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Back to the future in Chagas disease: from animal models to patient
cohort studies, progress in immunopathogenesis research
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Despite the wealth of information generated by trans-disciplinary research in Chagas disease, knowledge about
its multifaceted pathogenesis is still fragmented. Here we review the body of experimental studies in animal models
supporting the concept that persistent infection by Trypanosoma cruzi is crucial for the development of chronic myo-
carditis. Complementing this review, we will make an effort to reconcile seemingly contradictory results concerning
the immune profiles of chronic patients from Argentina and Brazil. Finally, we will review the results of molecular
studies suggesting that parasite-induced inflammation and tissue damage is, at least in part, mediated by the activi-
ties of trans-sialidase, mucin-linked lipid anchors (TLR?2 ligand) and cruzipain (a kinin-releasing cysteine protease).
One hundred years after the discovery of Chagas disease, it is reassuring that basic and clinical research tends to
converge, raising new perspectives for the treatment of chronic Chagas disease.
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Tryanosoma cruzi is a taxon composed of genetically
diversified subpopulations of clonal origin in the order
Kinetoplatida. Operationally referred as 7. cruzi strains or
isolates, these parasites display marked phenotypic vari-
ability, with different multiplication rates, tissue tropisms
and susceptibilities to drug treatment (Zingales et al. 1999,
Macedo et al. 2002). In the late 1970s, Michael Miles and
co-workers described zymodeme differences in parasites
isolated from domestic (Z2) versus sylvatic (Z1/Z3) trans-
mission cycles (Miles et al. 1978). After refinement of zy-
modeme classification (Tibayrenc & Ayala 1987), the us-
age of probes for the 24S alpha RNA ribosomal sequences
(rRNA) and the highly conserved mini-exon gene (Souto
& Zingales 1993, Souto et al. 1996) established that the 7.
cruzi species were derived from two main filogenetic an-
cestral lineages, which diverged 10-40 million years ago
(Briones et al. 1999). Isolates bearing the genotypic mark-
ers corresponding to zymodemes Z1 and Z2, now referred
to as Tcl and Tcll, circulate predominantly in the sylvatic
and domestic cycles, respectively. It was subsequently
found that 7" cruzi Il can be subclassified into five groups,
designated Ila to Ile (Brisse et al. 2000). More recently, a
third ancestor lineage (TcIIl) was also characterised (De
Freitas et al. 2006).

Renewed efforts were made to determine if infection
by the major parasite lineages is associated with partic-
ular clinical forms of Chagas disease. For reasons that
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are still unclear, studies in North and Central America
have linked chronic chagasic myocardiopathy (CARD)
to infection with the Tcl lineage (Afez et al. 2004, Ruiz-
Sanchez et al. 2005) whereas members of the Tcll lin-
eage were associated with heart disease in the Southern
Cone of South America (Solari et al. 2001, Coronado et
al. 2006). In another report, the reactivation of cerebral
forms of Chagas disease in a patient with HIV/AIDS
(Burgos et al. 2005) was associated with 7. cruzi clones
of the Tcllb group, whereas congenital Chagas disease
was linked to infection by Tclld clones (Burgos et al.
2007). More recently, Venegas et al. (2009) investigated
the association between 7. cruzi clones belonging to the
Tcl and Tcll lineages with the severity of cardiac dis-
ease. Using the Z-1Ib (Tcllb) and Z-hybrid (Tclld and
Tclle) probes to characterise the genotypes of 7. cruzi
clones circulating in the peripheral blood of 37 cha-
gasic patients, these workers found remarkably higher
frequencies of Z-11b T cruzi clones in the group of non-
cardiac patients. In contrast, the distribution of sublin-
eage Z-I clones was similar in both groups of patients.
Based on these observations, Venegas et al. (2009) sug-
gested that Z-11b and Z-hybrid 7. cruzi are efficiently
cleared from cardiac tissues by potent immune effector
responses. However, this clearance induces collateral
heart immunopathology, at least in patients that are liv-
ing in the Southern Cone of South America, which also
suggests a relationship with host genetics. It remains to
be determined whether Z-I clones and Z-11b/Z-hybrid
clones are equally competent in invading and thriving
in cardiac tissues, and if so, whether these parasites are
differentially susceptible to immune clearance by func-
tionally distinct sets of T, (Macedo & Pena 1998, An-
drade 1999, Vago et al. 2000). These are major points
that have led researchers to evaluate if the development
of chronic myocardiopathy relates to parasite persist-
ence in heart tissues.
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Tissue parasitism and chronic myocarditis in experi-
mental models

Several decades ago, pathologists were intrigued by
the findings that myocardial specimens from chronic
chagasic patients often displayed diffused inflammatory
infiltrates and evidence of extensive fibrosis in heart
tissues in spite of the fact that pseudocysts were rarely
detected in such specimens (Andrade et al. 1994). In the
mid 1970s, two alternative hypotheses were raised to
account for these seemingly contradictory results. One
school of thought suggested that microvascular lesions
in the chronically infected myocardium might build up
over the years, creating microcirculatory abnormalities
that ultimately induce hypoxia, inflammation and fibro-
sis in susceptible chagasic patients (Rossi 1990, Morris
et al. 1990, Mengel & Rossi 1992). While not excluding
a role for microvascular pathology, some groups con-
tended that 7 cruzi antigens might induce myocardial
tissue damage and fibrosis through the activation of
parasite-specific effector T cells. In contrast, the pro-
ponents of the autoimmunity hypothesis (Ribeiro-dos-
Santos & Hudson 1981, Kierszenbaum 1986, Rizzo et al.
1989) argued that self-reactive (anti-heart) lymphocytes
could account for the diffused inflammation and fibro-
sis observed in patients with severe chronic myocardio-
pathy. Ribeiro-dos-Santos et al. (1992) addressed this
question using an animal model that closely resembled
human CCM: Balb/C mice chronically infected with 7.
cruzi Colombiana. After developing a heterotypic ear
model of syngeneic neonatal heart transplantation, these
investigators demonstrated that adoptively transferred
CD4" T cells originating from chronically infected mice
rejected the transplanted heart. Although the authors
interpreted these findings as an indication that autore-
active CD4" T cells promote chronic myocardiopathy
(Ribeiro-dos-Santos et al. 1992), these conclusions were
subsequently challenged by Tarleton et al. (1994); us-
ing two different experimental models, i.e., CSBL/6 and
C3H mice infected with 7. cruzi strains (Brazil, Y and
Sylvio), these investigators showed that T cell-mediated
rejection of neonatal heart depended on graft invasion
by viable parasites. Although not formally excluding a
secondary role for self-reactive T lymphocytes (Ribeiro-
dos-Santos 2001, Soares et al. 2001, Girones & Fresno
2003, Leon & Engman 2003, Cunha-Neto et al. 2006),
these observations suggested that development of chron-
ic myocardiopathy might result from the collateral tissue
damage and inflammation induced by IFN-y and TNF-
a-producing anti-parasite effector T cells (Zhang & Tar-
leton 1996, Tarleton 2003).

