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Abstract

Pathophysiology of Chagas’ disease is not completely defined, although innate and adaptative immune responses are crucial. In acute
infection some parasite antigens can activate macrophages, and this may result in pro-inflammatory cytokine production, nitric oxide
synthesis, and consequent control of parasitemia and mortality. Cell-mediated immunity in Trypanosoma cruzi infection is also modulated by
cytokines, but in addition to parasite-specific responses, autoimmunity can be also triggered. Importantly, cytokines may also play arole in the
cell-mediated immunity of infected subjects. Finally, leukocyte influx towards target tissues is regulated by cytokines, chemokines, and
extracellular matrix components which may represent potential therapeutic targets in infected patients. Here we will discuss recent findings on
the role of cytokines, chemokines and extracellular matrix components in the regulation of innate and adaptive immunity during 7. cruzi

infection.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chagas’ disease is caused by the protozoan parasite
Trypanosoma cruzi, being endemic in Latin America. There
are approximately 16-18 million infected humans, and
nearly 100 million people at risk of infection, representing
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the largest parasitic disease burden in the continent, with
around 50,000 deaths per year [1]. Unfortunately, it remains
as a neglected disease in the world, no vaccines are so far
available, and the only anti-parasite drug is the nitroimi-
dazole compound, benznidazole, which is only efficient in
the acute phase of the disease.

Chagas’ disease comprises an acute phase characterized by
apparent circulating parasites and clearcut tissue parasitism,
followed by a chronic phase with very low amounts of
parasites in target tissues such as heart, esophagus, colon and
peripheral nervous system. The acute episode often self-
resolves in about 2 months, although when symptomatic it
may lead to variable degrees of heart and/or neurological
involvement (myocarditis and meningo-encephalitis, respec-
tively). This episode is followed by a chronic phase that may


mailto:savino@fiocruz.br
mailto:Bottasso@uolsinectis.com.ar
mailto:sgea@mail.fcq.unc.edu.ar
http://dx.doi.org/10.1016/j.cytogfr.2007.01.010

108 W. Savino et al./Cytokine & Growth Factor Reviews 18 (2007) 107-124

remain silent for 10-20 years, as an indeterminate form, but
can evolve to clinically defined cardiac or digestive
disturbances.

Chronic cardiomyopathy is generally symptomless at the
beginning, though the electrocardiogram may reflect subtle
conduction/rhythm abnormalities. In some cases, this
scenario changes from mild to moderate heart enlargement,
and ultimately progresses to a marked cardiomegaly, cardiac
failure, severe arrhythmia and death [2].

At the digestive tract, parts of the lesions are related to the
damage in afferent, efferent and/or central neural sympa-
thetic and parasympathetic systems [3]. Moreover, digestive
forms are produced by denervation of the enteric nervous
system [4]. Patients with advanced megaesophagus often
present clinical manifestations of malnutrition, which in turn
may predispose to an immunosuppression state with a
consequent increase in parasitemia [5].

Although very scarce in the host’s tissues, the presence of
parasites in the chronic phase of Chagas’ disease may be
relevant for maintaining specific immune responses, although
reactivity against self tissues is comprised in the immune
response. Additionally, in chronically infected immunosu-
pressed individuals, parasites may be responsible for the re-
activation of Chagas’ disease. Studies in AIDS patients
showed reactivation of the chronic asymptomatic phase of the
disease [6,7]. Although the pathophysiology of Chagas’
disease has not been completely explored, it is widely
accepted that the involvement of the immune response is
critical in determining the outcome of the disease. In the
present review we will focus in the interactions mediated by
cytokines, chemokines and extracellular matrix/adhesion
molecules, in innate and adaptive immune responses during
experimental and human 7. cruzi infection.

2. Modulation of innate immunity in phagocytic and
non-phagocytic cells following 7. cruzi infection

Innate immunity provides the first line of defense by
detecting the type of infectious agent through pattern
recognition receptors, including toll-like receptors (TLRs).
These receptors recognize multiple microbial patterns and
are critical for triggering events necessary for activation of
innate immunity and initiation of acquired immunity. It has
been reported that stimulation of most TLRs leads to Thl
rather than Th2 differentiation [8]. Microbial-derived
antigens, together with effector T cells, NK cells and their
secretory products, influence the heterogeneity and state of
activation of macrophages [9]. In this respect, the
inflammatory cytokine IFN-v, alone or in combination with
TNF-a or microbial products such as LPS, activates
macrophages via the classical pathway. This activation
pattern is characterized by a polarized type-I response with
high production of microbicidal intermediates such as nitric
oxide (NO) and reactive oxygen species [10]. On the other
hand, cytokines produced in type-II responses such as IL-4

and IL-13 induce the alternative activation of macrophages
and antagonize the classic activation pathway. In addition,
since IL-10 and glucocorticoids stimulate phenotypes which
partially overlap the one induced by IL-4 and IL-13, some
authors have proposed to define alternative activation when
macrophages are activated only by IL-4 and IL-13 [10,11].
Others have broadened this term to include the phenotype of
myeloid cells activated by IL-10 and glucocorticoids
[9,12,13]. Here, we refer as alternatively activated macro-
phages as a general term. This activation pathway is
characterized by low production of pro-inflammatory
cytokines and a general involvement in type II responses,
immunoregulation and tissue remodeling [9].

Infection of mice deficient for the TLR and IL-1R adaptor
molecule MyD88 resulted in impaired production of
inflammatory cytokines, together with enhanced parasitemia
and mortality [14]. This result indicates that 7. cruzi may be
recognized by TLRs and that the activation of cytokine
production by these receptors plays an important role in host’s
defense.

Several parasite antigens alone were able to induce
classic macrophage activation and consequent increase in
NO levels: glycophosphatidylinositol-anchored mucin-like
glycoproteins (GPI) are potent inducers of NO by IFN-y
primed macrophages [15]. The same research group
identified TLR2 as the functional GPI receptor, implicated
in the induction of IL-12, TNF-a and NO [16]. It has also
been demonstrated that the immunization of C57BL/6J mice
with recombinant TolA-like surface protein, present in the
flagellum of trypomastigotes, generated T CD4" cells that
produced IFN-vy and increased NO levels with reduction of
parasite numbers [17]. Another T. cruzi antigen involved in
classic macrophage activation is the parasite-released
molecule —Tc52—, which synergizes with IFN-vy to stimulate
NO production [18]. Tc52 signals via TLR2 and confers
resistance against lethal infection in BALB/c mice [19].

Cruzipain, the main cysteine-proteinase of 7. cruzi, is
abundantly expressed throughout the parasite life cycle, and is
secreted to the extracellular milieu [20,21]. Immunization of
BALB/c mice with cruzipain, devoid of enzymatic activity,
resulted in an enhanced type II cytokine secretion, with
increased levels of IL-4, IL-5 and IL-10. This later was
associated with the induction of a CD11b*GRI1" spleen
immature myeloid population that exhibited arginase, but not
iNOS activity [22]. Furthermore, cruzipain-stimulated
macrophages secreted IL-10 and TGF-B and displayed
enhanced arginase activity and subsequent 7. cruzi growth
[23,24]. The later could be due to the induction of ornithine
decarboxilase activity, an enzyme involved in the synthesis of
polyamines, essential for intracellular parasite replication.

In contrast to the response seen in BALB/c animals, when
C57BL/6 mice were immunized with cruzipain, the induced
cytokine profile was predominantly type I, with high levels
of [FN-v and low levels of IL-4 [25]. Moreover, when spleen
adherent cells from cruzipain-immunized mice were
restimulated in vitro, an increase in iNOS mRNA and
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protein, as well as TLR2 surface expression were observed
[Guifazu et al., personal communication]. Hence, cruzipain
immunization in BALB/c mice induced alternatively
activated macrophages, whereas in C57BL/6 mice this
protein induced classically activated macrophages (Fig. 1).

In parallel, during infection spleen macrophages from
BALB/c mice secreted lower concentration of nitrites than
C57BL/6 mouse cells, indicating that impaired function of
myeloid cells in susceptible mice could contribute to the
persistence of infection [26]. These and other studies
indicate that host genetic background is a further
determinant, influencing the nature of the immune response
and the infection outcome [27]. Thus, it seems clear that
classical activation of macrophages by pro-inflammatory
cytokines plays a central role in the control of parasitemia
and mortality in the acute phase of 7. cruzi infection [28].

Chemokines are molecules able to influence macrophage
activation pathways. The CC chemokines CCL3/MIP-1a,
CCLA/MIP-1f (macrophage inflammatory protein 1-o and 1-
), and CCL5/RANTES are able to induce NO production by
human macrophages similarly to IFN-y. Interestingly, these
chemokines activated human macrophages to kill 7 cruzi via
NO [29]. In addition, in vivo neutralization of CCL3 resulted
in a dramatic reduction of macrophage influx into the spleen
of acutely infected mice, as ascertained by counting of the
total macrophages numbers within the organ. Nevertheless, an
increase in the numbers of macrophages was recorded in the
myocardium [30]. These findings suggest that, in the context
of T. cruzi infection, the dynamics of this major innate

immunity cell type is partially under chemokine control. Such
control seems to be specific to one or few chemokines: in vivo
simultaneous neutralization of the chemokines CXCL9/MIG
and CXCLI10/IP-10 (both being ligands for the receptor
CXCR3) did not generate any change in macrophage
infiltration of the heart tissue [31].

Another molecule that participates in host response to 7.
cruzi infection is galectin-3, a 3-galactoside binding protein
which showed immunoregulatory activity in different
infectious processes [32]. Recent data showed that this
lectin, as well as its ligands, is up-regulated in murine
splenic dendritic cells following 7. cruzi infection, with
modulation of cell adhesion and migration [33]. Targeted
disruption of the galectin-3 gene reduced phagocytosis by
macrophages in vitro [34] and attenuated peritoneal
inflammatory responses [35]. Moreover, we showed that
these mice are more susceptible to 7. cruzi infection when
compared to wild-type controls [36]. Additionally, extra-
cellular matrix protein may be involved in infection by T.
cruzi, as exemplified by the effect of galectin-3 in the
infection of human macrophages and muscle cells [37,38].
Taken together, these data show that macrophage response to
T. cruzi infection is under the control of a complex network
of molecules including cytokines, chemokines and extra-
celllular matrix proteins, exemplified by galectin-3.

In addition to classical cell types of the innate immunity,
cumulative findings indicate that cardiomyocytes are
actively integrated in the inflammatory response during 7.
cruzi infection, releasing NO, cytokines and chemokines,
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Fig. 1. Immune response to cruzipain. BALB/c and C57BL/6 mice immunization activates T and B lymphocytes that react with cruzipain (Cz). In BALB/c
mice, these cells also recognize cardiac myosin. Activated T cells from BALB/c mice secrete type-2 cytokines which contribute to macrophage (M¢) alternative
activation, while C57BL/6 mice show a type-1 cytokine profile which contributes to classical activation.
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which in turn, might attract leukocytes to the inflammatory
site and control intracellular parasite replication. It was
shown that heart tissue collected from 7. cruzi-infected rats
expressed IL-6, IL-13, TNF-a, and iNOS [39]. Hearts from
mice infected with 7. cruzi also expressed iNOS mRNA and
pro-inflammatory cytokines [40]. Moreover, parasite-
infected cardiomyocytes express mRNA for TNF-a, IL-
la and iNOS, as well as CXCL3/MIP-23 and CCLS5/
RANTES among other chemokines [41].

