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Summary

 

BALB/c mice immunized with recombinant 

 

Trypanosoma cruzi

 

 ribosomal
P2bbbb

 

 protein (TcP2bbbb

 

) develop a strong and specific antibody response against
its 13 residue-long C-terminal epitope (peptide R13: EEEDDDMGFGLFD)
that has a concomitant bbbb

 

1-adrenergic stimulating activity. However, other
animals that undergo similar immunizations seem tolerant to this epitope. To
evaluate further the antibody response against the ribosomal P proteins, 25
BALB/c and 25 Swiss mice were immunized with TcP2bbbb

 

. From the 50 animals,
31 developed a positive anti-R13 response, whereas 19 were non-responsive.
From the 31 anti-R13 positive mice, 25 had anti-R13 antibodies that recog-
nized the discontinuous motif ExDDxGF, and their presence correlated with
the recording of supraventricular tachycardia. The other six had anti-R13
antibodies but with a normal electrocardiographic recording. These anti-R13
antibodies recognized the motif DDxGF shared by mammals and 

 

T. cruzi

 

 and
proved to be a true anti-P autoantibody because they were similar to those
elicited in Swiss, but not in BALB/c mice, by immunization with the C-termi-
nal portion of the mouse ribosomal P protein. Our results show that the rec-
ognition of the glutamic acid in position 3 of peptide R13 defines the ability of
anti-R13 antibodies to react with the motif AESDE of the second extracellular
loop of the bbbb

 

1-adrenergic receptor, setting the molecular basis for their patho-
genic bbbb

 

1 adrenoceptor stimulating activity.
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b
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Introduction

 

Circulating antibodies with agonist-like properties on car-
diac membrane receptors have been reported to exist in
chronic Chagas’ heart disease (cChHD), the most frequent
and severe consequence of the chronic infection by the
haemoflagellate parasite 

 

Trypanosoma cruzi

 

 [1–4]. Our stud-
ies on the nature of these antibodies enabled us to propose
that these autoreactive specificities were, in fact, antibodies
directed against intracellular parasite antigens such as the 

 

T.
cruzi

 

 ribosomal P proteins, with the ability to cross-react and
stimulate cardiac receptors [5–7]. This assumption was
proved in mice immunized with 

 

T. cruzi

 

 recombinant ribo-
somal P2

 

b

 

 protein (TcP2

 

b

 

) that developed a strong and spe-
cific antibody response against its 13 residue-long C-
terminal epitope (peptide R13: EEEDDDMGFGLFD, R13

 

+

 

mice) [8,9]. The elicited anti-R13 antibodies had a concom-

itant 

 

b

 

1-adrenergic stimulating activity, whose appearance
correlated strictly with the recording of supraventricular
tachycardia and premature death. Fine epitope mapping
using alanine mutation scanning allowed the identification
within peptide R13 of a discontinuous motif ExDDxGF tar-
geted by the pathogenic anti-P antibodies. This motif mim-
ics the ESDE acidic amino acid sequence present in the
second extracellular loop of the 

 

b

 

1-adrenergic receptor, and
sets the molecular basis for the anti-

 

b

 

1 receptor activity of
the antibodies reactive to R13 [8].

In the same experiment, half the mice that displayed anti-
bodies against the immunizing antigen TcP2

 

b

 

, but were neg-
ative for R13, lived to the end of the experiment without
developing any cardiac symptoms. A probable explanation
for the lack of R13 reactivity is its similarity with its
mammalian counterpart, peptide H13 (EESDDDMGF-
GLFD) [8].
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In order to evaluate the antibody response against the C-
terminal end of TcP2

 

b

 

 protein, we monitored the results of
immunizing a large cohort of mice with either TcP2

 

b

 

 or a
mammalian ribosomal P protein. Surprisingly, in addition to
the R13

 

+

 

 and R13

 

–

 

 mice, we detected immunized animals
that had antibodies reactive to R13, albeit with no functional
activity. The analysis of this particular reactive pattern
showed that the mentioned anti-R13 antibodies were, in fact,
true anti-P autoantibodies directed against self ribosomal P
proteins. Comparison of the P auto-epitope with the epitope
recognized by anti-R13 antibodies with adrenoceptor stim-
ulating properties confirmed the importance of the third E
residue of peptide R13 in the generation of the cardioreactive
anti-R13 response.

