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The Xid mutation predominantly affects the development of B cells and consequently the
levels and composition of natural antibodies in sera. In contrast to the congenic and suscep-
tible BALB/c strain, immunodeficient BALB.Xid mice display a resistant phenotype both to
acute Trypanosoma cruzi infection and to the development of severe cardiopathy. Because
natural antibodies are known to be basically self-antigen driven, IgM and IgG natural anti-
body repertoires (NAR) were compared before and during infection in these two strains. The
analysis revealed fundamental alterations of IgM and IgG NAR in pre- and post-infected Xid
mice. In particular, relatively increased natural (pre-existing) autoreactive IgG, dominated by
the unique recognition of a single band in autologous heart extracts, was typical for unin-
fected Xid mice. This natural autoreactive IgG directed to heart antigens disappeared early
after infection not only in Xid, but also in individual BALB/c mice that survived the acute
infection. Conversely, the subgroup of BALB/c mice that died early after infection presented
the most pronounced instances of the rapid, relative increase of IgM reactivies to self and
non-self proteins. These results suggest that self-reactive NAR may play a role in an immu-
noregulatory mechanism relevant for the determination of susceptibility/resistance to infec-
tions. This may act either by influencing specific responses, or by modulating the self-
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aggressive components responsible for pathology.
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1 Introduction

Chagas’ disease, caused by the parasitic protozoan Try-
panosoma cruzi evolves through a chronic pathology of
heart and digestive tract muscle, with intense lympho-
cyte infiltration and consequent heart failure or mega-
syndromes [1]. T. cruzi infection induces an intense poly-
clonal activation of all lymphocyte classes, with hyper-
gammaglobulinemia and general immunosuppression of
responses towards unrelated antigens [2, 3]. Several
reports suggest that chronic-phase pathology results
from autoimmune mechanisms, which in turn may be
triggered by the polyclonal lymphocyte activation char-
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acteristic of acute infection [1, 2, 4, 5], although a direct
causality has, as yet, not been established [6, 7]. Molec-
ular mimicry of various host molecules by parasite anti-
gens has been shown [8, 9]. Nevertheless, such a puta-
tive relationship of acute infection to chronic autoimmu-
nity could also result from the disruption of regulatory
mechanisms and/or general alterations of repertoire
expression, rather than from the activation of single
autoreactive clones [10].

In contrast to most mouse strains that die of the acute T.
cruzi infection, BALB.Xid (Xid, X-linked immunodeficient)
mice survive infection, present a limited polyclonal lym-
phocyte activation and enter a life-long chronic phase
with reduced tissue cardiopathy [11]. We have previously
shown that the natural resistance of Xid mice to T. cruzi
infection could be due, at least in part, to an elevated
production of IFN-y, caused by a relative deficiency in IL-
10 [12]. Indeed, the central role of IFN-y in the control of
infection was supported by the reestablishement of sus-
ceptibility of Xid mice by in vivo treatment with anti-IFN-y
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antibodies, and by natural (adoptive fostering) or experi-
mentally (antibody treatment) induced deletion of IFN-vy-
producing Vp6-bearing T cells [12, 13]. High levels of
IFN-y observed in resistant Xid mice may also result from
alterations in the levels of microbial colonization consec-
utive to their immunodeficiency. In fact, Xid mice carry a
point mutation in the pleckstrin homology domain of the
Bruton’s tyrosine kinase (Btk) gene [14], resulting in
severe B cell defects such as a reduced level of conven-
tional B2 cells (IgM*IgD*CD5"), absence of B-1 cells
(IgM*IgD"°CD5"), low levels of IgM and 1gG3 immuno-
globulins, signaling defects in response to BCR stimula-
tion and CD38 as well as very poor responses to T cell-
independent antigens [15-19]. B-1 cells have been
shown to play an essential role in establishing the fetal
and adult natural antibody repertoires (NAR), and to con-
tribute importantly to the production of self-reactive nat-
ural antibodies (NAb) [20, 21]. It is of interest that this cell
subpopulation (absent in Xid mice) is preferentially
expanded during T. cruzi infection in susceptible mouse
strains [22].