The mechanisms by which iNOS expression is induced
by T. cruzi in cardiac myocytes remain to be determined. It is
possible that parasite-secreted products induce the enzyme
directly. Alternatively, iNOS expression may result from
autocrine/paracrine stimulation by cytokines and chemo-
kines released from cardiomyocytes and/or inflammatory
cells following 7. cruzi infection. Accordingly, it has been
reported that cardiomyocytes infected and stimulated with
IL-1B plus TNF-a induced considerable iNOS-derived NO
[41]. Furthermore, NO synthesis strikingly correlated with
trypanocidal activity exerted by cardiac cells, showing that
cardiomyocyte-derived NO is effective enough to kill the
parasite [41,42].

Although the IFN-vy-induced cardiomyocyte trypanocidal
effect has been indisputably demonstrated, the molecular
mechanisms involved in such effect remain uncertain. In the
rat cardiac myocyte model, IFN-y exerted a trypanocidal
action, although neither iNOS expression nor significant NO
production were recorded [42]. Conversely, T. cruzi infected
embryonic mouse cardiomyocytes, produced parasiticidal
levels of iNOS-derived NO in response to IFN-y [41]. In this
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regard, it was also reported that treatment of neonatal
cardiomyocytes with IFN-+v plus LPS strongly increased NO
production [43]. In any case, the ability of cardiac myocytes
to limit the growth of 7. cruzi in vitro, in response to
cytokines, clearly reveals an active role for these cells in
resistance against the infection.

Exposure of cardiac cells to pro-inflammatory cytokines
in the heart may precondition the myocardium to
temporarily protect cardiomyocytes from growth factor
deprivation induced apoptosis, and such an effect was due to
an increase in Bcl-2 [44]. Interestingly, protection was also
enhanced by the pretreatment with cruzipain devoid of
enzymatic activity [45].

There are at least two signal transduction pathways
responsible for the antiapoptotic properties of cruzipain, the
phosphatidylinositol 3-kinase (PI3K)-Akt and MEK-1/ERK
pathways. Interestingly, as illustrated in Fig. 2, these
mediators are also triggered by T. cruzi infection of
cardiomyocytes [45]. In this regard, ERK phosphorylation
was also relevant to up-regulate parasite entry in human
macrophages by another parasite antigen, the trypomasti-
gote-cloned surface ligand, gp83 trans-sialidase [46]. These
results indicate that T. cruzi uses released antigens to
signalling target cells to its own benefit.

The data discussed herein clearly show that T. cruzi
belongs to one of the most striking examples of how a parasite
benefits itself in several ways from manipulating the apoptotic
pathways of host cells, favoring its own survival in the
parasitized host (for more details on the role of cytokines and
apoptosis in parasite growth see DosReis et al. in this issue).
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Fig. 2. Molecular components of signalling pathways triggered in cardiomyoytes by Trypanosoma cruzi and cruzipain. In this schematic diagram the parasite or
cruzipain activates PI-3K/Akt and MEK1/ERKs pathways. They can differentially modulate Bcl-2 family members, resulting in cell protection from apoptosis
exerted by serum deprivation. Additionally, cruzipain activates arginase. Altogether these events maintain the target cell alive, favoring parasite survival and

replication.
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3. Adaptative immunity in 7. cruzi infection: role of
cytokines in protective and pathogenic immune
responses

Divergent disease outcome during 7. cruzi infection is
thought to result from complex interactions between the
parasite and components of the anti-parasite immune
response. Thus, the BALB/c and C57BL/6 murine models
were found to be useful in view of their respective
susceptibility and resistance to a series of intracellular
pathogens, among them 7. cruzi. Compared to the C57BL/
6 background, BALB/c mice seemed to be more
susceptible when challenged with the Peru strain of T
cruzi [47]. Nevertheless, other authors have shown that
both mouse strains were equally susceptible to the
Peruvian strain of the parasite, whereas C57BL/6 mice
were more resistant to the 7. cruzi Colombian strain [48].
By contrast, increased mortality of C57BL/6 mice was
reported for Tulahuén strain infection [49]. This finding
was confirmed with C57BL/6 mice which exhibited
cachexia and a progressive fatal disease, whereas 60%
of the BALB/c mice recovered [50]. Moreover, the disease
severity seen in C57BL/6 mice was not linked to an
increased parasitemia, myocardial parasite nests or
amastigote number in peritoneal macrophages, which
did not differ from the data recorded in BALB/c animals.
Interestingly, C57BL/6 mice showed increased TNF-a
levels in serum and cultures of T. cruzi-infected
macrophages. In agreement with this finding, low levels
of IL-10 during the early and intermediate phases of
the acute disease were found [51]. This observation is in
line with data showing that TNF-a exerts a deleterious
effect in American trypanosomiasis [52]. On the other
hand, IL-10 may play an important immunoregulatory
role in this experimental infection, as demonstrated by the
role of this cytokine in balancing the TNF-a-driven
proinflammatory response in 7. cruzi-infected mice [53].
In any case, the essential role of IL-10 in the immunomo-
dulation of T. cruzi infection was illustrated by experi-
ments showing that infection of IL-10-deficient mice
resulted in decreased parasitemia, but increased mortality
[54,55].

No clear polarization into Thl-cytokine versus Th2-
cytokine responses was seen when studying mice suscep-
tible or resistant to 7. cruzi challenge. Among the possible
mechanisms responsible for the pathogenesis of chronic
Chagas’ disease, autoimmunity is the one that has received
much experimental support but also elicited most con-
troversy during the last 20 years [56-59]. Nevertheless, there
are studies suggesting that parasite persistence in the host
tissues is relevant in the pathogenesis of the disease, since,
anti-parasite treatment results in a decrease of disease
severity [58]. In this context, Girones and Fresno [60]
postulated that 7. cruzi persistence, together with the specific
immune response induced by multiple myocardial antigens,
may participate in heart damage. These authors found that

autoreactivity found in the chronic phase of 7. cruzi infection
is linked to the parasitemia; the antibody titers and reactive T
cells against the Cha autoantigen isolated by screening of a
library with chagasic sera, were significantly lower in
C57BL/6 than in BALB/c mice [57].

Diverse mechanisms may explain how an infectious
organism could break immunological self tolerance. Among
them, the molecular mimicry, bystander activation and
polyclonal lymphocyte activation have been widely docu-
mented in both murine and human Chagas’ disease
[56,57,59]. There is evidence demonstrating that at least
two variables could influence the outcome of infection and
the induction of autoimmunity, the genetic backgrounds of
both parasite and host [56]. Immunization with different T.
cruzi antigens (cruzipain or ribosomal P proteins) induced
altered electrocardiograms despite the fact that inflamma-
tory lesions were not detected in immunized mice
[56,61,62].

In humans, 7. cruzi infection induces both humoral and
cellular autoimmunity to several host antigens [59,63,64]. In
this respect, elimination of parasite in acute phase could
potentially abrogate the induction of autoimmunity [56]. In
fact, anti-Cha as well as anti-T. cruzi antibody titers
decreased in parallel with anti-parasite treatment and
positively correlated with clinical symptoms [65].

Cunha-Neto et al. [63] proposed that myosin cross-
reactive T lymphocytes infiltrating heart tissue are involved
in cardiac damage. Moreover, they demonstrated that
peripheral blood mononuclear cells from chagasic patients
with overt heart disease produced high levels of IFN-vy, but
decreased IL-4 production after in vitro stimulation with
B13 myosin peptide, suggesting that heart damage could
result from inflammatory cytokines. The persistence of
inflammation may be related to cytokines produced by
intralesional heart antigen specific CD4" T cells upon
recognition of T. cruzi cross-reactive heart antigen epitopes
(exemplified by cardiac myosin) constitutively presented by
macrophages [59].

More recently, it was reported a very high frequency of
parasite specific IFN-y producing CD8" T cells among
chronic patients with mild clinical disease compared to those
with the most severe form of the disease, supporting a link
between the strength and nature of the anti-parasite response
and the severity of the disease [66]. In conclusion, it is likely
that the parasite acts as a triggering agent, whereas anti-self
or anti-parasite T and B cells are the actual effector cells in
the pathogenesis.

A further potentially important issue to take into
account is the role of regulatory T cells (Treg), which
suppress autoimmune responses. In addition to naturally
arising Treg cells that leave the thymus as CD4"CD25",
there are others, Trl and Th3, which acquire regulatory
capacity in the periphery, and are defined by the cytokine
profile: Trl cells produce high levels of IL-10 and
significant levels of IFN-vy, IL-5 and TGF-$3 whereas Th3
cells produce high levels of TGF-3 [67]. Thus, a definition
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of the role of Treg cells during 7. cruzi infection may
contribute with new insights for preventing or controlling
the lesions observed in patients with chronic Chagas’
disease.

3.1. Role of the cytokine-hormone network during
T. cruzi infection

As discussed above, several factors are likely to underlie
the establishment of Chagas’ disease, being dependent on the
parasite and the host’s immune responses. Endocrine factors
are known to affect homeostasis of cell-mediated immune
reactions and as such, might be involved in the outcome of
trypanosomal infection. Pro-inflammatory cytokines includ-
ing TNF-a, IL-13 and IL-6, are known to stimulate the
production of corticotropin-releasing hormone (CRH) in the
hypothalamus which in turn leads to pituitary production of
adrenocorticotropic hormone (ACTH), followed by gluco-
corticoid hormone secretion by the adrenal cortex. These
hormones inhibit cell-mediated immunity since they suppress
IL-2 and IFN-v production by inhibiting the transcription of
IL-2 and IFN-y and promote Th2-cytokine production [68].

Recent studies performed in C57BL/6 and BALB/c mouse
strains revealed differential hormonal susceptibility upon 7.
cruzi infection. An intense stimulation of the hypothalamus-
pituitary-adrenal (HPA) axis was observed 3 weeks after
infection in both strains, but corticosterone levels at the first
week post-infection were 2—3-fold higher in BALB/c strain.
Moreover, blockage of glucocorticoid receptors with the
antagonist RU486 accelerated death in C57BL/6J mice and
increased lethality to 100% in BALB/c mice, suggesting that
the endocrine response accompanying the development of the
immune process strongly affect the progression of the disease
[69].

Studies performed in BALB/c mice also revealed that at the
peak of parasitemia, CRH contents in the hypothalamus were
5-fold lower than controls. Nevertheless, despite the decrease
seen in CRH contents, the circulating levels of ACTH in T.
cruzi acutely infected mice did not change significantly [70].
Overall, these findings point to an unbalance of the HPA axis
in acute Chagas’ disease. Some pro-inflammatory cytokines
such as IL-6 are able to directly stimulate both glucocorticoid
and ACTH release [71]. In fact, an increase in the serum levels
of IL-6 in infected mice was found, and the in vitro infection of
ACTH-producing cells resulted in an enhancement of /L-6
gene expression [70].

Moreover, IL-2 production by these cells was also
enhanced after in vitro T. cruzi infection [72]. Such effect
may promote the local activation of T cells infiltrating the
organ. Whether it also modulates the pituitary gland itself is
a subject that remains to be determined. Therefore, in
addition to the fact that nervous and endocrine systems are
targets in Chagas’ disease; it is likely that disturbances in
neuroendocrine circuits themselves contribute to the
pathophysiology of the disease, an issue that certainly
deserves further investigation.

4. Dynamics of lymphocyte populations in
experimental Chagas’ disease

Along with the evolution of Chagas’ disease, lymphocyte
populations undergo a series of changes in their dynamics,
including expansion, differentiation, death, and migration.
In particular, lymphocyte death and migration will be
detailed below, focusing in their relationship with cytokines,
chemokines and adhesion receptors.

4.1. Lymphocyte death in acute infection

It is clear that, as in any infectious condition, there is an
expansion of stimulated peripheral lymphocytes following
T. cruzi infection; some cells differentiate into effector and
memory cells, although the majority of them die. Thus, cell
death is also relevant in the general pathophysiological
process.

