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Abstract
Chagas’ disease is caused by Trypanosoma cruzi infection and is characterized by chronic
fibrogenic inflammation and heart dysfunction. Chemokines are produced during infection and
drive tissue inflammation. In rats, acute infection is characterized by intense myocarditis and
regression of inflammation after control of parasitism. We investigated the role of CCL3 and
CCL5 during infection by using DNA vaccination encoding for each chemokine separately or
simultaneously. MetRANTES treatment was used to evaluate the role of CCR1 and CCR5, the
receptors for CCL3 and CCL5. Vaccination with CCL3 or CCL5 increased heart parasitism and
decreased local IFN-γ production, but did not influence intensity of inflammation. Simultaneous
treatment with both plasmids or treatment with MetRANTES enhanced cardiac inflammation,
fibrosis and parasitism. In conclusion, chemokines CCL3 and CCL5 are relevant, but not essential,
for control of T. cruzi infection in rats. On the other hand, combined blockade of these chemokines
or their receptors enhanced tissue inflammation and fibrosis, clearly contrasting with available
data in murine models of T. cruzi infection. These data reinforce the important role of chemokines
during T. cruzi infection but suggest that caution must be taken when expanding the therapeutic
modulation of the chemokine system in mice to the human infection.
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1. Introduction
Chagas’ heart disease is caused by infection with Trypanosoma cruzi and is characterized by
chronic fibrogenic inflammation and loss of function of the heart [1]. It is estimated that
200,000 new cases and 21,000 disease-associated deaths occur annually in Latin America
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[2]. Specific treatment of the infection with benznidazole is effective in the acute phase but
not shown to halt progression of the chronic forms of Chagas’ disease [2].

Chemokines are a group of mediators of the inflammatory process thought to play an
essential role in the recruitment and activation of leukocytes in various models of
inflammatory diseases [3]. Specific chemokines are produced in tissue in response to T.
cruzi infection and are crucial to define the leukocyte subtypes that compose the
inflammatory infiltrate in the heart of infected animals [4–6]. CC-chemokines preferentially
attract mononuclear cells to sites of chronic inflammation and mononuclear cells
predominate in lesions of patients with Chagas’ disease and in experimental T. cruzi
infection [7–9]. Although some studies have evaluated the role of chemokines in
experimental T. cruzi infection [4,5,10], few studies have addressed the role of specific CC-
chemokines, especially in the rat model. In rats, acute infection is characterized by intense
myocarditis, with many mononuclear cells surrounding amastigote nests. Interestingly, high
levels of IL-10 are found in the myocardium and myocarditis regresses after control of
parasitism [6].

It has been shown that chemokine-encoding DNA vaccines are able to induce high titers of
neutralizing antibodies against the targeted chemokine in rats [11,12,6]. For example, we
have previously shown that Holtzman rats immunized with a CCL4/MIP-1β-encoding DNA
vaccine had enhanced heart inflammation but unchanged heart parasite load when infected
with T. cruzi. The latter study suggested that CCL4 could be recruiting regulatory cells to
the infected tissue and, hence, regulating the intensity of the inflammatory response to the
infection [6]. The aim of the present work was to study the role of the chemokines CCL3
and CCL5 in rats infected with T. cruzi. We also investigated the effect of MetRANTES
treatment as this drug is a functional antagonist of the receptors at which CCL3 and CCL5
act; i.e. CCR1 and CCR5.

2. Materials and methods
2.1. Animals and infection

Holtzman rats, 90 days old and 300–400 g of weight, were obtained from CEBIO/UFMG
(Minas Gerais, Brasil) and maintained in the animal facilities of the Laboratório de
Imunofarmacologia, with filtered water and food ad libitum. Animals were infected
intraperitoneally with 104 blood forms of the CL-Brener clone of T. cruzi per 50 g of body
weight. All procedures had prior approval from the local animal ethics committee (CETEA/
UFMG) and are in accordance with international guidelines for animal procedures. The
myocardium was obtained in days corresponding to the acute (15, 20 and 30) and chronic
(65) phases of infection, transversally sectioned and divided in 3 defined parts to detection
of cytokines by ELISA, to histopathology and to collagen quantification of hydroxyproline,
an indirect measurement of tissue fibrosis.