The association of the Xid immunodeficiency with resis-
tance to T. cruzi infection may seem paradoxical, but it
has also been recorded in Leishmania major, Staphylo-
coccus aureus, and MAIDS virus infections [23-25].
Regardless of the primary alterations leading to the
resistance of Xid mice, but given the important role of
self-reactive NAb in infections [26, 27], putative devia-
tions in NAR in Xid mice could also be associated to their
unusual resistance to these infections. An unequal iso-
type distribution of specific and nonspecific antibodies
appearing after T. cruzi infection of wild-type and Xid
mice has been described [11, 28]. We addressed the
above hypothesis by comparing the relative contribution
of NAR components to each class of immunoglobulins in
naive and T. cruzi-infected Xid and BALB/c wild-type
(BA) mice, using a Western blot technique that allows the
semiquantitative scoring of serum reactivities towards a
very large panel of extracts of autologous (self) or heter-
ologous antigens [29-34]. Serum IgM and IgG reactivi-
ties were assayed on extracts of syngeneic tissues, bac-
teria and T. cruzi, after standardizing the total IgM and
IgG concentrations of all sera to 10 ug/ml for IgM and
100 ug/ml for IgG. In this way, we generally scored
serum reactivities in relation to the total pool of anti-
bodies of the same class of immunoglobulins in the indi-
vidual serum.
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2 Results

2.1 Xid and BA mice markedly differ in their
natural (auto) antibody repertoire

Analysis of serum reactivities from uninfected, unmanip-
ulated mice, on antigenic extracts of syngeneic heart
and liver, E. coli and T. cruzi showed that Xid and BA
mice markedly differ in their NAR (Fig. 1). In terms of
absolute concentration, serum from uninfected BA and
Xid mice contains comparable levels of IgG, in contrast
to drastically reduced IgM observed in Xid (Fig. 2 and
[11, 28]). It is worth noting that to assess IgM repertoires,
sera from individual BA mice required greater dilution
than sera from Xid individuals. Despite this, when serum
samples were tested at the same IgM concentration,
most IgM reactivities score higher for BA than for Xid
sera, in both self and heterologous antigens (Fig. 1A.).
This indicates that, regardless of the lower IgM serum
concentrations, Xid sera embodied IgM repertoires that
are relatively less reactive to conventional antigens.
Thus, when tested on autoantigens (heart and liver), Xid
serum IgM lacks entire sets of reactivities that are well
represented in BA serum IgM, demonstrating that the Xid
NAR is severely defective in physiological autoreactivity.
Interestingly, lower reactivity was similarly scored in Xid
IgM towards T. cruzi antigens that are abundantly recog-
nized by BA NAb. When the scores obtained from the
sectorized densitometry towards all antigens were sub-
mitted to multivariate analysis (principal component
analysis, PCA), these differences appear very clearly, the
first resulting principal component readily segregating
individual BA and Xid mouse strains into non-
overlapping areas of the two-dimensional space defined
by the first two PCA factors (Fig. 1B).

A similar study of serum IgG NAb of uninfected animals
under the same conditions as above revealed another
important difference between the two mouse strains.
Thus, while natural IgG reactivities to heterologous anti-
gens (E. coli and T. cruzi, Fig. 1C) are comparable in
specificity and intensity between BA and Xid, the latter
express a richer IgG repertoire towards self, particularly
heart, antigens that is reciprocal to their IgM repertoire
(Fig. 1A). The scoring of abundant serum IgG autoreac-
tivities of Xid in general is exceptional when compared to
all other mouse strains analyzed thus far (i.e. C57BL/6,
BALB/c, DBA/2, Ipr/ipr; personal unpublished observa-
tions and [29-36)).

