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a b s t r a c t

Trypanosoma cruzi (T. cruzi) is the causative agent of Chagas’ disease, an endemic and chronic illness that
affects 18 million people in Latin America. The mechanisms underlying its pathogenesis are controversial.
There is a growing body of evidence supporting the view that T. cruzi infection elicits severe autoimmune
responses in the host, which significantly contribute to the pathogenesis of Chagas’ disease, and several
recent studies have reported the presence of autoantibodies and effector T lymphocytes against parasite
and self antigens in infected patients and experimentally infected animals. T. cruzi calreticulin (TcCRT)
is a 45 kDa protein, immunogenic in humans, rabbits and mice. It has a high degree of homology with
human (HuCRT) and mouse calreticulin (MoCRT), which would explain why an immune response to TcCRT
could contribute to autoimmune reactions in Chagas’ disease. Anti-TcCRT antibodies generated in A/J mice
immunized with recombinant TcCRT (rTcCRT) reacted with rHuCRT and bound to neonatal and adult
isogenic cardiomyocytes cultured in vitro. Interestingly, histological alterations, such as edema formation
and cell infiltrates, which include CD3+ cells, were detected in heart sections from immunized animals.

Therefore, in rTcCRT-immunized mice, an autoimmune reaction against host CRT, paralleled by histological
cardiac alterations, suggests a role of the parasite molecule in the induction of immunologically mediated
heart tissue damage. The data presented here propose that TcCRT participates in the induction of cardiac
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autoimmunity in Chagas’

. Introduction

Trypanosoma cruzi (T. cruzi) is the hemoflagellate protozoan
hat causes Chagas’ disease (American Trypanosomiasis) (Chagas,

909), an acute and chronic illness that affects 18 million people
n Latin America (Moncayo, 2003). Despite the significant reduc-
ion in transmission observed in some countries (Salvatella and
osa, 2000; Lorca et al., 2001), Chagas’ disease is still an important
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ealth problem, causing approximately 50,000 deaths every year
Dias et al., 2002; WHO, 2002). Infection with the parasite results
n relatively mild acute parasitemia, followed by a long asymp-
omatic phase. Decades after of the initial infection, one third of
nfected individuals develop chronic symptoms, such as chagasic
ardiomyopathy and gastrointestinal syndromes (Prata, 2001).

Many pathogenic mechanisms have been suggested to explain
hagas’ cardiomyopathy, including cellular proliferation in the
yocardium (involving fibroblasts and inflammatory cells, mainly
lymphocytes) (Tanowitz et al., 2003), necrosis and apoptosis of

ardiac cells (Barcinski and DosReis, 1999), cellular hyperplasia
nd hypertrophy (Arnaiz et al., 2002), immunity to parasite anti-

ens persisting in the tissue (Gea et al., 1993), and autoimmunity
Leon and Engman, 2001). Even though the presence of parasites
n the heart tissue has been considered the primary stimulus for
he maintenance of myocardial inflammation and tissue damage
Levin, 1996), the rare detection of parasites in heart lesions raised
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he question as to whether T. cruzi participates directly in Cha-
as’ cardiomyopathy and proposed the highly debated potential
nvolvement of autoimmunity (Kierszenbaum, 1996). In this sense,
he inflammatory response in Chagas’ cardiomyopathy would be
nduced by the parasite, but would also be a consequence of autoim-

une cross-reactions with host antigens, mediated by autoreactive
and/or T cells (Oldstone, 1989; Leon and Engman, 2003a,b). In

act, sera from T. cruzi infected mice or humans, as well as from
ice immunized with parasite proteins, react with heart or skeletal
uscle and other self antigens, thus contributing to the pathogen-

sis of the disease (Laguens et al., 1988; Lozykowski et al., 1991;
cCormick and Rowland, 1993; Kierszenbaum, 1999).
Calreticulin (CRT) is a well conserved protein present in cells of