4.1.1. Massive thymocyte death in acute Chagas’
disease

A common feature seen in a variety of acute infections is
a severe atrophy of the thymus, largely reflecting intense
lymphocyte depletion secondary to apoptosis. In some cases,
thymocyte loss is so severe that the cortical region of thymic
lobules virtually disappears [73]. Several research groups
demonstrated that mice acutely infected with 7. cruzi
develop a progressive atrophy of thymus with massive death,
particularly of cortical thymocytes, bearing the immature
CD4*CD8" phenotype [48,74—-80]. Thymocyte depletion
becomes noticeable during early infection to increase
progressively in parallel with parasitemia and pro-inflam-
matory cytokine levels until death, while showing a partial
recovering in resistant mice which succeeded in controlling
the acute phase. As mentioned above, one mechanism that
may be incriminated for such a severe loss of cells in the
thymus is apoptosis. Yet, other mechanisms can be involved,
such as increase in the export of cells from the organ;
decrease in proliferation and low income of bone marrow-
derived precursors.

The contribution of apoptosis for thymocyte loss is
consistent since the first observation of apoptotic bodies in
cortical region of thymuses from acutely infected mice was
reported by Savino et al. [74]. Yet, the mechanisms involved
in triggering apoptosis are not completely understood. One
candidate is the increase in the circulating glucocorticoid
hormone levels [69,70,75]. In C3H/Hel mice infected with
the CL strain of the parasite, adrenalectomy did not prevent
T. cruzi-induced cortical thymocyte depletion [75]. Never-
theless, recent findings revealed that in C57BL/6 mice
infected with the Tulahuen strain of 7. cruzi, a thymocyte
loss was stress-related, since inhibition of corticosterone
action partially prevented massive CD4*CD8" depletion
[69].

Recently, the putative role of pro-apoptotic pathways in
the generation of thymocyte apoptosis in murine Chagas’
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disease was evaluated. Thymic atrophy was seen following
acute T. cruzi infection in Fas-deficient gld/gld as well as in
perforin knockout animals, thus ruling out the involvement
of the Fas/Fas-L or perforin pathways in this process [81]. In
addition, the TNF-a pathway was also investigated:
thymuses from mice that have been double-knocked out
for type-I and type-1I TNF-a receptors exhibited a profound
thymic atrophy following 7. cruzi infection [Perez et al,
personal communication]. However, as detailed below,
TNF-a is involved in CD8* T cell apoptosis, seen in
mesenteric lymph nodes of 7. cruzi-infected mice [82].

Analysis of other putative thymocyte depletion mechan-
ism revealed that thymic atrophy was not observed in
galectin-3-deficient mice [36], suggesting an important role
for this carbohydrate-binding protein in infection-induced
thymocyte loss. In keeping with this hypothesis, exogenous
galectin-3 did induce apoptosis in thymocytes. Similar
finding was seen in peripheral T cells, and in this model, the
effect was mediated by the binding to CD29 (1-integrin
chain) and CD7 [83]. Taken together these data strongly
indicate that the role of extracellular galectin-3 on
thymocyte death is related to integrin signaling, triggering
the activation of intracellular apoptotic pathways [84]. In a
second vein, recent data showed that trypomastigote forms
of T. cruzi make use of their surface glycoproteins to bind
galectin-3 and to adhere to laminin, with this interaction
being crucial for infection [37]. Similarly, human galectin-3
was shown to promote T cruzi adhesion to human coronary
artery smooth muscle cells [38]. These data can be placed in
the context of the presence of parasites within the thymus,
and fact that this galectin-3 binds to laminin (whose
intrathymic contents are also increased following infec-
tion). Accordingly, it is conceivable that the absence of
galectin-3 in the thymic microenvironment of knockout
mice would impair the local binding of trypomastigotes to
extracellular matrix, thus favoring thymocyte survival to
infection.

Two other mechanisms have been involved in the thymic
atrophy during experimental Chagas’ disease. A non-
virulent strain of the parasite did not induce thymocyte
depletion, suggesting that parasite-derived factors could be
involved. In accord, specific treatment of the acute disease
with benznidazole prevents intrathymic CD4"CD8" cell
depletion [85]. Moreover, Mucci et al. [79] observed that
apoptosis seen in thymic nurse cell (TNC) complexes from
infected mice could be reproduced with the parasite-derived
enzyme trans-sialidase. These findings fit the in vivo data
showing the intrathymic presence of the parasite in both
epithelial and nonepithelial cells of the thymic microenvir-
onment [74,86]. Lastly, thymocytes from infected mice were
particularly sensitive to the pro-apoptotic action of extra-
cellular ATP [87]. All together, these data indicate that
depletion of thymic lymphocytes during 7. cruzi infection
result from multiple interactions, involving both parasite-
derived moieties and endogenous products such as cytokines
and adhesion receptors. Downstream signaling pathways

involved in triggering these pro-apoptotic events within
thymocytes deserve further investigation.

Although the occurrence of thymic atrophy in chagasic
patients has not yet been investigated, abnormalities in
intrathymic T-cell selection have been observed, suggesting
that thymic abnormalities observed in experimental models,
might be present also in humans, as discussed below in
Section 4.3.

4.1.2. Lymphocyte death in peripheral lymphoid organs

Experimental acute infection by 7. cruzi is believed to
promote T and B lymphocyte polyclonal activation, with
general cell expansion in peripheral lymphoid organs, as
originally reported by Minoprio et al. [88]. Nonetheless,
recent studies strongly indicate regional differences in such a
pattern. Although subcutaneous lymph nodes and spleen
expand in total cell numbers, an opposite behavior is seen in
mesenteric lymph nodes, due to extensive lymphocyte
apoptosis, as ascertained by the numbers of TUNEL" cells,
as well as in vitro sensitivity to cell death of freshly isolated
lymphocytes. Interestingly, such atrophy was independent of
the infection route, parasite load or the mouse strain used.
Moreover, studies in Fas-L deficient (gld/gld*'*) and in
type-I TNF receptor (p55~'7) knockout mice indicated that
both molecules were involved in mesenteric lymph node
atrophy, promoting CD4* and CD8" lymphocyte apoptosis,
respectively. In contrast, perforin does not play any role, as
lymph nodes from perforin-deficient animals do not behave
differently from the corresponding wild type littermates
[82]. These data support the concept that, even in a systemic
infection, differential responses can be mounted in distinct
lymph nodes, implying the existence of intrinsic regulatory
mechanism(s) in these organs.

4.2. Lymphocyte migration disturbances in T. cruzi
infection

Cumulative data indicate that in addition to the
progressive cell death seen in the thymus of acutely infected
individuals, the migration patterns of thymocytes are also
altered. Such hypothesis was first raised with the observation
that the contents of extracellular matrix (ECM) molecules
were dramatically augmented in the thymic microenviron-
ment of infected animals [74]. In fact, BALB/c mice infected
with Colombian (clonotype I) or CL (clonotype II) strains of
T. cruzi responded with an increase in the expression of
ECM ligands, such as fibronectin and laminin. Moreover,
cell surface expression of fibronectin and laminin receptors
was increased in thymocytes from infected animals [80].
Considering that ECM ligands and receptors play a role in
physiological cell migration within the thymus [89], it was
conceivable that intrathymic alterations in their contents
might result in changes of thymocyte migration. The first
direct evidence appeared with the studies on TNC. These are
lymphoepithelial complexes in which one epithelial cell can
harbour variable amounts of thymocytes, particularly those
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bearing the immature CD4*CD8" phenotype [90]. The
epithelial component of TNC produces ECM components
and ECM-mediated interactions are relevant for the exit of
thymocytes.

A decrease in the number and size of TNCs in infected
mice was found and the thymocyte release from the remaining
lymphoepithelial complexes was faster than the correspond-
ing controls, an event likely due to the enhancement of ECM
production that occurs under the infection condition. Similar
results were observed in vitro [91]. Considering that most
intra-TNC thymocytes are immature cells, it is possible to
speculate that the migratory capacity of these cells should be
enhanced in murine Chagas’ disease. A more direct evidence
of an abnormal thymocyte migration in 7. cruzi-infected
animals was provided by experiments showing that fibro-
nectin-driven migration was significantly increased in
CD4*CD8* thymocytes from infected animals [80].

In addition to typical ECM glycoproteins, there is
evidence that galectin-3 is also involved in the migration of
these cells. Interestingly, galectin-3 is augmented in the
thymus of infected animals, and in cultures of thymic
epithelial cells, infected in vitro [36].

It is well established that chemokines play a role in
regulating thymocyte migration [92,93]. Moreover, it is
noteworthy the existence of chemokine-ECM association: for
example, CXCL12 binds to and is presented by fibronectin,
promoting receptor polarization and enhanced lymphocyte
migration [94]. Additionally, fibronectin and laminin
enhanced the chemotactic activity of CXCL12 to immature
CD4"CD8* thymocytes invitro, suggesting the involvement of
chemokine-ECM interactions in normal thymocyte migration
and development [95,96]. In the context of T. cruzi infection,
an increase in the intrathymic deposition of CXCL12 was
detected, with enhanced co-expression of this chemokine and
fibronectin (Fig. 3). Similar data were found regarding the
expression CCL4 in the thymus of infected animals.

Concomitantly to the enhanced chemokine ligands,
thymocytes from infected animals exhibited higher mem-
brane levels of CXCR4, and similar findings were seen in
respect to CCR5—one of the CCL4 receptors. When the CD4/
CDS8-defined thymocyte subpopulations were analyzed,
thymocytes from infected mice showed higher densities of
both CXCR4 and CCRS, particularly in the immature
CD4*CDS8" subset. Functionally, thymocytes from infected
animals migrated significantly more than control thymocytes,
particularly when CXCL12 was added as a chemoattractant.
Furthermore, CXCL12 plus fibronectin showed significant
synergy upon CD4 CD8~ and CD4"CD8* immature
thymocyte migration, and this response was correlated with
the enhanced expression of CXCR4 receptor and fibronectin
receptors (particularly VLA-4) during 7. cruzi infection [97].

Overall, these data suggest that multiple cellular and
molecular interactions involved in cell migration are altered
within the thymus as a consequence of 7. cruzi infection.
Such changes are likely involved in the abnormal release of
immature thymocytes. In this regard, the export of cells

escaping from the process of intrathymic negative selection
may have consequences in the immunopathology of the
disease.

4.3. Escape of immature T cells from the thymus in
T. cruzi infection

As a consequence of the abnormal thymocyte migration,
the thymus releases immature CD4*CD8* T lymphocytes in
the acute and chronic phases of murine Chagas’ disease. It
was initially suggested that the increase in peripheral
CD4"CD8" T lymphocytes could be prevented in animals
that were thymectomized prior to infection [80]. More direct
evidence came with the analysis of the so-called “‘recent
thymic emigrants” (RTEs), which can be tracked in the
periphery, following an intrathymic labeling of lymphocytes
with a fluoresceinated conjugate [95]. Mice infected with the
clonotype II Tulahuen strain revealed enhanced numbers of
RTEs bearing the CD4*CD8" phenotype (Fig. 4). Thymic
depletion is a complex phenomenon involving death and
escape of thymocytes that, when altered, may have
important functional consequences in impairing normal
central tolerance, thus favoring the development of
autoimmune responses. The thymus is the major source
of naturally occurring-regulatory T cells involved in organ-
specific autoimmunity [98]. In this respect, their loss may
worsen the outcome of Chagas’ infection. Accordingly,
chronically 7. cruzi-infected rats subjected to adult
thymectomy showed an exacerbation in myocardial damage
[99]. This result indicates that circumventing thymic output
in the adult host may interfere with the generation of T cells
capable of down-regulating immunopathological responses.
Moreover, the enhanced output may not be restricted to «f3
thymocytes, but also to the yd subpopulation. In this regard,
it has been showed that continuous thymic export in the adult
is a requisite to sustain suppressor yd T cell activity during
acute T. cruzi infection [100].