TS antigens provide dominant epitopes for effector
CD8* T cells

Previously identified as surface targets of antibodies
(Affranchino et al. 1989, Duthie et al. 2005), the poly-
morphic trans-sialidase (TS) antigens induce T cell re-
sponses in 7. cruzi-infected or vaccinated mice as well
as in chronic chagasic patients (Kahn & Wleklinsky
1997, Wizel et al. 1997, 1998, Fujimura et al. 2001, Garg
& Tarleton 2002, Tzelepis et al. 2008). In an early study

focusing on class II major histocompatibility complex
(MHC)-restricted CD4" T cell responses to TS antigens,
Kahn and Wlekinski (1997) showed evidence that the
simultaneous expression of individual antigens from
the polymorphic TS family may limit the availability of
processed epitopes from each protein antigen below the
threshold level required to stimulate a protective IFNy
response against the parasite. Years later, this issue was
re-examined in light of indications that class I MHC-
restricted effector CD8" T cells targeting TS antigens are
indispensable for the effective control of intracellular in-
fection in vivo (Garg & Tarleton 2002). Similar to the
response to viruses and other pathogens that replicate
in the host cell cytoplasm, 7. cruzi proteins (amasti-
gotes and trypomastigotes) released in the cytoplasm of
infected host cells must undergo proteolytic processing
by proteasomes before being transported from the cyto-
plasm to the endoplasmic reticulum, where they bind to
MHC-class I molecules en route to the cell surface. In
viral infection, it is well established that the cytotoxic
CDS8" T cells usually kill infected host cells by targeting
a few immunodominant epitopes. Given the far greater
complexity of the eukaryotic 7 cruzi genome (12,000
genes), immunologists initially argued that class | MHC-
restricted epitopes were generated by the intracellular
processing of a large number of parasite antigens. How-
ever, analysis of the TCR specificity of CD8" T cells in
mice and humans suggests that this is not the case: mul-
tiple studies suggest that immune clearance by the CD8"
T cell subset is heavily dependent on recognition of TS
epitopes (Wizel et al. 1997, Tzelepis et al. 2008). Using
a panel of 324 peptides, 156 of which were derived from
1,430 TS genes in the annotated 7. cruzi genome, Martin
et al. (2006) identified 7 H2K®-restricted TS “immuno-
dominant” epitopes that were capable of promptly elicit-
ing IFN-y secretion and served as in vivo targets for cy-
tolytic CD8" T cells. Of note, subdominant specificities
included epitopes from few non-TS proteins (e.g., cruzi-
pain, mucin-associated surface proteins, p-galatosyl-
furanosyl transferase and GP63), all of which able to
generate HK"-restricted epitopes for CD8" T cells. Nota-
bly, these non-TS peptides only elicited IFN-y responses
(ELISPOT) ex vivo in CD8" T cells from 40-60% of
Brazil strain-infected B6 mice; furthermore, their fre-
quencies were 4-20-fold lower as compared to those of
T cells recognising TS epitopes, whether measured in
acutely or chronically infected mice. Also noteworthy,
the non-TS peptides were only capable of eliciting type-1
cytokine secretion after overnight incubation with CD8"
T cells, while the immunodominant TS peptides elicited
secretion of the type 1 cytokine after 5 h of cultivation.
Complementing their study, Martin et al. (2006) used
peptide/K® tetra-mers to compare the magnitude, kinet-
ics and dominance patterns of CD8" T cell responses in
mice infected with the Brazil, Y and CL strains. In mice
infected with the Brazil parasite strain, the kinetics of
the dominant anti-TS-CD8" T cell responses paralleled
those of the tissue parasite load, i.e., it was low at early
stage of infection, peaked at 19-24 days post-infection
and decreased in the post-acute phase. Not surpris-
ingly, the hierarchy of immunodominant TS epitopes
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recognised by effector CD8" T cells was influenced by
parasite strain, suggesting that the efficiency of parasite
clearance in natural infection may vary for different
parasite clones (Martin et al. 2006, Tzelepis et al. 2008).
Although the mechanisms leading to the selection of im-
munodominant TS epitopes are unknown, a comparative
analysis of the TCR repertoire of experienced CD8" T
cell responses in infected mice heterozygous for class
I MHC molecules (Tzelepis et al. 2008) suggested that
immunodominance of TS epitopes is established at the
level of antigen-presenting cells (APCs), most likely due
to interference/competition of TS dominant agonists on
the loading of class | MHC binding by subdominant pep-
tides, thus possibly analogous to mechanisms involved in
the generation of class I MHC-restricted epitopes (Kahn
& Wieklinsky 1997). By focusing effector CD8" T cell
responses on a limited range of dominant TS epitopes,
the immune system can efficiently reduce the massive
parasite burden observed in the acute phase, bringing it
down to levels that are compatible with host survival.
Moreover, considering that naturally infected hosts are
often infected by multiple parasite clones, stochastic
expression of TS antigens by amastigotes and/or trypo-
mastigotes may allow for parasite escape (Scharfstein &
Morrot 1999), hence driving the evolutionary diversifi-
cation of TS family proteins (Martin et al. 2006).
Although the concept of immunodominance provides
a useful framework for investigating the pathogenic role
of subdominant T cell specificities during the post-acute
and chronic stages of the natural infection (discussed
further below), it is not obvious why TS-specific TC]1 fail
to clear the infection in mice experimentally infected by
T. cruzi clones or by parasite strains (less heterogenous
than in natural infection). Grisotto et al. (2001) addressed
this question by examining the phenotype of CD8" T
cells in secondary lymphoid tissues of mice infected in
laboratory settings. Their study revealed that TCR and
CD8 molecules were downregulated in memory CD8*
T cells isolated from the spleen but not in CD8" T cells
isolated from the draining lymph nodes of chronically
infected mice. Notably, splenic CD8" memory (resting)
T cells cultivated with 7. cruzi-infected macrophages
were readily activated (secretion of type 1 cytokines),
suggesting that the down-regulation of TCR (a,) and
CD8 molecules does not hamper their capacity to control
the infection. In a subsequent work, Leavey and Tarleton
(2003) compared the functional status (ex-vivo cytolytic
and IFN-y responses) of effector CD8" T cells isolated
from muscle tissues of mice chronically infected with 7.
cruzi with those retrieved from the spleen. These authors
noted that effector CD8" T cells trafficking through the
muscle tissues were severely impaired, whereas the ef-
fector function of CD8" T cells isolated from the spleen
of the same chronically infected mice was preserved. It
is still unclear how the muscle tissue damage/inflamma-
tion suppresses Tcl function ex vivo in such a selective
way. Since there is no evidence of overt intracellular
parasite outgrowth in the heart of chronically infected
mice, it is possible that effector/memory CD8" T cells
(T,,) recruited to the heart might transiently exert their
cytolytic function. In other words, collateral tissue dam-