2.2. Rat CCL3/MIP-1α and CCL5/RANTES cloning and construction of the vaccination
plasmid

The genes coding for CCL3 and CCL5 were amplified using primers to CCL3 and CCL5 by
RT-PCR reactions in myocardial samples from acutely T. cruzi-infected rats using high-
fidelity platinum Taq polymerase (GIBCO BRL). The signal peptide-encoding sequence to
secretion present in the chemokine genes was identified by using the program “Signal
Peptide” and specific primers to amplify the chemokine genes lacking signal-sequence to
secretion were constructed, as the VR2001-TOPO DNA plasmid vector (Vical) has this
sequence [13]. The PCR products were immediately cloned into TOPO TA cloning vector
PCRII (Invitrogen) following the manufacturer’s specifications. The construction of
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vaccination plasmids was done as previously described [13]. After visualization of the PCR
products on a 2% agarosis gel, we sequenced the positive PCR products using CEQ2000
DNA (Beckman Coulter). For the vaccine construct, we chose a sample that contained the
entire sequence of CCL3 or CCL5 in the right orientation and in the correct open-reading
frame after the tissue plasminogen activator signal peptide. Cells containing the CCL3 gene
on VR2001 and CCL5 gene on VR2001 were grown overnight at 37 °C on 1L of Luria broth
with kanamycin (100 µg/ml) and plasmid isolation was performed using Wizard Maxiprep
kit. After plasmid isolation, the constructs containing VR2001-CCL3, VR2001-CCL5 and
VR2001 alone (control) were washed three times with ultrapure water using an Amicon-100
(Millipore). The concentration of the samples was measured by UV absorbance.

2.3. Immunization
Immunizations with CCL3 or CCL5 constructs or control plasmid were performed by
intradermal injection of 30 µg of DNA, suspended in 30 µl of sterile and apyrogenic
ultrapure water, per immunization. In addition, some groups of rats were immunized with
both CCL3 and CCL5 constructs (total of 60 µg of DNA). Intradermal immunization was
made into the foot of rats after anesthesia with ketamine–xylazine. Boosters were given
twice a week for 2 weeks – a total of 4 boosters. Two weeks after the last immunization, rats
were infected as described above and euthanized at 20 (acute phase) or 65 days (chronic
phase) after infection.

2.4. In vivo readout assay for screening the neutralizing activity of rat anti-CCL5 sera
Sera obtained from CCL5- or control plasmid-vaccinated animals (20 days after infection, n
= 5) were pooled, diluted at 1:20 in PBS and given s.c. to rats. After 1 h, 300 ng of
recombinant rat CCL5 (Peprotech) or sterile PBS was injected i. p. and animals killed 18 h
later. Cells were harvested with 15 ml PBS, total cell counts performed in a Neubauer
chamber using Turk’s stain and differential cell counts on cytospin preparations (Shandon
III) stained with May–Grumwald–Giemsa using standard morphologic criteria to identify
cell types. There was no effect of the sera on baseline (PBS-induced) recruitment of cells
(data not shown).

2.5. Treatment with MetRANTES
MetRANTES (donated by Dr. Amanda Proudfoot, Merck-Serono Pharmaceuticals,
Switzerland) is a modified form of human CCL5/RANTES that works as a functional
antagonist of CCR1 and CCR5 receptors, the receptors at which CCL3 and CCL5 bind. Rats
were treated subcutaneously with 150 µg of MetRANTES or saline daily, from days 10–20
after infection. Rats were euthanized at day 20.

2.6. Cytokine and chemokine detection by ELISA
A portion of the heart was processed in a solution containing protease inhibitors and
centrifuged, as previously described [14]. The supernantant was used to investigate the
concentration of the cytokines IFN-γ and IL-4 and the chemokines CCL3 and CCL5 by
ELISA (Peprotech, USA), according to the instructions of the manufacturer.