The positive and negative thymic selection shapes the
TCR-repertoire. The diversity of the T cell repertoire in the
periphery is established by competition between different T-
cell subpopulations including RTEs [101]. Moreover, it is
known that T cells expressing different variable domain of
TCR-B chain generally exhibit functionally distinct char-
acteristics [78]. Hence, changes in TCR selection events
may be relevant for the resolution of 7. cruzi infection [102].
In addition, different studies showed that thymus of 7. cruzi-
infected mice and peripheral T cells of chagasic patients
have qualitative changes in the expression of V3 families
suggesting that the selection of the T-cell repertoire was
altered during the infection [73,103,104]. In this regard,
increased numbers of cells bearing the potentially auto-
reactive phenotypes CD4"CD8"TCRVB5* and
CD4"CD8*TCRV 12" were found in subcutaneous lymph
nodes of acutely or chronically infected BALB/c mice (that
normally delete these V[ families within the thymus)
challenged with the clonotype I Colombian strain [105].
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Fig. 3. Enhancement of CXCL12 and fibronectin contents in the thymus 7. cruzi acutely infected mice. Confocal microscopy immunofluorescent images show co-
localization of CXCL12 with thymic epithelial cells (labeled with the anti-cytokeratin antibody in control (a, b) and acutely infected mice (c, d). In both cases
CXCL12is essentially produced by the thymic epithelium but chemokine labeling is more intense after infection. The set of bottom images reveals co-localization of
CXCLI12 with fibronectin in thymus sections from control (e, f) and infected (g, h) mice. Co-localization of both molecules is apparent. Magnification x400.
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Fig. 4. Increased export of CD4*CD8" lymphocytes from the thymus of 7. cruzi infected mice. Control and 7. cruzi (Tulahuen strain) acutely infected mice
received intrathymic injection of FITC, and were analyzed 16 h later by flow cytometry, so as to detect recent thymic emigrants (FITC" cells) in peripheral
lymphoid organs. Panel A clearly shows that the absolute numbers of recent thymic emigrants progressively increased with the infection. Such increase
comprises the abnormal release of immature CD4*CD8* lymphocytes, whose relative and absolute numbers are progressively higher, in both lymph nodes and

spleen as seen in panel B.

Such cells abnormally released from the thymus of infected
animals, have bypassed intrathymic negative selection
events, and apparently differentiate in the periphery into
single positive cells. In this respect, CD4* T cell-mediated
autoreactivity against myocardial cells has been demon-
strated in murine as well as in the human Chagas’ disease.

The mechanisms involved in the premature release of
immature thymocytes into the periphery of 7. cruzi infected
subjects have not yet been analyzed. In this sense, multiple
molecular interactions may contribute to this abnormal
export. For example, CD4"CD8" peripheral T cells seen in
experimental Chagas’ disease exhibited higher amounts of
ECM receptors including the integrins VLA-4, VLA-5 and
VLA-6, indicating that abnormal ECM-mediated interac-
tions could favour the release of immature thymocytes
[80].

The accumulation of galectin-3 in the thymus of infected
animals may also contribute to the escape of immature cells
from the thymus. Recent studies revealed that galectin-3
induces activation of a5@1 (VLA-5) fibronectin receptor
and stimulates a5@1-integrin-mediated activation of focal
adhesion kinase and PI3-K leading to increased fibronectin
polymerization and cell motility [106]. These results are
supported by the data showing that thymus-derived
CD4"CD8" cells are not seen in peripheral lymphoid organs
of T. cruzi-infected galectin-3 null mice [36].

If there are consistent data on the participation of ECM-
mediated interactions in the abnormal export of immature
thymocytes in 7. cruzi-infected animals, much less is known
on the putative role of cytokines and chemokines. Evidence
indicates that, at least TNF-« is involved. In fact, TNF-a
expression is enhanced in thymuses from fetuses and
offsprings from infected mothers [107], and in thymus

treated with trans-sialidase [108]. Additionally, mice
subjected to a LPS desensitization protocol before challenge
with the Tulahuen strain showed diminished TNF-a levels
after infection and a significantly reduced thymic atrophy
[109]. Moreover, some studies reported that TNF-a
enhanced cell adhesion to ECM [110,111] as well as
chemokine and chemokine receptor expression [112—114].
In this regard, preliminary data indicate that TNF-a
enhances fibronectin-driven migration of thymocytes from
infected animals [Perez et al., personal communication].
Whether chemokines are also involved in immature
thymocyte release remains to be determined.

4.4. Influx of leukocytes towards T. cruzi target tissues

A variety of soluble (chemokines) and unsoluble (ECM)
secretory factors, have been suggested to play a key role in
the influx of immune cells to target tissues in murine and
human Chagas’ disease. CCR5 and CXCR3 expression may
be regarded as markers of type-1 and type-2 immune
responses [115]. Studies to evaluate the co-expression of
these chemokine receptors on CD4" and CD8" T cells
producing type-1 or type-2 cytokines from chagasic patients
revealed that the percentage of single positive cells
coexpressing CCRS5 and IFN-y, CXCR3 and IFN-vy, and
CXCR3 and TNF-a were higher in patients with cardiopathy
than in indeterminate individuals. By contrast, the propor-
tion of T CD4" or CD8" cells coexpressing CCR3 plus IL-10
or coexpressing CCR3 plus IL-4 were lower in the former
group, implying that chemokines may be involved in the
early development of chronic cardiomyopathy [116]. In
keeping with this notion, a significant reduction in cardiac
cellular infiltration was seen in CCR5 knockout mice, as
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well as normal mice, infected with 7. cruzi and treated with
the CCRS5 inhibitor, met-Rantes [117,118].

Recent studies revealed the abundance of CXCL9,
CXCL10 and CCLS within the cardiac tissue of mice
acutely and chronically infected with the clonotype I
Colombian strain. Moreover, simultaneous blockage of
CXCL9 and CXCL10 with neutralizing antibodies resulted
in a consistent decrease of parasitemia and parasite load in
tissue, although the degree of inflammation within the heart
was not altered [30]. Differently, neutralization of CCL3/
MIP-1a using specific antibodies reduced macrophage
influx toward the spleen, but increased heart inflammation,
and did not yield significant changes in tissue parasitism
[29]. Overall, these findings clearly indicate a complex
network, in which specific chemokines play distinct roles in
the pathophysiology of the disease.

Extracellular matrix-mediated interactions also seem to
play a relevant role in the influx of leukocytes towards the
cardiac tissue in Chagas’ disease. The putative role of laminin
was approached in a mouse model of heart transplantation.
When newborn-derived syngeneic hearts were grafted into the
subcutaneous tissue of a chronically infected adult recipient,
the grafted was rejected through a CD4" T cell-dependent
mechanism. [119]. Migration of activated anti-myocardial
CD4* cells into the grafted tissue could be prevented by
treating the cells with anti-CD49f (a-chain of the laminin
receptor VLA-6) or the surrounding tissue of the host with
anti-laminin antibodies. [120]. This is in keeping with the
increase in membrane levels of VLA-6 in peripheral
lymphocytes from chagasic mice, and associated with the
rejection process, there was an increase in the local amounts of
laminin. Importantly, such an increase could be prevented
when the connective tissue surrounding the graft was pre-
treated with anti-laminin antibodies [121]. Together, these
data show that in experimental Chagas’ disease, laminin-
mediated interactions are involved in the influx and/or
activation of anti-myocardial CD4" cells within the target
tissue. Moreover, the fact that galectin-3 is used by 7. cruzi
trypomastigote forms to adhere to laminin and to human
coronary artery cells [37,38] suggests the existence of a
coordinated participation of ECM and ECM-related proteins
in the pathology of cardiac injury following infection.

Considering that laminin is able to bind both IFN-y and
TNF-a [122,123], it is possible that this matrix glycoprotein
may concentrate these cytokines in cardiac lesions, allowing
them to be better presented to cells of the immune system.
The relationship between the laminin contents and the
inflammatory process were performed by evaluating the ear
lobes of transplanted mice, treated with anti-laminin prior to
injection of CD4™ T cells from chronically infected mice. In
this group, the amounts of lymphocytes within the grafts
were always smaller when compared with the age-matched
grafts of control antibody injected animals.

In order to verify whether the treatment with the anti-
laminin antibody resulted in modulation of pro-inflammatory
laminin-bound cytokine expression, heart grafts were

analyzed for cytokine detection, particularly IFN-y and
TNF-a. Pre-treatment with the anti-laminin reagent sig-
nificantly reduced the number of IFN-y" cells [121].
Presumably, the binding of cytokines to ECM molecules
provides the signal(s) necessary to the anchorage of
responsive cells during inflammatory responses. These data
indicate an entrapment of pro-inflammatory cytokines by
enhanced laminin deposition in the inflamed site, thus
favoring the influx of effector cells (Fig. 5). In this context,
laminin-mediated interactions should be regarded as a further
potential target for immune intervention in Chagas’ disease.

A clearcut relationship between ECM contents and
inflammatory reaction has also been defined in neuroendo-
crine tissues of 7. cruzi infected animals. The presence of
inflammatory cells in brain areas of infected mice has been
reported, being particularly rich in CD8" T lymphocytes
[124]. Moreover, pituitary gland and adrenals of infected
animals also exhibit clusters of CD8" T cells, and to a lesser
extent, CD4" cells and macrophages [70]. This effect was
associated with an increase of fibronectin and laminin
deposition in both endocrine glands of infected mice.
Moreover, in vitro infection of ACTH-producing cells
resulted in an enhancement of ECM production, suggesting
a direct effect of the parasite and/or parasite-derived
antigens on the endocrine cells [70].

In brain areas of infected animals, an increase of ECM
deposition has also been documented, in agreement with the
inflammatory infiltrate [125]. In this respect, adhesion of
infection-induced activated T cells on tissue slices of brain
areas, as well as penetration of these cells after passive
transfer in vivo, could be abrogated with anti-CD49d
receptor antibody, which is able to block VLA-4 interaction
with VCAM-1, as well as fibronectin [125]. In this same line,
in vitro experiments co-culturing spleen-derived T cells
from control or infected mice, with neuronal cells revealed
an increase in ECM-deposition in infected cultures. More-
over, adhesion of T cells derived from 7. cruzi-infected mice
to neuronal cells was enhanced, being dependent on ECM-
mediated interactions [72].

Taken together, these findings indicate that ECM-
mediated interactions are also functionally relevant to drive
the influx of T cells towards nervous and endocrine tissues of
T. cruzi-infected mice. A detailed study of the cytokines and
chemokines involved in this process is an interesting open
field for further investigation. Table 1 summarizes the data
showing that, at least in the murine Chagas’ disease,
chemokine- and adhesion receptor-mediated interactions are
involved in the progression of the inflammatory infiltrate
seen in target tissues.

It should be noted that ECM-mediated interactions are
likely important in the intracellular infection. In this regard,
expression of cell surface receptors for fibronectin [126] and
laminin by the parasite have also been documented
[127,128]. Moreover, as mentioned above in vitro infection
enhances ECM production [72,129], and RNAi-mediated
blockage of the intracellular production of «-laminin chain



118 W. Savino et al./Cytokine & Growth Factor Reviews 18 (2007) 107-124

L Monocyte

O CD4+ T cell

CD8* T cell
Y Cytokine Receptor bd TcR
® Cardiac muscle ® TNF-O.

cell antigen

Macrophage ## Fybroblast ‘S Modified
™ MHCHI

® IFN-Y ".'\ Laminin Receptor —{ Laminin

Myoblast “ = Endothelial cell

Endothelial cell

L1 MHC-classe |

Fig. 5. Relationship between the inflammatory infiltrate, laminin contents and deposition of pro-inflammatory cytokines. In this diagram, we propose that, once
activated, CD4" T cells reach the heart, the levels of IFN-y produced by these cells can trigger a chemotatic migration of mononuclear cells including
macrophages, dendritic cells, and cytotoxic CD8" T cells. IFN-y activates macrophages to produce iNOS, TNF-a and IL-1, and modulate the expression of
MHC class I molecules on inflammatory and myocardial cells. Once laminin content is locally augmented — through synthesis by stromal cells and/or
cardiomyocytes —, the leukocyte recruitment is further maintained through the haptotactic effect of this protein. The influx of effector cells to the grafted area is
diminished, as well as the local deposition of inflammatory cytokines, when the local laminin expression is reduced, suggesting a potential role of this molecule

in regulating the autoimmune response against cardiac muscle cells.

or thrombospondin [130,131] resulted in significantly
decreased infection.

