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In Chagas disease, which is caused by Trypanosoma cruzi, macrophages and cardiomyocytes are the main targets
of infection. Classical activation of macrophages during infection is protective, whereas alternative activation of
macrophages is involved in the survival of host cells and parasites. We studied the expression of inducible nitric
oxide synthase (iNOS) and arginase as markers of classical and alternative activation, respectively, in heart tissue
during in vivo infection of BALB/c and C57BL/6 mice. We found that expression of arginase I and I, as well as that
of ornithine decarboxylase, was much higher in BALB/c mice than in C57BL/6 mice and that it was associated with
the parasite burden in heart tissue. iINOS and arginase II were expressed by cardiomyocytes. Interestingly, heart-
infiltrated CD68* macrophages were the major cell type expressing arginase I. T helper (Th) 1 and Th2 cytokines
were expressed in heart tissue in both infected mouse strains; however, at the peak of parasite infection, the
balance between Th1 and Th2 predominantly favored Th1 in C57BL/6 mice and Th2 in BALB/c mice. The results
of the present study suggest that Th2 cytokines induce arginase expression, which may influence host and parasite
cell survival but which might also down-regulate the counterproductive effects triggered by iNOS in the heart

during infection.

Trypanosoma cruzi, a flagellated protozoan parasite, is
the causative agent of Chagas disease, an illness that af-
fects several million people in Latin America. During T.
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cruzi infection, macrophages are one of the most impor-
tant cell types to fight the parasite. These cells metabolize
L-arginine via 2 main pathways. The first pathway in-
volves inducible nitric oxide synthase (iNOS), which is
responsible for nitric oxide (NO) production. This path-
way is controlled by T helper (Th) 1 cytokines known to
induce expression of iNOS and by classical activation of
macrophages (M1), and it is essential for the early con-
trol of infection in mice [1], macrophages [2, 3], and
cardiomyocytes [4]. However, excessive amounts of NO
can also produce a cytotoxic effect in the host and can
lead to immune suppression of T cells [5] and to patho-
logical findings [6].

The second pathway involves arginase, which is in-
duced during alternative activation of macrophages
(M2), mainly by Th2 cytokines [7]. Arginase catalyzes
conversion of L-arginine to urea and L-ornithine, which
is required for polyamine synthesis, which is, in turn,
essential for the growth of cells and all trypanosomati-
dae. The limiting enzyme in this pathway is ornithine
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decarboxylase (ODC), which has a short half-life [8]. Two argi-
nase isoforms have been described. Arginase I, which is located
in the cytoplasm, has restricted expression and is mainly induced
by Th2 cytokines but, also, by interleukin (IL)-10 [9] and trans-
forming growth factor (TGF)—@ [10]. Arginase II, which is lo-
cated in the mitochondria, is induced in many cell types by lipo-
polysaccharide (LPS) and cyclic adenosine monophosphate
[11]. N-hydroxy-L-arginine, an intermediary in NO synthesis,
inhibits arginase [12], whereas polyamines can reduce iNOS ex-
pression [13, 14]. Moreover, arginase has been implicated in the
down-regulation of iNOS protein synthesis and stability by de-
creasing L-arginine availability [15, 16], which is dependent on
cationic amino acid transporter (CAT)-1 and CAT-2 [17, 18].

Helicobacter pylori [19, 20] and Chlamydia species [21] can
modulate the aforementioned metabolic routes. The balance be-
tween arginase and iNOS also modifies the outcome of several
protozoan infections. Induction of macrophage arginase during
Trypanosoma brucei infection depletes L-arginine and may avoid
NO-dependent parasite killing [22]. Moreover, arginase and al-
ternative activation play a crucial role in the development of
chronic infection with Trypanosoma congolense [23]. During in
vitro infection with Leishmania species [24, 25], as well as during
in vivo infection with Leishmania major [26, 27], arginase inhib-
itors reduce the number of pathological findings observed by
lowering parasite replication.