These results show distinct anti-self NAR of BA and Xid
mutant mice. On one hand, Xid IgM natural antibody
reactivities are generally reduced in contrast to those of
the Xid 1gG; on the other hand, IgG NAR of Xid is pre-
served to heterologous antigens, but is clearly more
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Fig. 1. Densitometric profiles and principal components calculated from uninfected BA and Xid serum IgM and IgG reactivities to
self and non-self extracts. Sera from uninfected mice were tested for IgM or IgG reactivities (after IgM and IgG concentration
adjustments to 10 ug/ml and 100 ug/ml, respectively) on blots of autologous liver and heart, as well as on blots of T. cruzi and E.
coli extracts. Average immunoreactivity profiles of five BA and five Xid mice on each extract are shown for IgM (A) and for IgG (C).
(A) For heart, differences between BA and Xid IgM reactivities (p=0.01 for section 26, corresponding to the position 620 on the
migration scale). (C) The most pronounced differences between BA and Xid IgG reactivities are shown by arrows in heart and liver
protein profiles (p<<0.001 for section 26, corresponding to the position 620 on the migration scale). Sectorized intensities of IgM
reactivities scored on all four extracts analyzed were submitted to PCA. Scores of the resulting first two principal components of
the individual BA and Xid mice are shown in a two-dimensional plot (B). Sectorized intensities of IgG reactivities scored on heart
and liver, as well as T. cruzi and E. coli, respectively, were submitted to PCA. Scores of the resulting first two principal compo-
nents of the individual BA and Xid mice are shown in two-dimensional plots for self (D) and foreign (E) antigens. BA and Xid mice
are represented in red or blue lines and squares, respectively.
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Fig. 2. BA and Xid total serum IgM and IgG concentrations and reactivities to self and non-self extracts before and throughout
the T. cruzi infection. Total serum IgM (A, linear scale) and IgG (B, logarithmic scale) concentrations were tested by ELISA and are
plotted as a time course. Total IgM (C) and IgG (D) immunoreactivities to autologous heart, T. cruzi and E. coli extracts were cal-
culated in sera from BA mice dying (thick lines) or surviving (thin lines) the T. cruzi infection and Xid mice (dashed lines), by scor-
ing the mean normalized absorbance over the entire migration scale and are plotted as a time course. Means and SD for each
group are shown for every time point throughout the T. cruzi infection.

autoreactive than that of the non-mutant strain. Interest-
ingly, the enhanced Xid IgG NAb autoreactivity does not
correspond to a nonspecific reinforcement of the entire
’normal’ repertoire, but is rather selectively directed to a
limited set of autoantigens.

2.2 Susceptibility or resistance to T. cruzi
infection correlates reciprocally with IgM and
IgG reactive repertoires throughout infection

Considering that Btk mutation leads to a defect of B1
cells, a major source of IL-10 in vivo, we investigated
whether macrophage effector functions were altered in
resistant Xid immunodeficient mice. Since IL-10 is a
potent down-regulator of IFN-y-mediated and macro-
phage microbicidal activity, we considered the possibility
that Xid resistance to infection relies on naturally
increased macrophage activity. However, we were able
to indirectly exclude this hypothesis by analyzing the
state of specific cell activation using the macrophage-
induced H,O, release on stimulation by phorbol myrist-
ate acetate. Peritoneal cells obtained from resistant Xid

or from susceptible BA mice did not differ significantly
before or after infection in their ability to produce H,0,
(Table 1). In fact, it seemed that, after infection, suscepti-
ble BA mice present higher increases in macrophage
activity following infection than Xid mice when compared
to uninfected controls. Previous experiments have
shown that macrophages obtained from both Xid and BA
mice exhibit similar low levels of secretion of NO, as
measured by NO; accumulation in cell supernatants
(<1 nM/10° cells/ml for both uninfected groups, not
shown). These results suggest that the state of macro-
phage activation in uninfected Xid and BA mice could
not be per se responsible for the differences in suscepti-
bility observed in both models.

We then analyzed alterations in IgM and IgG serum con-
centrations as well as reactivity patterns in response to T.
cruzi infection. The dynamics of the total serum concen-
trations of IgM and IgG showed that susceptibility or
resistance to T. cruzi infection correlates reciprocally with
IgM and IgG reactive repertoires throughout infection
(Fig. 2). Absolute IgM concentrations, initially much
higher in BA mice, rose slightly in parallel in BA and Xid
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Table 1. Levels of macrophage activation in Xid and BA
mice

Mice Infection® H,O, release
(nmol x 10° cells)
BA - <0.01
+ 1.4+0.25
Xid - 0.6+0.07
+ 1.18+0.18

a) Groups of four mice were infected with 10* parasite
forms and macrophage activation was quantified at day
15 of infection and compared to uninfected individuals.
Results are arithmetic means + SD.

animals after infection, without evident differences in the
kinetics. However, BA mice that died early in acute infec-
tion displayed the highest and most rapid increase of
IgM up to day 10 (Fig. 2A). Total serum IgG levels in both
strains were initially comparable, in spite of known differ-
ences in IgG isotype distribution (Fig. 2B, [11]). BA mice
that died shortly after infection typically initiated an early
(before day 10) increase in their serum IgG levels similar
to that observed for the IgM. Interestingly, the IgG levels
of two atypical BA mice that survived our observation
period of 35 days underwent minor changes, while those
of Xid mice transiently decreased. Later on in infection,
the surviving individuals of both strains displayed a simi-
lar tenfold amplification of total IgG serum levels.
Although IgG levels in Xid mice equally increased, their
levels of IgG remained significantly lower throughout
infection.

