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lel to a shrinkage in the compartment of natural regulatory T 
cells. In this context, our data clearly point to the view that the 
thymus is a target organ of  T. cruzi  infection. Preserved thy-
mus may be essential for the development of an effective im-
mune response against  T. cruzi,  but this organ is severely af-
fected by a dysregulated circuit of proinflammatory cyto-
kines and glucocorticoids. Also, the alterations observed in 
the DP population might have potential implications for the 
autoimmune component of human Chagas disease. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Chagas disease is a tropical neglected disease caused 
by an intracellular protozoan parasite,  Trypanosoma cru-
zi . In Latin America, around 12 million people are in-
fected, with 20,000 annual deaths  [1] . Currently, the dis-
ease has gained relevance in the US and Europe due to 
migration of infected people  [2] . Infection with  T. cruzi  
usually results in a silent acute phase. When clinically 
evident, the disease manifests with fever, lymphadenopa-
thy, hepatosplenomegaly or major complications such as 
myocarditis or meningoencephalitis. Moreover, parasites 
are evident in the circulation and several host tissues in-
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 Abstract 

 During immune response to infectious agents, the host de-
velops an inflammatory response which could fail to elimi-
nate the pathogen or may become dysregulated. In this case, 
the ongoing response acquires a new status and turns out to 
be detrimental. The same elements taking part in the estab-
lishment and regulation of the inflammatory response (cy-
tokines, chemokines, regulatory T cells and counteracting 
compounds like glucocorticoids) may also mediate harmful 
effects. Thymic disturbances seen during  Trypanosoma cruzi  
infection fit well with this conceptual framework. After infec-
tion, this organ suffers a severe atrophy due to apoptosis-in-
duced thymocyte exhaustion, mainly affecting the immature 
double-positive (DP) CD4+CD8+ population. Thymus cellu-
larity depletion, which occurs in the absence of main immu-
nological mediators involved in anti- T. cruzi  defense, seems to 
be linked to a systemic cytokine/hormonal imbalance, involv-
ing a dysregulated increase in TNF- �  and corticosterone hor-
mone levels. Additionally, we have found an anomalous exit 
of potentially autoimmune DP cells to the periphery, in paral-
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cluding myocardial and skeletal muscles, nervous system 
as well as lymphoid and endocrine organs. In humans, 
the spontaneous recovery from the acute phase occurs 
around 2 months after infection. Upon that, the patient 
enters into a long indeterminate latent stage without 
symptoms and scarce parasitism. The latent infection 
may remain silent for the rest of one’s life, although one 
third of latently infected patients further develop clinical 
symptoms such as chronic cardiac dysfunction, colon or 
esophagus megadisease  [3] . In individuals with chronic 
 T. cruzi  infection, mortality is mainly due to heart failure 
as a consequence of a protracted and destructive myocar-
ditis named ‘chronic chagasic myocardiopathy’, which 
seems to result from both autoimmune reactions and 
parasite persistence in the heart tissue  [4, 5] .

  In a broad sense, the host’s response to infectious 
agents involves the generation of an inflammatory re-
sponse addressed to eliminate the pathogen, promotes 
tissue repair and restores functionality and tissue homeo-
stasis. When this response fails to eliminate the patho-
gen, the ongoing adaptive response acquires a new status 
and may become detrimental. In this way, the same ele-
ments taking part in the establishment and regulation of 
the inflammatory response [cytokines, chemokines, reg-
ulatory T cells and counteracting compounds like gluco-
corticoid hormones (GCs)] may also mediate harmful ef-
fects. Many disturbances seen during  T. cruzi  infection, 
in humans or experimental models, fit well with this con-
ceptual framework.

  Considering the usefulness of infecting murine hosts 
with  T. cruzi,  as a tool for studying the immunological 
mechanisms underlying disease development, we will fo-
cus herein on a series of thymic alterations accompanying 
the acute murine infection, including the severe thymic 
atrophy secondary to a massive death of double-positive 
(DP) CD4+CD8+ T cells and the escape of potentially 
autoreactive immature cells from the thymus to the pe-
riphery.

  It is presently established that thymic output of lym-
phocytes continues throughout life  [6, 7] , for which out-
put changes during the infection may influence disease 
outcome. As such, thymus alterations during chagasic in-
fection should not be simplistically viewed as a bystander 
phenomenon, but as a relevant component in disease pa-
thology. Indeed, an understanding of the mechanisms and 
mediators underlying thymocyte depletion will help in the 
further design of rational therapies addressed to reverse 
these changes and potentially improve immune function.

  Normal T cell development depends on complex cell-
cell interactions among subsets of developing thymo-

cytes and microenvironmental cells  [8–10] . Furthermore, 
the cytokines secreted by these cells provide the signals 
mediating some of the main events involved in the phys-
iological control of thymocyte development. In the course 
of  T. cruzi  infection, there is a depletion of thymic lym-
phocytes that results from multiple interactions, in which 
products from the host’s response, including cytokines 
and chemokines, as well as an imbalanced immunoendo-
crine response play a role. 

  Among a large series of mediators playing a role in 
normal intrathymic T cell development as well as in dis-
ease-associated alterations, our discussion will focus 
mainly on TNF- �  and GCs. 