2.7. Histopathological analysis
A portion of the heart was fixed in 4% buffered paraformaldehyde and 7 µm sections stained
with hematoxylin and eosin to quantify inflammation and infection. Cardiac parasitism and
inflammation were analyzed with a Zeiss integrating eyepiece with 100 hits (Öberkohen,
Germany) at a final magnification of 320×. A total of 4000 hits were evaluated in each
section of cardiac tissue. The infection and inflammation indices represent the number of
hits covered by amastigote nests and inflammatory cells, respectively.
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2.8. Hydroxyproline quantification
Fragments of 100 mg of myocardium were removed for hydroxyproline determination, as an
indirect measure of collagen content [15]. Briefly, tissues were homogenized in saline 0.9%,
frozen at −70 °C and lyophilized. The assay was performed with 20 mg of dry tissue, which
was subjected to alkaline hydrolysis in 300 µl H2O plus 75 µl NaOH 10 M at 120 °C for 20
min. An aliquot of 50 µl of the hydrolyzed tissue was added to 450 µl of Chloramine T
oxidizing reagent (Chloramine T 0.056 M, n-propanol 10% in acetate/citrate buffer pH 6.5)
and allowed to react for 20 min. A hydroxyproline standard curve was prepared likewise.
Color was developed by addition of 500 µl of 1 M p-dimethyl-aminebenzaldehyde diluted in
n-propanol/perchloric acid 2:1 v/v. Absorbance was read at 550 nm.

2.9. Statistical analyses
Results are shown as means ± S.E.M.. Differences between groups were compared using
Student’s t test (two sets of data) or one-way ANOVA (three or more sets of data), followed
by Student–Newman–Keuls post hoc test. Differences were considered significant at p <
0.05.

3. Results
3.1. CCL3 and CCL5 are produced in the myocardium of T. cruzi-infected rats

Initial experiments were conducted to characterize the kinetics of chemokine expression in
infected rats. A previous study from our group has shown that the chemokine CCL5 was
detectable in the myocardium of infected rats from day 15 till day 30 after infection. Levels
dropped to background at 65 days after infection [6]. Likewise, CCL3 was already
detectable in high levels in the myocardium of infected rats at day 15. Levels of CCL3
dropped by day 30 after infection and reached basal levels at day 65 (Fig. 1), a time at which
infection and inflammation had subsided [6]. Based on the data above and on evaluation of
tissue sections of infected animals, days 20 and 65 were used to study the acute and chronic
phases of infection, respectively.

3.2. Effects of CCL3- and CCL5-encoding DNA vaccines in T. cruzi-infected rats
Initial experiments evaluated the efficacy of the CCL3- and the CCL5-encoding vaccines.
The administration of commercially available rat CCL3 failed to induce the recruitment of
leukocytes in the peritoneal cavity of rats (data not shown). In order to define the efficacy of
the vaccine at inhibiting CCL3 production in vivo, we measured CCL3 levels in the hearts of
infected animals given CCL3 or control plasmids. Levels of CCL3 were significantly
reduced in rats given CCL3 plasmid as compared to animals given control plasmid (Levels
of CCL3 in the heart of infected rats: control plasmid-treated, 4517 ± 472 pg/100 mg heart
tissue; CCL3 plasmid-treated, 2696 ± 228 pg/100 mg heart tissue, n = 6, P < 0.001).

We also analyzed the effect of a DNA vaccine encoding CCL5 in T. cruzi-infected rats. The
efficacy of the CCL5-encoding DNA vaccination was evaluated by assessing the ability of
sera from vaccinated rats to neutralize the chemo-attractant activity of CCL5. Sera from
animals immunized with CCL5 DNA decreased the migration of leukocytes to the peritoneal
cavity after injection of 300 ng of rat CCL5 when compared to treatment with sera from
animals immunized with control plasmid (rat CCL5 + control plasmid serum, 3780 ± 877 ×
104 cells/cavity; rat CCL5 + CCL5 plasmid serum, 1140 ± 311 × 104 cells/cavity; n = 5, P <
0.01).

In T. cruzi-infected animals, myocarditis was clearly observed at day 20 after infection.
Inflammatory lesions were predominantly characterized by mononuclear cells that infiltrated
cardiac fibers (Fig. 2A). The inflammatory infiltrates were diffuse (Fig. 2A) and amastigote
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pseudocysts were present, accompanied or not by inflammatory cells (Fig. 2A).
Inflammatory and infection indices were not different in T. cruzi-infected animals that
received or not the control plasmid, indicating that vaccination with empty plasmid had no
effect in the course of infection (data not shown).