age in muscle tissues might be minimised if the activ-
ity of Tel is subjected to tight temporal control. More
recently, studies by Mariano et al. (2008) showed that
regulatory T (CD4*CD25'GITRFoxp3*) cells migrate
into the heart of infected mice. Notably, these authors
showed that treatment with anti-CD25 or anti-GITR
resulted in increased mortality, while only anti-GITR
enhanced tissue parasitism and inflammation, leading
to increased frequencies of intracardiac CD4", CD8&"
and CCRS5" leukocytes as well as upregulated TNF-a
production. Collectively, these studies suggest that T
signalling through GITR may have broad implications
for the pathogenesis of Chagas disease, affecting heart
inflammation, parasite replication and ultimately, host
resistance against the infection.

More recently, Bustamante et al. (2008) investigated
in greater detail how the memory T cell compartment is
affected by 7' cruzi persistence in tissues of chronically
infected mice. Remarkably, they reported that parasite
eradication through aggressive anti-parasite treatment
(with benznidazole) leads to the re-emergence of cen-
tral memory CD8" T cells (T,,,), a functional subset that
possesses a higher protective capacity as compared to
the dominant, but short-lived, CD8" T -like population
of chronically infected mice. Another important infer-
ence derived from the above study was that long-term
host exposure to 7. cruzi does not lead to the exhaustion
of the dominant T cell specificities, at least in the mouse
model. Additional studies are required to determine if
the depressed generation of T, may reflect dysfunc-
tions associated with parasitism of the thymus and/or
secondary lymphoid tissues (De Meis et al. 2008).

Role of CCR5 in the pathogenesis of experimental
infection

Chemokines are small, 8-11-kDa proteins that regu-
late the trafficking of leukocytes by binding to cog-
nate seven transmembrane G protein-coupled receptors
(GPCR) expressed at the surface of a variety of cells,
including endothelial cells and leukocytes (Proudfoot
2002). In the past decade, studies in experimental mod-
els of T cruzi infection have revealed that chemokines
are produced by infected macrophages and by cardio-
myocytes, both in vitro (Villalta et al. 1998, Machado et
al. 2000) and in vivo (Talvani et al. 2000, Aliberti et al.
2001, Petray et al. 2002, Hardison et al. 2006). Studies
on the role of CCRS, the receptor for the chemokines
CCL3 (MIP1-0), CCL4 and CCL5 (RANTES), are of
particular interest in light of human studies showing that
heart disease is attenuated in chagasic patients display-
ing a single point mutation in the CCRS5 promoter, the
association being linked to lower expression levels of
CCRS on their leukocytes (Calzada et al. 2001). Based
on observations made in the C3H/HeJ model of infec-
tion, Marino et al. (2004) reported that CD8" T cells ex-
pressing CCR5 predominated in the heart inflammatory
infiltrates. Interestingly, mice treated with CR1/CCRS5
antagonist (Met-RANTES) displayed increased survival
rates associated with decreased frequencies of intracar-
diac CD4" and CD8" T cells, diminished deposition of fi-
bronectin in heart tissues and attenuated myocarditis. In
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another study, Machado et al. (2005) showed that CCR5
expression on CD8" T cells was positively modulated
by T. cruzi infection. Consistent with this observation,
mRNA and protein for the CCRS5 ligands CCL3, CCL4
and CCLS5 were detected in the hearts of infected mice in
association with CD4" and CD8" T cells. Analysis of the
outcome of acute infection in CCRS5-deficient C57BIl/6
mice showed that T cell migration to the heart was im-
paired, and these mice were susceptible to acute infec-
tion, implying that CCR5 and its ligands play a central
role in the control of T cell influx in this mouse-inbred
strain. Hardison et al. (2006) reported similar findings
in acutely infected CCR5-deficient C57Bl/6 mice, but
these mice were not refractory to chronic inflammation.
In contrast to their results, Medeiros et al. (2009) re-
cently reported that Met-RANTES ameliorated cardiac
damage in mice chronically infected with the Colombi-
an strain. Accordingly, Met-RANTES significantly de-
creased the numbers of intracardiac CD4" T cells, with-
out significantly affecting recruitment of CD8" T and
F4/80" macrophages to the myocardium. In spite of the
discrepant results generated by CCR5-deficient C57Bl/6
mice, the results obtained after pharmacological inter-
vention with Met-RANTES and patient cohort studies
suggest that CCRS may play an important role in chronic
immunopathology.