The comparison of relative IgM and IgG reactivities in BA
and Xid mice to syngeneic heart, T. cruzi and E. coli
extracts throughout the T. cruzi infection, keeping con-
stant the Ig concentrations in the immunoblot assay,
confirmed that the development of reactivities was
clearly different between BA and Xid strains (Fig. 2C, D).
As already mentioned, uninfected BA mice had a richer
IgM NAR than uninfected Xid mice. What was surprising,
however, was the consistent association of distinct, early
repertoire modifications following T. cruzi infection with
individual susceptibility to the disease within the BA
group of mice. In this representative experiment, three
typical mice out of five in the BA group that died early
after infection presented a clear and relatively higher IgM
reactivity to all three (autologous and heterologous)
extracts at day 10, parallel to their more pronounced
absolute increase in IgM concentration. However, in
‘atypical’ BA mice that survived acute infection this anti-
body pool increased slowly during the first 2 weeks of
infection, reaching a level comparable to that observed
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in the IgM NAb reactivities of resistant Xid mice by
day 10. In Xid mice themselves, which initially presented
poor IgM NAR, a slow but significant increase in this pool
was seen throughout infection (Fig. 2C).

Interestingly, the relative reactivity of IgG NAR poolsto T.
cruzi extracts was not significantly different between BA
and Xid mice during parasite infection (Fig. 2D, middle
panel). In contrast, dying and surviving mice could be
distinguished by their relative reactivities to both heart
and E. coli extracts during infection. Thus, both Xid and
the ‘atypical’ BA mice that survived infection with T. cruzi
exhibited an early, transient decrease in these IgG reac-
tivities up to day 10 of infection. This early relative
decrease of autoreactive (but not T. cruzi-specific) IgG
coincided in Xid with the absolute decrease in total
serum IgG (see Fig. 2B), to which it apparently overpro-
portionally contributed. Thereafter, IgG reactivities of
‘survivors’ and resistant mice increase almost in parallel
with those of the susceptible BA mice. The latter show
no significant decrease in their IgG reactivities at any
point in the infection.

2.3 Down-modulated dominant pre-existing
heart-specific NAb readily distinguish
individuals genetically resistant and
susceptible to T. cruzi infection

As indicated above, the Xid IgG NAR before infection is
characterized by a dominant autoreactivity to a certain
heart protein (corresponding to a specific molecular
mass, see Fig. 1B) hardly recognized in BA mice
(0<<0.001, according to Student’s t-test). Furthermore,
there is an initial general reduction in the extent of heart
autoreactivity after T. cruzi infection (Fig. 2D). This appar-
ent decrease in autoreactive IgG can also be represented
in terms of this dominant specificity scored towards the
heart extract. This band, shown in Fig. 3A, dominated
the IgG reactivity pattern of uninfected Xid mice (position
620 on the migration scale, Fig. 1C, arrowed). Quantita-
tively, this IgG reactivity in Xid mice continuously
decreased until day 20 after infection (Fig. 3C). The over-
all increase in IgM autoreactivity is also reflected in the
scores of this section. IgM reactivity scored in this same
section was already significantly higher in uninfected BA
than in uninfected Xid mice (Fig. 3B, p=0.01). Until
day 10 following infection, the increase of IgM reactivity
observed in all mice was dissimilar within the BA group,
which was especially conspicuous and rapid in the
typical susceptible BA mice. These findings showed
that the down-modulation of dominant pre-existing
heart-specific IgG NAb can readily distinguish individu-
als genetically resistant or susceptible to T. cruzi infec-
tion.
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Fig. 3. IgM and IgG reactivity towards a specific band on heart extract before and throughout the T. cruzi infection. IgG reactivity
to autologous heart extract in sera from uninfected BA and Xid mice on immunoblot is shown (A); mean BA (left ) and Xid 1gG pro-
files (right ) are depicted in the sides of the blot. Serum IgM (B) and IgG (C) reactivities at different time points throughout the T.
cruzi infection were scored as average standardized absorbance in a specific section defined on the migration scale (see position
620 in Fig. 1A and C). Reactivities are plotted as mean and SD inside each group. BA mice, dying (thick lines) or surviving (thin

lines) the T. cruzi infection and Xid mice (dashed lines) are shown.