 

Materials and methods

 

Cloning, expression and purification of recombinant 
proteins

 

A cDNA encoding the 28 amino acids long C-terminal end of

 

Mus musculus

 

 ribosomal P protein (MmP0) was isolated by
screening a 

 

l

 

gt11 mouse cDNA library with sera from a P
positive SLE patient. This cDNA was amplified by poly-
merase chain reaction (PCR) using oligonucleotide S1
(GAGCACGTCAGGATCCGCGGAAT) and S2 (GCGAC
CGAAGCTTAGCTGGAATTC) and cloned into pMal-c2
(New England Biolabs, Cambridge, MA, USA) and pGex-1lT
(Pharmacia Biotech, Uppsala, Sweden) vectors in the
Bam

 

HI

 

-Hin

 

dIII

 

 sites. The TcP2

 

b

 

 gene was cloned into pMal-
c2 and pGex-1

 

l

 

T vectors in the Eco

 

RI

 

 site. Production and
purification of the maltose binding protein (MBP) and
gluthatione-S-transferase (GST) fusion proteins, MBP-
MmP0, GST-MmP0, MBP-TcP2

 

b

 

 and GST-TcP2

 

b

 

 were per-
formed as indicated by the manufacturers.

 

Synthetic peptides

 

Peptides were prepared by solid-phase method of Merrifield
as described by Müller 

 

et al

 

. [10] with a semi-automatic
multi-synthesizer NPS 4000 (Neosystem, Strasbourg,
France). Peptide R13 (EEEDDDMGFGLFD) was derived
from the 13 carboxyl-terminal amino acids of TcP2

 

b

 

, while
C10 (DDDMGFGLFD) was derived from a consensus
sequence in the ribosomal P protein family [11]. Peptide
H13 (EESDDDMGFGLFD) was derived from the mamma-
lian ribosomal P proteins [12] and H26R (HWWRAESDE-
ARRCYNDPKCCDFVTNR) corresponds to amino acids
197–222 of the human 

 

b

 

1-adrenergic receptor [13]. Peptide
TMVP (AEAALUKMALMKV), from tobacco mosaic virus
coat protein, was used as a negative control in enzyme-linked
immunosorbent assay (ELISA). Peptides were coupled at a
molar ratio of 1 : 30 to bovine serum albumin (BSA) (Sigma,
St Louis, MO, USA) with 0·05% glutaraldehyde as described
[10].

 

Immunization schedule

 

Twenty-five Swiss and BALB/c (H-2

 

d

 

) mice, aged 6–8 weeks,
were immunized intraperitoneally with five doses (days 1,
14, 28, 42 and 56) of purified MBP-TcP2

 

b

 

 or MBP-MmP0
(50 

 

m

 

g/mouse) plus incomplete Freund’s adjuvant (IFA)
(Sigma). A similar protocol was used for sex- and age-
matched control groups receiving MBP plus IFA or IFA
alone. Mice were bled on days 0 (bleed 1), 26 (bleed 2), 52
(bleed 3) and 66 (bleed 4).

 

Antibodies

 

The IgG fraction was prepared by diluting the sera 1 : 5 in
phosphate-buffered saline (PBS), pH 7·4, and further pre-
cipitation with 40% (NH

 

4

 

)

 

2

 

SO

 

4

 

. The precipitate was redis-
solved in PBS at 1 : 1.

 

ELISA determinations

 

ELISA assays were performed as described by Mesri 

 

et al

 

.
[14]. Briefly, polystyrene immunoplates were coated with
2 

 

m

 

m

 

 BSA-conjugated peptides or with 2 

 

m

 

g/ml of GST
recombinant proteins in 0·05 

 

M

 

 bicarbonate–carbonate
buffer (pH 9·6). BSA or GST were used as controls. Titration
of the sera was performed as described previously [8]. In
inhibition experiments, diluted sera were first incubated for
2 h at 37

 

∞

 

C with increasing amounts of peptides and the
decrease in reactivity was expressed as percentage of inhibi-
tion. Cut-off values corresponded to the mean plus 2 s.d. of
the reactivity measured in mice immunized with MBP. The
ratio R13/H13 was calculated as the rate of the ELISA mea-
surements obtained for peptides R13 and H13.