Functional characterisation of TS-specific CD8* T
cells from chronic chagasic patients

Although the research conducted in experimental
models of Chagas disease strongly suggest that tissue
parasitism is a prerequisite for the development of chron-
ic myocardiopathy, the introduction of more sensitive
techniques for parasite detection in human myocardial
specimens, such as PCR, revealed that tissue parasitism
was underestimated by classical histochemistry (Jones
et al. 1993). The link between parasite persistence in tis-
sues and disease activity was substantiated by studies
showing that chronic patients displaying the CARD dis-
play parasite DNA in the heart, but not in oesophageal
tissues, whereas reciprocally, the patients that exclu-
sively develop gastrointestinal abnormalities showed the
presence of parasite DNA in oesophageal tissues, but not
in the heart (Jones et al. 1993, Vago et al. 1996). The con-
clusions of these studies were further substantiated by
immunohistochemical analysis of chronic myocardium
specimens showing a positive correlation between the
density of mononuclear cell infiltration in the myocar-
dium and presence of local depots of parasite antigens
(Higuchi et al. 1997, Palomino et al. 2000, Benvenuti et
al. 2008). While not excluding the contribution of IFN-
y-producing CD4" T cells and activated macrophages
on the development of chronic myocarditis in humans,
TNF-a- and IFN-y-producing CD8" T cells were iden-
tified as the predominant subset of mononuclear cells
infiltrating the myocardium (Reis et al. 1993, Higuchi
et al. 1997). Due to logistical obstacles, the analysis of
the epitope specificity of intracardiac CD8" T cells from
CARD patients was limited to an isolated study, involv-
ing a small cohort of patients with CARD that bear
the highly prevalent HLA-A0201 allele (Fonseca et al.

2005). According to this study, CD8" T cell lines derived
from the heart tissues of CARD patients recognised two
non-TS proteins, i.e., the FL-160 and cruzipain (Fonseca
et al. 2005). Given the difficulties in obtaining heart tis-
sues from a large number of chagasic patients, immu-
nologists sought to characterise the epitope specificity
of CD8" T cells by analysing the immune profiles of T
cells from the patients’ peripheral blood. Taking advan-
tage of structural information obtained about TS anti-
gens, Laucella et al. (2004) used tetramer staining and
ELISPOT to characterise class I MHC-restricted pep-
tides derived from ASP-1, ASP-2 and TSA-1, in patients
bearing the highly prevalent HLA-A.21 allele. Patients
from non-endemic areas displayed very low frequen-
cies of IFN-y-producing memory CD8" T cells for TS
peptides, although the frequencies of responses to HLA-
A201-restricted influenza peptides in these chagasic pa-
tients were fairly well preserved. As conceded by the au-
thors, it was somewhat disappointing that severe CARD
patients exhibited virtually undetectable responses to
the TS peptides (Laucella et al. 2004). Notably, how-
ever, a markedly different response profile was found in
HLA-A2.1-positive individuals that continued to live in
areas of active transmission of 7. cruzi: these chronic
chagasic patients displayed fairly higher frequencies of
TS-specific CD8" T cell responses as compared to those
of patients from Buenos Aires (Laucella et al. 2004). The
authors believed that these seemingly conflicting data
were an indication that multiple exposures to parasites
might account for the increased frequencies of TS-spe-
cific CD8" T cells observed in patients living in this high
transmission area. Considering that the spectrum of 7.
cruzi genotypes present in patients that have left endemic
areas in the last 11-20 years might be narrower than those
in area of active transmission (which may display more
divergent TS epitopes), it will be useful to know if the 7.
cruzi organisms that are currently circulating in areas of
active transmission may comprise TS sequences that are
more closely related to the raw 7. cruzi genome sequenc-
ing reads that were used to generate their peptide panel.
Given that TS peptides elicited poor responses in
CD8" T cells from the Buenos Aires cohort, addition-
al assays were performed with parasite lysates (amas-
tigotes). Although limited to a small number (n = 9) of
patients, the amastigote lysates induced high-frequency
type 1 responses by CD4" and CD8" T cells (6/9 pa-
tients). Intriguingly, the T cell recall assays performed
with patients with severe cardiac disease showed that
amastigote lysates did not induce a high frequency of
IFN-y-producing T cells. However, there is a potential
caveat in the design of CD8" T cell recall assays per-
formed with PBMCs stimulated by amastigote lysates,
or for that matter, for the recall assays performed with
epimastigote (Epi) extracts (Gomes et al. 2003, Laucel-
la 2004, Souza et al. 2007): since we don’t know how
these soluble parasite Ags are cross-presented to class
I MHC-restricted CD8" T cells, it is possible that quali-
tative/quantitative differences in the APC function of
cells present in peripheral blood might account for the
seemingly discrepant response profiles of CD8" T cells
from indeterminate (IND) versus CARD patients. Al-
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ternatively, amastigotes may express TLRs (Ropert &
Gazzinelli 2007, Medeiros et al. 2007) that preferentially
suppress cytokine signalling in APCs from CARD pa-
tients through the induction of SOCS proteins, a regula-
tory pathway that limits the extent of TLR signalling by
inhibiting type-I IFN signalling (Baetz et al. 2004).