2.4 BA and Xid mice show dissimilar IgM and
lgG repertoire structures following T. cruzi
infection

Our data indicated that the natural pre-existing or early
post-infection modifications of IgM/IgG NAR have typi-
cal structures that are possibly related to the disease
manifestation, and thus may be of prognostic signifi-
cance in Chagas’ disease. Thus, we further performed
multivariate statistical analysis attempting to get a repre-
sentation of these complex IgM and IgG repertoire pat-
terns to determine whether they are dissimilar in BA and
Xid following T. cruzi infection. Quantitations of all sec-
tion immunoreactivities throughout infection were sub-
mitted to PCA, as for the uninfected sera. The following
results represent the changes in intrinsic structures of
NAR binding patterns of all sera as a result of T. cruzi
infection. The dynamics for the repertoires throughout
infection are shown in Fig. 4 as mean trajectories repre-
senting groups of mice, in a two-dimensional display of
the first two principal components calculated from all
IgM or IgG reactivities scored in the sections previously
defined for each extract, respectively. The different time
points in each group were connected as trajectories indi-
cating the days before (1) or throughout infection (2-5).
All these representations, except for the IgG repertoire to

E. coli, (Fig. 4B, bottom) demonstrate clear differences
between BA and Xid mice. A parallel evolution of reper-
toire structures, maintaining pre-existing differences dur-
ing the course of infection, is the major characteristic of
the first two PCA factors representing IgM and IgG bind-
ing profiles to heart extract, with an initial convergence in
the IgG repertoire due to decreasing reactivity in the Xid
mice (Fig. 4A, B, top panels). Furthermore, the two sub-
groups of the BA mice, those that survive and those that
succumb to infection, can also be discriminated by the
trajectories of the IgM reactivity to the heart. The reper-
toire structure of the survivors changed much less dra-
matically (Fig. 4A, top). The representations of IgM and
IgG binding patterns to T. cruzi (middle panels of Fig. 4A,
B, respectively) are both characterized by a continuously
diverging repertoire structures in the two congenic
strains, with relatively little pre-existing differences
between BA and Xid mice. This divergence in IgM and
IgG repertoires began relatively late, from about day 10
after infection. Typical and atypical BA mice were, how-
ever, indistinguishable.

Perhaps the most interesting is the representation of IgM
binding to E. coli extract (Fig. 4A, bottom), which served
to further emphasize the distinction between these sub-
groups of BA mice. A more rapid shift in the vertical com-
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Fig. 4. PCA analysis on surviving and dying BA and Xid serum IgM and IgG reactivities before and throughout the T. cruzi infec-
tion. Serum IgM (A) and IgG (B) reactivities scored on immunoblots towards self heart, T. cruzi and E. coli extracts (in all sections
defined on the migration scale) were submitted to separate PCA calculations for every extract and isotype. The two-dimensional
plots show average scores and SD of the respective two first principal components for dying (red lines) and surviving (green lines)
BA, and Xid mice (blue lines), at different time points throughout the infection. The data representing different time points of the
three groups of mice were connected to trajectories. Time points (days after infection) are shown as numbers inserted into the
trajectories (day 0=1, day 3=2, day 10=3, day 20=4, and day 35=5).

ponent (factor 2) can be seen in the repertoire structures
of typical susceptible BA mice, which diverges from the
mean trajectory for survivors. This analysis further
accentuated the distinction of both subgroups from Xid
mice, the survivors represented by a trajectory between
those for the typically susceptible BA and the resistant
Xid.

3 Discussion

Here we present evidence that the Btk mutation that
defines Xid results in profound deviations in NAR, and
show a differential evolution of serum antibody reper-
toires in susceptible BALB/c and relatively resistant
BALB.Xid mice following T. cruzi infection. Furthermore,
our results suggest that the serum antibody response, as
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well as resistance and survival to parasite infection may
correlate with the pre-existing NAb pool. Per se, these
observations open new possibilities for the analysis and
prognosis of infectious processes and call attention
to the importance of the class regulation of B cell
responses.