ll higher organisms, except erythrocytes (Michalak et al., 1999;
ohnson et al., 2001). It has been described in a wide range of
arasite species, such as Onchocerca volvulus, Schistosoma man-
oni, Leishmania donovani, Plasmodium falciparum, and Necator
mericanus (reviewed by Ferreira et al., 2004a). We have cloned,
equenced and expressed a T. cruzi CRT gene, coding for a 45 kDa
rotein, TcCRT (Aguillón et al., 1995, 2000a), present on the para-
ite surface and other cytoplasmic organelles (Ferreira et al., 2004b;
outo-Padrón et al., 2004). TcCRT presents a high degree of identity
o CRT from humans and other vertebrates (Ferreira et al., 2004a).
s described previously, TcCRT binds to human and mouse C1q,
esulting in inhibition of the classical pathway of the complement
ystem (Ferreira et al., 2004b; Aguilar et al., 2005). Recent data from
ur laboratory show that the TcCRT/C1q interaction favors parasite
nfectivity (Ribeiro et al., submitted). These findings suggest that
cCRT contributes to early immune evasion strategies and infectiv-
ty, allowing the parasite to moderate the innate immune response
nd to secure its survival in the mammalian host.

CRT has been associated with autoimmunity. For instance, infec-
ion with O. volvulus results in the exacerbated production of
utoantibodies against host CRT, which correlates with autoim-
une responses (Lux et al., 1992; Meilof et al., 1993; Eggleton

nd Llewellyn, 1999; Eggleton and Michalak, 2003). Indeed, the
athogenic feature of anti-CRT antibodies has been extensively
escribed in autoimmune diseases, such as systemic lupus erythe-
atosus (Eggleton et al., 2000), rheumatoid arthritis (Verreck et al.,

995), congenital heart block (Orth et al., 1996), and celiac disease
Tuckova et al., 1997).

TcCRT is highly immunogenic in humans (Aguillón et al., 1997;
arcelain et al., 2000), rabbits (Aguilar et al., 2005), and mice

Aguillón et al., 2000b), suggesting that natural or experimental
nfection with T. cruzi exposes TcCRT to B cells. Accordingly, we
ecided to investigate whether TcCRT participates in the autoim-
une feature of Chagas’ disease. We immunized A/J mice with the

ecombinant parasite protein and analyzed whether the generated
nti-rTcCRT antibodies cross-reacted with recombinant human CRT
rHuCRT) and cardiomyocytes. Our findings indicate that rTcCRT-
mmunized mice produce antibodies that recognize both, rHuCRT
nd putative native cardiac murine CRT, which correlates with
lterations in cardiac histology of immunized mice. The results
resented herein strongly support the hypothesis that rTcCRT

mmunization induces a cross-reactive immune response that asso-
iates with the development of cardiac pathology.

. Materials and methods

.1. Animals
All experimental procedures, involving animals, were approved
y an Institutional Bioethics Committee. Eight to twelve-week-old
emale A/J mice were maintained under internationally accepted
uidelines in our Animal Facility (Faculty of Medicine, University

T
s
o
P
d

f Chile), including permanent veterinary supervision. All surgi-
al procedures with these animals were performed under general
nesthesia with a combination of Ketamin and Xylazine (66 mg/kg
nd 1.6 mg/kg, respectively).

.2. Cells

.2.1. Neonatal mouse cardiomyocyte cultures
Neonatal cardiomyocytes were obtained as described (Wang et

l., 1999). For selective enrichment of cardiomyocytes, the isolated
ells were first plated on tissue culture dishes for 2 h in order to
llow attachment of non-myocytes. The cells in the supernatant
ere then collected and plated at a density of 2 × 105 on 2% gelatin-

reated 12-mm round glass cover slips in wells of tissue culture
lates. Cells were kept overnight at 37 ◦C under 5% CO2 atmosphere.

.2.2. Adult mouse cardiomyocyte isolation
Adult cardiomyocytes, from three-months-old mice, were iso-

ated as described (O’Connell et al., 2007), with modifications.
earts were removed aseptically, leaving 1–2 mm section of the
orta for cannulation purposes. The hearts were immediately
laced in a 60-mm dish containing perfusion buffer [Gerard buffer
128 mM NaCl, 4 mM KCl, 0.19 mM NaH2PO4, 1.01 mM Na2HPO4,
.39 mM MgSO4, 10 mM HEPES, 5.5 mM glucose, 2 mM piruvic
cid, pH 7.4) supplemented with 100 mM 2,3-butanedione monox-
de (BDM) (Sigma–Aldrich, USA)], at room temperature (RT). The
eart was cannulated on a retrograde perfusion system, firstly
sing approximately 3 mL Gerard buffer containing 2 mM EGTA for
min, followed by perfusion buffer (3 min at 3 mL/min), at 37 ◦C. A

witch to myocyte digestion buffer [perfusion buffer supplemented
ith 2 mg/mL type II collagenase (Gibco, USA)] was performed for

