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Introduction

Human infection with Trypanosoma cruzi results in Chagas
disease, a parasitic disease that affects approximately 8
million individuals in Latin America [1]. The chronic phase
of Chagas disease is either asymptomatic or may lead to
cardiac and digestive system pathology. Chagas heart disease
is a potentially fatal dilated cardiomyopathy that develops in
30% of T. cruzi-infected individuals [2] and is responsible
for the largest number of deaths among chagasic patients.
Clinical treatment of chagasic cardiomyopathy-associated
hypertension in chagasic patients includes sodium restric-
tion and additional treatment with digitalis, diuretics or
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Summary

The anti-hypertensive drug captopril is used commonly to reduce blood pres-
sure of patients with severe forms of Chagas disease, a cardiomyopathy caused
by chronic infection with the intracellular protozoan Trypanosoma cruzi.
Captopril acts by inhibiting angiotensin-converting enzyme (ACE), the vaso-
pressor metallopeptidase that generates angiotensin II and promotes the deg-
radation of bradykinin (BK). Recent studies in mice models of Chagas disease
indicated that captopril can potentiate the T helper type 1 (Thl)-directing
natural adjuvant property of BK. Equipped with kinin-releasing cysteine pro-
teases, 1. cruzi trypomastigotes were shown previously to invade non-
professional phagocytic cells, such as human endothelial cells and murine
cardiomyocytes, through the signalling of G protein-coupled bradykinin
receptors (B,KR). Monocytes are also parasitized by T. cruzi and these cells
are known to be important for the host immune response during infection.
Here we showed that captopril increases the intensity of T. cruzi infection of
human monocytes in vitro. The increased parasitism was accompanied by
up-regulated expression of ACE in human monocytes. While T. cruzi infection
increased the expression of interleukin (IL)-10 by monocytes significantly,
compared to uninfected cells, T. cruzi infection in association with captopril
down-modulated IL-10 expression by the monocytes. Surprisingly, studies
with peripheral blood mononuclear cells revealed that addition of the ACE
inhibitor in association with T. cruzi increased expression of IL-17 by CD4* T
cells in a B,KR-dependent manner. Collectively, our results suggest that cap-
topril might interfere with host—parasite equilibrium by enhancing infection
of monocytes, decreasing the expression of the modulatory cytokine IL-10,
while guiding development of the proinflammatory Th17 subset.

Keywords: captopril, Chagas disease, monocytes, Th17, Trypanosoma cruzi

angiotensin-converting enzyme (ACE) inhibitors, such as
captopril [3,4]. As true for other ACE inhibitors, captopril
has also been reported to reduce heart inflammation and
fibrosis [5].

ACE has a dual role in vascular homeostasis. Acting pri-
marily in the renin—angiotensin system, ACE processes the
inactive intermediate angiotensin I (Ang I), generating the
vasopressor octapeptide angiotensin II (Ang II). Although
Ang IT may bind to different subtypes of G protein coupled
receptors, excessive formation of this agonist may increase
intracellular volume, peripheral vascular resistance and
blood pressure [5]. ACE inhibitors such as captopril exert
their anti-hypertensive effects by inhibiting ACE-dependent
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formation of the vasopressor Ang II and by attenuating ACE
(kininase II)-dependent degradation of bradykinin (BK) or
lysyl-bradykinin (LBK) [6]. Termed collectively as ‘kinins),
BK/LBK are short-lived peptides liberated from an internal
moiety of high or low molecular weight kininogens by the
action of specialized proteases of host [7] or microbial origin
[8,9]. Once released, BK/LBK exert their vasodilating func-
tion by triggering endothelium BK;R, a constitutively
expressed G-protein coupled receptor (GPCR) [10]. Alterna-
tively, the released kinins undergo processing by kininase I,
generating arginine-truncated metabolites (des-Arg-kinin)
that activate BK|R, an inducible subtype of kinin receptor
up-regulated in inflamed tissues [11], while losing affinity
for BK;R.