Following experimental T. cruzi infection a high propor-
tion of individuals of conventional mouse strains die early
in the acute phase (in this study BALB/c), contrasting
with the benign course of primary human infection. Sur-
viving mice enter a chronic phase, and develop a charac-
teristic inflammatory process suggested to have auto-
immune component [2-4, 6-9]. In most mouse strains,
parasite infection induces an extensive polyclonal lym-
phocyte activation, with a predominantly nonspecific
immune response and increased levels of antibodies dis-
playing NAb features [37]. As previously described, Xid
mice control parasitemia, do not develop the character-
istic wasting observed in the susceptible strains, mount
limited polyclonal lymphocyte responses, and display
reduced or absent tissue pathology on skeletal or car-
diac muscles [11,12].

In our study, uninfected BA mice not only contained
higher serum concentrations of IgM than Xid, but also
displayed a relatively more reactive IgM repertoire than
Xid animals, to both self (heart, liver) and non-self (E. coli,
T. cruzi) antigens. Absolute serum IgM concentration and
relative IgM reactivity to all examined extracts rose early
after infection, coincidentally reaching highest levels in
those typical BA mice that were individually more sus-
ceptible and died in the acute phase of infection. In con-
trast, all uninfected Xid mice presented an increased rel-
ative IgG reactivity to self tissues. This characteristic was
particularly evident for autologous heart, where the reac-
tivity pattern was dominated by the strong recognition of
a specific protein band. Furthermore, on the basis of the
IgG NAR it was possible to differentiate, within appar-
ently identical susceptible isogenic mice, those that
would resist infection and those that would not. In Xid
and ‘atypical’ surviving BA mice, self-reactive, as well as
some E. coli-reactive IgG were evidently decreased early
after infection. Strikingly, a down-modulation of self-
reactive IgG during infection of Xid mice occurred in par-
allel with, and apparently overproportionally contributed
to, an absolute decrease of total serum IgG, a parameter
that remained constant in ‘atypical’ BA mice. This con-
trasted with its increase observed in typical susceptible
BA mice during the same period. Likewise, an overpro-
portional and similarly extensive decrease in the domi-
nant anti-heart IgG antibodies in Xid mice was observed
following infection. Both of these phenomena were asso-
ciated with a reciprocal behavior of IgM that apparently
recognized the same antigen. This was consistent with
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the total tissue-reactive IgM, which showed a most pro-
nounced increase in most susceptible individuals. For
both IgM and IgG, the statistical analysis of intrinsic rep-
ertoire structures by PCA confirmed these characteris-
tics. In summary, after infection with T. cruzi, IgM and I1gG
mouse repertoire reactions were reciprocal between
strains and also within individual BA mice: pre-existing
and initially decreased natural IgG to specific and mainly
self antigens was associated with a lower IgM reaction to
all examined tissues and disease resistance. Conversely,
high levels and rapid rise of reactive IgM was associated
with little pre-existing natural IgG and no decrease, and
more susceptibility to disease.

This observed progression of repertoire structure in-
cludes two new characteristics. First, both the differen-
tial antibody response and disease resistance of Xid
appear to be associated with pre-existing NAR and thus
not only to a reduced ability of Btk-mutant B cells to
respond to T cell-independent activators [14-19]. These
have been suggested to mediate the parasite-induced
polyclonal activation [2, 4, 28], something that is equally
reduced in Xid mice [11, 12]. Second, this is in agree-
ment with our observation that several characteristics of
the Xid response were to some extent shared by ‘atypi-
cal’ BA mice that were individually more resistant to
T. cruzi infection than the great majority within the BA
group. The combination of these two characteristics
suggests that a mechanism of immunoregulation is
involved and differentially developed in individual BA
mice, but systematically reinforced in Xid mice. This
implies that resistant Xid mice express a distinct set of
IgG NAb. Hypothetically, these antibody specificities
could regulate either the protective responses against
parasite proteins, or a benign chronic disease with low
levels of tissue pathology, as observed in Xid mice. Both
assumptions may be valid, as we have recently found
that sera from uninfected Xid mice contain antibodies
that recognize (and neutralize?) a set of parasite mole-
cules involved in the polyclonal activation that follows T.
cruzi infection in susceptible BA mice [5]. Although sim-
plistic, our preliminary results showed that the transfer of
precipitated serum immunoglobulins from uninfected Xid
mice to BA mice, and most particularly of protein A-
Sepharose-purified IgG antibodies, leads to a control of
acute levels of parasitemia after infective challenge and
to a 50% decrease in mortality scores, as compared to
saline-treated BA controls (not shown). These results are
in agreement with our previous data [12, 13] showing
that a combination of factors, and not exclusively anti-
bodies, are necessary for the control of infection.