On the other hand, in infected cardiomyocytes [4] and mac-
rophages (28], T. cruzi triggers the synthesis of cytokines and
chemokines that induce potent NO-dependent trypanocidal ac-
tivity 3, 29-31]. However, peripheral blood monocytes showed
decreased NO production during T. cruzi infection in rats, be-
cause of the increase in arginase activity [32]. Cruzipain, a major
T. cruzi antigen, up-regulates arginase activity in macrophages
promoting intracellular growth of the parasite [33-35] and in-
duces arginase II in cardiomyocytes promoting their survival
[36].

After consideration of all these previous findings, our aim in
the present study was to assess the role of classical and alternative
activation pathways during experimental infection with T. cruzi
in mice with different susceptibilities to the disease. The study
focused on the most important organs affected in Chagas dis-
ease: the heart.

MATERIALS AND METHODS

Parasites and mice. Y and Tulahuén T. cruzi strains were ob-
tained from John David (Harvard Medical School, Boston, Mas-
sachusetts). Blood trypomastigotes were maintained in infected
mice. Six- to 8-week-old BALB/c and C57BL/6 mice (Harlan;
Interfauna Iberica) and iNOS™~ mice (NOS2t™!%; The Jackson
Laboratories) were maintained under pathogen-free conditions,
in compliance with European norms [37]. All experiments were

performed in groups of 3—5 mice that either were not infected or
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Figure 1. (Quantification of Trypanosoma cruzi DNA in the heart tissue

of infected BALB/c- and C57BL/6 mice. DNA was isolated from heart
tissue on the indicated days after infection, and quantitative polymerase
chain reaction (PCR) was performed as described in Materials and
Methods. T. cruzi DNA is expressed as the number of picograms of
parasite DNA per milligram of DNA obtained from a heart tissue sample
(i.e., picograms of parasite DNA/milligrams of heart tissue). Empty boxes
denote values for BALB/c mice, and filled rhombi denote values for
C57BL/6 mice. Results are expressed as the mean values (=SD) for
triplicates of pooled DNA from 5 different mice. All differences between
the parasite loads in BALB/c and C57BL/6 mice were statistically signif-
icant, except at 7 days after infection (P < .05). A representative exper-
iment (of 3 experiments performed) is shown.

were infected with 2 X 10* Y trypomastigotes, except when
stated otherwise, by means of intraperitoneal injection.

Quantitative real-time polymerase chain reaction (PCR)
and reverse-transcription (RT) PCR. Heart DNA was iso-
lated using the High Pure PCR Template Preparation Kit
(Roche). Heart tissue samples used in PCR reactions contained
100 ng of genomic DNA, and detection of T. cruzi was performed
using quantitative real-time PCR, as described elsewhere [38].

RNA was extracted from heart tissue by use of Trizol reagent
(Invitrogen). Quantitative real-time RT-PCR analysis was per-
formed using the High Capacity cDNA Archive Kit (Applied
Biosystems), and amplification of different genes (arginase I, ar-
ginase II, iNOS, CAT-1, CAT-2, ODC, interferon [[FN]—y, tu-
mor necrosis factor (TNF)—a, interleukin [IL]-4, IL-10, IL-13,
TGEF- 3, prostaglandin E2 synthase (PGE,S), and ribosomal 18S)
was performed in triplicate with the use of TagMan MGB probes
and the TagMan Universal PCR Master Mix (Applied Biosys-
tems) on an ABI Prism 7900 HT instrument (Applied Biosys-
tems). Quantification of gene expression was calculated using
the comparative threshold cycle (Cr) method, normalized to the
ribosomal 18S control and efficiency of the RT reaction (relative
quantity, 2744C;),