Studies on cruzipain, a lysosomal cysteine protease charac-
terized previously as a kinin-releasing enzyme of T. cruzi [12],
provided the first evidence that pathogen uptake is driven by
the activation of kinin receptors (BK,R and BK,R) [13,14].
Whether involving human endothelial cells or murine cardi-
omyocytes, these in vitro studies revealed that addition of
captopril to the interaction medium potentiated parasite
invasion via the kinin signalling pathway [13,14]. More
recently, it was reported that BK/LBK induces the maturation
of dendritic cells (DCs) through the signalling of BK,R
[15,16]. Further underscoring the importance of kinins and
ACE to pathogenic outcome, Monteiro and co-workers [17]
demonstrated that ACE inhibitors (single-dose administra-
tion) potentiated paw oedema evoked by trypomastigotes
through mechanisms involving co-operation between Toll-
like receptor (TLR)-2 and BK,R. Using the same subcutane-
ous model of infection, these workers demonstrated that
captopril potentiated anti-parasite T helper type 1 (Thl)
responses through the up-regulation of the BK;R/interleukin
(IL)-12 innate pathway [17]. In another study, involving oral
administration of captopril to A/J mice infected acutely with
T. cruzi, Leon and co-workers reported that the acute myo-
carditis was ameliorated by prolonged treatment with this
anti-hypertensive drug [3].

Although captopril is administrated routinely to hyper-
tensive patients with chagasic cardiomyopathy, the immuno-
logical effects of this ACE inhibitor were not investigated
systematically in humans. Our results revealed that ACE
inhibitors potentiate T. cruzi infection of human monocytes,
decreases the expression of the modulatory cytokine IL-10
while inducing Th17 cells. These studies suggest that anti-
hypertensive therapy based on captopril administration
potentially alters the host—parasite balance and might influ-
ence the outcome of Chagas disease.

Materials and methods

Human samples

The donors included in our studies were non-chagasic indi-
viduals (n=6) from the state of Minas Gerais, Brazil, with
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average ages ranging between 25 and 32 years. We excluded
from our study individuals with any chronic inflammatory
disease, diabetes, heart and circulatory illnesses (including
hypertension) or bacterial infections. All individuals
included in this work were volunteers. This study is part of
an extended project evaluating cardiac risk factors in Chagas
disease and has the approval of the Ethical Committee of
Universidade Federal de Minas Gerais in accordance with the
Declaration of Helsinki.

Source of parasites

Tissue-culture derived trypomastigotes (TCT) of the Y strain
of T. cruzi were isolated from infected monolayers of Vero
cells, as described previously [18]. Briefly, Vero cells were
infected using five TCT/host cells and kept in RPMI-1640
enriched with 5% fetal calf serum (FCS), supplemented with
antibiotics (penicillin at 500 U/ml and streptomycin at
0-5 mg/ml). After approximately 5 days, the TCT were col-
lected from the supernatant, washed once by centrifugation
with phosphate-buffered saline (PBS) pH 7-2 at 1000 g for
10 min at 4°C and resuspended in RPMI-1640 to a concen-
tration of 5 x 10’ TCT/ml.

Cell preparations

Peripheral blood mononuclear cells (PBMC) were purified
as performed previously by us [18]. Briefly, heparinized
blood was diluted 1:1 with PBS and applied over a Ficoll
gradient. The mixture was centrifuged for 40 min at 600 g
and PBMC were collected at the interface between the
plasma and the Ficoll. Cells were washed three times by
centrifugation with PBS and resuspended in RPMI-1640
supplemented with antibiotic/anti-mycotic (025 ug of
amphotericin B/ml, 200 U of penicillin/ml, 0-1 mg of
streptomycin/ml) and 1 mm L-glutamine at a concentration
of 107 cells/ml. To obtain adherent cells, 2 x 10° PBMC/well
were plated on 13-mm round coverslips in RPMI-1640
supplemented with 10% FCS and cultured in 24-well plates
for 1 h at 37°C, 5% CO,. Non-adherent cells were removed
by washing the wells with RPMI-1640 supplemented with
1% antibiotic/anti-mycotic (previously left at 37°C for
30 min), and the adherent cells (monocytes) were used in
infection experiments as described below.

