferential expansion of non-infected nucleo-
fected HSMCs. The densitometry of the reactive bands was
measured using the Image J Software. Mock transfected cells
were set as 100% (Figure SA, right panel).

Since G protein-coupled B,R and ETR compartmentalize
in lipid rafts/caveolae (De Weerd and Leeb-Lundberg, 1997;
Bremnes et al., 2000; Okamoto et al., 2000; Harada et al.,
2002; Ostrom, 2002), we then examined whether MBCD, a

Figure 6

Integrity of lipid rafts/caveolae is crucial for B,R/ETR-driven uptake of
T. cruzi. (A) HSMCs were incubated or not with 2 mM of methyl-3-
cyclodextrin (MBCD) for 30 min in DMEM-HAS or with MBCD +
cholesterol [3.6 mM] complex (molar ratio 1:1.8) incubated together
the day before the onset of invasion assays. After 30 min, the mono-
layers were washed in HBSS and incubated with TCTs (ratio 10:1
target cells) for 1 h in DMEM-HSA. Where indicated, BQ-788,
BQ-123 or HOE-140 were added the medium. After 1 h of host—
parasite interaction, the infected monolayers were washed in HBSS,
fixed with Bouin for 24 h and stained with Giemsa. The infection
index represents the intracellular parasites per 100 cells (in triplicate)
(mean = SD). The results are representative of three independent
experiments. *P < 0.05; **#°P < 0.01. (B) Surface immunolabelling of
ETAR or ETgR in HSMCs incubated (or not) with TCTs (parasite : cell
ratio 20:1) for 1 h. After fixing the monolayers to the glass coverslips
with 4% paraformaldehyde for 30 min, they were incubated with
primary IgG (rabbit) anti-ETgR (1:100) or anti-ETAR (1:100) or rabbit
IgG isotype control (1:100) for 1 h, followed by incubation with
Alexa 488-conjugated secondary anti-rabbit 1gG antibody. After
staining the monolayers with DAPI, the fluorescent-labelled prepara-
tions were analysed by Zeiss LSM710 confocal laser scan microscope
with oil immersion 40x objective. White arrow heads indicate TCTs,
and the white arrows indicate clusters of the respective receptors.

<
<«

cholesterol-depleting drug, could impair the functional
co-operation between B,R/ETR, rendering HSMCs refractory
to in vitro infection. We found (Figure 6A) that parasite inva-
sion was significantly reduced (85%, P < 0.01) by the MBCD
treatment. Of note, the host protective effects imparted by
MBCD was not an artefact resulting from TCT toxicity since
we were able to fully restore parasite infectivity (and con-
versely, their sensitivity to ETR/B,R antagonists) by adding an
exogenous source of cholesterol (86%, P < 0.01) to the MBCD-
treated parasite/HMSCs cultures (Figure 6A). Collectively,
these results suggest that ET3R/B,R co-operation may depend
on their segregation in cholesterol-rich domains, such as
rafts/caveolae. Immunofluorescence assays using anti-ETAR or
anti-ETsR showed clusters of ETR at parasite—cell interaction
site as compared to non-infected cells or IgG control
(Figure 6B and Supporting Information Figure SS5).

Calcium has differential effects on parasite
uptake by HSMCs

Since trypomastigotes mobilize intracellular calcium stores
during the cellular invasion process (Caler et al., 2000), we
examined whether ETR-mediated parasite internalization
depends on [Ca®].. To this end, HSMCs were pretreated, or
not, for 30 min with 0.5 uM of thapsigargin (Thastrup et al.,
1990). Our results (Figure 7A) show that depletion of [Ca*'];
stores by thapsigargin significantly reduced parasite uptake
(50%; P < 0.05). Strikingly, parasite infectivity was further
reduced when we added either BQ-123 or BQ-788 to
thapsigargin-treated HSMCs (Figure 7A; black bars; P < 0.05).
In parallel experiments performed with HUVECs, we found
that the invasion of thapsigargin-treated endothelial cells was
abolished (data not shown). Thus, our results suggest that
ETR-dependent signalling pathways synergize with [Ca*];-
inducing responses controlled by hitherto uncharacterized
receptor(s).