Protein expression and activity. Heart protein extracts
were prepared using a PT 1300 D homogenizer (Polytron). For
Western blot analyses, 15 ug of tissue extract was fractionated on
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Figure 2. (Quantification of enzyme and transporter mRNAs involved in L-arginine metabolism in heart tissue during Trypanosoma cruzi infection. RNA
from heart tissue was isolated at different days post infection (dpi), and quantitative reverse-transcription polymerase chain reaction was performed.
Results are expressed as the logarithm of relative quantity (RQ) calculated from comparative threshold cycle values, as described in Material and
Methods. mRNA values for arginase | (A), arginase Il (B), cationic amino acid transporter (CAT}-1 (C), CAT-2 (D), inducible nitric oxide synthase (iNOS)
(E), and ornithine decarboxylase (ODC) (F) are shown. Empty bars, BALB/c mice; filled bars, C57BL/6 mice. Results are expressed as mean values (+SD)
for 3 different mice. All differences observed between infected mice and noninfected mice were statistically significant, except those for C57BL/6 mice
at 7, 21, 28, and 48 dpi (A); for C57BL/6 mice at 7 and 48 dpi (B); for BALB/c at 42 dpi and for C57BL/6 mice at 7 dpi (C); for BALB/c mice at 7 dpi
(D): for C57BL/6 mice at 7 dpi (E); and for BALB/c and C57BL/6 mice at all days after infection (F). *Significant differences between BALB/c and C57BL/6
mice (P < .05). A representative experiment (of 5 experiments performed) is shown.

SDS-10% polyacrylamide gel and transferred to a nitrocellulose
membrane. Primary antibodies were diluted as follows:
anti-mouse iNOS (BD Transduction), 1:5000; goat anti-mouse
arginase I and actin (Santa Cruz Biotechnology), 1:1000; and
anti-ODC (Sigma-Aldrich), 1:100. Membranes were incubated
with horseradish peroxidase (HRP) rabbit anti—goat antibody
(1:10,000; Sigma-Aldrich) or goat anti-mouse antibody (1:1000;
Pierce) as secondary antibody. Proteins were detected using Su-
persignal reagent (Pierce). Ganglia, spleen, peripheral blood
mononuclear (PBMCs), and cultured cells were treated as men-
tioned above, except for the mechanical disruption. Arginase
activity was measured as described elsewhere [39].
Immunohistochemical analysis. The hearts of mice in-
fected with 10* Tulahuén trypomastigotes were removed, fixed
in 10% neutral buffered paraformaldehyde, and embedded in
paraffin. Sections that were 4 pum thick were mounted on

gelatin-coated glass slides, deparaffinized, and rehydrated; en-
dogenous peroxidase activity was blocked by incubation with
3% hydrogen peroxide in PBS, permeabilized with 1% Triton
X-100 in PBS, and washed; and nonspecific binding was blocked
with 2% bovine serum albumin. Samples were incubated with
anti—arginase I, anti-iNOS, and isotypic antibodies (Santa Cruz
Biotechnology) diluted 1:100; washed with PBS; incubated with
anti—rabbit HRP (Sigma-Aldrich) diluted 1:250; incubated with
diaminobenzidine and hydrogen peroxide; and counterstained
with hematoxylin.

Confocal immunofluorescence.
paraformaldehyde in PBS solution, incubated in 30% sucrose

Hearts were fixed in 4%

solution, embedded in Tissue-Tek O.C.T. compound (Sakura),
and frozen. Sections that were 10- to 15-um thick were fixed in
acetone. Incubation with the following antibodies was done at
4°C: 10 ug/mL goat anti-mouse arginase I, rat anti-mouse
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CD68 (Serotec), goat IgG (Jackson ImmunoResearch), and rat
IgG (BD Transduction) antibodies; F(ab'), goat anti—rat IgG flu-
orescein isothiocyanate antibodies (1:50; Serotec); and Cy5-
conjugated donkey anti—goat IgG antibodies (1:50; Jackson Im-
munoresearch). Images were obtained using an LSM510 Meta
confocal laser coupled to an Axiovert 200 (Zeiss) microscope.

Cell cultures. BALB/c neonatal cardiomyocyte culture speci-
mens were obtained as described elsewhere [40]. More than 90%
of cells were cardiomyocytes, as detected by immunostaining
with antibody to muscarinic acetylcholine receptor M2, as de-
scribed elsewhere [36]. Peritoneal cells were collected by perito-
neal lavage with 0.34 mol/L sucrose and were plated in RPMI
1640 with 5% fetal bovine serum; after 4 h, nonadherent cells
were removed by washing 3 times with warm PBS, and fresh
RPMI 1640 was restored. Trypomastigotes were obtained in co-
cultures with Vero cells (CCL-81; American Type Culture Col-
lection), and 5 Y trypomastigotes per cardiomyocyte or macro-
phage were added. Sixteen h later, noninternalized parasites
were removed, and cells were cultured in complete RPMI 1640
medium for 48 h. In addition, cardiomyocytes were incubated
with IL-4 (20 ng/mL; BioSource International), IFN-y (25
U/mL; BioSource International), and LPS (1 ug/mL; Escherichia
coli serotype 026:B6 [Sigma-Aldrich]), as indicated.