We can therefore speculate that ECM-mediated interac-
tions might play a multi-faceted role in the pathophysiology
of the disease, contributing to parasite infection of host cells
and concentrating cytokines/chemokines thus enhancing the
inflammatory infiltrate.

Table 1

Finally, data obtained in genetically engineered mice
indicate that cell-cell membrane interactions also play a
relevant role in the influx of inflammatory cells to the cardiac
tissue of infected animals. Acutely infected-ICAM-I-
deficient mice exhibited a large reduction in the cardiac
inflammatory infiltrate, as compared to corresponding wild
types [132].

Control of leukocyte influx towards target tissues in Trypanosoma cruzi infected mice: role of chemokines and adhesion receptors

Target receptor Target ligand Experimental approach Methods of evaluation References

CCRS CCL3 and CCL5 Injection of receptor Immunohistology of the cardiac [118]
antagonist inflammatory infiltration

CCRS CCL3 and CCL5 Infection in CCRS Immunohistology of the cardiac [119]
knockout mice inflammatory infiltration

VLA-6 (CD49f/CD29) laminin Treatment with neutralizing Heart graft rejection and immunohistology [120,121]
antibodies of the cardiac inflammatory infiltration

VLA-4 (CD49f/CD29) VCAM-1 and Treatment with neutralizing Immunohistology of the brain [125]

fibronectin antibodies inflammatory infiltration
ICAM-1 LFA-1 Infection in ICAM-1 Immunohistology of the cardiac [132]

knockout mice

inflammatory infiltration
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5. Concluding remarks and perspectives

The extensive data discussed herein clearly indicate that
cytokine/chemokine-mediated circuits, as well as interac-
tions involving adhesion receptors, play a crucial role in the
pathophysiology of Chagas’ disease, thus placing these
molecular interactions as potential targets for therapeutical
approaches.

Nevertheless, there are a large number of missing points
that, once resolved, shall be helpful in designing new
therapeutic strategies for this disease. Among those, we can
list: (a) comparative studies on the immunology of Chagas’
disease due to type-1 versus type-2 T. cruzi clonotypes,
including both innate and adaptative immune responses; (b)
better definition of the imbalance of cytokine network during
the evolution of Chagas’ disease; (c) the use of immunodefi-
cient animals for better understanding the immunology/
immunopathology of human Chagas’ disease; (d) better
understanding of how the immune system operates in the
context of co-infection involving 7. cruzi and other(s)
infectious agent(s); (e) levels of cell migration-related
receptors in distinct cells of the immune system, including
in the switch from the asymptomatic to cardiac or digestive
forms of chronic Chagas’ disease; (f) clear-cut definition of
potential targets to immunological-based therapy in Chagas’
disease; (g) search for immunological markers of the disease
(e.g. cytokine and chemokine levels). These still unresolved
issues should be included in an agenda for future investigation.

Acknowledgements

We apologize to the authors of many relevant references
not cited because of space limitations. We thank Dr. Gabriel
Rabinovich for his friendship and for sharing with us his
enthusiasm for the research work. This work was supported
by grants from Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq), Oswaldo Cruz Foundation
(Fiocruz) and Fundagéo Carlos Chagas Filho de Aparo a
Pesquisa do Estado do Rio de Janeiro (Faperj) (Brazil);
Agencia Nacional de Promocién Cientifica y Tecnoldgica
(ANPCYT), Consejo Nacional de Investigaciones Cientifi-
cas y Técnicas (CONICET), Secretaria de Ciencia y
Técnica-Universidad Nacional de Cérdoba (SECYT-UNC)
and Ministerio de Salud de la Nacion Argentina. S.G. and
MPA are Research Career Investigators from CONICET.
N.G. thanks CONICET for the fellowship granted.

References

[1] Morel CM, Lazdins J. Chagas’ disease. Nat Rev Microbiol
2003;1:14-5.

[2] Higuchi ML, Benvenuti LA, Reis MM, Metzger M. Pathophysiology
of the heart in Chagas’ disease: current status and new developments.
Cardiovasc Res 2003;60:96-107.

[3] Junqueira Jr LF, Beraldo PSS, Chapadeiro E, Jesus PC. Cardiac
autonomic dysfunction and neuroganglionitis in a rat model of
chronic Chagas’ disease. Cardiovasc Res 1992;26:324-9.

de Oliveira RB, Troncon LE, Dantas RO, Menghelli UG. Gastro-

intestinal manifestations of Chagas’ disease. Am J Gastroenterol

1998;93:884-9.

Rezende JM, Moreira H. Forma digestiva da Doenca de Chagas’. In:

Brener A, Andrade ZA, Barral-Neto M, editors. Trypanosoma cruzi e

Doenca de Chagas’, 2a edicao. Guanabara Koogan: Rio de Janeiro;

2000. p. 153-69.

Ferreira MS, Nishioka SA, Silvestre MT, Borges AS, Nunes Aratjo

FR, Rocha A. Reactivation of Chagas’ disease in patients with AIDS:

review of the literature. Clin Infect Dis 1997;25:1397-400.

Sartori AMC, Shikanai Yasuda MA, Amato-Neto V, Lopes MH. Follow

up of 18 patients with human immunodeficient virus infection and

chronic Chagas’ disease, with reactivation of Chagas’ disease causing
cardiac disease in three patients. Clin Infect Dis 1998;26:177-9.

Schnare M, Barton G, Holt A, Takeda K, Akira S, Medzhitov R. Toll-

like receptors control activation of adaptive immune responses. Nat

Immunol 2001;2:947-50.

[9] Noel W, Raes G, Hassanzadeh Ghass G, De Baetselier P, Beschin A.
Alternatively activated macrophages during parasite infections.
Trends Parasitol 2004;20:126-33.

[10] Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M.
The chemokine system in diverse forms of macrophage activation
and polarization. Trends Immunol 2004;25:677-86.

[11] Gordon S. Alternative activation of macrophages. Nat Rev Immunol
2003;3:23-35.

[12] Bronte V, Zanovello P. Regulation of immune responses by L-
arginine metabolism. Nat Rev Immunol 2005;5:641-54.

[13] Goerdt S, Orfanos C. Other functions, other genes: alternative
activation of antigen-presenting cells. Immunity 1999;10:137-42.

[14] Campos MA, Closel M, Valente EP, Cardoso JE, Akira S, Alvarez-
Leite JI, et al. Impaired production of proinflammatory cytokines and
host resistance to acute infection with Trypanosoma cruzi in mice
lacking functional myeloid differentiation factor 88. J Immunol
2004;172:1711-8.

[15] Camargo M, Almeida I, Pereira M, Ferguson M, Travassos L,
Gazzinelli R. Glycosylphosphatidylinositol-anchored mucin-like
glycoproteins isolated from Trypanosoma cruzi trypomastigotes
initiate the synthesis of proinflammatory cytokines by macrophages.
J Immunol 1997;158:5890-901.

[16] Campos MAS, Almeida IC, Takeuchi O, Akira S, Valente EP,
Procopio DO, et al. Activation of toll-like receptor-2 by glycosylpho-
sphatidylinositol anchors from a protozoan parasite. J Immunol
2001;167:416-23.

[17] Quanquin NM, Galaviz C, Fouts DL, Wrightsman RA, Manning JE.
Immunization of mice with a TolA-like surface protein of Trypano-
soma cruzi generates CD4+ T-cell-dependent parasiticidal activity.
Infect Immun 1999;67:4603-12.

[18] Fernandez-Gomez R, Esteban S, Gomez-Corvera R, Zoulika K,
Quaissi A. Trypanosoma cruzi: Tc52 released protein-induced
increased expression of nitric oxide synthase and nitric oxide pro-
duction by macrophages. J Immunol 1998;160:3471-9.

[19] Ouaissi A, Guilvard E, Delneste Y, Caron G, Magistrelli G, Herbault
N, et al. The Trypanosoma cruzi Tc52-released protein induces
human dendritic cell maturation, signals via toll-like receptor 2,
and confers protection against lethal infection. J Immunol
2002;168:6366-74.

[20] CazzuloJ. Proteinases of Trypanosoma cruzi: potential targets for the
chemotherapy of Changas desease. Curr Top Med Chem 2002;2:
1261-71.

[21] Aparicio IM, Scharfstein J, Lima APCA. A new cruzipain-mediated
pathway of human cell invasion by Trypanosoma cruzi requires
trypomastigote membranes. Infect Immun 2004;72:5892-902.

[22] Giordanengo L, Guinazu N, Stempin C, Fretes R, Cerban F, Gea S.
Cruzipain, a major Trypanosoma cruzi antigen, conditions the host

[4

finar

[5

—_

[6

—_

[7

—

[8

—_



120 W. Savino et al./Cytokine & Growth Factor Reviews 18 (2007) 107-124

immune response in favor of parasite. Eur J Immunol 2002;32:1003—
11.

[23] Stempin C, Giordanengo L, Gea S, Cerban F. Alternative activation
and increase of Trypanosoma cruzi survival in murine macrophages
stimulated by cruzipain, a parasite antigen. J Leukoc Biol 2002;72:
727-34.

[24] Stempin C, Tanos T, Coso O, Cerban F. Arginase induction promotes
Trypanosoma cruzi intracellular replication in Cruzipain-treated J774
cells through the activation of multiple signaling pathways. Eur J
Immunol 2004;34:200-9.

[25] Guinazu N, Pellegrini A, Giordanengo L, Aoki M, Rivarola H, Cano
R, et al. Immune response to a major Trypanosoma cruzi antigen,
cruzipain, is differentially modulated in C57BL/6 and BALB/c mice.
Microbes Infect 2004;6:1250-8.

[26] Planelles L, Thomas M, Maranon C, Morell M, Lopez M. Differential
CD86 and CD40 co-stimulatory molecules and cytokine expression
pattern induced by Trypanosoma cruzi in APCs from resistant or
susceptible mice. Clin Exp Immunol 2003;131:41-7.

[27] Campbell D, Westenberger S, Sturm N. The determinants of Chagas’
disease: connecting parasite and host genetics. Curr Mol Med
2004;4:549-62.

[28] Hoft DF, Eickhoff CS. Type 1 immunity provides both optimal
mucosal and systemic protection against a mucosally invasive,
intracellular pathogen. Infect Immun 2005;73:4934-40.

[29] Villalta F, Zhang Y, Kartz EB, Kappes JC, Lima MF. The cysteine-
cysteine family of chemokines RANTES, MIP-1alpha, and MIP-
1beta induce trypanocidal activity in human macrophages via nitric
oxide. Infect Immun 1998;66:4690-5.

[30] Petray P, Corral R, Meckert PC, Laguens R. Role of macrophage
inflammatory protein-lac (MIP-1a) in macrophage homing in the
spleen and heart pathology during experimental infection with
Trypanosoma cruzi. Acta Tropica 2002;83:205-11.

[31] Hardison JL, Wrightsman RA, Carpenter PM, Lane TE, Manning JE.
The chemokines CXCL9 and CXCL10 promote a protective immune
response but do not contribute to cardiac inflammation following
infection with Trypanosoma cruzi. Infect Immun 2006;74:125-34.

