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Abstract Local innate immunity plays a key role in initi-
ating and coordinating homeostatic and defense responses in
the heart. We have previously reported that the cardiotropic
parasite Trypanosoma cruzi, the etiological agent of Chagas
disease, protects cardiomyocytes against growth factor
deprivation-induced apoptosis. In this study, we investigated
cardiomyocyte innate immune response to 7. cruzi infection
and its role in cellular protection from apoptosis. We found
that Toll-like receptor (TLR) 2-expressing cells were strongly
increased by the parasite in BALB/c neonatal mouse cardio-
myocyte cultures. Using a dominant-negative system, we
showed that TLR2 mediated cardiomyocyte survival and the
secretion of interleukin (IL) 6, which acted as an essential anti-
apoptotic factor. Moreover, IL6 released by infected cells, as
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well as the recombinant bioactive cytokine, induced the
phosphorylation of the signal transducers and activators of
transcription-3 (STAT3) in cultured cardiomyocytes. In
accord with the in vitro results, during the acute phase of the
infection, TLR2 expression increased 2.9-fold and the anti-
apoptotic factor Bcl-2 increased 4.5-fold in the cardiac tissue.
We have clearly shown a cross-talk between the intrinsic
innate response of cardiomyocytes and the pro-survival effect
evoked by the parasite.
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Abbreviations

mAchR M2 muscarinic acetylcholine receptor

TPCK N-Tonsyl-L-phenylalanine chloromethyl ketone
dnTLR2 Dominant-negative TLR2

Introduction

One of the mechanisms by which the innate immune system
senses the presence of foreign antigens is through TLRs,
which recognize the pathogen-associated molecular patterns
that are shared by different pathogen groups [1]. The stimu-
lation of these receptors leads to transcriptional regulator
nuclear factor kappa B (NF-xB) activation and cytokine
production. Pro-inflammatory cytokines, in turn, appear to
play a central role in the orchestration and timing of the
intrinsic cardiac stress response, by providing instantaneous
anti-apoptotic cytoprotective signals that allow tissue repair
and/or remodeling. Cytokines of the IL6 family, expressed by
all myocardial cell types, are involved in the inhibition of
cardiomyocyte apoptosis and hypertrophy [2, 3]. Although
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high levels of IL6 have been detected following infection with
the cardiotropic parasite Trypanosoma cruzi [4, 5], little is known
about the consequences of IL6 production on cardiac cells.

Trypanosoma cruzi is an intracellular protozoan which
causes Chagas disease. Endemic to several regions in Latin
America, this disease persists as the major infectious heart
disease worldwide [6], with a global incidence of 300,000
new cases per year. Chagas disease can be characterized by
two distinct periods [7], an acute phase and a chronic one.
During the acute phase, which lasts 2—4 months, the par-
asite can be detected in the blood stream as well as in the
host tissues. This stage is followed by a life-long chronic
phase, in which parasites are effectively cleared from most
tissues but persist for years in cardiac cells. Nowadays, it is
widely accepted that the persistence of parasites in the
myocardium is an important factor in the development of
Chagas disease. Thus, the identification of the mechanisms
that enable the parasite to evade the host immune response
and to survive within the target cells is crucial in order to
understand the pathogenesis of the disease.

Similar to other intracellular parasites, 7. cruzi invades
and resides inside host cells, thereby avoiding direct
destruction by the immune system. The infected cell,
however, has the capacity to initiate its own death by
apoptosis. This potent defense mechanism exerts strong
selective pressure on 7. cruzi, which has evolved strategies
to modulate the target cell apoptotic program in its favor
[8—11]. Related to this, the first study showing that 7. cruzi
infection promotes the prolonged survival of cardiomyo-
cytes was reported by our group [12]. We found that T.
cruzi infection protects isolated cardiac cells from apop-
tosis induced by growth factor deprivation by increasing
the expression of the anti-apoptotic factor Bcl-2. The
protection was improved by pretreatment of the target cells
with cruzipain (the major cysteine protease of T. cruzi)
devoid of enzymatic activity [12]. Furthermore, we repor-
ted that at least two signal transduction pathways are
activated in cardiomyocytes exposed to 7. cruzi tripom-
astigotes, the PI3K/Akt and MEK1/ERK, with both path-
ways leading to a decrease in activated caspase-3 [13].