Statistical analysis.
are the mean values (*SD) for 3 individual mice. Statistical sig-

Data reported for in vivo experiments

nificance was evaluated using Student’s 2-tailed ¢ test.
RESULTS

Expression of L-arginine metabolic enzymes and transporters
BALB/c and
C57BL/6 mice were infected, and the number of parasites in

in the heart tissue of mice infected with T. cruzi.

heart tissue was quantified by means of quantitative PCR per-
formed on different days post infection (dpi). Figure 1 shows
that a maximum parasite load was detected in a C57BL/6 mouse
heart at 14 dpi. In contrast, the parasite burden in the heart of
BALB/c mice was maximal at 21 dpi and decreased thereafter.
Parasite equivalents were significantly higher (~2 logs above the
peak parasite load) in susceptible BALB/c mice than in resistant
C57BL/6 mice.

Quantification of arginase I and II mRNAs revealed signifi-
cantly higher expression in BALB/c mice than in C57BL/6 mice
on all days after infection when analysis was performed (figure
2A and 2B). In contrast, CAT-1, CAT-2, and iNOS mRNA ex-
pression was higher in C57BL/6 mice than in BALB/c mice at 14
dpi (figure 2C—E). However, CAT-1, CAT-2, and iNOS mRNA
expression was higher in BALB/c mice at 21 dpi. The induction
of ODC mRNA expression was not significantly different from
that noted in noninfected controls (figure 2F).

Because arginase I mRNA expression showed more marked
differences between BALB/c and C57BL/6 mice than did argi-
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Figure 3. Inducible nitric oxide synthase (iNOS) and arginase | protein

expression and activity during Trypanosoma cruzi infection in the heart
and other tissues. Protein extracts were isolated from heart tissue from
5 BALB/c mice and 5 C57BL/6 mice at different days post infection (dpi)
and were pooled for Western blot analysis. A, arginase |, iNOS, and
ornithine decarboxylase (ODC) expression in and Ponceau staining of the
same membrane; numbers denote days after infection. B, Arginase
activity of the same tissue extracts, expressed as micromoles of urea
produced per hour per milligram of protein sample (i.e., wmol/h/mg), was
assessed by urea colorimetric determination. Empty bars, BALB/c mice;
filled bars, C57BL/6 mice. All values for BALB/c mice were significantly
higher than those for noninfected mice, except at 7 dpi, and those in
C57BL/6 were only significantly higher at 14 dpi. *Significant differences
between BALB/c and C57BL/6 mice. C, Heart tissue, peripheral blood
mononuclear cells (PBMCs), spleen, and ganglia were obtained from
noninfected (NI) and infected (I) BALB/c mice at 21 dpi. Protein extracts
were isolated, and Western blot analyses were performed using anti—
arginase | or anti-iNOS antibodies and Ponceau staining. Data are
representative of at least 2 independent experiments.
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Figure 4. Arginase Il and inducible nitric oxide synthase (iNOS) expression by heart tissue from BALB/c mice during acute infection with Trypanosoma
cruzi. Hearts obtained from noninfected mice and from infected mice at 14 days after infection were analyzed using immunohistochemical analysis, as
described in Materials and Methods. Noninfected tissue stained with anti—arginase Il antibody (4) and with anti—iNOS antibody (B). Infected tissue
stained with anti—arginase Il antibody (C), with anti—iNOS antibody (D), and isotypic antibody (£). Data are representative of analyses of several sections

from =3 different mice. Magnification, < 1000.