British Journal of Pharmacology (2012) 165 1333-1347 1341
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Influence of calcium on ETR-driven pathways of parasite uptake by
HSMCs. (A) HSMCs were pre-incubated (or not) at 37°C with 0.5 uM
of thapsigargin for 30 min or (B) with 100 uM of verapamil (or not)
for 4 h in DMEM-FCS (10%). After removal of the drugs, the mono-
layers of HSMCs were washed and incubated with TCTs (ratio 1:10)
for 1 h in DMEM-HSA. Where indicated, the medium contained
BQ-788 or BQ-123. The infected monolayers were washed in HBSS,
and then fixed and stained as previously described. The infection
index represents the intracellular parasites per 100 cells (in tripli-
cates) (mean £ SD). The results are representative of two indepen-
dent experiments. *P < 0.05.

Since ETyR activates calcium channels in the plasma
membrane (Kawanabe and Nauli, 2005), we examined the
outcome of parasite interaction with HSMCs pretreated with
the calcium channel blocker verapamil (100 uM in Ca**-free
medium for 4 h) or with the calcium chelating agent EGTA
(5 mM in Ca*-free medium for 20 min). The results with
verapamil-treated HSMCs (Figure 7B) indicate that extracel-
lular calcium is indeed required for parasite uptake (inhibi-
tion of 42%, P < 0.05). Likewise, EGTA-treated HSMCs were
also protected from parasite invasion (data not shown). Of
note, the addition of BQ-123 or BQ-788 to verapamil-treated
HSMCs did not further increase host cell susceptibility to
infection (Figure 7B). Similar results were observed when we
studied the role of ETyR in the invasion of verapamil-treated
HUVECs (data not shown). Collectively, the results obtained
with verapamil suggest that ETR-mediated uptake of TCTs
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depends on calcium influx through voltage-operated calcium
channel (Goto et al. 1989; Iwamuro et al. 1998).

Discussion and conclusions

In the first part of this study, we presented evidence that TCTs
induce leucocyte accumulation in the HCP through activa-
tion pathways mediated by ET,R, ETzR and B,R. Extending
these studies to a previously described subcutaneous model of
T. cruzi infection, our data implicated the endothelin/kinin
pathways in the mechanisms underlying oedematogenic
inflammation. So far, it is unclear how the endothelin
pathway integrates the TLR2/CXCR2/B,R-driven inflamma-
tory cascade elicited by Dm28 trypomastigotes. Although not
explored in the present work, it is conceivable that trypomas-
tigotes released from ruptured pseudocysts are sensed by
endothelin-positive tissue-resident mast cells (Ehrenreich
etal., 1992). The possibility that these innate sentinel cells
might recognize T. cruzi at early stages of infection is worth
exploring in the light of precedent findings indicating that
Mycobacterium tuberculosis activates mast cells via the TLR2
pathway (Carlos et al., 2009). Once released by mast cells,
ET-1 acts as an autocrine mediator, inducing secretion of
vasoactive mediators such as histamine, LTC4 (Yamamura
et al., 1994) and TNF-a (Coulombe et al., 2002). The findings
that T. cruzi-induced oedema is blunted in cromolyn-treated
BALB/c mice (data not shown) are consistent with the notion
that mast cell-derived endothelins may link TLR2-dependent
innate responses to the cruzipain-driven proteolytic cascades
that amplify inflammation at the expense of kinin system
activation.