In this study, we investigated the functional relation
between innate recognition of 7. cruzi by cardiac cells and
its possible role in target cell protection against apoptosis.
The implications of the findings for the pathogenesis of the
disease are discussed.

Materials and methods
Animals and infection

BALB/c and C57BL/6 mice were purchased from the Facul-
tad de Ciencias Veterinarias, Universidad Nacional de La
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Plata, Argentina. Animals were maintained at the Animal
Resource Facility of the CIBICI-CONICET (National Insti-
tutes of Health-USA assurance number A5802-01) in agree-
ment with the Guide to the Care and Use of Experimental
Animals published by the Canadian Council on Animal Care
and approved by the CIBICI-CONICET committee. C57BL/6
TLR2-knockout mice (from The Jackson Laboratory, Bar
Harbor, ME, USA) were maintained at the Animal Resource
Facility of the Medical School of Ribeirao Preto (Universid-
ade de Sao Paulo, Brasil). Six-week-old BALB/c females
were infected i.p. with 1 x 10° T. cruzi blood-derived trip-
omastigotes of Tulahuen strain. Bloodstream tripomastigotes
forms were harvested by heart puncture from 7. cruzi-infected
BALB/c mice at the peak of parasitemia. Noninfected mice
were used as control. Parasites were maintained by serial
passages from mouse to mouse.

Neonatal mouse primary cardiomyocyte culture

Primary cultures of cardiomyocytes from neonatal BALB/
¢, C57BL/6 and C57BL/6 TLR2-knockout mice were
performed as described previously [12]. For selective
enrichment of cardiac myocytes, cell suspensions were
preplated for 2 h, during which time the nonmyocytes
readily attached to the bottom of the flask. The cells
remaining in the supernatant were then collected and plated
at a density of 7 x 10* cells/cm® on gelatin/fibronectin-
coated 24-well plates in 10% FBS-DMEM. The cultures
were kept in a 5% CO, incubator at 37°C to allow the cells
to adhere firmly to the multiwell and start beating. More
than 85% of cells were cardiomyocytes as detected by
immunostaining with antibody to mAchR M2. After 24 h,
the cells were washed and infected with different doses of
Tulahuen 7. cruzi tripomastigotes, obtained from the
supernatant of infected LLC-MK, cells (a cell line from
kidney adult Rhesus monkey). After 3 h, the monolayers
were washed to remove the excess of parasites. Neverthe-
less, several tripomastigotes remained attached to the
monolayers. The cultures were maintained in complete
culture medium or in 0.1% FBS-DMEM. When indicated
in the legend of the figure, infected monolayers were
treated with 25 uM N-o-tosyl-L-phenylalanine chloro-
methyl ketone (TPCK) (Sigma-Aldrich), purified rat anti-
mouse IL6 (5 pg/ml) or IgGl isotype control (5 pg/ml)
(both from BD Pharmingen). Other cultures were stimu-
lated with or without biologically active recombinant
mouse IL6 (5 ng/ml) (eBioscience), or the TLR2 ligand
PAM3CSK4 (0.5 pg/ml) (Invivogen).

Cardiomyocyte transfection

Neonatal mouse cardiac cells were plated in complete
media at a density of 6.5 x 10* cells/cm® on gelatin/
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fibronectin-coated 24-well plates and cultured as described
previously. After 2 days of culture, contracting cardio-
myocytes were transfected with dominant negative forms
of TLR2 (pZERO-mTLR2) (0.5 pg/well) or the empty
control vector (pZERO-mcs) (0.5 pg/well) (both from In-
vivogen) using Lipofectamine Plus Reagent (Invitrogen),
following the protocol of the manufacturer. Twenty-four
hours after transfection, the cells were infected (cell/para-
site ratio 1:2) and maintained in complete media for 3 h.
Then, control, infected and PAM3CSK4 (0.5 pg/ml)
(PAM3)-treated monolayers were switched to starved
medium for 48 h. Apoptosis was measured by Annexin
V-FITC labeling and flow cytometry analysis. The super-
natants were collected for cytokine detection by ELISA,
and the transfection efficiency was monitored by flow
cytometry as illustrated in Fig. 2b.