Infection of adherent cells and immunofluorescence

Monocyte infection was performed over coverslips, using a
total volume of 0-5 ml of RPMI-1640 supplemented with 1%
antibiotic/anti-mycotic, 1% 1 mm L-glutamine and 10%
FCS. The monocytes were incubated with either medium
alone or medium + 50 um of captopril. Parasites were added
immediately at a ratio of 5:1 TCT/monocytes and incubated
for 3, 48 or 96 h at 37°C, 5% CO,. The monolayers were
washed three times with PBS to remove free parasites. Infec-
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tion was evaluated by two methods: light and confocal
microscopy. For the light microscopy, preparations were
incubated with Giemsa dye for 15 min, washed and analysed
using a Nikon light microscope (Melville, NY, USA). We
analysed 15 field/samples using a power magnification of
%600, and the frequencies of adherent cells infected were
expressed as percentage of positive cells in relation to the
total cell count. For confocal microscopy analysis, immun-
ofluorescence was carried out by staining with 4/,6'-
diamidino-2-phenylindole (DAPI), as follows. Coverslips
were incubated DAPI diluted 1:300 in PBS supplemented
with 2% bovine serum albumin (BSA) for 10 min and
mounting using anti-fade medium. Slides were kept at 4°C
and protected from light until acquisition. Confocal analyses
were performed using a Meta-510 Zeiss laser scanning
confocal system running LSMix software (Oberkochen,
Germany) coupled to a Zeiss microscope using an oil immer-
sion Plan-Apochromat objective (63X, 1-2 numerical
aperture, Oberkochen, Germany). We performed six inde-
pendent experiments and analysed 15 fields per sample.

Infection of total PBMC in suspension and
flow cytometry

Infection of monocytes in suspension was assessed by flow
cytometry using 5 and 6-carboxyfluorescein diacetate succin-
imidyl ester (CFSE)-labelled TCT, as performed previously by
us [18]. Parasites were incubated with 5 um CESE for 10 min
at 37°C, 5% CO,. Labelled parasites were washed three times
with PBS by centrifugation and used for infection of adherent
cells treated or not with captopril, as described above. Cells
were then stained with anti-CD14-phycoerythrin (PE)
monoclonal antibodies by incubation for 15 min at 4°C.
Samples were washed and fixed for 20 min with a 4% form-
aldehyde solution. Stained cells were acquired in a Becton
Dickinson fluorescence activated cell sorter (FACScan, Fran-
klin Lakes, NJ, USA). Intensity of infection was evaluated by
CFSE fluorescence intensity in gated CD14"CFSE* cells. Infec-
tion with unlabelled parasites and incubation of infected cells
with mouse immunoglobulin G1 (IgG1)-PE-labelled isotype
control were used as parameters to set markers. A minimum
of 30 000 gated events from each sample were collected and
analysed using FlowJo software (Ashland, OR, USA). Two
independent experiments were performed, with three indi-
viduals in each experiment.

Analysis of expression of surface molecules and
cytokines by PBMC using flow cytometry

Human PBMC were infected with T. cruzi TCT, as described
above. In individual wells, we added captopril (50 um),
captopril + bradykinin (10 nm) or HOE-140 (BK,R antago-
nist; 200 um) + bradykinin (10 nm) for a period of 18 h.
After incubation, cells were immunostained using
fluorochrome-associated antibodies against CD143, CD4,
CD8 or CD14. Intracellular cytokine expression was evalu-
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ated using PE-labelled antibodies against IL-12, IL-10,
tumour necrosis factor (TNF)-o, interferon (IFN)-y and
IL-17. For surface molecule expression analysis, cells were
incubated with antibodies for 15 min at 4°C, washed with
PBS supplemented with 1% BSA and fixed by 20-min incu-
bation with 4% formaldehyde solution. For intracellular
staining, cells were cultured for approximately 18 h. During
the last 4 h of culture, brefeldin A (1 pg/ml) was added to
each well to prevent cytokine secretion. Cells were then
labelled for surface molecules as described above. After
removing the fixing solution, cells were permeabilized by
incubation for 10 min with a 0-5% saponin solution. Then,
cells were incubated with anti-cytokine monoclonal anti-
bodies for 30 min at room temperature, washed twice with
0-5% saponin solution, resuspended in PBS and examined
using a FACScan. A total of 30 000 events were acquired and
the parameters were analysed in the monocytes or lympho-
cytes population by gating the region occupied classically by
those cells in a size versus granularity plot.