However, our present observations raise a number of fur-
ther questions. NAb of the IgM, IgG and IgA isotypes are
present in all normal individuals [38]. In contrast to puri-
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fied IgG, however, the scoring of IgG reactivities in whole
sera is usually poor, specifically inhibited by IgM NAb
and/or other serum proteins [39, 40]. It follows that lower
IgM concentration and/or a skewed IgM NAR structure in
Xid mice could explain the apparent alterations of IgG
NAR. The same line of reasoning could argue that an
equivalent functional “release” of IgG NAR in Xid would
favor a more efficient role in immune responses or in
other regulatory mechanisms, particularly by limiting the
disturbing effect of polyclonal lymphocyte activation. An
additional hypothesis relating NAR and resistance to
infection could invoke the established role of NAb in the
selection of T cell repertoires [20, 21], which in turn could
directly mediate resistance. Thus, we recently described
that, in contrast to susceptible strains, the resistance of
Xid mice is associated with an enhancement of Th-1 type
activities resulting from B-1 cell deficiency, leading to
IFN-y-mediated clearance of the parasites [12, 13]. In
fact, this was the first demonstration that activation of
B lymphocytes, most particularly B-1 cells, could deter-
mine the class of CD4 T cell responses. It is conceivable
that the Btk mutation that has been shown to be directly
responsible for the lack of B-1 cells, and deficits in IgM
NAR and in conventional B cell signaling [14-21], could
influence T cell repertoires, indirectly accounting for the
generation of high levels of self-reactive, but non-
pathological, IgG in naive Xid mice. Analogous alter-
ations could occasionally also occur in congenic BA
mice, due to other mechanisms that rely individually
on different antigenic experience. A difference in the
immune homeostasis, as outlined, could furthermore
explain that the Xid mutation prevents the development
of autoimmunity in lupus prone (NZB x NZW) F1 mice
[41]. Moreover, the differential resistance of Xid mice to
both death in the acute phase and chronic myocarditis
following T. cruzi infection is likely to be controlled by a
co-operative mechanism, particularly because the pres-
ent studies could not associate resistance to any partic-
ular characteristic of the specific antibody response to T
cruzi antigens.

B cells and immunoglobulins are evidently involved in the
pathogenesis of some T cell-mediated autoimmune dis-
eases, such as type | diabetes in NOD mice [42], and in
the colitis of TCRa™ mice [43]. In general terms, “con-
nected and multireactive“ NAb have been suggested to
participate in the maintenance of physiological autoreac-
tivity [26, 27, 44], besides having a role in the early con-
trol of infectious agents [45]. On the other hand, such
antibodies have also been considered as “precursors” of
antibodies associated with pathological autoimmune
reactions [46]. Either aspect of their physiopathology
could finally be involved in the present observations,
which encourage further investigation.
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4 Materials and methods

4.1 Mice and infection

BALB/c were purchased from Charles Rivers (Saint-Aubin-
les-Elbeuf, France) and BALB.Xid were maintained in our
animal facilities; 8-week-old mice were used in all experi-
ments. The CL strain of T. cruzi (clone F11F5) was main-
tained in our laboratory by sequential passage on C3H/HeJ
mice. Experimental mice were inoculated i.p. with 10° try-
pomastigotes/mouse obtained from C3H/Hed peripheral
blood.

4.2 ELISA

Serum samples were collected by retro-orbital punctures on
days 0, 3, 10, 20 and 35 after infection by retro-orbitary
plexus bleeding, and kept at —20°C until use. ELISA were
performed to determine total IgM and IgG concentrations,
as described in detail elsewhere [35, 36]. Unlabeled purified
IgM and IgG antibodies were used in serial dilution as stan-
dards. Sera were appropriately diluted in PBS-0.2% Tween
20 (PBS-T) so that all samples assayed finally contained
10 ug/ml IgM and 100 pug/ml IgG, respectively, when used in
the immunoblot experiments.