nase II expression, we wanted to confirm arginase I findings at
the protein level. Induction of arginase I protein in infected heart
tissue was much greater in BALB/c mice than in C57BL/6 mice
and occurred from 14 to 42 dpi, in agreement with the mRNA
data (figure 3A). Arginase I expression in C57BL/6 mice was
observed only between 14 and 21 dpi. Moreover, arginase enzy-
matic activity correlated nicely with arginase I protein expres-
sion in heart tissue samples from both mice strains (figure 3B),
being much higher again in BALB/c mice than in C57BL/6 mice,
peaking at 21 dpi. In addition, iNOS protein expression was
higher in infected BALB/c mice than in infected C57BL/6 mice.

Although we did not observe significant changes in ODC
mRNA expression, ODC protein was induced in BALB/c hearts
(maximum expression occurred at 21 dpi) and, to a much lower
extent, in C57BL/6 mice (peaking at 14 dpi) (figure 3A). This
indicates that ODC is regulated at the posttranslational level in
the heart tissue of mice infected with T. cruzi.

We also studied the expression of arginase I and iNOS in the
PBMCs, spleen, and ganglia of infected BALB/c mice at 21 dpi. In
spleen and ganglia, neither arginase I nor iNOS was induced
(figure 3C). There was a low expression of arginase I expression
in PBMCs, in comparison with the expression observed in heart
tissue, but no iNOS was detected in PBMCs, indicating that ar-
ginase I and iNOS are preferentially expressed in heart tissue
during acute T. cruzi infection.

Expression of arginase II and iNOS by cardiomyocytes and
expression of arginase I by CD68* cells infiltrating the heart
tissue of T. cruzi-infected mice. To determine the cellular
source of arginase and iNOS protein detected in the infected hearts,
we performed immunohistochemical staining. Figure 4 shows that

a high percentage of cardiac fibers stained positive for both arginase
ITand iNOS in infected BALB/c mice (figure 4Cand 4D), compared
with findings in noninfected mice (figure 4A and 4B).

Arginase I expression in hearts was analyzed by confocal mi-
croscopy. Hearts obtained from infected BALB/c mice at 21 dpi
showed an infiltrate composed by arginase I-positive cells (fig-
ure 5F); no staining was observed in cardiomyocytes or endo-
thelial cells. Arginase I-positive infiltrating cells showed a
macrophage-like morphology. The CD68 macrophage marker,
but not the dendritic cell marker CD11c (data not shown), was
found to colocalize with arginase I (figure 5E-H) in tissue sec-
tions of hearts obtained from T. cruzi—infected mice. Nonin-
fected heart tissue showed weak staining with anti-CD68 and
anti—arginase I antibodies of some infiltrated resident cells (fig-
ure 5A-D). No specific staining was observed in sections with
isotypic antibodies (figure 5I and 5]). Next, we evaluated the
extension of CD68" cell infiltration in BALB/c and C57BL/6
mice by quantifying CD68 mRNA. CD68" cell infiltration was
induced at the time of infection and was maximal at 14 dpi in
both mouse strains; interestingly, no statistically significant dif-
ferences were observed between them (figure 5K). This similar-
ity in cell infiltration contrasted with observed differences in
arginase expression, suggesting that arginase I expression was
higher in CD68* cells from infected BALB/c than in those from
infected C57BL/6 mice.

Arginase I expression in primary cultures of cardiomyo-
cytes and macrophages. iNOS and arginase II induction, but
no arginase I induction, had been reported during T. cruzi infec-
tion of cardiomyocytes in vitro [4, 36]. Thus, we infected car-
diomyocytes in vitro and analyzed arginase I and iNOS expres-
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Figure 5. Arginase | and CD68 expression in the heart tissue of BALB/c mice during acute infection with Trypanosoma cruzi. Tissue sections obtained
from BALB/c mice hearts at 21 days post infection (dpi) were analyzed by immunofluorescence confocal microscopy, as described in Materials and
Methods. Noninfected tissue stained with anti-CD68 antibody (A); anti—arginase | antibody (B); and phase contrast (C). D, merge of images A and B.
Infected tissue section stained with anti-CD68 antibody (£), anti—arginase | antibody (F), and phase contrast (G). H, Merge of images E and F (H). Isotypic
control for CD68 antibody (/) and arginase | (J). Boxed regions are shown at 2-fold magnification of the original magnification (><400) in insets. The scale
bar is 20 wm. Data are representative of several sections analyzed in =3 different mice. Total RNA from heart tissue was isolated at 21 days after
infection (K), and CD68 quantitative reverse-transcriptase polymerase chain reaction was performed as described in Material and Methods. Results are
represented as the values mean (+SD) for 3 different mice. All values for BALB/c and C57BL/6 mice were significantly higher than those for noninfected
mice. A representative experiment (of 3 experiments performed) is shown. RQ, relative quantity.