In spite of the wealth of information on the biochemical
make-up of T. cruzi, it is still unclear how these pathogens
persistently infect cardiovascular tissues of immunocompe-
tent individuals. In the current study, we demonstrated that
T. cruzi trypomastigotes (Dm28c strain) infect a broad range
of non-phagocytic host cells (including endothelial cells and
cardiomyocytes) through the co-operative signalling of ETRs
and B,R. Albeit limited to the in vitro settings, the previous
findings are of potential relevance to pathogenesis research
for the following reasons: firstly, there is evidence that the
endothelin pathway is up-regulated in parasite-infected heart
tissues (Tanowitz et al., 2005). Thus, it is conceivable that this
regulatory dysfunction may render cardiomyocytes more
sensitive to ETR signalling relayed by extracellular try-
pomastigotes navigating through the heart parenchyma.
Secondly, it has been shown that ET-1 levels are increased
in the blood of Chagasic patients and T. cruzi-infected
animals (Petkova et al., 2000; Salomone et al., 2001). This
pathological response may be advantageous for T. cruzi
because the trypomastigotes rely on the co-operative
activities of pro-oedematogenic molecules, for example,
glycosylphosphatidylinositol-anchored mucin-like glycopro-
teins from T. cruzi trypomastigotes (tGPIm) and cruzipain, to
promote the rapid diffusion of blood-borne ET-1 (along with
kininogens) through post-capillary venules (see scheme;
Figure 8). In this hypothetical scenario, we predict that ET-1
levels (along with those of vasoactive kinins) might gradually
rise in the trypomastigotes-laden interstitial spaces. Further
downstream, T. cruzi may use this window of opportunity to
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Interstitial oedema elicited by extracellular trypomastigotes might offer a window of opportunity for infection of heart cells via the endothelin/kinin
pathways. Despite the scanty presence of parasitized heart cells in the myocardium of chronically infected Chagasic patients, we may predict that
these pseudocysts occasionally burst (right/bottom side of panel), releasing high numbers of pro-inflammatory trypomastigotes into the
surrounding interstitial spaces. On the left side of the panel, innate sentinel cells, such as macrophages and endothelin-positive mast cells, initiate
inflammation through the sensing of microbial TLR2 ligands shed by extracellular TCTs. Following TLR2 signalling, activated mast cells may release
ET-1, which then amplifies inflammation in an autocrine manner through ETR-driven secretion of histamine and TNF-a.. Acting synergistically with
CXC chemokines, these vasoactive mediators activate CXCR2 expressed by neutrophils/endothelium (Schmitz et al., 2009). We hypothesize that
the ETR/B,R-driven leakage of plasma increases the concentrations of blood-borne kininogens and ET-1 (present at high levels in the serum of
Chagasic patients) in the trypomastigote-laden infection sites (upper side of panel). T. cruzi trypomastigotes may then exploit this window of
opportunity to invade cardiovascular cells via interdependent activation of ETRs and BR and/or engaging the inducible B;R pathway (Todorov
et al, 2003). The extracellular parasites may also take advantage of the up-regulated activation of ET-1/ETR pathway in parasite-infected
cardiomyocytes (Petkova et al., 2000) to persistently infect cardiomyocytes in chronic Chagasic patients.

infect cardiomyocytes via the ETR/B,R ‘cross-talk’ in ways through the binding to the N-terminal domain of ET,R and to
that recapitulate the in vitro findings described in this paper. the C-terminal portion of ETyR (Sakamoto et al., 1993; Harada