4.3 Semiquantitative immunoblot analysis and image
processing

Each extract, at a protein concentration of around 600 ug/
ml, was applied to SDS-PAGE gels in a Mighty Small Il SE
250 electrophoresis apparatus (Hoefer Scientific Instru-
ments), and run at 45 mA until the front dye reached the bot-
tom of the gel. After electrophoresis, the proteins were
transferred to a nitrocellulose membrane (0.2 mm, Schlei-
cher & Schuell) by semidry electrotransfer, for 1 h at 0.8 mA/
cm? using a semidry Electroblotter (Institut Pasteur, Paris).
Following transfer, the membranes were blocked overnight
with PBS-T at room temperature, incubated with the serum
samples diluted in PBS-T for 4 h at room temperature using
the Cassette Miniblot System (Immunetics Inc., Cambridge,
MA), followed by repeated washes in PBS-T. Secondary
alkaline phosphatase conjugated anti-mouse IgM or anti-
mouse IgG antibodies (Southern Biotechnology) diluted in
PBS-T were then added and incubated for 90 min at room
temperature. After washing, immunoreactivities were
revealed with nitroblue-tetrazolium/bromo-chloro-indolyl-
phosphate (NBT/BCIP) substrate (Promega, Madison, WI) in
appropriate buffer (100 mM Tris/HCI pH 9.5, 100 mM NacCl,
5 mM MgCl,). The reaction was stopped after 3-5 min by
rinsing the membrane with distilled water. Quantitation of
immunoreactivities was performed by densitometry in
reflective mode, using a high resolution CCD camera system
(Masterscan; Scanalytics, Billerica, MA). Total blotted pro-
teins were then stained using colloidal gold (Protogold; Bio-
cell, Cardiff, GB) and subjected to a second densitometric
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analysis to score the protein profile. The scanned images
were transformed into one-dimensional traces by the
RFLPscan™ software (Scanalytics). Further data analysis
was performed on a Power Macintosh 7500/100 computer
(Apple Computer Inc.) using the software Igor (Wavemetrics,
Lake Oswego, OR).

4.4 Data sectioning

The two scans for immunoblot and protein staining were
superimposed and profile migration irregularities corrected
to allow the comparison of any serum immunoreactivity by
specially developed macros for this software. Migration dis-
tances (x-axis) and light absorption (y-axis) were finally
expressed as arbitrary units. Sera assayed on different
membranes were normalized in relation to a standard (puri-
fied IgM or IgG), which was repeated in all membranes. The
adjusted profiles were divided into sections for each respec-
tive extract (heart, liver, T. cruzi and E. coli). Section reactivi-
ties were then quantified as the average density within a
respective section between two defined limits (total reactiv-
ity towards an extract was measured as the average density
on the entire migration scale). Each serum can in this man-
ner be represented as a vector with the section reactivities
as co-ordinates, defined in a co-ordinate system (vector
space) of a dimension equal to the number of section reac-
tivities considered. This type of data cannot be illustrated in
a simple manner. For the purpose of graphical representa-
tion, the numerical values obtained from the selected com-
binations of the immunoblots (humber of sections/profile per
extract) were submitted to PCA.

4.5 Principal component analysis

PCA is a classical method of statistical analysis designed to
describe multivariate and particularly correlated data with
high dimensionality through projection on characteristic
subspaces of lower dimensionality (.e. a two-dimensional
plot), simultaneously representing a maximal proportion of
the information included in the data. Particularly, it uses the
characteristic of eigenvectors of the data covariance matrix
to fit the multidimensional data space. Experimental groups
or other settings exert no influence upon this representation
and, therefore, PCA provides a completely neutral method of
representation. Resulting principal components, or PCA fac-
tors, are uncorrelated linear combinations of the underlying
data (i.e. here the section reactivities) and ordered in terms
of the degree of variance (i.e. relative information) they rep-
resent. The first principal component, or factor 1, represents
the one-dimensional fitting vector, which contains the maxi-
mal possible proportion of the total information when data
are projected on it. The 2nd principal component (factor 2) is
the next optimal fitting vector, uncorrelated with the first fac-
tor, and so on. Special procedures for processing data and
calculating PCA were developed for the ’lgor’ software
[29-34]. The theoretical aspects of the multivariate statistics
are found elsewhere [47, 48].
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4.6 Hydrogen peroxide assay

The production of H,O, by peritoneal cells was measured by
the horseradish peroxidase phenol red oxidation method, as
described elsewhere [49]. Conversion of absorbance to nM
H,0, was deducted from a standard curve for H,O,. All
determinations were performed in quadruplicates.
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