Measurement of apoptotic cell death

Following T. cruzi infection or other treatments, the car-
diomyocyte monolayers were washed once with cold PBS
and incubated with the binding buffer containing 5 pl of
FITC-Annexin V (BD Pharmingen) for 15 min on ice.
Previous to acquisition, the cells were washed and stained
with propidium iodide. A minimum of 30,000 events for
each condition were analyzed by flow cytometry
(FACSCanto II, Becton-Dickinson). Cellular debris,
necrotic and late apoptotic cells were excluded from the
analysis. Data were analyzed using FlowJo software 5.7.2
(Tree Star, Inc.).

Immunofluorescence

Heart specimens were fixed in 4% paraformaldehyde-PBS
and embedded in paraffin. Deparaffinized and rehydrated
sections were permeabilized and incubated with rabbit
polyclonal anti-TLR2 (Santa Cruz Biotechnology) or rabbit
polyclonal anti-Bcl-2 antibody (BD Pharmingen). After
washing, these sections were incubated with Alexa Fluor
594 or with Alexa Fluor 488-conjugated anti-rabbit IgG,
respectively (both from molecular probes), and nuclei were
labeled using DNA-binding fluorochrome Hoechst or pro-
pidium iodide. The slides were observed and photographed
using a FV300 Olympus confocal scanning microscope.

Flow cytometric analysis

For TLR2, TLR4 and mAchR detection, 0.2 x 10° cells
were stained using a standard protocol with the following
antibodies: goat polyclonal anti-mAchR antibody (Santa
Cruz Biotechnology) followed by anti-goat-FITC IgG
(eBioscience) together with PE-labeled monoclonal anti-
mouse TLR2 (eBioscience) or with Alexa Fluor 488-labeled

monoclonal anti-mouse-TLR4 antibody (eBioscience).
Stained samples were acquired using the FACSCanto II
cytometer (Becton—Dickinson), and data were analyzed
using FlowJo software 5.7.2 (Tree Star, Inc.).

Cytokine assays

The ELISA was performed for the detection of ILI1p,
TNFa, IL12, IL6, IL17 and IL10 cytokines. Briefly, ELISA
plates were coated with anti-cytokine antibodies (BD
Pharmingen and e-Bioscience) overnight at 4°C. Then,
these were washed and blocked with 10% FBS. Culture
supernatants, obtained from cultures infected for 4, 8, 16 or
48 h, were incubated overnight at 4°C. Then, the plates
were incubated with biotinylated anti-cytokine antibody
(BD Pharmingen and e-Bioscience) for 1 h at room tem-
perature. After washing, streptavidin-peroxidase (BD
Pharmingen) was added and incubated for 30 min. The
reaction was revealed using DakoCytomation TMB Sub-
strate Chromogen (Dako), before being read at 490 nm in a
Microplate reader (Bio-Rad). Standard curves were gen-
erated using recombinant cytokines (BD Pharmingen).

Western blot assays

Heart tissues were lysated for 30 min on ice. Isolated
cultured myocytes were washed, scraped and mixed with
loading buffer. Aliquots with equal amounts of protein
were separated on SDS-PAGE and electrotransferred to
nitrocellulose membranes (Bio-Rad Laboratories). After
being blocked, the membranes were incubated with rabbit
anti-TLR2, rabbit anti-Bcl-2 or with rabbit anti-Phospho-
STAT3 antibody (Cell Signaling). After washing, the
membranes were incubated with HRP-conjugated anti-
rabbit IgG (Sigma) and assayed by the ECL chemilumi-
nescent system (Amersham Pharmacia Biotech). The
membranes for TLRs or STAT3 were stripped and incu-
bated with anti-actin antibody or anti-STAT3 antibody
(Cell Signaling), respectively, before being washed and
revealed. The band intensity for TLR2, Bcl-2 or p-STAT3
was semi-quantified by densitometric scanning and nor-
malized to that of actin or total STAT3, respectively, using
Imagel processing software (www.rsb.info.nih.gov/ij).