sion. iNOS—but no arginase I protein—was induced by
infection in cardiomyocytes (figure 6A). Besides, the IL-4—de-
pendentarginase I induction in noninfected cardiomyocytes was
partially inhibited by T. cruzi infection. In contrast, the IFN-y—
and LPS-dependent iNOS induction observed in noninfected
cardiomyocytes was strongly potentiated by T. cruzi infection of
those cells. Therefore, iNOS expression in cardiac cells can be
directly triggered by the parasite and is probably responsible
for the inhibition of IL-4—dependent arginase I expression (fig-
ure 6A).

T. cruzi infection triggers NO production in [FN-y-activated
macrophages, but the parasite itself does not induce production
of NO in this cell type [28]. We found that in vitro infection of
resident peritoneal macrophages in BALB/c mice did not in-
crease arginase I expression (figure 6B). Therefore, arginase I
induction seen in CD68™ heart-infiltrating cells is not likely trig-

gered by the parasite but, rather, by the inflammatory environ-

mentin the heart that is set off during the immunologic response
against the parasite.

To test the contribution of the iNOS gene to expression of
arginase I in the heart, we infected iNOS™/~ mice. The finding
that parasitemia in iNOS™~ mice did not significantly change in
comparison with that noted in wild-type (wt) mice (figure 6C) is
in agreement with reports published elsewhere [41]. However,
the expression (figure 6D) and activity (figure 6E) of arginase I in
the heart were strongly increased in iNOS™/“mice, compared
with wt mice. Thus, deletion of the iNOS gene triggered the in-
crease in the induction of arginase I in the heart tissue of mice
infected with T. cruzi.

Induction of both Thl and Th2 cytokines and PGE,S in the
We tested the
levels of several cytokines in the heart tissue of mice infected with
T. cruzi, by means of quantitative mRNA RT-PCR. The results

heart tissue of mice infected with T. cruzi.

showed that, for IFN-y and TNF-«, maximum expression oc-
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bars denote values for NI and | iINOS—/~ mice. Data are representative of at least 2 independent experiments.

curred at 14 and 21 dpi in C57BL/6 and BALB/c mice, respec-
tively (figure 7A and 7B). Expression of these cytokines was sig-
nificantly higher in C57BL/6 mice than in BALB/c mice at 14 dpi;
however, the situation was reversed at 21 dpi and later, when
expression was higher in BALB/c mice than in C57BL/6 mice. On
the other hand, maximum expression of IL-4 and IL-13 oc-
curred at 14 dpi in both mouse strains, with expression noted to
be higher in BALB/c mice than in C57BL/6 mice throughout the
period of infection. Interestingly, expression of IL-4 and, espe-
cially, IL-13 in BALB/c mice was maintained at 21 dpi (figure
7C-7D). IL-10 expression in the heart was significantly in-
creased by infection and followed kinetics similar to TNF-a ex-
pression (figure 7E). The induction of TGF- mRNA expression
that was observed was not statistically different from that noted
in noninfected controls (figure 7F). PGE,S mRNA was signifi-
cantly increased in the hearts of both BALB/c and C57BL/6 mice
at the time of infection, being significantly higher in BALB/c
mice than in C57BL/6 mice at 21 dpi (figure 7G). Thus, no pure
Th1 or Th2 patterns are associated with strain susceptibility or
infection stage. However, the balance between Th1 and Th2 was
higher in C57BL/6 mice (resistant mice) than in BALB/c mice
(susceptible mice), and the levels of Th2 cytokine and PGE,S
expression were higher in BALB/c mice than in C57BL/6 mice.