In an effort to circumvent the above-mentioned com-
plications, Albareda et al. (2006) used Brazil-infected
dendritic cells (DCs) to study the maturation and mi-
gratory properties of the memory T cell compartment
of chagasic patients. Their data showed a significant
increase in total T, (CD45RA-CCRT) in subjects with
mild heart disease as compared with uninfected controls.
Furthermore, they found that 7. cruzi-specific memory
CD8" T cells derived from patients with none or mild
heart dysfunctions were enriched in early-differentiated
(CD27°CD28") cells that were more responsive (IFN-y
production) than T cells from patients with more severe
cardiac disease. Based on these findings, these authors
proposed that persistent infection could lead to a gradual
exhaustion of the responsive CD8" T cell population.
Although the results obtained by Albareda et al. (2006)
suggested that there is a more general dysfunction in
the CD8" T memory compartment, the source of T cells
(PBMCs) was depleted of monocytes to ensure that Ag
presentation was strongly dependent on the ex vivo-in-
fected DCs. According to earlier studies by Gomes et
al. (2003), recently extended by Souza et al. (2007), the
cytokine profile of Ag-stimulated T cells from chronic
patients is modulated by inflammatory and anti-inflam-
matory cytokines produced by infected monocytes. No-
tably, IND patients displayed a higher ratio of monocytes
expressing IL-10 than TNF-a (Souza et al. 2007). Al-
though the exposure of monocytes to live 7. cruzi leads
to an increase in the frequency of CD80" monocytes ir-
respective of the clinical stage, monocytes from patients
with the cardiac form display decreased frequencies and
intensities of CD86 expression compared to infected
monocytes from individuals with the indeterminate
clinical form. Conversely, exposure of lymphocytes to
T’ cruzi-infected monocytes led to an increase in surface
expression of CTL4 by T cells from IND, but not CARD,
patients compared to normal control individuals. As will
be discussed, Costa et al. (2009) have recently demon-
strated an association between a functional IL-10 gene
polymorphism (-1082G/A), which leads to lower expres-
sion levels of IL-10, and the worsening of cardiac func-
tion in chronic Chagas disease. Hence, it is conceivable
that IL-10-secreting cells are underrepresented in the
monocyte-depleted populations of PBMCs that Albare-
da et al. (2006) have used to measure memory T cell
responses elicited by Brazil strain-infected DCs. Con-
versely, it is also possible that the depletion of TNF-a-
producing monocytes from the PBMCs of chronic cha-
gasic patients (Buenos Aires cohort) might have reduced
the T cell stimulatory properties of Brazil-infected DCs,
hence accounting for the low responsiveness observed
under these conditions. Although these systemic regu-
latory interactions may not necessarily occur in the in-
fected heart, it is tempting to speculate that chronic heart
pathology is influenced by the balance between TNF-a/

IL-10-producing macrophages and/or IL-10-producing
CD4" FOXP3" regulatory T cells, recently identified in
higher frequencies in IND patients (Araujo et al. 2007).

Although the above studies collectively appoint IL-
10 as a counter-modulator of chronic heart disease, it is
still unclear if the T cell-dependent tissue damage is ul-
timately caused by parasite-specific CD8" T cells and/or
by T,;1 CD4" T cells. Focusing their analysis on the TCR
specificity of CD8" T cells, Alvarez et al. (2008) have re-
cently conducted a large screen of TS peptides that bind
to the six most common HLA supertypes, which cover
one or more HLA allele in 95% of the human population
irrespective of ethnicity. Their results indicated that the
promiscuous TS-binding epitopes for HLA-A02, HLA-
A03 and HLA A24 are the primary targets of memory
CDS8" T cells in chronic chagasic patients. Positive re-
sponses were detected in 13 out of 25 asymptomatic
subjects. This approach suggested that a specific set of
class | MHC-restricted peptides can be used to measure
the frequency and functional activity of 7. cruzi-specific
CD8" T cells in a wide range of chagasic patients (with
different ethnic backgrounds) without having to conduct
HLA typing. As pointed out by the authors, the frequen-
cies of IL-2-secreting, TS-specific CD8" T cells were
markedly reduced in chronically infected patients. Con-
sidering that parasite load is extremely low in chroni-
cally infected individuals, the authors proposed that
long-term parasite persistence may drive the parasite/
TS- specific T cell population towards the IL-2-deficient
mono-functional IFN-y-T cell-responsive profile, thus
impairing the self-renewal capacity. T cell assays per-
formed with amastigote lysates suggested that the fre-
quencies of IL-2-secreting CD4" T cells were likewise
reduced. Longitudinal studies are required to determine
if the IL-12 deficiency might differentially affect the T
regulatory cell compartment (CD4" FOXP3 T..) (Araujo
et al. 2007) of IND and CARD patients.