0–15 min at 3 mL/min. After digestion, the heart was placed in
60-mm dish containing myocyte digestion buffer, and ventricles
ere dissociated. The cell suspension was centrifuged (500 rpm for
min), and the pellet was resuspended in perfusion buffer. Another
entrifugation step followed, and the pelleted cells were resus-
ended in DMEM supplemented with 10% fetal bovine serum (FBS)
Invitrogen Corp., USA), 1000 U/mL penicillin, 50 mg/mL strepto-
ycin, and 100 mM BDM. One milliliter of cell suspension was

dded to laminin (Invitrogen Corp., USA)-coated (10 �g/mL) 12-
m round glass cover slips (previously treated with HCl to promote

aminin attachment to the glass) in wells of tissue culture plates for
h at 37 ◦C under 5% CO2 atmosphere.

.3. Recombinant TcCRT and HuCRT

rTcCRT was prepared as previously described (Ferreira et al.,
004b). The human CRT gene (HuCRT), coding for residues 18–417,
as amplified by PCR using Taq DNA polymerase (Promega Corp.,
SA) from clone phCAR-1 (Stuart et al., 1996). The primers used
ere: forward (ATAGAATTCCATATGGAGCCTGCCGTCTACTTCA) and

everse (AGAATTCAGATCTTTACAGCTCGTCCTTGGCCTGG) (TAGN,
K). The amplified HuCRT DNA was purified and ligated into

he EcoRI/NdeI restriction enzyme sites of the pET-15b vector
Novagen, UK). Competent Escherichia coli TOP10F′ bacteria were
ransformed with the plasmid, plated in Luria-Bertani medium, and
elected with ampicilin (100 �g/mL). For protein expression, E. coli
L21 (DE3) was transformed with the plasmid containing HuCRT
nd grown in the presence of ampicilin (100 �g/mL). Expression
onstructs were induced in late-log phase with 1 mM IPTG for 3 h.

he cells were harvested, sonicated on ice, and centrifuged. The
upernatants were filtered and applied to a Ni2+ charged imin-
diacetic acid-Sepharose column (Hi-Trap Chelating, Amersham
harmacia Biotech, USA), eluted with an Imidazole gradient, and
ialyzed against 20 mM Tris–HCl and 150 mM NaCl, pH 8. The pro-
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ein was then digested with thrombin (from human plasma, Roche
iagnostics Corp., USA) to remove the His-Tag. Recombinant HuCRT

rHuCRT) was further purified using anion exchange chromatogra-
hy (UNO Q-6 Biochromatography column, Bio-Rad, USA). Purity of
HuCRT was assessed by 12% SDS-PAGE.

.4. Immunizations

Mice were bled from the ventral tail vein and artery to obtain
re-immune sera. One experimental group (10 animals) was immu-
ized four times, at weekly intervals, with 50 �g of rTcCRT. The first
hree immunizations were subcutaneous (s.c.), while the fourth
as intraperitoneal (i.p.). A booster was administered (i.p.) three
eeks after the last immunization. The first inoculum contained

omplete Freund’s adjuvant (CFA), while the others the incomplete
ersion (IFA) (both from Sigma–Aldrich, USA). Blood was collected,
t weekly intervals, during 80 days. A control group (8 animals) was
noculated with PBS.