DISCUSSION

Heart leukocyte infiltration is thought to play an important
role in the myocarditis associated with T. cruzi infection.
However, to date, most of the research in the field has focused
on characterization of the T cells present in heart inflamma-
tory infiltrate, whereas very little effort has been directed to
the study of macrophages. Macrophages may become acti-
vated by different pathways, which play different and some-
how opposite roles. The results of the present study show, for
what we believe is the first time, that arginase expression and
activity are strongly induced in heart tissue during acute T.
cruzi infection in mice, together with increased expression of
iNOS. This finding was observed in both susceptible BALB/c
mice and resistant C57BL/6 mice. The peak parasite load cor-
related with peaks in arginase I and iNOS expression in heart
tissue. Moreover, arginase I expression in BALB/c mice was
higher and persisted for a longer period than it did in
C57BL/6 mice, which more efficiently controlled the infec-
tion. In addition, ODC protein expression was also induced
during the acute phase of infection, suggesting an increase in
the polyamine synthesis needed for mammalian cell prolifer-
ation but, more importantly, for parasite replication.
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Expression of cytokines and prostaglandin E, synthase (PGE,S) in mouse heart tissue during Trypanosoma cruzi infection. Total RNA was

isolated in heart tissue obtained from BALB/c and C57BL/6 mice at different days post infection (dpi), and quantitative reverse-transcriptase polymerase
chain reaction was performed as described in Materials and Methods. Results are expressed as the logarithm of relative quantity (RQ) calculated from
comparative threshold cycle values, as described in Material and Methods. mRNAs values are shown for interferon (IFN}—y (4); tumor necrosis factor
(TNF}—a (B): interleukin (IL}-4 (C); 1L-13 (D); IL-10 (E), transforming growth factor (TGF}-B (F), and PGE,S (G). Empty bars, BALB/c mice; filled bars,
C57BL/6 mice. Results are mean values (=SD) for 3 different mice. All differences observed in infected mice, compared with noninfected mice, were
statistically significant, except for (C) and (D) C57BL/6 mice at 7 dpi and for BALB/c and C57BL/6 mice at all days after infection (F). *Significant
differences observed between BALB/c and C57BL/6 mice (P < .05). A representative experiment (of 3 experiments performed) is shown.

We also analyzed the cellular source of these enzymes. We
found that iNOS and arginase I were expressed in the cardio-
myocytes of infected BALB/c mice, in agreement with findings
from previous reports that attributed a role for arginase II in
cardiomyocyte survival [36] and contractility [42]. Interestingly,
arginase I expression was detected for the first time in infiltrating

CD68" macrophages only, and, according to protein expression,
arginase [ was very likely responsible for arginase enzymatic ac-
tivity in heart tissue. In this regard, previous research reported a
role for cruzipain in promoting parasite replication by triggering
arginase I expression in macrophages [35]. On the other hand,
quantification of CD68" mRNA in heart tissue showed that the
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numbers of these cells were very similar in BALB/c and C57BL/6
mice, indicating that the amount of infiltrating macrophages
was not responsible for the increased arginase I expression and
activity seen in BALB/c mice. Rather, infiltrating macrophages in
infected BALB/c mice expressed more arginase I per cell than did
those in C57BL/6 mice.

We found that T. cruzi infection triggered iNOS expression in
cardiomyocytes, in agreement with previous observations [4].
However, the parasite was unable to induce the expression of
arginase I in cardiomyocytes or expression of arginase I and
iNOS in resident peritoneal macrophages.

Together, data on in vitro and in vivo infection suggest that
induction of iNOS expression in cardiomyocytes could be trig-
gered by the parasite, whereas expression of arginase I in macro-
phages depends on other factors—very likely, levels of such Th2
cytokines as IL-4 and IL-13, which, in fact, were highly elevated
in the heart during infection. Interestingly, we found that car-
diomyocytes expressed arginase I at the time of IL-4 stimulation,
whereas the parasite alone was unable to induce its expression in
vitro. However, arginase I was not observed in the cardiac cells of
infected BALB/c mice, even though IL-4 is found in cardiac tis-
sue. Because infection partially inhibits IL-4 —induced arginase I
in vitro, it is likely that a similar mechanism is operating in vivo.