Cohort studies using Epi-Ag link T, 1 responses to
severity of heart disease

Although the results from cohort studies performed
with chagasic patients in Brazil, Guatemala and Argen-
tina seemed conflicting, some of these discrepancies
may be reconciled by considering the peculiarities of
the experimental design used in different studies. For
example, different sources of parasite antigens were
used to stimulate peripheral blood T cells in vitro, while
the Brazilian group used Epis (Epi, CL strain), the stud-
ies with the Argentinian cohorts involved amastigote
lysates (Brazil strain), TS-derived peptides and 7. cruzi
(Brazil)-infected DCs (Gomes et al. 2003, Laucella et al.
2004, Albareda et al. 2006). Given that Epi (insect stage
developmental form) do not express appreciable levels
of the stage-specific TS antigens (e.g., ASP-1, ASP-2
and TSA-1), we may infer that the epitope specificity of
Epi-stimulated T, 1 cells studied in Minas Gerais (MG)
are exclusively directed against cross-reactive structures
present either in amastigotes/trypomastigotes (Gomes et
al. 2003, Araujo et al. 2007, Souza et al. 2007). Consid-
ering that expression of TS proteins is developmentally
regulated (i.e., these surface antigens are upregulated in
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trypomastigotes and amastigotes, but not in Epis), it is
unlikely that TS specificities significantly contribute to
the pool of CD4" or CD8" T cells activated by Epi lysates
in studies reported by Gomes et al. (2003). Viewed
against this background, the analysis of the T cell im-
mune response profiles of the cohorts from the Brazilian
study (MQG) initially involved PBMCs derived from 131
patients, either grouped as IND (41 patients) or CARD
(70). The recall assays involved Ag stimulation (Epi or
Trypo) ex vivo (1-6 days). Kinetic studies revealed that,
irrespective of the source of Ag stimuli used, [FN-y pro-
duction by CD3*CD4"T cells started at day 3 and peaked
at day 6, while IL-10 production (by monocytes) had an
early onset. Based on the levels of IFN-y production elic-
ited by antigen-stimulated CD4" T cells, it was possible
to categorise the patients in high or low-responsiveness
groups. Notably, high numbers of IFN-y-producing T
cells were found in 83% of CARD patients and 59% of
the IND group. Interestingly, the low IFN-y production
of IND patients was linked to upregulated frequencies
of IL-10-producing monocytes, which were already de-
tectable at earlier stages of the in vitro culture. The ob-
servation that monocytes derived from chronic chagasic
patients showed upregulated secretion of 1L-10, further
validated by the recent work of Souza et al. (2007), sup-
ports the concept that IL-10 might counterbalance T ,1-
induced immunopathology in the hearts of IND patients.
As already mentioned, the severity of cardiac function
abnormalities in Chagas disease (Costa et al. 2009) was
recently linked to the 1082G/A polymorphism of the IL-
10 promoter (Turner et al. 1997a, b), of which the pheno-
type is low IL-10 production. In a recent study, Araujo
et al. (2007) found that patients with the IND form of
the disease display a higher percentage of CD4*CD25"eh
T cells expressing FOXP3 and IL-10 compared to the
CARD form. In other recent study, D’ Avila et al. (2009)
reported an imbalance between IFN-y and IL-10 levels
in the sera of patients with the CARD form. Collective-
ly, these studies suggest that upregulated expression of
IL-10 by IND patients might effectively counterbalance
IFN-y production by Ag-stimulated T cells.

Admittedly, additional studies are required to sub-
stantiate the hypothesis that pathogenic T, 1 clones
might contribute to the development of chronic myocar-
diopathy. As previously documented, the recognition of
cross-reactive Epi antigens by human T cells may likely
include CD4" T and CD8" T cell clones that recognise
subdominant (non-TS related) class Il MHC and class 1
MHC-restricted epitopes from cruzipain (Arnholdt et al.
1993, Morrot et al. 1997, Fonseca et al. 2005), the major
cysteine protease of 7. cruzi (Cazzulo et al. 1997). Ex-
pressed by all developmental forms of 7. cruzi (Scharf-
stein et al. 1986, Murta et al. 1990), cruzipain has an
N-terminal catalytic domain linked to a long and highly
antigenic carboxy-terminal extension (GP25) (Scharf-
stein et al. 1983, 1985). Progress in the structural char-
acterisation of the oligosaccharide chains revealed the
presence of sulphated residues (Barbosa et al. 2005) that
are essential for cruzipain recognition by IgG antibodies
from the serum of chagasic patients (Acosta et al. 2008).
Viewed against this background, it is possible that dif-

ferences in clonal frequencies of B lymphocytes pres-
ent in the peripheral blood of IND and CARD patients
might affect the efficiency of BCR-driven internalisation
and processing of cruzipain epitopes for class II MHC-
restricted CD4" T cells. Admittedly, additional cohort
studies are required to characterise the TCR repertoire
and frequency of CD4* T, 1 and Tcl clones stimulated by
Epi Ags in CARD and IND patients.

Chemokine receptors discriminate T, phenotypes
in chagasic patients

Although conceding that the peripheral blood-de-
rived T cells, which are responsive to Epi-Ag, may not
necessarily reach the myocardium, the demonstration of
intracardiac MCH-class I-restricted, cruzipain-specific
CD8" T cells in CARD patients displaying the HLA.
A0201 allele (Fonseca et al. 2005) implies that T cells
with subdominant (i.e., non-TS) specificities are recruit-
ed to the damaged chagasic heart.

Given that chemokine receptors CXCR3 and CCR5
were previously defined as markers for type-1 inflamma-
tory T cells in the peripheral blood of multiple sclerosis
patients (Misu et al. 2001), Gomes et al. (2005) investi-
gated the percentage of chemokine receptors/cytokines on
CD4" and CDS8" T cells from CARD and IND patients.
The percentages of CD4" and CD8" T cells co-express-
ing CCRS5 and IFN-y, CXCR3 and IFN-y or CXCR3 and
TNF-a were higher in CARD than in IND individuals; on
the other hand, the percentage of CD4" or CD8" T cells
co-expressing CCR3 and IL-10 or co-expressing CCR3
and IL-4 were lower in CARD individuals than in IND in-
dividuals. In addition, a significantly positive correlation
between the expression of CCRS or CXCR3 and IFN-y
was observed in CARD individuals, contrasting with a
significantly positive correlation between the expression
of CCR3 and IL-4 and of CCR3 and IL-10 in IND pa-
tients. These results are consistent with the notion that
excessive type-1 immune responses by CARD patients
might favour development of chronic heart pathology.