[32] Rabinovich GA, Gruppi A. Galectins as immunoregulators during
infectious processes: from microbial invasion to the resolution of the
disease. Parasite Immunol 2005;27:103-14.

[33] Vray B, Camby I, Vercruysse V, Mijatovic T, Bovin NV, Ricciardi-
Castagnoli P, et al. Up-regulation of galectin-3 and its ligands by
Trypanosoma cruzi infection with modulation of adhesion and
migration of murine dendritic cells. Glycobiology 2004;14:647-57.

[34] Sano H, Hsu DK, Apgar JR, Yu L, Sharma BB, Kuwabara I, et al.
Critical role of galectin-3 in phagocytosis by macrophages. J Clin
Invest 2003;112:389-97.

[35] Hsu DK, Yang RY, Pan Z, Yu L, Salomon DR, Fung-Leung WP, et al.
Targeted disruption of the galectin-3 gene results in attenuated
peritoneal inflammatory responses. Am J Pathol 2000;156:1073-83.

[36] Silva-Monteiro E, Lorenzato LR, Nihei OK, Junqueira M, Rabino-
vich GA, Hsu DK, Liu FT, Savino W, Chammas R, Villa-Verde DM.
Altered expression of galectin-3 induces cortical thymocyte deple-
tion and premature exit of immature thymocytes during Trypanosoma
cruzi infection. Am J Pathol 2007;170:546-56.

[37] Moody TN, Ochieng J, Villalta F. Novel mechanism that Trypano-
soma cruzi uses to adhere to the extracellular matrix mediated by
human galectin-3. FEBS Lett 2000;470:305-8.

[38] Kleshchenko YY, Moody TN, Furtak VA, Ochieng J, Lima MF,
Villalta F. Human galectin-3 promotes Trypanosoma cruzi adhesion
to human coronary artery smooth muscle cells. Infect Immun
2004;72:6717-21.

[39] Chandrasekar B, Melby PC, Troyer DA, Colston JT, Freeman GL.
Temporal expression of pro-inflammatory cytokines and inducible
nitric oxide synthase in experimental acute chagasic cardiomyopathy.
Am J Pathol 1998;152:925-34.

[40] Zhang L, Tarleton RL. Characterization of cytokine production in
murine Trypanosoma cruzi infection by in situ immunocytochem-

istry: lack of association between susceptibility and type 2 cytokine
production. Eur J Immunol 1996;26:102-9.

[41] Machado FS, Martins GA, Aliberti JC, Mestriner FL, Cunha FQ,
Silva JS. Trypanosoma cruzi-infected cardiomyocytes produce che-
mokines and cytokines that trigger potent nitric oxide-dependent
trypanocidal activity. Circulation 2000;102:3003-8.

[42] Fichera LE, Albareda MC, Laucella SA, Postan M. Intracellular
growth of Trypanosoma cruzi in cardiac myocytes is inhibited by
cytokine-induced nitric oxide release. Infect Immun 2004;72:359—
63.

[43] Aoki MP, Guinazu NL, Pellegrini AV, Gotoh T, Masih DT, Gea S.
Cruzipain, a major Trypanosoma cruzi antigen, promotes arginase-2
expression and survival of neonatal mouse cardiomyocytes. Am J
Physiol Cell Physiol 2004;286:C206-12.

[44] Smith RM, Lecour S, Sack MN. Innate immunity and cardiac
preconditioning: a putative intrinsic cardioprotective program. Car-
diovasc Res 2002;55:474-82.

[45] Aoki MP, Cano RC, Pellegrini AV, Tanos T, Guinazu NL, Coso OA,
et al. Different signaling pathways are involved in cardiomyocyte
survival induced by a Trypanosoma cruzi glycoprotein. Microbes
Infect 2006;7:1723-31.

[46] Villalta F, Zhang Y, Bibb KE, Burns Jr JM, Lima MF. Signal
transduction in human macrophages by gp83 ligand of Trypanosoma
cruzi: trypomastigote gp83 ligand up-regulates trypanosome entry
through the MAP kinase pathway. Biochem Biophys Res Commun
1998;249:247-52.

[47] Wrightsman R, Krassner S, Watson J. Genetic control of responses to
Trypanosoma cruzi in mice: multiple genes influencing parasitaemia
and survival. Infect Immun 1982;36:637—44.

[48] Andrade Z, Barral-Netto M, Andrade SG. Patterns of resistance of
inbred mice to Trypanosoma cruzi are determined by parasite strain.
Braz J Med Biol Res 1985;18:499-506.

[49] SilvalS, Morrisey PJ, Grabstein KH, Mohler KM, Anderson D, Reed
SG. Interleukin 10 and interferon <y regulation of experimental
Trypanosoma cruzi infection. J Exp Med 1992;175:169-74.

[50] Roggero E, Pérez A, Tamae-Kakazu M, Piazzon I, Nepomnaschy I,
Wietzerbin J, et al. Differential susceptibility to acute Trypanosoma
cruzi infection in BALB/c and C57BL/6 mice is not associated with a
distinct parasite load but cytokine abnormalities. Clin Exp Immunol
2002;128:421-8.

[51] Perez AR, Tamae-Kakazu M, Pascutti MF, Roggero E, Serra E,
Revelli S, et al. Deficient control of Trypanosoma cruzi infection in
C57BL/6 mice is related to a delayed specific IgG response and
increased macrophage production of pro-inflammatory cytokines.
Life Sci 2005;77:1945-59.

[52] Truyens C, Torrico F, Angelo-Barrios A, Lucas R, Heremans H, De
Baetselier P, Carlier Y. The cachexia associated with Trypanosoma
cruzi acute infection in mice is attenuated by anti-TNF-a, but not by
anti-IL-6 or anti-IFN-y antibodies. Parasite Immunol 1995;17:561-8.

[53] Holscher C, Mohrs M, Dai WJ, Kéhler G, Ryffel B, Schaub GA, et al.
Tumour necrosis factor alpha-mediated toxic shock in Trypanosoma
cruzi-infected interleukin 10-deficient mice. Infect Immun 2000;68:
4075-83.

[54] Abrahamsohn IA, Coffman RL. Trypanosoma cruzi-1IL-10, TNF,
IFN-gamma and IL-12 regulate innate and acquired-immunity to
infection. Exp Parasitol 1996;84:231-44.

[55] Hunter CA, Ellis Neyes LA, Slifer T, Kanaly S, Grunig G, Fort M,
Rennick D, Araujo FG. IL-10 is required to prevent immune hyper-
activity during infection with Trypanosoma cruzi. J Immunol
1997;158:3311-6.

[56] Kierszenbaum F. Views on the autoimmunity hypothesis for Chagas’
disease pathogenesis. FEMS Immunol Med Microbiol 2003;37:1-11.

[57] Girones N, Cuervo H, Fresno M. Trypanosoma cruzi-induced mole-
cular mimicry and Chagas’ disease. Curr Top Microbiol Immunol
2005;296:89-123.

[58] Tarleton R. Parasite persistence in the aetiology of Chagas’ disease.
Int J Parasitol 2001;31:550-4.



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

(72]

(73]

[74]

(751

[76]

(771

W. Savino et al./Cytokine & Growth Factor Reviews 18 (2007) 107-124 121

Cunha-Neto EIL, Bilate AMB, Goncalves Fonseca S, Kalil J. Auto-
immunity in Chagas’ disease. Elsevier; 2004.

Girones N, Fresno M. Etiology of Chagas’ disease myocarditis:
autoimmunity, parasite persistence, or both? Trends Parasitol
2003;19:19-22.

Giordanengo L, Maldonado C, Rivarola H, Iosa D, Girones N, Fresno
M, et al. Induction of antibodies reactive to cardiac myosin and
development of heart alterations in cruzipain-immunized mice and
their offspring. Eur J Immunol 2000;30:3181-9.

Sterin-Borda L, Giordanengo L, Joensen L, Gea S. Cruzipain induces
autoantibodies against cardiac muscarinic acetylcholine receptors.
Functional and pathological implications. Eur J Immunol
2003;33:2459-68.

Cunha-Neto E, Duranti M, Gruber A, Zingales B, de Messias I, Stolf
N, et al. Autoimmunity in Chagas’ disease cardiopathy: biological
relevance of a cardiac myosin-specific epitope crossreactive to an
immunodominant Trypanosoma cruzi antigen. Proc Natl Acad Sci
USA 1995;92:3541-5.

Giordanengo L, Gea S, Barbieri G, Rabinovich G. Anti-galectin-1
autoantibodies in human Trypanosoma cruzi infection: differential
expression of this beta-galactoside-binding protein in cardiac Cha-
gas’ disease. Clin Exp Immunol 2001;124:266-73.

Girones N, Rodriguez CI, Basso B, Bellon JM, Resino S, Munoz-
Fernandez MA, et al. Antibodies to an epitope from the Cha human
autoantigen are markers of Chagas’ disease. Clin Diagn Lab Immu-
nol 2001;8:1039-43.

Laucella S, Postan M, Martin D, Hubby Fralish B, Albareda M, Alvarez
M, et al. Frequency of interferon-gamma-producing T cells specific for
Trypanosoma cruzi inversely correlates with disease severity in chronic
human Chagas’ disease. J Infect Dis 2004;189:909-18.

Battaglia M, Blazar B, Roncarolo M. The puzzling world of murine T
regulatory cells. Microbes Infect 2002;4:559-66.

Besedovsky HO, del Rey A. Immune-neuro-endocrine interactions:
facts and hypotheses. Endocrine Rev 1996;17:64-102.

Roggero E, Pérez AR, Tamae-Kakazu M, Piazzon I, Nepomnaschy I,
Besedovsky H, et al. Endogenous glucocorticoids cause thymus
atrophy but are protective during acute Trypanosoma cruzi infection.
J Endocrinol 2006;190:495-503.

Correa-de-Santana E, Paez-Pereda M, Theodoropoulou M, Gruebler
Y, Nihei OK, Bozza M, et al. Hypothalamus-pituitary-adrenal axis
during Trypanosoma cruzi infection in mice. J Neuroimmunol
2006;173:12-22.

Arzt E, Pereda MP, Castro CP, Pagotto U, Renner U, Stalla GK.
Pathophysiological role of the cytokine network in the anterior
pituitary gland. Front Neuroendocrinol 1999;20:71-95.
Corréa-de-Santana E, Pinto-Mariz F, Savino W. Immunoneuroendo-
crine Interactions in Chagas’ disease. Ann NY Acad Sci 2006;88:
274-83.

Savino W. The thymus is a common target organ in infectious
diseases. PLoS Pathogens 2006;2:472-83.

Savino W, Leite-de-Moraes MC, Hontebeyrie-Joskowicz M, Dard-
enne M. Studies on the thymus in Chagas’ disease. I. Changes in the
thymic microenvironment in mice acutely infected with Trypano-
soma cruzi. Eur J Immunol 1989;19:1727-33.

Leite de Moraes MC, Hontebeyrie-Joskowicz M, Leboulanger F,
Savino W, Dardenne M, Lepault F. Studies on the thymus in Chagas’
disease. II. Thymocyte subset fluctuations in Trypanosoma cruzi-
infected mice: relationship to stress. Scand J Immunol 1991;33:267-
75.

Leite de Moraes MC, Hontebeyrie-Joskowicz M, Dardenne M,
Savino W. Modulation of thymocyte subsets during acute and chronic
phases of experimental Trypanosoma cruzi infection. Immunology
1992;77:95-8.

Leite de Moraes MC, Minoprio P, Dy M, Dardenne M, Savino W,
Hontebeyrie-Joskowicz M. Endogenous IL-10 and IFN-y production
controls thymic cell proliferation in mice acutely infected by Try-
panosoma cruzi. Scand J Immunol 1994;39:51-8.