It is important to note that a discrete induction of arginase I,
compared with induction detected in heart tissue, was observed
in circulating PBMCs but not in other lymphatic organs of
acutely infected mice. In agreement with previous reports [32],
this finding indicates that arginase I is preferentially induced in
macrophages infiltrating the heart, likely by elevation of the IL-4
and IL-13 levels present in this organ. iNOS protein was not
detected in PBMCs but, rather, in heart tissue, suggesting a spe-
cific important role of iNOS in this organ.

Our analysis showed that both Th1 and Th2 cytokines were
induced at the time of infection in the hearts of both BALB/c and
C57BL/6 mice. It is generally accepted that, in response to many
parasitic diseases, susceptible BALB/c mice mainly produce Th2
cytokines, whereas resistant C57BL/6 mice mainly produce Thl
cytokines [43]. However, we found that this dichotomy in Thl
and Th2 production is not so strict in T. cruzi infection—at least
in the heart. Nonetheless, the balance between Thl and Th2 in
the heart is better in C57BL/6 mice than in BALB/c mice, and the
levels of Th2 cytokine expression were always higher and per-
sisted longer in susceptible mice than in resistant mice.

The induction of ODC expression could result from the up-
take of apoptotic cells during T. cruzi infection, which causes
release of PGE, and induction of TGF-f [44]. Because the ODC
substrate depends on arginase, its induction could be mediated
by TGF- 3. However, very weak induction of TGF-3 mRNA was
observed, compared with the induction noted for other cyto-
kines, suggesting that TGF- 3 is does not significantly contribute
to the induction of arginase I in our model. On the other hand,
expression of PGE,S was significantly higher in BALB/c mice

than in C57BL/6 mice at 21 dpi, indicating that PGE, could par-
tially contribute to the increased arginase I expression observed
in BALB/c mice, compared with C57BL/6 mice.

In the heart, NO has been described to affect cardiac vasodi-
lation and muscle contractility [45]. Our experiments demon-
strated that elevated expression of iNOS in the heart tissue dur-
ing acute 7. cruzi infection likely generated high levels of NO,
which could negatively affect heart function. In contrast, argi-
nase expressed by infiltrated macrophages and cardiomyocytes
could control excessive NO production. We found an even
higher induction of arginase I after T cruziinfection in the hearts
of iNOS~/~mice, which presented less severe myocardial inflam-
mation than did wt mice in previous reports [46]. This finding
suggests that arginase I could be preventing the development of
iNOS-dependent deleterious effects.

During acute T. cruzi infection, there is also strong suppres-
sion of the T lymphocyte responses mediated by myeloid cells
expressing NO [5]. In addition, L-arginine depletion could cause
inhibition of T cell activation by decreasing CD3{ expression
[47]. Because arginase is a marker of myeloid suppressor cells
(MSCs) involved in immune suppression [48], it is possible that
the induction of iNOS and arginase seen in infected hearts sup-
presses T cell activation in the heart, allowing parasite replica-
tion. In this direction, it is tempting to speculate that arginase-
expressing infiltrated macrophages are either M2 macrophages
or MSCs, although further characterization needs to be done.

In summary, we analyzed arginine metabolism enzymes in the
heart and showed, for the first time, that arginase I is expressed
by infiltrated macrophages during acute experimental T. cruzi
infection. This finding suggests that arginase I could have a role
in the regulation of the immune response in heart tissue and in
the development of cardiac pathology. Questions as to whether
arginase I may play a role in host cell and parasite growth, coun-
teracting NO-dependent vasodilation and cardiac muscle con-
tractility, will be addressed in the future. However, our immedi-
ate research will focus on characterization of heart-infiltrated
macrophages and elucidation of the role of IL-4 and IL-13 in the
induction of arginase in heart tissue during acute infection in

mice.
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