Statistical analysis

We compared our results among different treatments and
between infected and not infected cells using Tukey’s mul-
tiple comparison or paired t-test. All analyses were per-
formed using GraphPad Prism Software (La Jolla, CA, USA).
We considered statistically different results with P < 0-05.

Results

Captopril increased the intensity of T. cruzi infection in
human monocytes

Previous studies demonstrated that addition of captopril to
the interaction medium potentiates BK,R-dependent path-
ways of T. cruzi (Dm28 strain) invasion of human endothe-
lial cells and murine cardiomyocytes [13,14]. These
observations were seen in human primary umbilical vein
endothelial cells (HUVECs) and in Chinese hamster ovary
(CHO) cells. Here we determined if the addition of captopril
could similarly modulate parasite infection of human
monocytes. To this end, we incubated TCT with adherent
monocytes or with monocytes kept as cell suspensions.
Adherent cells were infected with T. cruzi for 3,48 or 96 h in
the presence or absence of captopril. The results depict
extent of intracellular infection as measured by confocal
microscopy (DAPI* parasite’s nuclei) or light microscopy
(Giemsa staining) (Fig. la and b, respectively). Incubation of
adherent cells with T. cruzi for 3 h in the absence of captopril
led to a significantly higher infection rate (54:1% =* 3,
P < 0-05) compared to 48 (38:9% * 6) and 96 (452% = 7)h
of incubation (Fig. 1b). After captopril treatment, T. cruzi
infection was also more effective when the monocyte cells
were incubated with the parasite for 3 h, compared to 48 and
96h of incubation (53:6% * 3 versus 389% * 4 and
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Fig. 1. Determination of infectivity in monocytes by Y strain trypomastigotes, treated or not with captopril. (a) Representative confocal microscope

analysis image, showing 4’,6’-diamidino-2-phenylindole (DAPI+) parasite’s nuclei inside monocytes. Cells were treated or not with captopril,

infected with five parasites/cell, preparations were stained with DAPI, and read on a confocal microscope, as described in Material and methods;

magnification x62; (b) determination of the percentage of infected cells after 3, 48 and 96 h of infection in cultures treated or not with captopril,

using confocal microscopy analysis; cells were prepared as described above, acquired by confocal microscopy, and the percentage of infected cells

was determined by counting the total number of cells and the parasite* cells; results are expressed as average = standard deviation. (c)

Representative histogram of peripheral blood mononuclear cells exposed to Y strain trypomastigotes labelled with 5- and 6-carboxyfluorescein

diacetate succinimidyl ester (CFSE), to determine the intensity of CFSE in cultures treated or not with captopril, as described in Material and
methods. Briefly, cells were infected with five CFSE-labelled parasites/cell and incubated for 3 h; after this period, samples were read by fluorescence
activated cell sorter and the fluorescence mean intensity was analysed. (d) Determination of the mean intensity of expression of CFSE fluorescence

as a measure of intensity of infection in cells from cultures treated or not with CFSE; results are expressed as average % standard deviation. Identical

symbols indicate P < 0-05 between groups marked with the same symbol.

48-1% =+ 9, respectively). Our results showed that the per-
centage of infected monocytes did not change upon treat-
ment with captopril, as the percentages of infection were
similar when comparing captopril-treated with untreated
cultures. Moreover, these results allowed for the selection of
the 3-h time-point to evaluate the extent of parasite inter-
nalization in monocyte suspensions, using CFSE-labelled T.
cruzi as the read-out. Our flow cytometry results (Fig. 1c and
d) showed that intensity of CFSE fluorescence in infected
CD14" cells increased 27% in monocyte suspensions supple-
mented with captopril compared to untreated monocytes
(1552-3 versus 1128-4; Fig. 1c and d). Collectively, these data
indicate that captopril increased markedly the extent of
parasite uptake per host cell and, although it did not affect
the proportion of infected monocytes, it favoured the pen-
etration of a higher number of parasites per cell.