 

Electrocardiographic records (ECG)

 

Electrocardiograms were performed as reported previously
[8]. Records were taken on 12 days after the last antigen inoc-
ulation. ECGs were obtained with the six standard leads (I,
II, III, AVR, AVL, AVF) at 50 mm/s of paper speed and a
20 mm/mV amplitude using a Fukuda-Denshi Fx-2111 elec-
trocardiograph (Tokyo, Japan). Electrocardiographic analy-
sis included measurements of heart rate, P wave duration
and amplitude, ventricular depolarization (QRS) complex
duration and amplitude, P–R interval duration and a search
for disturbances of rhythm, conduction and repolarization.

 

Functional assay on neonatal rat cardiomyocytes

 

Spontaneously beating cultured neonatal rat cardiomyocytes
were used to assess the functional effects of IgG fractions
from immunized mice. Single cells were dissociated from the
minced heart of Wistar rats with a trypsin–collagenase solu-
tion. Myocytes were cultured for 4 days at 37

 

∞

 

C in a 5% CO

 

2

 

atmosphere as monolayers in Dulbecco’s minimum essential
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medium (DMEM)/F-12 (Life Technologies, Gaithersburg,
MD, USA) containing 5% calf serum. The baseline-beating
rate, measured in 10 different fields at 37

 

∞

 

C on the heated
stage of an inverted microscope, was 120 

 

±

 

 19 beats per
minute (b.p.m.). Measurements were repeated 1 h after
exposure to IgG fractions at a 1 : 50 dilution and after sub-
sequent addition of 1 

 

m

 

M

 

 of atropine, bisoprolol or propra-
nolol, or 60 

 

m

 

M

 

 of R13 or H26R peptides.

 

Epitope mapping and alanine mutation scanning

 

The fine epitope mapping of the C-terminal region of TcP2

 

b

 

(R13) was performed with the SPOTs

 

®

 

 kit (Sigma-Genosys,
St. Louis, MO, USA). Two sets of 14 peptides representing
the R13 sequence and its 13 alanine-replacement analogues
were synthesized by the supplier. The interactive residues
were defined by incubation with diluted sera for 2 h at room
temperature followed by 1 h incubation with peroxidase-
conjugated anti-mouse IgG (Sigma) and revealed by the
ECL technique (Amersham Bioscience, Piscataway, NJ,
USA).

 

Statistical analysis

 

Statistical analyses were performed by paired Student’s 

 

t

 

-test
or Wilcoxon’s rank sum test (Fig. 2). The level for statistical
significance for all tests was set at 

 

P

 

 

 

<

 

 0·05.

 

Results

 

Antibody response induced by immunization with 
recombinant TcP2bbbb

 

 protein

 

Previous results indicated that immunization with TcP2

 

b

 

induced, in all mice, antibodies against TcP2

 

b

 

 but only half
of the mice developed an antibody response against the C-
terminal end of the protein [8]. To evaluate the antibody
response to the C-terminal R13 epitope, we immunized 25
BALB/c and 25 Swiss mice with the MBP-TcP2

 

b

 

 recombi-
nant protein, as described in Materials and methods.

To outline a reactive profile of each animals, antibody lev-
els against recombinant TcP2

 

b

 

 and synthetic peptide R13
(representing the TcP2

 

b

 

 C-terminal region), H13 (repre-
senting the C-terminal region of the mammalian P proteins)
and C10 (representing the sequence shared by TcP2

 

b

 

 and
mammalian P protein) were measured. Immunizations gen-
erated three reactive phenotypes, all positive for TcP2

 

b

 

 but
differing in their reactivity to R13, H13 and C10. A first
group, group A in Fig. 1, included mice positive for peptides
R13, H13 and negative for C10 (Chagas’-like phenotype, also
depicted as R13

 

+

 

/C10

 

–

 

); a second group, named B in Fig. 1,
negative for all peptides (non-responsive phenotype, or R13

 

–

 

/C10

 

–

 

) and a third group, C in Fig. 1, with a similar positive
response to all three peptides (autoimmune phenotype, also
named R13

 

+

 