The pro-inflammatory role of extracellular T. cruzi

In spite of evidence suggesting that tissue parasitism
is a prerequisite for the development of chronic myocar-
ditis, it is uncertain if parasite pro-inflammatory mol-
ecules play a crucial role in the determination of patho-
genic outcome. During the chronic stage, the release of
intracellular parasites (spontaneous host cell death and/
or resulting from CTL-mediated killing) must be a spo-
radic event, because the heart tissues are only scarcely
parasitised. Once released in interstitial tissues, the ex-
tracellular amastigotes tend to cluster in the proximity of
the primary infection foci. If viable, the amastigotes can
eventually re-infect neighbouring host cells (Ley et al.
1988, Scharfstein & Morrot 1999, Fernandes & Mortara
2004). In contrast, the flagellated trypomastigotes rapid-
ly move away from the primary foci of infection, hence
spreading tissue parasitism. Early studies predicted that
T. cruzi may induce cumulative microvascular lesions in
the heart (Morris et al. 1990, Rossi 1990, Tanowitz et al.
1990), but the molecular mechanisms underlying heart
vasculopathy in 7. cruzi-infected animals remained elu-
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sive for many years. More recently, however, Tanowitz
et al. (2005) presented evidence that myocardial up-reg-
ulation of endothelin-1 may contribute to the pathogen-
esis of Chagas disease. In another interesting finding, it
was recently proposed that 7. cruzi may modulate host-
parasite equilibrium through the production of parasite-
derived thromboxane molecules (Ashton et al. 2007). In
spite of progress made by the above-mentioned groups,
it is still unclear how the parasites induce endothelin-1
and/or produce thromboxane and whether these effects
are critical for the development of chronic myocardio-
pathy. Early efforts to understand the molecular basis
of endothelial cell responses to 7. cruzi focused on the
desialylation, at that time attributed to TS enzymes
(Libby et al. 1986). More recently, however, Dias et al.
(2008) demonstrated that the recombinant (catalytically
inactive) TS bound to endothelial cell-surface molecules
containing endothelial a2,3-linked sialic acid, inducing
NF-xB activation, expression of adhesion molecules and
blocking endothelial cell apoptosis induced by growth
factor deprivation. Noteworthy in this context, TS bind-
ing to endothelial cells may render these cells sensitive to
antibody-mediated cellular cytotoxicity (ADCC), as orig-
inally proposed by Ribeiro-dos-Santos and Hudson (1981).
Although ultrastructural studies performed in acutely in-
fected animals suggested that ADCC may drive chagasic
microangiopathy (Andrade et al. 1994), it remains to be
determined if this mechanism may also account for the
extensive cardiac microcirculatory abnormalities ob-
served in the chronic stage of human infection (Higuchi
et al. 1999, Tanowitz et al. 2005).

Given that the heart microcirculation of chronically
infected animals is not easily accessible to intravital
microscopy, Monteiro et al. (2006) studied the mecha-
nisms linking parasite-induced interstitial oedema to T
cell developmental pathways using the mouse model of
subcutaneous infection (Monteiro et al. 2006, Schmitz
et al. 2009). While activation of the complement system
is classically associated with induction of the adaptive
system, it was only recently recognised that the kinin
proteolytic system is another example of a proteolytic
web that modulates the adaptive branch of cellular im-
munity (Monteiro et al. 2006, 2008, Scharfstein et al.
2007). Classically viewed as vasoactive autacoids, the
nonapeptides bradykinin (BK) and lysyl-bradykinin are
released from a moiety of their parental glycoproteins,
high or low-molecular-weight kininogens, by the action
of tissue or plasma kallikrein. The characterisation of
the major cysteine protease of 7. cruzi as a microbial
kinin-releasing enzyme (“kininogenase”) (Del Nery et
al. 1997) was the starting point of investigations that
appointed a role for the kinin system in the immuno-
pathogenesis of experimental Chagas disease (Monteiro
et al. 2008, Scharfstein et al. 2008). Although soluble ki-
ninogens are not efficiently processed by cruzipain, the
interactions of plasma-borne kininogens with sulphated
glycosaminoglycans displayed at cell surfaces render
the kinin-precursor molecules sensitive to proteolytic
processing by cruzipain (Lima et al. 2002). Once liber-
ated, kinins swiftly bind to the bradykinin B, receptor
(B,R), a GPCR subtype that is constitutively expressed

by a wide range of cell types, including cardiomyocytes,
endothelial cells and DCs (Aliberti et al. 2003, Monteiro
et al. 2006). The long-range signalling activity of the re-
leased kinins is prevented by the action of kinin-degrad-
ing metallopeptidases, such as angiotensin converting
enzyme and neutral endopeptidase. Alternatively, the
kinin peptides released from kininogens are metabolised
by carboxypeptidase M/N, generating the C-terminally
truncated des-Arg-BK ligands of B R, a GPCR that is
upregulated in inflamed/damaged tissues.

Studies performed earlier in this decade revealed
that tissue culture trypomastigotes (TCTs) can invade
a broad range of resting or activated non-phagocytic
cells, respectively via the signalling of B,R (Scharfstein
et al. 2000) or through the signalling of the inducible
B.R pathway (Todorov et al. 2003). Although TCTs are
also able to invade host cells through the signalling of
alternative GPCR specificities (Andrade & Scharfstein,
unpublished observations), it is conceivable that the
parasites may exploit the fact that BR is upregulated
in inflamed/injured tissues to opportunistically invade
heart cells (Todorov et al. 2003). Whether or not it is act-
ing as a parasite virulence factor, it is now well estab-
lished that the proteolytic release of kinins in infected
tissues has a profound impact on the mechanisms that
integrate inflammation and innate/adaptive immunity
(Scharfstein et al. 2007). Support for this concept came
from analysis of the susceptible phenotype of B,R-de-
ficient mice acutely infected (i.p. route) by the Dm28
strain of 7. cruzi (Dm28c) (Monteiro et al. 2008). Based
on previous work (Aliberti et al. 2003, Monteiro et al.
2006), these authors predicted that kinins generated in
infected peripheral and/or secondary lymphoid tissues
might have acted as T, 1-directing natural adjuvants,
thereby coordinating the generation of immunoprotec-
tive T cells. Indeed, analysis of the cytokine profiles of
anti-parasite T cell responses in the spleen and heart tis-
sues revealed that B,R-deficient C57BI/6 mice failed to
generate high frequencies of immunoprotective IFN-y-
producing CD4* T and CD8" effector T cells. Surpris-
ingly, the Ag-specific CD4" T cells from susceptible
B,R” mice secreted high levels of IL-17 (Monteiro et
al. 2008). Analysis of the in vitro interaction of Dm28
TCTs with conventional CD11" DCs (splenic) disclosed
that the kinin “danger” signals released by cruzipain
potently induce the maturation of immature DCs from
wild-type mice, but not DCs isolated from B,R” mice.
Adoptive transfer of wild-type splenic CD11¢* DCs into
susceptible B,R"" mice reverted the susceptible pheno-
type of the recipient mice, while rescuing their ability to
generate high frequencies of immunoprotective (type-1)
T cells and reciprocally suppressing IL-17 responses,
at the expense of kinin system activation (Monteiro et
al. 2008). In summary, these studies suggested that the
parasites rely on cruzipain to liberate the T ,1-directing
kinin danger signal from plasma-borne kininogens dif-
fusing through infected lymphoid and/or peripheral tis-
sues (Scharfstein et al. 2007).