Statistical analysis

To compare different experimental conditions, an analysis
of variance (two-way or one-way ANOVA) with the
Bonferroni post hoc test was performed. A two-tailed
Student’s 7 test was used for comparison between control
and experimental samples. A P value <0.05 was consid-
ered significant (* P < 0.05; ** P < 0.005; *** P < 0.001,
NS nonsignificant).
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Results

Trypanosoma cruzi infection increases the percentage
of TLR2-expressing cells in cultured cardiomyocytes

The heart expresses at least six TLRs; namely, TLR2,
TLR3, TLR4, TLRS, TLR7 and TLRY, of which, the most
studied are TLR2 and TLR4. Therefore, we first sought to
examine the basal expression of TLR2 and TLR4 on iso-
lated cardiomyocytes and their capacity to modulate the
expression of these receptors in response to 7. cruzi
infection. We evaluated by flow cytometry the cell surface
expression of TLR2 and TLR4 in cultured neonatal mouse
cardiac myocytes at 0, 3, 6, 16 and 24 h post-infection and
compared to uninfected controls. We found that cardio-
myocytes expressed low constitutive levels of TLR2 and
TLR4 (Fig. 1). Nevertheless, as early as 16 h, the infection

significantly increased the percentage of TLR2-expressing
cells, which were sustained for at least 24 h post-infection
(Fig. 1a). Moreover, the increased expression was inde-
pendent of the parasite dose (Fig. 1b). In contrast, the
percentage of TLR4 positive cells was not significantly
modified during the culture period, either in infected or
uninfected cultures (Fig. 1a). Even though about 40% of
cardiomyocytes expressed high levels of TLR2 24 h after
infection, only 12 4+ 5% of the cells were infected at this
time point. This suggested that uninfected cells also dis-
played TLR2 expression. We observed that TLR2 expres-
sion was restricted to cardiomyocytes, since the great
majority of TLR2-positive cells were also positive for M2
muscarinic receptor (mAchR), a marker of cardiomyocytes
(Fig. 1c). These results rule out the possibility that other
cell types present in cardiomyocyte primary cultures, such
as fibroblasts, could be overexpressing TLR2.
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Fig. 1 Trypanosoma cruzi increases TLR2-expressing cells in car-
diomyocyte cultures. Primary cardiomyocyte cultures were left
untreated (Control) or infected with 7. cruzi tripomastigotes at a
cell/parasite ratio of 1:2 (7. cruzi). The gray line represents the
isotype control. a Representative analysis of TLR2 and TLR4
expressing cells measured at 16 and 24 h post-infection. The bars
represent mean £ SEM of three independent experiments. b The
monolayers were infected with the indicated cell/parasite ratio, and

@ Springer

TLR2 expression was measured 16 h later (black line) with control
cultures being maintained in medium alone (gray line). ¢ Infected
cultures were stained for TLR2 and mAchR, a marker of cardiomyo-
cytes. The contour plot shows that cells gated on the expression of
TLR2 were also positive for mAchR. The histograms and contour plot
are representatives of three separate experiments, performed in
quadruplicate
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TLR2-signaling is involved in the cardiomyocyte
protection induced by Trypanosoma cruzi

TLR2 has been associated with a protective role in
cardiomyocytes [14], with the activation of this receptor
attenuating the apoptotic effects of ischemia/reperfusion in
the myocardium [15]. It has also been reported that several
surface glycoconjugates shed by infective T. cruzi trip-
omastigotes activate TLR2 in macrophages [16]. Thus, we
set out to investigate the potential role of TLR2 in the
parasite-induced cytoprotective effect.

In order to test the involvement of TLR2, primary cultures
were transfected with a dominant-negative TLR2 (dnTLR2)
plasmid or its empty control vector, followed by incubation
with T. cruzi or the TLR2 agonist PAM3CSK4. We have
previously shown that the death of cultured cardiomyocytes
induced by serum-deprivation is related to apoptosis, as
characterized by the appearance of apoptotic nuclei, posi-
tivity in TUNEL assays, hypodiploid nuclei stained with
propidium iodide and Annexin V labeling [12, 13]. There-
fore, we used Annexin V labeling here as a read out of
apoptosis. As shown in Fig. 2a, the parasites and TLR2
ligand incubation decreased the apoptotic rate in cultures
transfected with control vector. In contrast, overexpression
of dnTLR2 protein blocked the cytoprotective effect induced
by the parasite and by PAM3CSK4 (Fig. 2a). These results
strongly suggest that the triggering of TLR2 is important for
the induction of the cardiomyocyte survival observed in our
model. Transfection efficiency was monitored by flow
cytometric analysis of TLR2 expression. As shown in
Fig. 2b, the expression levels were only up-regulated when
the cells were transfected with dnTLR2 plasmid but not with
the control vector plasmid, in comparison with nontrans-
fected cells or mock-transfected controls.