In both CCL3- and CCL5-vaccinated infected animals, there was no significant increase of
inflammation in the heart at day 20 after infection (Fig. 2B and C, respectively). The
inflammatory lesions were also quantitatively similar to the ones found in control-plasmid
vaccinated group (Fig. 2E). In contrast, number of amastigote nests was greater in both
CCL3- (Fig. 2B and F) and CCL5-vaccinated animals (Fig. 2C and F) in comparison to
control plasmid-vaccinated animals (Fig. 2A and F).

Next, we evaluated levels of the cytokines IFN-γ and IL-4 in the heart of infected rats. The
administration of CCL3 and CCL5 plasmids was accompanied by a significant inhibition in
the local production of IFN-γ (810 ± 200 pg/100 mg of tissue, plasmid-vaccinated group;
427 ± 191 pg/100 mg of tissue, CCL3-vaccinated group; 401 ± 54 pg/100 mg of tissue,
CCL5-vaccinated group), while levels of IL-4 were similar to those of control plasmid-
treated rats (4039 ± 1468 pg/100 mg of tissue, plasmid-vaccinated group; 3182 ± 912 pg/100
mg of tissue, CCL3-vaccinated group; 4448 ± 2327 pg/100 mg of tissue, CCL5-vaccinated
group).

3.3. Effects of a cocktail of CCL3/CCL5-encoding DNA vaccines in T. cruzi-infected rats
To evaluate the effect of simultaneous blockade of CCL3 and CCL5 in T. cruzi-infected
animals, we used a cocktail of plasmids containing CCL3 and CCL5 DNA in a separate
group of rats. CCL3/CCL5-vaccinated rats had increased cardiac inflammation compared to
control plasmid-vaccinated animals or animals vaccinated with either CCL3 or CCL5
plasmid separately (Fig. 2D and E). Multifocal inflammation, with high predominance of
mononuclear cells was found in animals vaccinate with the combined vaccines (Fig. 2D).
Moreover, enhanced heart parasitism was observed (Fig. 2F). However, administration of
the combined CCL3/CCL5 vaccine did not enhance cardiac parasitism above that observed
when either CCL3 or CCL5 vaccines were given alone (Fig. 2F). So, there was no
synergistic or additive effect of CCL3 and CCL5 in terms of parasitism.

Collagen deposition in tissues and fibrosis are important characteristics of chronic T. cruzi
infection [16]. Infection of rats with T. cruzi resulted in no increase of cardiac content of
hydroxyproline, a marker of tissue collagen deposition, at days 20 or 65 after infection (Fig.
3). This is consistent with the idea that infection in rats usually develops without much
chronic damage [17]. Vaccination with plasmids encoding for CCL3 or CCL5 resulted in no
increase of hydroxyproline content at days 20 or 65 after infection. However, the combined
vaccination with both CCL3 and CCL5 plasmids resulted in a significant increase of
hydroxyproline levels at day 65 after infection (Fig. 3).

3.4. Effects of the treatment with MetRANTES in T. cruzi-infected rats
MetRANTES is a modified human CCL5/RANTES that acts in vivo as an inhibitor of CCR1
and CCR5, the receptors for CCL3 and CCL5. Overall, the inflammatory infiltrates in
MetRANTES-treated rats were predominantly mononuclear and qualitatively similar to the
inflammation found in vehicle-given animals (Fig. 4A and B). However, daily treatment
with MetRANTES between days 10 and 20 after infection significantly increased
inflammatory (Fig. 4A and D) and infection indices (Fig. 4A, E). The enhanced
inflammatory response observed in treated animals was accompanied by significant higher
collagen deposition in the heart of MetRANTES- than vehicle-treated rats, as assessed by
hydroxyproline assay (Fig. 3F).
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MetRANTES treatment reduced levels of IFN-γ in the heart of infected animals (3418 ±
1035 pg/100 mg of tissue, saline-treated group; 1911 ± 678 pg/100 mg of tissue,
MetRANTES-treated group). IL-4 levels in the heart were also significantly reduced in
MetRANTES-treated rats (1035 ± 238 pg/100 mg of tissue, saline-treated group; 697 ± 283
pg/100 mg of tissue, MetRANTES-treated group).