Beyond the potential significance to pathogenesis et al., 2002). More recently, Evans and Walker (2008) used
research, our studies provide a convenient model to investi- more refined FRET techniques to analyse ETR function in
gate the molecular basis of host cell susceptibility to T. cruzi HEK293-transfected cells. These authors reported that the
(Scharfstein and Andrade, 2011). Albeit involving different combination of ETAR and ETyR subtype-selective antagonists
host cell/T. cruzi strain combinations, it was previously (but not the individual antagonists) inhibited ET-induced
reported that cholesterol-depleting drugs disrupt the conformational changes on ETR heterodimers as well as the
microdomain-associated signalling complexes that steer para- sustained intracellular Ca** signalling responses transduced
site penetration in non-phagocytic cells (Fernandes et al., by these heterodimers. In contrast, the transient intracellular
2007). In the current study, we demonstrated that (i) MBCD Ca* increase, which ET-1 induces via triggering of ETR
drastically reduced parasite entry in HSMCs; and (ii) addition homodimers was selectively inhibited by the appropriate
of exogenous cholesterol to MBCD-HSMCs restored ET,R/ receptor subtype-selective antagonist, that is, BQ-123 (for
ETsR/B,R-dependent = pathways of T.cruzi invasion ET,R homodimers) or BQ-788 (for ETzR homodimers). Based
(Figure 6A). Collectively, these results suggest that on these observations, it was suggested that blockade of phys-
co-operative interaction between these subtype-specific iopathological responses controlled by ETR heterodimers
GPCRs may critically depend on the integrity of lipid rafts/ present in native tissues might be achieved through the com-
caveolae. These results were not unexpected because ETR bined treatment with both subtype-receptor antagonists or
subtypes are co-expressed in a variety of natural cell types, through the use of antagonists with mixed ET,R/ETyR speci-
and physiological responses depend on intracellular cross- ficities (Evans and Walker, 2008). Admittedly, the pharmaco-
talk of ETRs (Ozaki et al., 1997). According to some groups, logical profile of our GPCR antagonists do not meet the
the ET-1 ligand is a bridge that forges ETR heterodimerization requirements of the heterodimer paradigm because (i) para-
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site uptake by HSMCs and cardiomyocytes was significantly
inhibited by either BQ-123, BQ-788 or HOE-140; (ii) the com-
bined treatment of the cultures with ET,R and ETyR subtype-
selective antagonists (and for that matter, HOE-140 plus
BQ-788 or HOE-140 plus BQ-123) failed to decrease parasite
infectivity over values induced by the individual drugs; (iii)
TCTs efficiently invade CHO-ETR or CHO-ET;}R, in a receptor
subtype-specific manner. Collectively, these results indicate
that the formation of ETR heterodimers is not an absolute
requirement for parasite entry in transfected mammalian
cells. Considering that the density of transfected ETRs dis-
played at the cell surface of CHO-transfected cells is probably
higher than in cardiovascular cells, predictions from the
space-filling model (Park et al., 2004) suggest that ET\R/ETsR
and/or B,R/ETR heterodimers may act as functional units.
Our findings that ET,R or ET;R are identified as clusters in the
proximity of parasite attachment sites (Figure 6B) suggest
that ETRs may be assembled within the secluded sites (syn-
apses) formed by juxtaposition of host-parasite plasma mem-
branes (Tardieux et al., 1992; Woolsey et al., 2003; Tyler et al.,
2005). Future studies are needed to clarify whether these ETRs
are physically associated with B,R at the cell surface, or into
signalling complexes segregated into cholesterol-rich
domains. Alternatively, some of these GPCR subtypes may
assemble into single functional units further downstream in
the endocytic pathway, perhaps controlling the phosphati-
dylinositol 3-kinase (PI3K)-dependent remodelling responses
that are critically required for T. cruzi retention in susceptible
host cells (Woolsey and Burleigh, 2004). Pertinently, the
results from the invasion assays performed in the presence of
suboptimal concentrations of BQ-123 and BQ-788 (Figure 4A)
suggest that parasite invasion depends on converging signals
transduced by ETyR and ETAR. These data strongly suggest
that ETzR and ETAR have distinct roles during the spatiotem-
poral progression of the penetration process.