Captopril in association with T. cruzi infection reduces
IL-10 expression by monocytes

Antigen-presenting cells (APC) play a key role in the induc-
tion of immune responses, and it is well established that

© 2010 The Authors

monocytes are able to present major histocompatibility
complex (MHC)-restricted epitopes to T cells [19]. ACE was
found in tissue macrophages as well as in cultured mono-
cytes [20]. Due to its dipeptidyl carboxydipeptidase activity,
ACE enhances the presentation of endogenously synthesized
peptides to MHC class I by generation of optimally sized
class I-binding peptides from a larger protein fragment [21].
In order to determine if ACE expression is altered by T. cruzi
infection and/or captopril treatment, we stained PBMC with
anti-CD14 (monocyte marker) and anti-CD143 (ACE) anti-
bodies after 3 h of incubation with T. cruzi in the presence or
absence of captopril. We found that T. cruzi infection led to
an increase in the frequency of CD14*CD143" cells in rela-
tion to non-infected cells (8:05% * 2 versus 3% * I;
Fig. 2a). The same results were observed in infected cells
upon treatment with captopril: we observed an increase in
CD14"CD143" cells in cultures treated with the ACE inhibi-
tor compared to captopril-treated, but non-infected cultures
(7-7% = 2 versus 3-3% = 1; Fig. 2a). Thus, our results indi-
cated that captopril by itself was not able to induce alter-
ations in ACE expression either in infected or non-infected
monocytes, as the percentage of expression of CD143 was

531

Clinical and Experimental Immunology © 2010 British Society for Immunology, Clinical and Experimental Inmunology, 162: 528-536



J. S. Coelho dos Santos et al.

(a)
. 1oor . . 3 Non-infected
o M Infected
= 75¢t
o)
[G]
+
¥ 50+
3 - =
‘S 2.5
R
0-0
Medium Captopril
(b)
15
Se °
g 8 10+
8y 0
é o *
O 5+ T T
=|l £
0
Media Captopril
()
151
c
o2
g8 1w0r T T
sk
X
Gl
NO 5
2 £
0
Media Captopril

Fig. 2. Expression of angiotensin-converting enzyme (ACE) and
immunoregulatory cytokines by monocytes exposed to Y strain
trypomastigotes and treated or not with captopril. Expression of ACE
(a), interleukin (IL)-10 (b) and IL-12 (c) by CD14* monocytes was
determined by fluorescence activated cell sorter (FACS), as described
in Material and methods. Briefly, cells were treated or not with
captopril and exposed or not to five parasites/cell for 3 h. After
treatments and infection, samples were stained with fluorescein
isothiocyanate-labelled anti-CD14 monoclonal antibodies, in
association with phycoerythrin-labelled anti-cytokine or anti-ACE
monoclonal antibodies; stained cells were acquired by FACS and
analysed to determine the percentage of expression of each marker

in the monocyte population. Results are expressed as mean
percentage = standard deviation of double-positive cells, as indicated.
The symbols indicate P < 0-05 between groups marked with the same
symbol.

similar in captopril-treated or untreated cultures (Fig. 2a). T.
cruzi induction of CD143 expression by CD14" cells is con-
sistent with the role of ACE in intracellular antigen presen-
tation [21]. In addition to antigen presentation, monocytes
participate in immunoregulatory functions via cytokine
production. We then evaluated if the expression of IL-10 and
IL-12 by monocytes was altered by T. cruzi infection and/or
by captopril treatment (Fig.2b and c). T. cruzi infection
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increased significantly the expression of IL-10 by monocytes
compared to uninfected cells (9:-5% versus 4-5%; Fig. 2b).
Interestingly, we found that T. cruzi infection in association
with captopril led to a reduction of IL-10 expression by
monocytes in comparison to infection in absence of capto-
pril (6-4% versus 9-5%; Fig. 2b). In the absence of T. cruzi,
the captopril did not alter the expression of IL-10 by mono-
cytes compared to non-treated cultures (4:5% = 2 versus
4-6% = 2 Fig. 2b). Our results showed that IL-12 staining
was not modulated by T. cruzi infection or by treatment with
captopril (Fig. 2¢).