/C10

 

+

 

). Both Swiss and BALB/c mice elicited a
similar response against the parasite ribosomal protein
reaching median titres of 12 800 as measured using GST-
TcP2

 

b

 

 as reactive reagent (Table 1). Mice immunized with
MBP alone or IFA failed to react with GST-TcP2

 

b

 

 (data not
shown). Fourteen of 25 Swiss (56%), and 11 of 25 BALB/c
mice (44%) developed a R13

 

+

 

/C10

 

–

 

 profile characterized by
high anti-R13 antibody levels, with antibody titres ranging
between 800 and 6400, low anti-H13 antibody titres and no
detectable binding to peptide C10, a reactive pattern that
revealed the induction in these mice of the anti-P antibody
characteristic of cChHD (Table 1 and Fig. 1a). Peptides C10
and H13 failed to inhibit the anti-R13 reactivity, confirming
direct ELISA measurements (data not shown).

On the other hand, 32% of the Swiss mice and 44% of the
BALB/c were non-responsive to R13, giving an R13

 

–

 

/C10

 

–

 

reactive profile (Table 1 and Fig. 1b). To our surprise, 12% of
both Swiss and BALB/c mice were R13

 

+

 

/C10

 

+

 

 (Table 1 and
Fig. 1c), a profile reminiscent of the autoimmune anti-P
antibody specificity that is generated in the course of
human systemic lupus erythematosus (SLE), or developed
spontaneously in autoimmune 

 

lpr

 

 mice [15]. This finding was
confirmed by the fact that the anti-R13 reactivity of these sera
was abolished by C10, H13 and R13 to a similar extent, signi-
fying that in this case, the minimal epitope was encompassed

 

Fig. 1.

 

Reactivity to TcP2

 

b

 

 and C-terminal peptides in sera from mice immunized with MBP-TcP2

 

b

 

. Sera (1 : 200 dilution) from BALB/c (B sera) and 

Swiss (S sera) mice immunized with MBP-TcP2

 

b

 

 were assayed against the recombinant protein GST-TcP2

 

b

 

 (white bars) and against peptides R13 

(black bars), H13 (hatched bars) and C10 (grey bars). The optical density reading at 405 nm is shown. (a) Mice positive for TcP2

 

b

 

, R13 and H13 and 

negative for C10 (Chagas’-like phenotype); (b) mice positive for TcP2

 

b

 

 and negative for R13, H13 and C10 (non-responsive phenotype) and (c) mice 

positive for TcP2

 

b

 

, R13, H13 and C10 (autoimmune phenotype).
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within the peptide that represents the sequence common to
both parasite and mammalian proteins (data not shown).

Functional properties of anti-TcP2bbbb antibodies

Because the immunization with TcP2b induced supraven-
tricular tachycardia in mice that developed a response
against R13, we decided to screen all R13 positive mice for
alterations of the cardiac rhythm. The characteristics of the
normal ECG for BALB/c and Swiss mice did not differ sig-
nificantly and were similar to those described previously
(Fig. 4d) [8]. From all 31 BALB/c and Swiss mice presenting
anti-R13 antibodies, only 25 presented a significant increase
in heart rate. These mice belonged to the R13+/C10– pheno-
type (Fig. 2b). On the contrary, mice that had anti-R13 anti-
bodies but normal ECGs, presented a R13+/C10+ phenotype
(Fig. 2d). To discriminate further between both groups, we
compared the functional activity of the corresponding IgG
fractions on spontaneously beating neonatal rat cardiomyo-

cytes. The chronotropic effect of the IgGs is shown in
Fig. 2(a and c). IgGs from mice with the R13+/C10– pheno-
type had a marked positive chronotropic effect (Fig. 2a),
whereas IgGs from R13+/C10+ mice failed to modify the
baseline beating rate (Fig. 2c). Clearly, the recording of nor-
mal ECGs in R13+ mice was linked to the recognition of pep-
tide C10, the reactive feature of anti-R13 specificities devoid
of an adrenergic-stimulating activity. Moreover, it is impor-
tant to note that mice with phenotype R13–/C10– presented a
normal ECG (data not shown).