Collectively, our studies suggest that parasite-evoked
inflammatory oedema might render myocardial tissues
hypersensitive to infection via the ETR/B,R pathway. These
findings provide a new mechanistic framework to character-
ize molecular determinants of susceptibility in Chagas heart
disease.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Dose response of GPCR antagonists in HSMC
invasion assays. (A) Human smooth muscle cells (HSMCs)
were incubated with TCTs (parasite: cell ratio 10:1) for 3 h in
DMEM-HSA. Where indicated, the cultures received either
BQ-788 (0.1, 0.5, 1, 5 or 10 uM), BQ-123 (0.1, 0.5, 1, 5 or
10 uM); (B) HOE-140 (0.1-100 nM). After 3 h, the monolayers
were washed in HBSS, fixed with Bouin for 24 h and stained
with Giemsa. The infection index represents the intracellular
parasites per 100 cells (in triplicate) (media = SD). The results
are representative of three independent experiments.
*P < 0.05.

Figure S2 GPCR antagonists specifically reduce TCT uptake
by cardiomyocyte cells that naturally express ETRs and BR.
Primary mouse cardiomyocytes infected with TCTs, as
described in Material and Methods. In all assays, the infection
process was halted by washing the monolayers with HBSS.
The cells were then fixed with Bouin and stained with
Giemsa. The infection index represents the number of intra-
cellular parasites per 100 cells (in triplicate) (media = SD).
The results are representative of three independent experi-
ments. *P < 0.05.

Figure S3 ACE inhibitors forge a ‘cross-talk’ between B,R/
ETsR in HUVECGs. (A,B) HUVECs were incubated with TCTs
(ratio 10:1) in M199-HAS in the presence or absence of the
ACE inhibitor lisinopril (25 uM) (grey bars). The infection
index represents the intracellular parasites per 100 cells (in
triplicate) (media *= SD). The results are representative of
three independent experiments. *P < 0.05; **P < 0.01.
Figure S4 Assessment of the specificity activity of GPCR
antagonists on endocytosis and cytoskeleton organization of
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HSMCs. (A) HSMCs were infected (or not) with TCT Dm28
and incubated with 1 mg-mL™" FITC-Dextran for 1 h, in the
presence or absence of BQ-123 or BQ-788 at 37°C. Incubation
at 4°C was included as a control to monitor the extent of
non-specific surface binding of the fluorescent probe. After
stopping the interaction process by the addition of ice-cold
PBS, the monolayers were fixed with paraformaldehyde 1%
for 30 min and then scraped out of wells for measurement of
FITC-Dextran labelling by flow cytometry (FACScan). (B)
HSMCs were incubated or not with TCTs (parasite: cell ratio
20:1) for 1h. After fixing with 4% paraformaldehyde for
30 min, the monolayers were permeabilized before being
incubated with 546-alexa-phalloidin (1:50) for 90 min. After
washing the monolayers three times with PBS, the prepara-
tions were stained with DAPI for 5 min and then analysed by
confocal laser scan microscope Zeiss LSM710 with oil immer-
sion 40x objective. White arrow head indicate TCTs and the
white arrows indicate actin rearrangement.

Figure S5 ETRs clusters at adhesion sites between T. cruzi
and HSMCs. Surface immunolabelling of ET,R or ETyR in

HSMCs incubated with TCTs (parasite : cell ratio 20:1) for 1 h.
After fixing the monolayers with 4% paraformaldehyde for
30 min, coverslips were incubated with anti-ETsR (1:100) or
anti-ET,\R (1:100) for 1 h, followed by incubation with Alexa
488-conjugated secondary anti-rabbit IgG antibody. The
monolayers were DAPI stained and observed under a Zeiss
LSM710 confocal laser scan microscope with an oil immer-
sion 40x objective. (A) Slice 5 (top) with anti-ET,R antibodies
(C) Slice 5 (top) with anti-ETgR antibodies. (B,D) The mono-
layers were laser dissected 10-13 times in 0.25 um slices from
bottom to top. White arrows indicate that surface ETRs are
recruited from surrounding areas to the T. cruzi adhesion site.
Z-section show surface co-localization of the parasites with
the receptor.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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