To further corroborate the involvement of TLR2 in the
survival effect observed, we performed experiments with
cardiac cells obtained from C57BL/6 TLR2-knockout
mice. In these cultures, the anti-apoptotic effect of the
infection was abolished (Fig. 2c). It is important to stress
that 7. cruzi also protected the cardiomyocytes obtained
from wild-type C57BL/6 genetic background mice
(89 £ 0.6% infected vs. 23.7+2.6% medium,
P < 0.005). Taken together, these results show that TLR2
signaling would be involved in the cytoprotective effect
induced by T. cruzi, which is independent of the mouse
genetic background tested.

Trypanosoma cruzi stimulates 1L6 release
by cardiomyocyte cultures

Since signaling through TLRs is primarily responsible for
the production of pro-inflammatory cytokine by macro-
phages following exposure to T. cruzi, we analyzed the

profile of cytokines produced early as a consequence of
parasite interactions with cardiomyocytes, with 16 h-cul-
ture supernatants being screened for the presence of 1L1,
TNFo, IL12, IL6, IL17 and IL10. Among the cytokines
tested, we did not detect any significant production at
earlier post-infection times (data not shown). We could
only detect a sustained production of IL6 as from 16 h
post-infection (Fig. 3). IL6 release was blocked by prein-
cubation with TPCK, a compound shown to inhibit NF-xB
transcriptional activity [17]. These findings illustrate that
cardiomyocytes are able to efficiently respond to 7. cruzi
by producing IL6, in a manner dependent on NF-xB
activation.

IL6 mediates the phosphorylation of STAT3
and the survival of cardiomyocytes

IL6 is a pleiotropic cytokine that modulates a variety of
physiological events. Of relevance to our work, IL6 has
been reported to exert a potent anti-apoptotic effect on
cardiomyocytes [2, 18]. We, therefore, sought to test
whether the IL6 secreted as result of exposure to 7. cruzi
played a role in the cytoprotection of cardiomyocytes.
Depletion of IL6 by neutralizing antibodies in 7. cruzi-
infected cultures was found to eliminate the parasite-
induced cytoprotection (Fig. 4a), whereas the incubation
of infected monolayers with control IgG did not show any
effect on the survival rate. The correlation between IL6
and cardiomyocyte survival was further corroborated by
the incubation of serum-starved cell cultures with the
bioactive recombinant cytokine (Fig. 4a). As control,
Fig. 4b shows that IL6 was almost undetectable in the
supernatant of cultures treated with the neutralizing anti-
bodies. Then, we investigated whether 7. cruzi-induced
IL6 secretion occurred as a result of TLR2 activation by
using cardiomyocytes transfected with dnTLR2. The
parasite induced significant levels of IL6 in cells trans-
fected with control vector, but these levels were lower in
cells bearing the dnTLR2 construct (Fig. 4c). These
results show a direct correlation between the activation of
TLR2 and IL6 production induced during 7. cruzi
infection.

In the heart, IL6 transduces its signals via the glyco-
protein-130 receptor, predominantly to STAT3 [19]. Upon
activation, STAT3 proteins become phosphorylated on a
specific tyrosine residue (Tyr705) and undergo dimeriza-
tion and translocation into the nucleus, where they regu-
late the expression of pro-survival genes [18]. Given the
above results, we next investigated whether IL6 released
in response to parasite incubation could activate the
STAT3 pathway in primary cultures. While the 48 h
supernatants from 7. cruzi-infected monolayers dramati-
cally increased the STAT3 phosphorylation 15 min after
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Fig. 2 Cardiomyocyte cytoprotection induced by 7. cruzi involves
signaling through TLR2. a Primary myocyte cultures were transiently
transfected with dnTLR2 plasmid or the control vector. After 24 h,
control, infected (cell/parasite ratio 1:2) and PAM3CSK4 (PAM3)-
treated monolayers were switched to medium with 0.1% FBS for
48 h. Apoptosis was measured by flow cytometric analysis of
Annexin V-stained cells. Results are expressed as means of quadru-
plicate wells == SEM. Representative data of four independent
experiments are shown. b Transfection efficiency was monitored by
measuring TLR2 expression by flow cytometry 24 h after transfection
with dnTLR2 plasmid (dnTLR2) or with the empty control vector