The onset of the anti-R13 antibody response

Shifts in anti-P antibody specificity during the time-course of
experimental T. cruzi infections have been proposed as an
explanation to the changing profile of anti-cardiac receptor
activities of total IgG fractions from chronically infected mice
[5,16]. In consequence, it seemed relevant to determine the
time-course of the induction of each of the anti-R13+ reactive

Table 1. Median antibody titre against TcP2b and P protein C-terminal peptides

n (%) TcP2b
R13

EEEDDDMGFGLFD

H13

EESDDDMGFGLFD

C10 

DDDMGFGLFD

BALB/c

Chagas’-likea 11 (44%) 12 800 1600 400 0

Non-responsiveb 11 (44%) 12 800 0 0 0

Autoimmunec 3 (12%) 12 800 6400 6400 6400

Swiss

Chagas’-like 14 (56%) 12 800 1600 400 0

Non-responsive 8 (32%) 12 800 0 0 0

Autoimmune 3 (12%) 12 800 6400 6400 6400

aMice with an R13+/C10- profile. bMice with an R13–/C10– profile. cMice with an R13+/C10+ profile.

Fig. 2. Functional effect of anti-P antibodies from 

BALB/c mice immunized with TcP2b. Chronotropic 

effect on neonatal rat cardiomyocytes of IgGs from 

mice displaying R13+/C10– (a) or R13+/C10+ (c) pro-

file. The effect of the antibodies was also assessed in 

the presence of the muscarinic acethylcholine antag-

onist atropine, b-adrenergic antagonist bisoprolol or 

after preincubation with H26R or R13 peptides. Mean 

and s.e. from 10 observations are given. Results show 

the increase in beats per minute with respect to the 

baseline beating rate from two representative serum 

samples from each group. Representative electrocar-

diograms from mice displaying R13+/C10– (b) or 

R13+/C10+ profile (d).
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patterns during immunization. In Fig. 3 we plotted the anti-
body levels against peptides C10, H13 and R13 measured in
blood samples obtained after each boost. The ratio R13/H13
was calculated as a useful parameter to detect changes of the
reacting profile. Anti-TcP2b antibodies were detected early
on the second bleeding, whereas antibodies against the C-
terminal peptides that allowed discrimination of different
reactive patterns were detected from the third bleed onwards
(data not shown). The ratio R13/H13 was above 3 for all mice
displaying the R13+/C10– phenotype (4·22 ± 0·84). In con-
trast, the R13/H13 ratio for R13+/C10+ mice in all cases was
very close to 1 (mean: 1·05 ± 0·11). Remarkably, the intrinsic
R13/H13 ratio of each mouse remained constant for each
time-point, as shown in Fig. 3.

Eliciting an autoimmune response

To gain insight into the nature of the R13+/C10+ reactive pat-
tern, we tried to induce a fully autoimmune response against
the C-terminal epitope of the mouse ribosomal P protein,
although previous reports indicated that immunization with
P autoantigens was not an appropriate stimulus to generate
autoanti-P responses [15]. To this end a cDNA encoding the
peptide EFPAAPAKAEAKEESEESDEDMGFGLFD repre-
senting the C-terminal end of the ribosomal P0 protein of
Mus musculus (MmP0) was cloned into the expression vec-
tors pMal and pGex.

Thereafter, 25 BALB/c and 25 Swiss mice were immunized
with MBP-MmP0 and sera were collected to assess the
induction of specific antibodies by ELISA. Twenty of 25
(80%) Swiss mice immunized with MmP0 reacted strongly
with GST-MmP0 with median antibody titre of 51 200,
whereas only six of 25 (24%) BALB/c mice reacted with GST-
MmP0, albeit weakly (Fig. 4a). Sera from BALB/c mice
immunized with MmP0 failed to develop antibodies against
the C-terminal peptides (Fig. 4), confirming results by
Hines et al. [13]. However, the 19 sera from Swiss mice
immunized with MmP0 that developed anti-MmP0 anti-

bodies reacted with the self C-terminal ribosomal P protein
epitope represented by peptide H13, with median titre of
3200. These sera also reacted strongly against peptides R13
and C10 and presented a R13/H13 ratio of 0·98 ± 0·09
(Fig. 4b, C10+ pattern). Competitive ELISA confirmed these
results as peptides C10, H13 and R13 abolished the anti-H13
reactivity to a similar extent (data not shown). This reactive
profile resembles the R13+/C10+ pattern induced by