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Antunez MI, Feinstein RE, Cardoni RL, Gronvik KO. Trypanosoma
cruzi: T cell subpopulations in the Peyer’s patches of BALB/c
infected mice. Exp Parasitol 1997;87:58-64.

Mucci J, Hidalgo A, Mocetti E, Argibay PF, Leguizamén M,
Campetella O. Thymocyte depletion in Trypanosoma cruzi infection
is mediated by trans-sialidase-induced apoptosis on nurse cells
complex. Proc Natl Acad Sci USA 2002;99:3896-901.

Cotta de Almeida V, Mendes da Cruz DA, Bonomo A, Savino W.
Acute Trypanosoma cruzi infection modulates intrathymic contents
of extracellular matrix ligands and receptors and alters thymocyte
migration. Eur J Immunol 2003;33:2439-48.

Henriques-Pons A, De Meis J, Cotta-de-Almeida V, Savino W,
Aratijo-orge TC. Fas and perforin are not required for thymus atrophy
induced by Trypanosoma cruzi infection. Exp Parasitol 2004;107:1—
4.

De Meis J, Mendes-da-Cruz DA, Farias-de-Oliveira DA, Correa-de-
Santana E, Pinto-Mariz F, Cotta-de-Almeida V, Bonomo A, Savino
W. Atrophy of mesenteric lymph nodes in experimental Chagas’
disease: differential role of Fas/Fas-L and TNFR1/TNF pathways.
Microbes Infect 2006;8:221-31.

Fukumori T, Takenaka Y, Yoshii T, Kim HR, Hogan V, Inohara H,
et al. CD29 and CD7 mediate galectin-3-induced type II T-cell
apoptosis. Cancer Res 2003;63:8302-11.

Nakahara S, Oka N, Raz A. On the role of galectin-3 in cancer
apoptosis. Apoptosis 2005;10:267-75.

Olivieri BP, Farias-de-Oliveira DA, Aradjo-Jorge TC, Cotta-de-
Almeida V. Benznidazole therapy in Trypanosoma cruzi-infected mice
blocks thymic involution and apoptosis of CD4*CD8* double-positive
thymocytes. Antimicrob Agents Chemother 2005;49:1981-7.
Goncalves da Costa SC, Calabrese KS, Bauer PG, Savino W,
Lagrange Ph. Studies on the thymus in Chagas’ disease. III. Colo-
nization of the thymus and other lymphoid organs from adult and
newborn mice by Trypanosoma cruzi. Pathol Biol 1991;39:91-7.
Mantuano-Barradas M, Henriques-Pons A, Aratjo-orge TC, Di
Virgilio F, Coutinho-Silva R, Persechini PM. Extracellular ATP
induces cell death in CD4*/CD8* thymocytes in mice infected with
Trypanosoma cruzi. Microbes Infect 2003;5:1363-71.

Minoprio PM, Eisen H, Forni L, D’Imperio Lima MR, Joskowicz M,
Coutinho A. Polyclonal lymphocyte responses to murine Trypano-
soma cruzi infection. I. Quantitation of both T- and B-cell responses.
Scand J Immunol 1986;24:661-8.

Savino W, Villa Verde DMS, Lannes Vieira J. Extracellular matrix
proteins in intrathymic T cell migration and differentiation? Immunol
Today 1993;14:158-61.

Villa-Verde DMS, Silva-Monteiro E, Jasiulionis M, Farias-de-Oli-
veira DA, Brentani RR, Savino W, Chammas R. Galectin-3 mod-
ulates carbohydrate dependent thymocyte interactions with the
thymic microenvironment. Eur J Immunol 2002;32:1344-434.
Cotta-de-Almeida V, Bertho AL, Villa-Verde DMS, Savino W.
Phenotypic and functional analysis of thymic nurse cells following
acute Trypanosoma cruzi infection. Clin Immunol Immunopathol
1997;82:125-32.

Annunziato F, Romagnani P, Cosmi L, Lazzeri E, Romagnani S.
Chemokines and lymphopoiesis in the thymus. Trends Immunol
2001;22:277-81.

Norment AM, Bevan MJ. Role of chemokines in thymocyte devel-
opment. Semin Immunol 2000;12:445-55.

Pelletier AJ, Van der Laan LJ, Hildbrand P, Siani MA, Thompson
DA, Dawson PE, et al. Presentation of chemokine SDF-la by
fibronectin mediates directed migration of T cells. Blood
2000;96:2682-90.

Savino W, Mendes-da-Cruz DA, Silva JS, Dardenne M, Cotta-de-
Almeida V. Intrathymic T-cell migration: a combinatorial interplay of
extracellular matrix and chemokines? Trends Immunol 2002;23:
305-13.

Savino W, Mendes-Da-Cruz DA, Smaniotto S, Silva-Monteiro E,
Villa-Verde DM. Molecular mechanisms governing thymocyte



122

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

W. Savino et al./Cytokine & Growth Factor Reviews 18 (2007) 107-124

migration: combined role of chemokines and extracellular matrix. J
Leukoc Biol 2004;75:951-61.

Mendes-da-Cruz DA, Silva JS, Cotta-de-Almeida V, Savino W.
Altered thymocyte migration during experimental acute Trypano-
soma cruzi infection: combined role of fibronectin and the chemo-
kines CXCL12 and CCL4. Eur J Immunol 2006;36:1486-93.
Saoudi A, Seddon B, Fowell D, Mason D. The thymus contains a high
frequency of cells that prevent autoimmune diabetes on transfer into
prediabetic recipients. J Exp Med 1996;184:2393-8.

Bottasso OA, Revelli SS, Davila H, Valenti JL, Musso OC, Ferro ME,
et al. Enhanced myocardial lesions in chronically Trypanosoma
cruzi-infected rats subjected to adult thymectomy. Immunol Lett
1993;37:175-80.

Cardillo F, Nomizo A, Mengel J. The role of the thymus in modulat-
ing gammadelta T cell suppressor activity during experimental
Trypanosoma cruzi infection. Int Immunol 1998;10:107-16.
Marleau AM, Sarvetnick N. T cell homeostasis in tolerance and
immunity. J Leukoc Biol 2005;78:575-84.

Cordeiro-da-Silva A, Lima EC, Vicentelli MH, Minoprio P. V beta 6-
bearing T cells are involved in resistance to Trypanosoma cruzi
infection in XID mice. Int Immunol 1996;8:1213-9.

Cardoni RL, Antunez MI, Orn A, Gronvik KO. T cell receptor V beta
repertoire in the thymus and spleen of mice infected with Trypano-
soma cruzi. Cell Immunol 1996;169:238-45.

Costa RP, Gollob KJ, Fonseca LL, Rocha MO, Chaves AC, Medrano-
Mercado N, et al. T-cell repertoire analysis in acute and chronic
human Chagas’ disease: differential frequencies of VbetaS expres-
sing T cells. Scand J Immunol 2000;51:511-9.

Mendes-da-Cruz DA, de Meis J, Cotta-de-Almeida V, Savino W.
Experimental Trypanosoma cruzi infection alters the shaping of the
central and peripheral T cell repertoire. Microbes Infect 2003;5:825—
32.

Lagana A, Goetz JG, Cheung P, Raz A, Dennis JW, Nabi IR. Galectin
binding to Mgat5-modified N-glycans regulates fibronectin matrix
remodeling in tumor cells. Mol Cel Biol 2006;26:3181-93.

Rivera MT, Marques De Araujo S, Ralf Lucas R, Deman J, Truyens
C, Defresne MP, et al. High tumor necrosis factor alpha (TNF-o)
production in Trypanosoma cruzi-infected pregnant mice and
increased TNF-a gene transcription in their offspring. Infect Immun
1995;63:591-5.

Mucci J, Mocetti E, Leguizamon MS, Campetella O. A sexual
dimorphism in intrathymic sialylation survey is revealed by the
trans-sialidase from Trypanosoma cruzi. J Immunol 2005;174:
4545-50.

Roggero E, Piazzon I, Nepomnaschy I, Perez A, Velikovsky A, Revelli
S, et al. Thymocyte depletion during acute Trypanosoma cruzi infec-
tion in C57BL/6 mice is partly reverted by lipopolysaccharide pre-
treatment. FEMS Immunol Med Microbiol 2004;41:123-31.

Milner R, Campbell IL. Cytokines regulate microglial adhesion to
laminin and astrocyte extracellular matrix via protein kinase C-
dependent activation of the alphabbetal integrin. J Neurosci
2002;22:1562-72.

Vaday GG, Franitza S, Schor H, Hecht I, Brill A, Cahalon L, et al.
Combinatorial signals by inflammatory cytokines and chemokines
mediate leukocyte interactions with extracellular matrix. J Leukoc
Biol 2001;69:885-92.

Kulbe H, Hagemenn T, Szlosarek PW, Balkwill FR, Wilson JL. The
inflammatory cytokine tumor necrosis factor-alpha regulates chemo-
kine receptor expresion on ovarian cancer cells. Cancer Res
2005;65:10355-62.

Hosokawa Y, Hosokawa I, Ozaki K, Nakae H, Matsuo T. Increased
CCL20 expression by human gingival fibroblasts upon stimulation
with cytokines and bacterial endotoxin. Clin Exp Immunol
2005;142:285-91.

Nanki T, Lipsky PE. Cytokine, activation marker, and chemokine
receptor expression by individual CD4+ memory T cells in rheuma-
troid arthritis synovium. Arthritis Res 2001;2:415-23.

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Qin S, Rottman JB, Myers P, Kassam N, Weinblatt M, Loetscher M,
et al. The chemokine receptors CXCR3 and CCRS mark subsets of T
cells associated with certain inflammatory reactions. J Clin Invest
1998;101:746-54.

Gomes JA, Bahia-Oliveira LM, Rocha MO, Buseck SC, Teixeira
MM, Silva JS, et al. Type 1 chemokine receptor expression in
Chagas’ disease correlates with morbidity in cardiac patientes. Inf
Immun 2005;73:7960-6.

Machado FS, Koyama NS, Carregaro V, Ferreira BR, Milanezi CM,
Teixeira MM, Rossi MA, Silva JS. CCRS plays a critical role in the
development of myocarditis and host protection in mice infected with
Trypanosoma cruzi. J Infect Dis 2005;191:627-36.

Marino AP, da Silva A, dos Santos P, Pinto LM, Gazzinelli RT,
Teixeira MM, et al. Regulated on activation, normal T cell expressed
and secreted (RANTES) antagonist (Met-RANTES) controls the
early phase of Trypanosoma cruzi-elicited carditis. Circulation
2004;110:1443-9.

Ribeiro-dos-Santos R, Laus JL, Silva JS, Rossi M, Savino W, Mengel
JO. Anti-CD4 abrogates rejection and reestablishes long-term toler-
ance to syngeneic newborn hearts grafted in mice chronically
infected with Trypanosoma cruzi. J Exp Med 1992;175:29-39.
Silva-Barbosa SD, Cotta-de Almeida V, Riederer I, De Méis J,
Dardenne M, Bonomo A, et al. Involvement of laminin and its
receptor in abrogation of heart graft rejection by autoreactive T cells
from Trypanosoma cruzi-infected mice. J Immunol 1997;159:997—
1003.

Silva-Barbosa SD, Riederer I, Savino W. Laminin-mediated inter-
actions in heart transplantation. Transplantation 2001;72:172-3.
Hershkoviz R, Gilat D, Miron S, Mekori YA, Aderka D, Wallach D,
et al. Extracellular matrix induces tumor necrosis factor-a secretion
by an interaction between resting rat CD4™ T cells and macrophages.
Immunology 1993;78:50-7.

Li YQ, Kobayashi M, Yuan L, Wang J, Matsushita K, Hamada JI,
et al. Protein kinase C mediates the signal for interferon-gamma
mRNA expression in cytotoxic T cells after their adhesion to laminin.
Immunology 1998;93:455-61.