stimulation (Fig. 4d, T. cruzi), the supernatants of cultures
treated with anti-IL6 blocking antibody (Fig. 4d, 7. cru-
zi+anti-IL6), but not with the IgG control (Fig. 4d,
T. cruzi+1IgGl), failed to induce phospho-STAT3. As
expected, the bioactive recombinant IL6, at the concen-
tration produced by infected monolayers, also stimulated
the phosphorylation of STAT3 (Fig. 4d, IL6). Collec-
tively, these data strongly suggest that IL6 induced by the
parasite and/or by parasite-derived component(s) activate
the  STAT3  signal transduction  pathway in
cardiomyocytes.
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(Vector). Other cultures were processed as mock-transfected controls
(Mock) or maintained in medium alone (Control). The gray line
represents the isotype control. Data are means of geometric means of
fluorescence intensity (GMFI) £ SEM. Results are representative of
two independent experiments performed in quadruplicate. ¢ Cardio-
myocyte cultures from TLR2-knockout neonatal mice were infected
(T. cruzi) or maintained in medium (Control). After 48 h of serum
starvation, apoptosis was measured by Annexin V staining. Data are
representative of two independent experiments performed in
quadruplicate

TLR2 and Bcl-2 expression are increased in cardiac
tissues of mice infected with Trypanosoma cruzi

Finally, in order to know whether the infection was able to
modulate the expression of TLR2 and the anti-apoptotic
factor Bcl-2 in cardiac cells in vivo, we evaluated the
cardiac expression of TLR2 and Bcl-2 in BALB/c mice
during the course of the acute phase of the infection. In
agreement with the in vitro findings, the infection led to an
enhancement of the TLR2 and Bcl-2 expression. The
immunoblotting of tissue lysates revealed with anti-TLR2
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were incubated with anti-mouse IL6 IgG (anti-IL6). Uninfected
cultures were treated with recombinant IL6 (IL6) or maintained in
medium alone (Control). All the cultures were shifted to serum
starvation conditions for 48 h. b The supernatants were tested for IL6
production by ELISA. ¢ Transiently transfected cardiac myocytes
were incubated with medium alone or infected with tripomastigotes
(cell/parasite ratio 1:2) in complete medium. Control or infected
monolayers were switched to starved medium. The supernatants were
collected after 48 h of culture for IL6 cytokine analysis. Results are

antibody showed that although this receptor was present in
the heart tissue of control mice, its levels were significantly
increased as early as 7 days post-infection (Fig. 5a). To

production were quantified by ELISA in the 16 h supernatants. Data
represent mean = SEM of six independent experiments performed in
triplicate
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Control

Vector dnTLR2
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expressed as means of quadruplicate wells = SEM. Representative
data of four independent experiments are shown. d Cardiomyocyte
monolayers were incubated with the supernatants of infected cultures
(T. cruzi), cultures infected and treated with blocking antibody (7.
cruzi + anti-IL6), cultures infected and treated with an unrelated
control IgG (T. cruzi + IgGl), or noninfected and incubated with
bioactive recombinant IL6 cytokine (IL6) for 15 min. STAT3
phosphorylation was estimated by immunoblotting with anti-phos-
pho-STAT3 (p-STATS3) or anti-STAT3 antibodies. The band intensity
for p-STAT3 was normalized to that of total STAT3 (mean £+ SEM)

determine the cellular source of TLR2 detected in the
infected hearts, we performed immunofluorescence analy-
sis. Confocal images in Fig. 5b show that infiltrating cells
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Fig. 5 Increased expression of TLR2 in the heart of infected BALB/c
mice. a Western blot analysis of TLR2 protein expression in heart
tissue from mice injected with the vehicle alone (Control) or infected
with 1 x 10 T. cruzi blood-derived tripomastigotes, at the indicated
days post-infection (dpi). b Immunofluorescence staining for TLR2 of
heart sections from control and infected mice. Arrows and