4. Discussion
The data reported in the present study show that CCL3 and CCL5 play a non redundant role
in controlling the initial phases of T. cruzi replication in rats. This was evidenced by an
increase in number of amastigote nests and reduction in levels of IFN-γ in the heart of
animals vaccinated with DNA vaccines encoding for CCL3 or CCL5. Vaccination with a
cocktail containing both CCL3 and CCL5 or treatment with MetRANTES resulted in greater
parasitism that was of similar intensity to that observed in animals vaccinated with CCL3 or
CCL5 alone. However, combined vaccination or treatment with MetRANTES resulted in an
increase in the inflammatory response and collagen deposition in the heart of infected
animals.

Previous data have shown the relevance of chemokines and chemokine receptors in
controlling T. cruzi burden in vivo, including studies evaluating the role of CXCL9/CXCL10
[10], CCR2 [18] and CCR5 [5,19]. Treatment of T. cruzi-infected mice with anti-CCL5 and/
or anti-CXCL10 antibodies did not alter T. cruzi burden in mice [10]. In contrast, CCL5 (or
CCL3)-encoding DNA vaccination increased parasite burden in the heart of rats. The
differences between these studies could reflect the use of different animal models/species
(mice vs rats). Alternatively, the antibody schedule may have not been able to deplete
completely the relevant ligand. It is clear, however, that single blockade of CCL3 or CCL5
is sufficient to impair temporarily the control of parasite replication in rats. The ability of
chemokines to activate macrophages [20] and cardiomyocytes [21] to produce NO and kill
T. cruzi may be an explanation for our in vivo observations.

An alternative explanation derives from the finding that there was lower production of IFN-γ
in myocardium of CCL3- and CCL5-vaccinated rats. The role of CCL5 in inducing IFN-γ
production and recruiting polarized type 1, activated T cells, has been previously described
[22–24]. Administration of CCL3 may exacerbate inflammatory bowel disease in mice and
this was associated with increased IFN-γ production by lymphocytes in lamina propria [25].
CCL3 and CCL5 may attract and activate type 1 polarized T cells, increasing IFN-γ
production, which is important to control T. cruzi replication. CCR5-binding chemokines are
postulated to have a role in recruiting polarized type 1 T cells [26]. Whatever the mechanism
responsible for the decreased IFN-γ production, the diminished levels of this cytokine can
provide an alternative explanation for the enhanced tissue parasitism observed after
chemokine DNA vaccination.

It is of note that treatment with CCL3 or CCL5-encoding DNA did not modify total
leukocyte influx in the heart of infected animals. However, when both CCL3 and CCL5
were blocked by using CCL3/CCL5-encoding DNA vaccines, inflammation was
significantly enhanced. In rats vaccinated with a plasmid encoding CCL4, which binds
solely to CCR5, exacerbated myocarditis was also found [27]. Similarly, increased
parasitism, exacerbated myocarditis and increased collagen content were observed when rats
were treated with MetRANTES. In contrast, MetRANTES treatment reduced T lymphocyte
infiltration in the heart of T. cruzi-infected mice without affecting parasite load [4] and
CCR5 deletion was also shown to reduce dramatically cardiac inflammation in mice [5]. The
latter studies highlight the importance of CCR5-mediated events for leukocyte recruitment
in murine, but not rat, models of T. cruzi infection. Therefore, whereas in the mouse, CCR5
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appears to be essential for the recruitment of leukocytes to the heart, in rats, CCL3 and
CCL5 and their receptors CCR1 and CCR5 appear not to be relevant for total leukocyte
infiltration.