.5. ELISA

Nunc Maxisorb polystyrene plates (Fisher Scientific, USA) were
oated with 100 �L/well of rTcCRT or rHuCRT (3 �g/mL) diluted in
arbonate buffer, followed by overnight incubation at 4 ◦C. Con-
rol wells received buffer alone. Nonspecific binding sites were
locked (2 h at 37 ◦C) with 0.5% soybean proteins (SBP) in PBS (PBS-
BP) (Aguillón et al., 1992). Each step was followed by washes
ith PBS/0.05% Tween-20 (PBS/Tw). Pre-immune and immune

era, diluted in PBS-SBP, were added in triplicate wells, followed
y incubation for 90 min at 37 ◦C. A monoclonal antibody (mAb)
o TcCRT (E2G7) (Ferreira et al., 2004b) and a mouse anti-mouse
RT mAb (BD Biosciences, USA) were used as positive controls
or rTcCRT and rHuCRT, respectively. Affinity purified horseradish
eroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma–Aldrich,
SA) was added. Enzyme activities were assessed by addition
f 2-2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) with
ydrogen peroxide. Optical density was read at 405 nm.

.6. Western blots

Standard procedures for SDS-PAGE and Western blots were used
Mesri et al., 1990). rTcCRT or rHuCRT (3 �g/track) were loaded
nto 12% polyacrylamide gels under reducing conditions and trans-
erred to nitrocellulose membranes. The membranes were blocked
ith 5% non-fat milk in PBS. After several washes with PBS/Tw,

era from rTcCRT-immunized or control mice were incubated with
ecombinant proteins-sensitized membranes for 90 min at RT. E2G7
nd anti-mouse CRT mAbs were used as positive controls. As a
econdary antibody, alkaline phosphatase (AP)-conjugated goat
nti-mouse polyclonal IgG (Dako, USA) was used. The reactive
ands were visualized using a Nitro blue tetrazolium/Phosphate
-bromo-4-cloride-indol (NBT/BCIP) solution.

.7. Histopathology

Immunized and control mice were sacrificed 50 days after the
ast rTcCRT immunization or saline inoculation, respectively. Their
earts were removed, rinsed with PBS and fixed in 10% buffered

ormalin for 24 h. Fixed hearts were embedded in paraffin, and
hree sections (4 �m) were taken from each heart, including both

tria, atrial–ventricular intersection, and both ventricles. Sections
ere stained with hematoxylin–eosin and submitted to a blind light
icroscopy evaluation. A total of 5 microscopic fields (mf) per sec-

ion were screened to assess for evidence of histological alterations,
uch as vascular and muscle fiber degenerative changes, as well as

3
H

u

nflammation. According to the extent of damage, a standard score
ystem was assigned for each histological finding: normal (−); mild
+) (equal or less than 10% of heart involvement); moderate (++)
10–50% involvement); severe (+++) (more than 50% involvement)
Smith and Allen, 1991; Sun and Tarleton, 1993).

.8. Immunohistochemistry

Immunostaining of heart tissue sections was performed for
he detection of CD3+ lymphocytes. Serial sections from the same
reas analyzed for histological changes were plated on silanized
lass slides, deparaffinized, and rehydrated. Antigen retrieval was
erformed with 20 mg/mL Proteinase K (Dako), and endogenous
eroxidase activity was blocked with 3% hydrogen peroxide for
0 min at RT. Nonspecific binding was blocked with 1% BSA in PBS
or 20 min at RT. The sections were then incubated with the pri-

ary antibody [polyclonal rabbit anti-human CD3 antibody (Dako,
SA) or rabbit normal serum (isotype control)] in 1% BSA, overnight
t 4 ◦C. A secondary step was performed using biotinylated goat
nti-rabbit IgG (Sigma–Aldrich, USA) in 1% BSA, for 60 min at
T. Incubation with streptavidin-HRP-conjugate (Dako, USA), in
% BSA for 60 min, was then performed. As a peroxidase sub-
trate, 3,3-diaminobenzidine tetrahydrochloride (DAB Chromogen)
Dako, USA) was used. Each step was followed by extensive slide
ashes with PBS. The sections were counter-stained with Harris’
aematoxylin (Linsan Laboratories, Chile) and mounted with aque-
us medium (Merck, Germany). The specificity of the reaction was
ested by omission of the primary antibody.