Fig. 4. Reactivity to the MmP0 and C-terminal peptides in sera from mice immunized with MBP-MmP0. Sera (1 : 200 dilution) from BALB/c (a) and 

Swiss (b) mice immunized with MBP-MmP0 were assayed against the recombinant protein GST-MmP0 and against peptides R13, H13 and C10. The 

optical density reading at 405 nm is shown. Results from Swiss mice were grouped on profiles C10+ and R13–. (c) Representative electrocardiogram 

from mice immunized with MmP0 displaying C10+ profile. (d) Electrocardiogram from normal BALB/c mouse.
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immunization with TcP2b (Fig. 1c). As in mice immunized
with TcP2b with the R13+/C10+ phenotype, MmP0 R13+/
C10+ mice showed a normal ECG (Fig. 4c) and the corre-
sponding IgG fractions did not exert any functional effect on
cardiomyocytes (data not shown). It is worth noting that the
response elicited in Swiss mice is comparable to the autoanti-
P response described for MRL/lpr mice [15] and anti-P pos-
itive SLE patients [17].

IgG isotypes of the anti-P response

The isotype involved in the antibody response against GST-
TcP2b and GST-MmP0 in both BALB/c and Swiss mice
immunized with MBP-TcP2b and MBP-MmP0 was mainly
of the IgG1 isotype, and to a lesser extent IgG2a and IgG2b
(data not shown). The response against R13 in mice immu-
nized with TcP2b displaying an R13+/C10- phenotype was
also IgG1, IgG2a and IgG2b. Remarkably, BALB/c and Swiss
mice with a C10+ phenotype following immunization either
with MmP0 or TcP2b displayed antibodies to R13, H13 and
C10 exclusively of the IgG1 isotype (data not shown).

Fine epitope mapping of anti-TcP2bbbb and anti-MmP0 
antibodies

To identify the amino acids that define the epitopes recog-
nized by R13+/C10+ and R13+/C10– antibodies, we per-
formed alanine scanning mutagenesis (ASM) of peptide R13
using IgGs from immunized mice. In agreement with ELISA
measurements, similar ASM patterns were obtained for C10+

antibodies regardless of the antigen used in the immuniza-
tion protocol (MmP0 or TcP2b, Fig. 5). Amino acids essen-
tial for recognition by C10+ antibodies were the two Asp
residues at positions 5 and 6, the Gly at position 8 and the
contiguous Phe, resulting in the antigenic motif DDxGF
(Fig. 5). The epitope recognized by sera from mice immu-

nized with TcP2b that developed an R13+/C10– profile, and
carry IgG that exert a functional effect on heart cells, is ExD-
DxGF (Fig. 5).

Discussion

In human and experimental chronic infections with T. cruzi,
the antibodies against the ribosomal P2b protein are char-
acterized by their marked preference for the C-terminal par-
asite peptide R13, and their weak reactivity towards the C-
terminal end of the mammalian ribosomal P protein, H13.
This is the hallmark of Chagas’ disease, and recent estimates
indicate that more than 80% of infected individuals contain
different levels of these antibodies, differentially character-
ized in serum samples by R13/H13 ratios above 3 [18,19].
The prevalence of this antibody response in immunizations
with recombinant TcP2b is clearly not the same as in infec-
tions [18,19].

In expanding the number of animals immunized with
recombinant TcP2b protein, we observed that although all
mice developed a strong response to this protein, three dif-
ferent patterns of reactivity against its C-terminal end were
evident. Two of them have been previously reported. First,
the non-responsive profile (R13–/C10–) characterized by a
strong reactivity to the TcP2b protein, no reactivity to its C-
terminal end, and IgG that caused no increase in beating fre-
quency of neonatal rat cardiomyocytes [16]. Second, the
recognition of peptide R13 linked to the recording of
supraventricular tachicardia, represented by mice with the
R13+/C10– pattern, or Chagas’ disease profile with R13/H13
ratio above 3 (Fig. 1). Most interestingly, a novel reactive
profile was characterized, R13+/C10+, that did not associate
with the recording of electrocardiographic abnormalities,
and was characterized by a R13/H13 ratio around 1 (Figs 1,
2 and 3). In accordance, purified IgG from R13+/C10+ mice
did not have functional activity on neonatal rat cardiomio-
cytes. Alanine scanning showed that the antigenic motif of
the R13 peptide recognized by these IgGs was DDxGF
(Fig. 5). Comparison with the motif recognized by the R13+/
C10– mice, ExDDxGF, shows that functional activity of anti-
bodies and abnormal ECG recordings associate with the rec-
ognition of the third E residue of R13. This generates an
antibody specificity that is able to recognize the AESDE
sequence of the second extracellular loop of the b1 adrener-
gic receptor, motif ExDE, exerting a functional effect on car-
diomiocytes that is reflected in the ECG recordings (Fig. 2).