An important finding was that despite the initial increase of parasitism, control of infection
was eventually attained in all rats. These results suggest that CCL3 and CCL5 are important
but not essential in the system to control parasite replication. Alternatively, the degree of
blockade attained with the DNA vaccination or MetRANTES treatment was not sufficient to
blunt an anti-parasite response. For example, in mice, treatment with MetRANTES [4] or
anti-CCL5 [10] had little effect on parasite burden. In contrast, experiments in CCR5-
deleted mice showed that parasite levels were greatly enhanced [5]. Therefore, it is possible
that partial CCR5 blockade is sufficient to control parasitism both in mice [4,10] and in rats
(here). Despite the eventual control of parasitemia and tissue parasitism, there was an
increase in cardiac fibrosis in rats that received the CCL3/CCL5 vaccine or were treated
with MetRANTES. The results with MetRANTES once again contrast with the situation in
mice where administration of MetRANTES significantly decreased fibrosis in chronically-
infected animals [27]. In humans, CCR5 expression on peripheral blood mononuclear cells
was decreased in patients with more severe disease and correlated with the degree of heart
dysfunction [28]. The latter study suggests that loss of CCR5 correlates and may be
important for heart dysfunction in patients. This is similar to our findings in rats in which
administration of MetRANTES or treatment with CCL3/CCL5 vaccine led to worsening of
disease. In that regard, results from mice suggesting that blockade/antagonism of chemokine
receptors may be useful in chronically-infected patients should be taken with great care, as
the disease in these animals may not mimic the human situation. This is not to say that rats
are more useful than mice to study T. cruzi infection, but results do highlight the need to
expand the immunopathology of experimental T. cruzi infection to species other than mice.

In summary, our data show that the chemokines CCL3 and CCL5 are relevant, but not
essential, for the control of T. cruzi infection in rats. On the other hand, combined blockade
of these chemokines or their receptors enhanced tissue inflammation and fibrosis, clearly
contrasting with available data in murine models of T. cruzi infection [4,10]. Altogether
these data reinforce the important role of chemokines in the context of T. cruzi infection but
suggest that caution must be taken when expanding the therapeutic modulation of the
chemokine system in mice to the human infection.
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Figure 1.
Kinetics of CCL3 production in the cardiac tissue of T. cruzi-infected animals. The organs
were excised and processed for the measurement of CCL3 by ELISA. The dotted line across
the bars represents the background value in non-infected animals. Results are the means ±
S.E.M. of 5–7 animals in each group. ** and *** for P < 0.01 and 0.001, respectively, when
comparing infected versus non-infected animals.
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Figure 2.
Histopathological alterations in myocardium of T. cruzi-infected animals previously
immunized with control plasmid (A) or plasmids encoding for CCL3 (B), CCL5 (C) or both
CCL3 and CCL5 (D). Myocardia were excised at days 20 (A–F) and 65 (E–F) after
infection, included in paraffin, and stained with hematoxylin and eosin. The arrows show
amastigote nests. Final magnification of 200×. Semi-quantitative analysis of Inflammation
(E) and Infection (F) is also shown. A total number of 40 microscopic fields were analyzed
per section, in a total of 4000 points. Inflammation and infection indices were quantified
using an ocular containing 100 points/microscopic field in a final magnification of 320×.
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Results are the means ± S.E.M. of 5–7 animals in each group. * and ** for P < 0.05 and 0.01
respectively, when comparing chemokine- versus control plasmid-immunized animals.
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Figure 3.
Hydroxyproline content in myocardium of T. cruzi-infected animals previously immunized
with control plasmid, or plasmids encoding for CCL3, CCL5 or both CCL3 and CCL5.
Myocardia were excised at days 20 and 65 after infection. Hydroxyproline content was
evaluated by colorimetric assay. Results are the means ± S.E.M. of 5–7 animals in each
group. ** for P < 0.01 when comparing chemokine- versus control plasmid-immunized
animals.
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Figure 4.
Histopathology of myocardium from T. cruzi-infected animals treated with MetRANTES.
The myocardium was excised and evaluated 20 days after infection. Animals were infected
and treated with MetRANTES (150 µg/rat per day, subcutaneous) (black bar) or vehicle
(open bar), once a day, between days 10 and 20 after infection. Hearts were included in
paraffin and stained with hematoxylin and eosin in infected rats treated with vehicle (B) or
MetRANTES (A) or in non-infected rats (C). The black arrows show amastigote nests, while
the white arrows show inflammatory infiltrates at a final magnification of 200×.
Inflammation (D) and infection (E) indices were quantified using an ocular containing 100
points/microscopic field in a final magnification of 320×. A total number of 40 microscopic
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fields were analyzed per section, in a total of 4000 points. Hydroxyproline content (F) was
measured using a colorimetric assay. Results are the means ± S.E.M. of 5–7 animals in each
group. * and ** for P < 0.05 and 0.01 respectively, when comparing MetRANTES versus
vehicle-treated animals.
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