T. cruzi infection in association with captopril leads to
an increase in the frequency of CD4" T cells expressing
ACE and enhances frequency of Th17 cells

ACE has been identified as a membrane-bound enzyme in
several types of cells, including lymphocytes and macroph-
ages [22]. We sought to evaluate whether T. cruzi infection in
the presence or absence of captopril alters ACE expression in
T lymphocytes. T. cruzi infection led to an increase in the
frequency of CD4*CD143* cells in non-treated cultures, com-
pared with uninfected non-treated cultured cells (0-87%
versus 0-54%; Fig. 3a). The frequency of CD4*CD143" lym-
phocytes was increased further when we associated parasites
and captopril, compared to uninfected monocytes treated
with captopril alone (1-2% versus 0-56%; Fig. 3a). T. cruzi
infection associated with captopril led to an elevation of the
frequency of CD4*CD143* cells in comparison with infection
alone, in the absence of captopril (1-2 versus 0-87%; Fig. 3a).
The percentage of CD8"CD143" cells was not altered by T.
cruzi infection or captopril, neither alone nor in combination
(Fig. 3b). Because we observed that T. cruzi infection and
captopril selectively modified CD143 expression by CD4" T
lymphocytes, we sought to determine if infection and capto-
pril treatment would have an effect on the cytokine expres-
sion by CD4" T cells or CD8" T lymphocytes. Our results
showed that T. cruzi infection or captopril treatment did not
change IL-10 and TNF-o. expression by CD4" T cells (not
shown). Notably, T. cruzi infection led to an increase in IFN-y
expression by CD4" but not CD8* T cells, compared to non-
infected cultures (Fig. 4a and b). In contrast, captopril did not
alter IFN-y expression by CD4" or CDS8" lymphocytes,
whether associated or not with trypomastigote infection
(Fig. 4a and b). We then evaluated IL-17 expression by the
CD4" and CD8" T cell populations (Fig. 4c and d). T. cruzi
infection alone did not alter IL-17 expression significantly by
CDA4* T cells (Fig. 4c). Surprisingly, however, the association
of captopril with TCT led to a 69% increase in the frequency
of IL-17* CD4* T cells (Fig. 4c). T. cruzi infection alone
increased the percentage of IL-17* CD8" T cells by 62%,
compared to non-infected cultures (Fig. 4d). Conversely, cap-
toprilacted over CD8" T cells infected with T. cruzi, decreasing
the frequency of IL-17-expressing cells by 46% in relation to
non-infected captopril-treated cultures (Fig. 4d).
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Fig. 3. Expression of angiotensin-converting enzyme (ACE) by CD4*
(a) and CD8" (b) T cells after in vitro exposure of peripheral blood
mononuclear cells to Y strain trypomastigotes in the presence or
absence of captopril. Expression of ACE was determined by
fluorescence activated cell sorter (FACS), as described in Material and
methods. Briefly, cells were treated or not with captopril and exposed
or not to five parasites/cell for 3 h. After treatments and infection,
samples were stained with fluorescein isothiocyanate-lablelled
anti-CD4 or CD8 monoclonal antibodies, in association with
phycoerythrin-labelled anti-ACE antibodies; stained cells were
acquired by FACS and analysed to determine the percentage of
expression of ACE by CD4 or CD8 lymphocytes. Results are expressed
as mean percentage = standard deviation of double-positive cells, as
indicated. The symbols indicate P < 0-05 between groups marked with
the same symbol.