.9. Immunofluorescence

Neonatal and adult cardiomyocytes, cultured on glass cover
lips, were washed three times with cold PBS, fixed with 4%
araformaldehyde in PBS for 10 min, and permeabilized with 0.2%
riton X-100 for 5 min at RT. Nonspecific binding sites were blocked
ith PBS-BSA for 90 min at RT. Neonatal and adult cardiomyocytes
ere then incubated overnight at 4 ◦C with one of the follow-

ng primary antibodies, diluted in the blocking buffer: anti-mouse
RT mAb, polyclonal rabbit anti-human muscarinic acetylcholine
eceptor M2 IgG (mAChR M2) (Santa Cruz Biotechnology, USA)
for cardiomyocyte staining), E2G7, pre-immune and immune sera
obtained after 5 doses of rTcCRT). Secondary antibodies (goat
nti-mouse IgG or goat anti-rabbit IgG, both labeled with FITC)
Sigma–Aldrich, USA) were then incubated for 1 h at 4 ◦C. Each step
as followed by extensive washes with PBS. The specificity of the

eaction was tested by omission of the primary antibody. The cover
lips were placed on slides with fluorescent mounting medium
Dako, USA). Confocal images were captured with a Zeiss LSM 5,
ascal 5 Axiovert 200 microscope, using LSM 5 3.2 image capture
nd analysis software and a Plan-Apochromat 63x/1.4 oil DIC.

.10. Statistical analysis

ELISA results were subjected to analysis of variance (ANOVA)
sing GraphPad Prism software (version 5.0), followed by post hoc
onferroni’s analysis for multiple comparisons. p values of <0.05
ere regarded as statistically significant.

. Results
.1. TcCRT immunization induces cross-reactive antibodies to
uCRT

Sera from rTcCRT-immunized mice, obtained after 5 inoc-
lations with the parasite protein, contained antibodies that
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Fig. 1. Immunization with rTcCRT induces anti-rTcCRT antibodies that cross-react with rHuCRT. A/J mice were inoculated with rTcCRT (A) or with PBS (B). For ELISA, plates
were coated with rTcCRT or rHuCRT in carbonate buffer. After blocking with PBS/soybean proteins (SBP), pre-immune and immune sera (obtained after the last doses of
rTcCRT or PBS) were added. Reactivity was detected by a HRP-conjugated anti-mouse IgG. Mean values ± SD obtained from 10 immunized and 8 control mice, in triplicate
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ells, are shown. OD values for rTcCRT and rHuCRT were compared to SBP values.
HuCRT and SBP is shown in black, gray and white, respectively. ***p < 0.001. In WB a
lane 4) sera from an immunized mouse, as well as with pre-immune (lane 5) and P
RT mAb. Reactivity was detected by AP-conjugated anti-mouse IgG.

pecifically bound to immobilized rTcCRT in ELISA (p < 0.001)
Fig. 1A). Interestingly, rTcCRT-immune sera also recognized rHu-
RT (p < 0.001), as compared to pre-immune sera (Fig. 1A) and sera

rom control mice (Fig. 1B).
Our data with WB assays confirmed these results. As expected,

strong band of 45 kDa was observed when rTcCRT-immune sera
ere incubated with rTcCRT on nitrocellulose membranes, as seen

n Fig. 1C, lane 4 [a representative result comparable to that
bserved between the parasite protein and the E2G7 mAb (Fig. 1C,
ane 1)]. Additionally, immune sera also recognized a band of equiv-
lent molecular weight in rHuCRT sensitized membranes (Fig. 1D,
ane 4). A similar reaction was observed with a commercial mAb
gainst HuCRT (Fig. 1D, lane 2). Such bands were not detected by
re-immune sera (Fig. 1C and D, lanes 3) or by pre-immune and
ontrol sera (Fig. 1C and D, lanes 5 and 6, respectively). It is appar-
nt that both, the human and parasite recombinant molecules,
re relatively susceptible to proteolysis. It is also evident that
he monoclonal and polyclonal antibodies used recognize differ-
nt electrophoretic patterns, as a consequence of their intrinsic
pecificities. These results indicate that immunization with T. cruzi
RT generates specific anti-rTcCRT antibodies that cross-react with
ammalian recombinant CRT.