It has been suggested that maturation of the immune
response during Chagas’ disease could bring about changes
in the affinity of antibodies [5,16]. However, it is evident that
no mouse presented a mixed pattern of R13 recognition,
indicating that there was no shift in antibody specificity dur-
ing the immunization period (Fig. 3). In this regard, the
R13/H13 ratio was a useful parameter during the follow-up
of the immunization (Fig. 3, bottom line). These results sug-
gest that the two different anti-R13 antibody responses

Fig. 5. Alanine scanning mutagenesis patterns of anti-P antibodies.The 

indicated amino acids of R13 were replaced by Ala and the reactivity of 

the mutated peptides was assayed using polyclonal C10+ or R13+ sera 

from mice immunized with TcP2b or MmP0. Amino acids involved in 

antibody binding are in capital letters.

R13+/C10– (TcP2b)

R13–/C10+ (TcP2b)

R13–/C10+ (MmP0)

R13

eeEdDDmGFglfd

eeedDDmGFglfd

eeedDDmGFglfd
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evolved independently from each other, and were fixed very
early during the immunization protocol. Although we do not
know how the immune system of each animal selected their
type of anti-R13 response, it is seems clear that once either
R13+/C10– or R13+/C10– was opted, the other anti-R13
response was excluded.

Remarkably, immunization with MmP0 that contains a
sequence identical to the one present in the second extracel-
lular loop of the b1 adrenergic receptor, namely EESEES-
DED (seven residues apart from the C-terminal D residue),
did not induce functionally cardioactive antibodies. On the
contrary, the anti-MmP0 response produced an autoim-
mune R13+/C10+ reactive profile (Fig. 4) confirming, on the
other hand, that the R13+/C10+ profile induced in 12% of
animals immunized with TcP2b is clearly due to autoimmu-
nity. The fact that MmP0 did not induce a response in
BALB/c mice was as expected, because induction of anti-P
autoantibodies by immunization with autologous ribo-
somes or purified protein has been unsuccessful [14]. Nota-
bly, in BALB/c, immunization with only TcP2b protein was
able to induce anti-P autoantibodies, and in a similar pro-
portion to that in Swiss mice. None the less, only the out-
bred Swiss strain broke tolerance by immunization with the
self-protein. Comparison of the reactivity and functional
properties of these antibodies with those elicited in autoim-
mune diseases such as SLE revealed striking similarities.
Indeed, the epitope of SLE auto anti-P antibodies is located
within the 10 C-terminal residues common to the three
human P proteins [20,21] region in which the DDxGF motif
recognized by IgG of MmP0 and TcP2b -R13+/C10+ animals
was found.

It remains to be explained why Swiss mice, when immu-
nized with an autologous P protein, produced true anti-P
autoantibodies while BALB/c mice did not. This may be
related to the ability of each strain of mice to generate Th1-
or Th2- responses [22–24]. For instance, BALB/c mice have
the H-2d haplotype and are considered typical Th2 respond-
ers, whereas Swiss mice are random-bred and different Th
responses are possible [22–24].

In conclusion, we have shown that the immune response
against the T. cruzi ribosomal P protein in the absence of par-
asites is variable, including the possibility to generate true
anti-P autoantibodies, hence preventing the production of
pathogenic anti-R13 antibodies. Remarkably, in natural and
experimental infections only the pathogenic response char-
acterized by R13/H13 ratios above 3 is measured in serum
samples [16,18,19].
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