It is well established that tissue sentinel cells, such
as mast cells and DCs, sense tissue injury and pathogen
threat through alarm signals conveyed by endogenous
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signals and/or microbial signatures. Further insight
on the mechanisms underlying the pro-inflammatory
phenotype of TCTs came from a comparison of the
dynamics of inflammation in wild-type versus TLR2,
TLR4 and B R-deficient mice infected via the s.c route
(Monteiro et al. 2006). As also documented in a more
recent paper (Schmitz et al. 2009), Dm28c TCT induce
interstitial oedema via an intricate mechanism involving
sequential activation of TLR2, CXCR2 and B,R. Using
paw oedema responses as a read out for inflammation,
Monteiro et al. (2006) showed that glycosylphosphati-
dylinositol-linked mucin (tGPI-mucin), a potent TLR2
ligand shed by TCTs (Almeida & Gazzinelli 2001, Rop-
pert & Gazzinelli 2007), is rapidly “sensed” by innate
sentinel cells (e.g., tissue resident macrophages) via
TLR2 activation. Following the secretion of neutrophil-
attracting CXC chemokines (MIP-2/KC), the macro-
phages activate the endothelium/neutrophils, hence
linking TLR2-dependent innate recognition of the
pathogen to the CXR2/neutrophil-dependent inflam-
mation, which in this model is manifested as a slight
increase in vascular permeability (Schmitz et al. 2009).
Owing to the diffusion of plasma proteins, the concen-
tration of blood-borne kininogens (cruzipain substrate)
suddenly rises in peripheral sites of infection. Further
downstream, cruzipain liberates vasoactive kinins from
kininogens, thus amplifying interstitial oedema through
the sequential activation of the endothelium lining via
B,R and B/R (Todorov et al. 2003, Schmitz et al. 2009).
As documented by Monteiro et al. (2006), the rise in ki-
nin levels in peripheral tissues converts immature DCs
into IL-12-producing APCs, which migrate to draining
LNs, where they subsequently activate T cells, inducing
and/or sustaining T, 1 polarisation.

As discussed above, TCTs evoke interstitial oedema
via mechanisms involving cooperate activation of the
TLR2 and the kinin/B,R pathway (Monteiro et al. 2008,
Schmitz et al. 2009). It is presently unknown if parasite
clones from the major filogenetic lineages express vari-
able levels of tGPI-mucin (Nakayasu et al. 2009), other
TLR ligands (Ouaissi et al. 2002, Mathieu-Daudé et al.
2007) and/or cruzipain isoforms (Lima et al. 2001). If so,
parasite clones may display differential power to activate
microvascular beds via the TLR2/CXCR2/cruzipain > ki-
nin/B,R/B R pathway. If true, we may also predict that
such processes may account for differential rates of leuko-
cyte transmigration through the endothelium. Under these
hypothetical conditions, the parasites may directly modu-
late lymphocyte function through the lectin activity of TS
molecules (Todeschini et al. 2002a, b) or down-modulate
macrophage microbicidal function as result of internalisa-
tion of apoptotic neutrophils and/or lymphocytes (Freire-
de-Lima et al. 2000, Dos Reis et al. 2005). In either case,
we may predict that the differential activation of endothe-
lium/neutrophils via the TLR2 > B,R/B R axis may have
an impact on the host-parasite equilibrium.

Future studies may determine if the vascular perme-
ability increases induced by extracellular 7. cruzi forms
can lead to the rapid diffusion of anti-parasite and/or auto-
reactive IgG antibody specificities present in chagasic se-
rum into extravascular cardiac tissues. Although sporad-

ic, these events may render the heart conduction system
more vulnerable to the pathological effects of serum IgG
auto-antibodies, such as those that cross-react with the
R13 tope of T cruzi ribosomal protein P2f3 and the peptide
ESDEARRCYN from the second extracellular loop of the
human B -adreno receptors (Smulski et al. 2006).

Conclusive remarks

Although the multifactorial nature of pathogenic de-
terminants of Chagas disease leaves no room for simple-
minded conclusions, the body of literature reviewed in
this article may provide readers with a reasonable per-
spective of the current trends and challenges of patho-
genesis research. While the bulk of human and animal
studies suggest that T cell-dependent control of intracel-
lular parasite outgrowth depends predominantly on the
targeting of epitopes encoded by TS family genes, it is
conceivable that the development of severe myocardiop-
athy may result from deficient regulation of type-1 effec-
tor T cells that recognise hitherto uncharacterised sub-
dominant epitopes. Another promising line of research
in immunopathogenesis relies on knowledge about the
activation pathways that interconnect parasite-induced
inflammation and innate/adaptive immunity. The dis-
section of the pro-inflammatory role of parasite factors,
such as TS antigens, lipid anchors and proteolytic en-
zymes, provides a new framework for investigations of
the impact of genetic diversification of 7. cruzi clones on
the pathogenic outcome.
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