.2. Anti-TcCRT antibodies react with murine cardiomyocytes in
itro

We observed that neonatal and adult cardiomyocytes, obtained
rom A/J mice, were recognized by isogenic murine rTcCRT-immune

era by indirect immunofluorescence (IIF), as shown in Fig. 2A and
, respectively. This recognition is consistent with the fact that a
5–50 kDa band is recognized by the same anti-sera in cardiomy-
cyte extracts (data not shown). A pre-immune serum showed very
ow unspecific reactivity with neonatal and adult cells (Fig. 2C and

4

m
r

tical analyses were performed with two-way ANOVA. Sera reactivity with rTcCRT,
rTcCRT (C) and rHuCRT (D) were incubated with pre-immune (lane 3) and immune
culated (lane 6) sera from a control mouse. Lane 1: E2G7 mAb; lane 2, anti-human

, respectively), while the anti-rTcCRT mAb, anti-mouse CRT mAb,
nd anti-mAChR M2 IgG also reacted with both cell types (data
ot shown). No specific reaction was detected when the primary
ntibody was omitted (Fig. 2E and F). These results suggest that
olyclonal antibodies against parasite CRT, obtained from rTcCRT-

mmunized mice, cross-react and bind putatively to native mouse
RT on cardiomyocytes.

.3. TcCRT immunization induces heart histological alterations

We then investigated whether rTcCRT immunization induces
utoimmune lesions of myocardial tissue. Mice were sacrificed
0 days after the last booster immunization with rTcCRT or
BS (as controls). Fig. 3 is representative of 15 heart sections
rom each of 6 immunized and 7 control mice analyzed. Mild

ononuclear perivascular and interstitial heart infiltrate foci were
bserved only in rTcCRT-treated mice (Fig. 3A), while no infil-
rates were detected in the hearts of control animals (Fig. 3B).
n addition, muscular degenerative changes, such as eosinophilia
nd fiber fragmentation, were apparent only in rTcCRT-immunized
nimals (Table 1).

T. cruzi CRT immunization induced the migration of inflamma-
ory CD3+ T cells to the cardiac tissue (Fig. 4A), as compared to
ontrol animals (Fig. 4B). Our results suggest that rTcCRT immu-
ization leads to autoimmune lesions and structural damage of the
eart, which is accompanied by infiltration of the myocardial tissue
ith CD3+ T cells.
. Discussion

Several lines of evidence indicate that, as occurs in autoim-
une diseases, parasite infections induce cross-reacting immune

esponses against host CRT, with subsequent damages to the host
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ig. 2. Murine anti-rTcCRT antibodies react with neonatal and adult mouse card
mmunofluorescence, neonatal and adult cardiomyocytes were incubated with ser
re-immune serum from the same animal ((C and D) respectively). Neonatal and adu
ITC-conjugated anti-mouse IgG was used as secondary antibody. Reactive myocyte

Eggleton and Llewellyn, 1999). We have previously demonstrated
hat T. cruzi, the parasite causing Chagas’ disease, expresses TcCRT,
hich is immunogenic in humans, rabbits and mice (Ferreira et al.,
004a). Our results strongly suggest a role for TcCRT in the autoim-
une pathology of Chagas’ disease. Thus, mice immunized with the

arasite molecule generate cross-reactive antibodies against mam-
alian CRT, which correlates with histological alterations of the

eart tissue.

p
t
a
c
m

cytes. Cells were obtained from normal A/J mice, as described in Section 2. For
m an rTcCRT-immunized isogenic mouse ((A and B) respectively), as well as with

ls were also incubated in the absence of primary antibodies ((E and F) respectively).
ows) were visualized under a light microscope.

While the autoimmune contribution to the pathogenesis of
hagas’ disease is still a matter of controversy (as reviewed by
ierszenbaum, 2005), a growing body of evidence suggests that

arasite-mediated molecular mimicry, bystander activation or epi-
ope spreading, essentially contributes to tissue damage (Leon
nd Engman, 2001). It is generally accepted that a persistent and
hronic inflammatory process caused by autoimmune responses
ay result in chronic chagasic cardiomyopathy leading to heart fail-
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Fig. 3. The cardiac tissue from rTcCRT-immunized mice is histologically abnormal. Representative heart sections from an immunized (A) and a control (B) mouse, obtained
50 days after the 5th doses of rTcCRT or PBS inoculation, respectively, are shown. Results represent 15 histological sections from each of 6 immunized and 7 control mice.
Arrows indicate mononuclear perivascular and interstitial heart infiltrate foci. Magnification, ×200.

Table 1
Histopathological analysis of the cardiac muscle of rTcCRT-immunized and control A/J mice.