(Fig. 5b, middle) as well as cardiac fibers (Fig. Sb, right)
stained positive for TLR2 in infected myocardium com-
pared to the weak labeling observed in control samples
(Fig. 5b, left). On the other hand, Bcl-2 expression was
almost undetectable in normal tissue but was strongly
increased after infection (Fig. 6). Confocal studies revealed
that Bcl-2 immunoreactivity was predominantly localized
in cardiomyocytes of the infected myocardium (Fig. 6b,
right), but not in cardiac cells from normal mice (Fig. 6b,
left). These results suggest that endogenous inhibitors of
apoptotic cell death, such as Bcl-2, and the innate recog-
nition receptors, are highly expressed in the infected
myocardium, which may contribute to cell survival.

Discussion

In the present study, we explored the functional relation
between innate recognition of 7. cruzi by cardiac cell pri-
mary cultures and the anti-apoptotic responses coordinated
by the TLR2/IL6-dependent pathways. Herein, it was
demonstrated that the triggering of TLR2 signaling, fol-
lowed by IL6 production, plays an important role in the
cardiomyocyte protection elicited by this parasite.
Although the dominant feature of the innate immune
system is to protect the host from infectious agents, it may
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arrowheads indicate infiltrating and myocyte cells, respectively.
Slides were observed and photographed using a Zeiss LSM Pascal
confocal scanning microscope. Six animals per group were analyzed
at different dpi. The results are expressed as mean = SEM of all
samples analyzed, with each P value being determined versus
Control. Scale bar = 20 um

have other roles in mammalian biology. Thus, TLRs have
been shown to be involved in tissue repair and homeostasis
[20]. It has also been reported that TLR4 and TLR2 sig-
naling confer a cardioprotective effect in both the isolated
heart and/or cultured cardiomyocytes [14]. Interestingly,
by transfection assays with a dominant negative form of
TLR2 as well as by cultures obtained from C57BL/6
TLR2-knockout mice, we demonstrated that this receptor
mediates the 7. cruzi-induced anti-apoptotic effect. In
agreement with this finding, it has been reported that TLR2
mediates anti-apoptotic effects and pro-inflammatory
pathways in neonatal rat cardiomyocytes subjected to
hydrogen peroxide [21]. In contrast, another study indi-
cated that a TLR2 ligand induced apoptosis in HEK293
stably transfected with TLR2, but not in HEK293 cells
which did not express TLR2, suggesting that this receptor
also mediates pro-apoptotic signals [22]. The reason for
this discrepancy is unclear but is probably multifactorial.
Thus, the final outcome of TLR2 activation with respect to
cell survival may well depend on the cell type (cell lines vs.
primary cultures) and on the apoptotic models used.

In relation to our model, Petersen and colleagues dem-
onstrated that TLR2 and NF-kB activation led to the pro-
duction of IL1f, which mediated the cardiomyocyte
hypertrophy elicited by T. cruzi [23]. In a later study, in
agreement with our previous results, these authors found
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Fig. 6 Increased heart
expression of Bcl-2 during acute
infection of BALB/c mice.

a Western blot analysis of Bcl-2
at indicated dpi with samples
from each time shown in
duplicate (except for 24 dpi).

b Immunofluorescence staining
for Bcl-2 of heart sections from
control and infected mice.
Arrows and arrowheads indicate

Bcl2 (AU)

Nl B

Bl EEe

f-actin

infiltrating and myocyte cells, Control  7dpi 14 dpi
respectively. Slides were
observed and photographed
using a Zeiss LSM Pascal
confocal scanning microscope.
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that T. cruzi prevented cell apoptosis through the activation
of NF-kB, using neonatal rat cardiomyocytes subjected to
serum starvation [24]. However, in contrast with our
present findings, they found that the survival response was
independent of TLR2 signaling in the 7. cruzi-infected
embryonic cardiac myoblast cell line H9¢c2, when tested by
the lack of effect of TLR2 neutralizing antibodies. Nev-
ertheless, it is not surprising that transformed myoblasts
could not respond similarly to end-differentiated cardiac
cells, as T. cruzi provides one of the most striking examples
of how the outcome of infection is regulated in a cell type-
specific manner [8, 10, 25-27].