Captopril induced increase in the frequency of Th17
cells requires B,R kinin receptor

Considering that captopril potentiates the signalling effects
of BK/LBK on BK,R, we then checked if HOE 140 (a specific
B,R antagonist) could block modulation of cytokine
expression. Our results showed that non-infected cells
treated with captopril and HOE 140 did not present alter-
ations in IL-17 expression by CD4" T cells compared to
untreated cultures (Fig. 4e). However, upon infection, HOE-
140 treatment reduced by twofold the frequency of IL-17*
CD4* T cells compared to infected untreated cultures
(Fig. 4e). In contrast, no differences were seen in IL-17*
CD8" T cells under the different conditions (Fig. 4f). These
data suggest that IL-17 expression by CD4", but not CD8" T
cells, might be under the influence of kinin pathway.

Discussion

Whether resulting from destruction of parasitized heart cells
by cytotoxic lymphocyte (CTL)-mediated attack or other
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means, the release of intracellular parasites into the intersti-
tial spaces of the myocardium is probably a sporadic event
during the chronic phase of Chagas disease, as the presence
of pseudocysts are found rarely in myocardial tissues. Thus,
we may predict that the extracellular trypomastigotes, once
released in interstitial tissues, may either infect neighbouring
heart cells or invade blood-borne macrophages as soon as
these phagocytes reach the inflammatory foci. Recent studies
by our group have underscored the beneficial roles that
IL-10-producing macrophages play in the pathogenesis of
human Chagas disease [18,23]. In the present study we
examined the influence of captopril on macrophage func-
tion in the presence/absence of trypomastigotes because this
drug is prescribed commonly to patients with Chagas heart
disease who suffer from hypertension [24]. At the cellular
level, there are at least three reasons to investigate the influ-
ence of captopril on the interaction of human monocytes/
macrophages with T. cruzi: (i) it is well known that (resting)
macrophages express ACE on their surface [16]; (ii)
macrophage-like cells of human origin (U-937) were shown
recently to assemble a fully active kinin system on their
surface [25]; and (iii) studies performed with kinin-releasing
strains of T. cruzi revealed that captopril potentiates
pathogen-uptake by non-phagocytic cells expressing kinin
receptors, such as cardiomyocytes or endothelial cells
(13,14].

In this work, we investigated the effects of captopril on the
extent of monocyte infection with tissue culture-derived try-
pomastigotes of T. cruzi and evaluated the functional conse-
quences of such in vitro interactions. Our results showed that
although captopril did not affect the percentage of mono-
cytes infected by the parasite, assays performed with cell
suspensions revealed that the ACE blocker increased signifi-
cantly the extent of parasite uptake by monocytes. Although
our work involved a different T. cruzi strain (Y), the data are
in agreement with studies showing that captopril potentiates
the infectivity of Dm28 T. cruzi trypomastigotes in assays
performed with non-phagocytic cells expressing BK2R
(CHO-BK2R or HUVEC:) [13].

Intriguingly, we found that addition of captopril to mono-
cyte cultures exposed to Y strain trypomastigotes led to a
reduction of IL-10 expression by monocytes. Furthermore,
assays performed with PBMC exposed to trypomastigotes
revealed that captopril increased frequencies of IL-17
expressing CD4" T cells. Of further interest, assays per-
formed in cultures supplemented with exogenous BK and/or
HOE-140 suggested that the increased frequency of Th17
cells is, at least in part, dependent upon the activation of the
B,R kinin receptor. Previous studies in A/] mice infected
acutely with the Brazil strain showed that captopril admin-
istrated orally improves cardiac function [26]. Although not
excluding the beneficial roles that ACE inhibitors bring to
cardiac patients, our in vitro findings raise the possibility
that, depending upon the T. cruzi strain and genetic make-up
of the host, the administration of captopril may induce
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immunological changes that could aggravate chagasic
myocardiopathy. Although our in vitro findings cannot be
extrapolated readily to the in vivo settings, the finding that
captopril reduced the frequency of IL-10-producing mac-
rophages and increased IL-17-producing cells might aggra-
vate T cell-dependent immunopathology.