Group Cross-reactivity with rHuCRT Degenerative changes Inflammationa

Eosinophilia Fragmentation Lymphocytes Macrophagesb

Immunized (n = 10) 10 + + + +
Control (n = 8) ND − − − −
N
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ns/he
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D: not detected.
a Scores for histological alterations were determined as described in Section 2: no
b Results were derived from mean values of five different mf/section, three sectio

re. The inflammatory environment (necessary for the stimulation
nd expansion of autoreactive cells), and the presence of antibodies
irected against cardiac proteins, such as calreticulin, is seen to be a
re-requisite for the development of the terminal phase of Chagas’
isease (Cunha-Neto et al., 2006).

For this study, the A/J murine strain, susceptible to experimen-
al autoimmunity, was chosen. This strain develops myocarditis in
esponse to coxsackievirus infection or immunization with cardiac
yosin in Freund’s adjuvant (Leon and Engman, 2001). This strain

lso develops strong parasite-specific immunity and autoimmunity
ollowing T. cruzi infection (Leon and Engman, 2001). We found
hat immunization of A/J mice with TcCRT in Freund’s adjuvant
nduced specific humoral immunity (Fig. 1). In addition, the anti-

cCRT polyclonal antibodies generated also reacted with human
RT (Fig. 1).

These results are in agreement with earlier reports showing
hat mice immunized with parasite proteins develop cross-reactive

c
a
g
t

ig. 4. CD3+ cell infiltrates are present in the cardiac tissue of rTcCRT-immunized A/J mic
A) and a control (B) mouse, and processed for immunohistochemistry and stained with a
as used as secondary antibody. Slices were analyzed with a 600× objective. The arrows
(−), mild (+).
art, and six to seven mice/determination.

ntibodies against host proteins. For example, immunization with a
arasite ribosomal P protein elicits antibodies that cross-react with
ost M2 muscarinic receptor (Mahler et al., 2004), host ribosomal
rotein (Lopez Bergami et al., 1997) and �1 adrenergic receptor
Lopez Bergami et al., 2001). Moreover, immunization of mice with
ruzipain induces antibodies reactive to mouse cardiac and skeletal
uscle myosin, which was associated with heart conduction abnor-
alities (Giordanengo et al., 2000a), inflammatory infiltrates, and

ther histological changes in skeletal muscle of immunized animals
Giordanengo et al., 2000b).

In the present study, in addition to the observed reactivity
etween polyclonal anti-TcCRT antibodies and putative CRT derived
rom a cardiac cell extract, we demonstrated that primary cultured

ardiomyocytes, isolated from normal neonatal and adult A/J mice,
re recognized by anti-TcCRT polyclonal antibodies (Fig. 2), sug-
esting that self cardiac proteins, most likely CRT, are detected by
hese antibodies.

e. Representative paraffin-embedded heart sections, obtained from an immunized
nti-human CD3 antibody (diluted at 1/75), are shown. Biotinylated anti-rabbit IgG
indicate CD3+ mononuclear cells.
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IgG2a, the main isotype involved in the production of autoan-
ibodies in the chronic phase of T. cruzi experimental infection
Spinella et al., 1992), can lead to complement fixation, inflam-

ation and subsequent pathology (Giordanengo et al., 2000a).
mmunization with TcCRT elicits specific IgG1 and IgG2a isotypes
Ribeiro et al., submitted). Examination of cardiac tissues from
TcCRT-immunized mice revealed the presence of mild mononu-
lear interstitial infiltrates (Fig. 3), including CD3+ cells (Fig. 4).
dditionally, muscular degenerative changes, such as eosinophilia
nd fiber fragmentation, were also observed in the hearts of
mmunized animals (Table 1). Therefore, our results are consis-
ent with a pathogenic role of the immune response to TcCRT. This
mmune response may promote tissue damage, with release of
arasite and self antigens. Induction of cross-reactive responses
gainst self antigens may then occur, thus generating a self-
erpetuating pathogenic cycle, with subsequent chronic damage to
he host.

In synthesis, we present here the first demonstration that
mmunization with recombinant T. cruzi calreticulin can induce
utoimmune pathology of the heart by induction of autoim-
une humoral and cellular responses similar to those observed

n advanced stages of human Chagas’ disease.
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