Despite many studies having been carried out on IL6-
related cytokines, clear physiological functions for IL6 in
the stressed heart remain elusive. However, IL6 has roles
that are consistent with the functional recovery of heart
tissue following stress. Strikingly, IL6 exerted potent anti-
apoptotic effects, affording complete protection of rat
neonatal cardiomyocytes from sphingosine-induced death
[2]. It has also been demonstrated that in vivo adminis-
tration of IL6 completely reversed cardiac dysfunction and
abrogated cardiomyocyte apoptosis in an experimental
model of hypovolemic circulatory collapse [28]. These IL6
survival properties were mediated, at least in part, through
activation of STAT3. Furthermore, during viral myocar-
ditis, STAT3 phosphorylation has been shown to be
involved in the cytoprotection of infected cells [29]. In
agreement with these results, we found that IL6 released by

21dpi 24 dpi

21 dpi

cardiac cells in response to parasite infection fosters cel-
lular survival and activates the STAT3 pathway. Although
the mechanism remains to be elucidated, it is reasonable to
speculate that it is through the gpl130-STAT3 signaling
pathway that IL6 conferred the cytoprotection observed in
the present study. In the context of 7. cruzi infection, the
production and release of survival factors such as the
pleiotropic cytokine IL6 could serve to block apoptosis in
cells during the inflammatory process, thereby keeping
them alive in a very unfavorable environment.

Regarding parasite components, it was reported that 7.
cruzi displays several ligands for TLRs. In particular, it
was found that the tripomastigote-derived glycosylpho-
sphatidylinositol (GPI) anchors linked to the surface
mucin-like glycoproteins and free GPI anchors named
glycoinositolphospholipids were recognized through TLR2
[16]. Additionally, T. cruzi Tc52-released protein induces
human dendritic cell maturation signaling through TLR2
[30]. Thus, it is plausible to think that these parasite mol-
ecules might activate cardiomyocytes via TLR2, account-
ing for the protective responses elicited by tripomastigotes.
Nevertheless, it is important to point out that living para-
sites may activate additional innate host responses through
different TLRs other than TLR2 and/or TLR-independent
mechanisms, in order to maintain the cardiac cell alive.
Other studies performed with macrophages and 7. cruzi
infection have revealed that TLR2 is important for the
induction of cytokine synthesis [16, 30], parasite
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internalization and replication [31]. In this cell type, the
activation of TLR2 leads to the secretion of chemokines
that regulate plasma extravasation into infected tissues,
thus providing the substrates for the proteolytic generation
of kinins by cruzipain [32]. Moreover, we have recently
reported the crucial role of TLR2 and TLRO in the control
of the parasite replication and liver injury [33, 34].

The heart muscle, initially thought to be a bystander for
T. cruzi infection, has been found to be an active partici-
pant in the immune response. Cardiac cell exposure to pro-
inflammatory cytokines may precondition the myocardium
environment to protect cardiomyocytes from apoptosis
[35]. This hypothesis may be clinically supported by
investigations performed on Chagasic patients with severe
heart failure. Metzger et al. found that apoptotic cells were
detected in high numbers in all samples examined. How-
ever, no apoptotic cardiomyocytes could be detected, and
the majority of TUNEL-positive cells stained positively for
the human macrophage marker CD68 [36], with similar
results also being observed by other researchers [37] (see
review by Higuchi et al. [38]). Related to this, we found an
intense induction of Bcl-2 in cardiac fibers during the acute
phase of the experimental infection, likely establishing a
higher threshold against apoptosis in this cell type. In situ
data obtained by immunofluorescence assays showed that
the up-regulation of Bcl-2 occurred in both nonparasitized
as well as in T. cruzi-parasitized cells in the inflamed
cardiac tissue, reinforcing our in vitro observations and
supporting the hypothesis that soluble factors secreted or
released from the parasite (TLR2 ligands) or from the
infected cells (IL6) could be responsible for cellular
survival.

In conclusion, even though the exact mechanisms
through which 7. cruzi prevents cardiomyocyte apoptosis
remain unknown, we have clearly shown a cross-talk
between the intrinsic innate immune response of cardio-
myocytes and the pro-survival effect evoked by the
parasite.
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