Among PBMC, monocytes are the host cells invaded pref-
erentially by Y strain T. cruzi trypomastigotes [18]. It is well
established that these APCs are able to process and present
peptide antigens in a MHC-restricted manner, and along
with DCs contribute to the initiation of adaptive immunity
through the up-regulation of co-stimulatory molecules and
enhanced cytokine production [18]. Highly expressed in the
endothelium lining, ACE plays an important role in blood
pressure regulation [27]. APCs express ACE (CD143), and its
expression is induced during the differentiation of human
monocytes [28,29]. Evidence exists that ACE may play an
immunomodulatory role by generating Ang II and/or by
swiftly degrading BK agonists generated by kallikrein or
microbial protease [30]. ACE 10/10 mice present macroph-
ages overexpressing ACE and display exuberant immune
responses, which has been associated with the enhanced pre-
sentation of MHC class I-peptides to CD8" T cells observed
in these mice [21]. It was proposed that these effects were
due, at least in part, to ACE’s ability to modify the C termini
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of peptides for presentation by MHC class I molecules
[21,31]. In another interesting finding, we observed that the
addition of captopril to monocyte suspensions translated
into increased expression of ACE (CD143), whereas IL-10
expression is decreased reciprocally. Previous studies by our
group and by other investigations have linked IL-10 expres-
sion to protection of Chagas heart disease [18,23]. Thus, it is
conceivable that chagasic patients treated with captopril
could present enhanced CD8" T cell response in an environ-
ment lacking immunomodulatory mechanisms, given the
decrease in IL-10 expression, which could lead to an aggra-
vation of cardiac disease.

The anti-inflammatory property of captopril has been
associated with suppression of the synthesis of proinflam-
matory cytokines [30,31]. Other studies have shown that
captopril inhibition of activation-induced apoptosis in T cell
hybridomas and Fas-induced apoptosis in human peripheral
T cells [32,33] supports the idea that captopril may hamper
clonal deletion and interfere with maintenance of self-
tolerance, thereby causing autoimmunity. Recently, a subset
of IL-17-producing T cells (Th17) distinct from Th1 or Th2
cells has been described and shown to be crucial in induction
of autoimmune tissue injury [34]. Th17 response has been
linked to the pathogenesis of diseases such as multiple scle-
rosis, psoriasis, rheumatoid arthritis, colitis, autoimmune
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encephalitis [35] and leishmaniasis [36]. Although a recent
study has suggested a protective role for IL-17 in experimen-
tal T. cruzi infection [37], considering the pathogenic nature
of this cytokine in human diseases, it is possible that it plays
a role in Chagas disease-associated pathology. In our study
we observed that captopril, in the presence of T. cruzi,
increased the frequency of CD4'IL-17* T cells and that this
effect was impaired when cells were treated with HOE-140, a
B,R antagonist. Interestingly, infection in association with
captopril led to a decrease of IL-17 expression by CD8" T
cells, which was not affected by treatment with HOE-140.
Considering that IL-17 expression by CD4*, but not CD8" T
cells, is impaired by HOE-140 in our model, we may surmise
that BK2R is probably involved in IL-17 induction by
captopril. Of interest in this context, studies in BALB/c mice
infected by the periodontal pathogen Porphyromonas gingi-
valis linked Th17 and Th1 responses to pathogen-induced
activation of the BK2R pathway [38]. In a myosin-induced
experimental autoimmune myocarditis, A/] mice were
immunized and treated orally with captopril, which amelio-
rated autoimmune myocarditis as measured by the reduc-
tion in cardiac hypertrophy and the incidence and severity of
inflammation, necrosis and fibrosis [26]. Captopril also
reduced in vivo cell-mediated inflammatory responses based
upon the observed reduction of myosin-specific delayed-
type hypersensitivity in antigen-immunized mice. However,
these effects were not due to a direct effect on T cells as these
cells proliferated normally and the level of secreted cytokines
was unaltered [26]. Of note, however, IL-17 levels were not
evaluated in that study.

In summary, our results suggest that captopril might
interfere with host—parasite equilibrium by enhancing infec-
tion of monocytes, decreasing the expression of the modu-
latory cytokine IL-10, while guiding development of the
proinflammatory Th17 subset. Further studies are under way
to investigate the effects of captopril in the immune response
of chronic chagasic patients and whether this would influ-
ence pathology development.
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