Silva AA, Roffe E, Marino AP, dos Santos PV, Quirico-Santos T,
Paiva CN, et al. Chagas’ disease encephalitis: intense CD8" lym-
phocytic infiltrate is restricted to the acute phase, but is not related to
the presence of Trypanosoma cruzi antigens. Clin Immunol
1999;92:56-66.

Roffe E, Silva AA, Marino AP, dos Santos PV, Lannes-Vieira J.
Essential role of VLA-4/VCAM-1 pathway in the establishment of
CD8" T-cell-mediated Trypanosoma cruzi-elicited meningoencepha-
litis. J Neuroimmunol 2003;142:17-30.

Quaissi MA, Cornette J, Capron A. Identification and isolation of
Trypanosoma cruzi trypomastigote cell surface protein with proper-
ties expected of a fibronectin receptor. Mol Biochem Parasitol
1986;19:201-11.

Giordano R, Fouts DL, Tewari D, Colli W, Manning JE, Alves MJ.
Cloning of a surface membrane glycoprotein specific for the infective
form of Trypanosoma cruzi having adhesive properties to laminin. J
Biol Chem 1999;274:3461-8.

Marroquin-Quelopana M, Oyama Jr S, Aguiar Pertinhez T, Spisni A,
Aparecida Juliano M, Juliano L, et al. Modeling the Trypanosoma
cruzi Tc85-11 protein and mapping the laminin-binding site. Bio-
chem Biophys Res Commun 2004;325:612-8.

Calvet CM, Meuser M, Almeida D, Meirelles MN, Pereira MC.
Trypanosoma cruzi-cardiomyocyte interaction: role of fibronectin in
the recognition process and extracellular matrix expression in vitro
and in vivo. Exp Parasitol 2004;107:20-30.

Nde PN, Simmons KJ, Kleshchenko YY, Pratap S, Lima MF, Villalta
F. Silencing of the laminin gamma-1 gene blocks Trypanosoma cruzi
infection. Infect Immun 2006;74:1643-8.

Simmons KJ, Nde PN, Kleshchenko Y'Y, Lima MF, Villalta F. Stable
RNA interference of host thrombospondin-1 blocks Trypanosoma
cruzi infection. FEBS Lett 2006;580(9):2365-70.



W. Savino et al./Cytokine & Growth Factor Reviews 18 (2007) 107-124 123

[132] Michailowsky V, Celes MR, Marino AP, Silva AA, Vieira LQ, Rossi
MA, et al. Intercellular adhesion molecule 1 deficiency leads to
impaired recruitment of T lymphocytes and enhanced host suscept-
ibility to infection with Trypanosoma cruzi. J Immunol 2004;173:
463-70.

Wilson Savino, born on December 20th, 1951, in
Rio de Janeiro, Brazil. Degrees: BSc (University
of the State of Rio de Janeiro, 1974); MSc
(Federal University of Rio de Janeiro, 1979);
PhD (University of Sdo Paulo, 1982). He is Full
Researcher and Head of the Laboratory on
Thymus Research at Fiocruz, Rio de Janeiro,
developing research on lymphocyte migration
in normal and pathological conditions (including
infectious and autoimmune diseases). He did his
post-doc training at Necker Hospital in Paris, studying the human and
mouse thymus, particularly in respect to the cell biology of the thymic
epithelium. In 1989, he created the MSc/PhD program on Cellular and
Molecular Biology at Fiocruz, which remains an important graduate
program in Brazil. In terms of human resources, he supervised more than
25 PhD and 25 MSc theses. He organized several congresses including the
the first Brazilian Symposium of Extracellular matrix (1990), and since
then, this meeting is held every 2 years. More recently (2005), he organized
the 1st Iberoamerican Congress of Neuroimmunomodulation. Between
1993 and 1995 he was president of the Brazilian Society of Immunology,
and created the first Directory of Brazilian Laboratories in Immunology. His
scientific production comprises more than 190 indexed papers, as well as
book chapters. One of the papers received the *“Brazilian Citation Classics™
award, by the Institute for Scientific Information, as the most cited paper
written by Brazilian authors in the field of immunology, during the 1990s.

Déa Maria Serra Villa-Verde is full researcher at the Oswaldo Cruz
Foundation (Rio de Janeiro), working in the Laboratory on Thymus
Research since 1996. She was graduated in Pharmacy and Biochemistry
in 1976, at The Federal University of Rio de Janeiro, Brazil; got her Master’s
Degree in Histology and Embryology in 1985, and her PhD degree in
Microbiology and Immunology in 1993, at the same University. Her post-
doctoral training was done in Cell Biology and Glycobiology (1993-1994)
at The Ludwig Institute for Cancer Research, Sdo Paulo Branch, Brazil. She
is presently interested in studying the influences of extracellular matrix and
matrix-related proteins, such as galectins, in the immune system in phy-
siological and pathological conditions. Additionally, she is interested in
neuroimmunomodulation.

Daniella Areas Mendes-da-Cruz obtained the bachelor degree in Biome-
dicine in 1996, at the University of Rio de Janeiro. She then got her MSc and
PhD degrees in Parasite Biology at the Oswaldo Cruz Foundation (Rio de
Janeiro), respectively in 2000 and 2003. Her research interests are in
immunology, especially in molecules that can play a role in T cell inter-
actions (including T cell development and migration), such as extracellular
matrix molecules and chemokines. She is presently working as a Post-
doctoral fellow at CNRS UMR-8147, Necker Hospital in Paris, France.

Elizangela da Silva-Monteiro got her bachelor degree in Biology in 1997
at Veiga de Almeida University, Rio de Janeiro. She then obtained her MSc
and PhD degrees in Parasite Biology at the Oswaldo Cruz Foundation,
respectively in 2000 and 2004. Her post-doctoral training was also done in
the Laboratory on Thymus Research under supervision of Wilson Savino.
She focused her studies on the influences of galectin-3 in thymocyte death
and migration in mice infected by T. cruzi. She is presently interested in
studying the participation of galectin-3 in eosinopoiesis in experimental
models of asthma, being working as a visiting fellow at the Department of
Pathology, Oswaldo Cruz Foundation, Rio de Janeiro.

Ana Rosa Perez is post-doctoral researcher of the Argentinean National
Research Council (CONICET). She obtained the bachelor degree in Bio-
technology in 2001 and the PhD in 2005. Presently, she teaches immunology
at the Institute of Immunology, Faculty of Medical Sciences, University of
Rosario. She is affiliated to the Argentinean Society of Immunology and
Argentinean Society of Protozoology. Her main research focus is the
immunoendocrine response during Trypanosoma cruzi infection and its
effects on the thymus.

Maria del Pilar Aoki is Assistant Investigator of the National Council of
Scientific and Technical Researchers from Argentina (CONICET). She is a
immunology instructor at the laboratory of Immunology, Faculty of Chem-
istry Science, National University of Cérdoba. She obtained the bachelor
degree in Biochemistry (1993), MSc in Medical Pharmacologist (1997) and
the PhD (2000). She is affiliated to the Argentinean Society of Immunology
and Argentinean Society of Protozoology. Her research interest is the cross-
talk between innate recognition and cardiomyocyte response during
Trypanosoma cruzi infection.

Oscar A. Bottasso, born on January 2, 1953.
Nationality: Argentinian. Degrees: Physician
(1977), PhD (1990). He is Director of the Insti-
tute of Immunology (School of Medical
Sciences, National University of Rosario and is
an Independent Career Scientist) and is head of a
research group studying major endemic diseases
in Argentina, mainly Chagas Disease and
Leprosy. He is also Senior Lecturer in Immunol-

7 ogy and Methodology of Clinical Research, and
Member of Medical Science Committee at the National Council for
Scientific and Technological Research (CONICET). He was Scientific
advisor in the Provincial Programme against Leprosy (1980-1990) and
Temporary Advisor, Special Programme for Research and Training in
Tropical Diseases UNDP/World Bank/WHO Geneva (1992). He studied
at the Unite 365 INSERM ““Interférons et Cytokines™ Institut Curie, Paris
(1991), and was President of the Argentinian Society of Immunology
(2002-2004). He published seventy scientific papers in peer reviewed
journals.

Natalia Guifiazu is research instructor at the Laboratory of Immunology,
Faculty of Chemistry Science, National University of Cordoba, Argentina.
In 1999 she got her MS degree in Biochemistry and in 2005 her PhD in
Chemistry Science, at the National University of Cordoba, Argentina. At
present she has a post-doctoral position, being Dr. Susana Gea her mentor.
Her research interests are in immunology with a focus on the innate immune
responses and parasitology. Dr. Guifiazi investigates the parasite regulation
of innate immune cells, particularly as it relates to parasite resistance or
persistence.

Suse Dayse Silva-Barbosa is Assistant Investigator at the National Cancer
Institute (Rio de Janeiro), presently exerting her research activities in the
Department of Immunology at the Oswaldo Cruz Foundation (Brazil). She
obtained the bachelor degree in Biomedicine in 1989, and got the MSc and
PhD degree in Cellular and Molecular Biology at the Oswaldo Cruz
Foundation, respectively in 1994 and 1999. She then developed a post-
doctoral training (2001 to 2003) in Paris, working at the Salpetriere Hospital
in cell therapy for muscular dystrophies. She is particular interested in
understanding the mechanisms driving lymphocyte migration, aiming to
prevent deleterious immunological responses in experimental models of
infectious diseases and organ transplantation, thus favoring novel cell
therapy approaches.



124 W. Savino et al./Cytokine & Growth Factor Reviews 18 (2007) 107-124

Susana Gea, born February 21, 1955. Nation-
ality: Argentina. She is Associate Professor of
Immunology at the Faculty of Chemical
Science. National University of Cérdoba, and
Conicet Independent Researcher since 2004.
She obtained the bachelor degree in Biochem-
istry (1976), and the PhD (1988) at the
National University of Coérdoba. She is
affiliated to the Argentinian Society of Proto-
74 zoology (being president during 2002-2006)
and Argentlman Society of Immunology. She develops research in
Trypanosoma cruzi infection and Chagas disease; including relative
roles of immune system; cytokine biology; protective and pathogenic

mechanisms; parasite-host interaction studies; toll-like receptors and
cell signals. She has trained four PhD students (two finished and two in
course), being also postdoctoral Major Advisor or co-advisor of four
trainees. She published a total of 33 publications, and book chapters.
Additionally, she develops international cooperation projects with Dr.
Manuel Fresno (Autonoma University of Madrid, Spain), and was
invited speaker in several scientific meetings. Also, she participates
in Evaluation Committees Promotion in Researcher Career from CON-
ICET, ANPCyT- FONCYT Scientific Projects, SECYT-UN LaRioja
Scientific Projects and SECYT-UN Rosario Scientific Projects; being
also coordinator/member of the Scientific Committee of the Argentina
Society of Protozoology Meeting (2003-2004) and Latin American
Congress of Immunology (2005).



	Cytokines and cell adhesion receptors in the regulation of �immunity to Trypanosoma cruzi
	Introduction
	Modulation of innate immunity in phagocytic and non-phagocytic cells following T. cruzi infection
	Adaptative immunity in T. cruzi infection: role of cytokines in protective and pathogenic immune responses
	Role of the cytokine-hormone network during �T. cruzi infection

	Dynamics of lymphocyte populations in experimental Chagas’ disease
	Lymphocyte death in acute infection
	Massive thymocyte death in acute Chagas’ disease
	Lymphocyte death in peripheral lymphoid organs

	Lymphocyte migration disturbances in T. cruzi infection
	Escape of immature T cells from the thymus in �T. cruzi infection
	Influx of leukocytes towards T. cruzi target tissues

	Concluding remarks and perspectives
	Acknowledgements
	References