  The Thymus and Its Alterations during Acute 

Experimental Chagas Disease 

 The thymus is a target organ in many pathological sit-
uations, such as physical stress, infections and malignan-
cies, and one common feature is a thymic atrophy  [11, 12] . 
As stated above, a series of studies  [13]  showed that acute-
ly  T.-cruzi -infected mice reveal an important degree of 
thymic atrophy ( fig. 1 a). Moreover, representative histo-
logical studies of C57BL/6 thymuses taken at different 
days following infection (see representative data in  fig. 1 b) 
showed a progressive depletion of cortical thymocytes, 
also evidenced by the loss of corticomedullary bound-
aries, reaching a severe degree of atrophy 3 weeks after 
infection  [14, 15] . This contrasted with the enlargement of 
subcutaneous lymph nodes and spleen seen in the same 
animals, thus pointing to a compartmentalization of T 
cell alterations during the acute phase of the infection  [16] .

  Mice controlling acute infection (BALB/c strain) 
showed a recovery of thymic histological architecture. 
Histology of the infected thymus revealed a loss of corti-
cal thymocytes with loss of corticomedullary boundaries 
( fig. 1 c). Moreover, we observed the presence of numerous 
apoptotic bodies with apoptosis being confirmed by gel 
electrophoresis of DNA and TUNEL staining  [14] . Flow 
cytometry studies with annexin V plus propidium iodide 
also revealed an important apoptotic death of DP cells, 
more pronounced in susceptible than resistant strains of 
mice  [15] . In parallel, other mechanisms of cell loss can 
be implicated, such as an increase in the release of cells 
from the organ or a diminution in proliferation and low 
income of bone marrow-derived precursors  [17] . Taken 
together, these data clearly point to the notion that the 
microarchitecture and function of the thymus are affect-
ed during acute  T. cruzi  infection.
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  Role of TNF- �  during  T. cruzi  Infection and Its Effect 

on the Thymus 

 TNF- �  is a pleiotropic cytokine responsible for the in-
duction of T lineage commitment and differentiation, as 
well as negative selection of immature DP population  [18, 
19] . Although the effects of TNF- �  in the thymus are 
complex, support for a physiologic role of locally pro-
duced TNF- �  in thymus development is the thymic hy-
pertrophy seen in the TNF receptor (TNFR) knockout 
mice  [20]  and the abnormally small thymuses observed 
in mice overexpressing TNF- �   [21] .

  While high TNF- �  levels are involved in apoptosis of 
immature bystander thymocytes regardless of their anti-
gen specificity  [22] , TNFR knockout mice exhibit aber-
rant negative selection  [23] . Part of this apparently am-
biguous behavior of TNF- �  may result from changes in 
the expression of the two TNFR during thymocyte dif-
ferentiation  [24] , as apoptosis is mediated by both TNFR-
1 and TNFR-2, whereas proliferation is mediated solely 
by TNFR-2  [25, 26] . Additionally, TNF- �  enhances the 
activity of regulatory T cells predominantly through 
TNFR-2, limiting a possible collateral tissue damage 
caused by excessive immune responses  [27] .

Re
la

tiv
e 

th
ym

ic
 w

ei
gh

t

0

0.05

0.10

0.15

0.20

0.25

0 5 10 15 20 25
Days after infectiona

Control

b

Day 14 after infection Day 21 after infection

CM

C

M
M

CD8+c

CD
4+

11% 78%

Control

7%

27% 38%

Day 14 after infection

16%

  Fig. 1.  Alterations of the thymus in 
C57BL/6 mice acutely infected with  T. cru-
zi  (Tulahuen strain).  a  The kinetics of rela-
tive thymic weight diminution until 21 
days after infection, calculated as follows: 
[thymus weight (g)/body weight (g)]  !  
100.  b  Histology analysis shows the nor-
mal thymic architecture (C = cortex, M = 
medulla) and a marked cortical depletion 
14 and 21 days after infection.  c  Represen-
tative cytofluorometric plots of CD4+/
CD8+ thymocyte subpopulations ob-
tained from control and infected animals 
14 days after infection. Values represent 
mean  8  standard error of the mean. 
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  In addition, it is known that TNF- �  not only plays a 
role in the control of acute  T. cruzi  infection in mice  [28] , 
but also exerts detrimental effects during the course of 
the disease  [29] . Several clinical and experimental studies 
demonstrate an essential role of TNF- �  in the host anti- T. 
cruzi  defense, triggering phagocytic macrophage activa-
tion and inflammation  [30, 31] . At the same time, elevat-
ed TNF- �  levels are correlated with pathology, including 
excessive inflammation, wasting disease and death  [32, 
33] . In addition, our studies showed that in the course of 
acute  T. cruzi  infection, thymus atrophy is concomitant 
with systemic triggering of TNF- �   [15] .

  The relevance of TNF- �  in the acute  T. cruzi  infection 
has been supported by studies of cytokine neutralization 
or in TNF- �  or TNFR knockout mice, in which a serious 
deficiency in host resistance to this protozoan, amelio-
rated cachexia and reduced myocardial inflammatory in-
filtrates were found  [29, 34] .

  Proofs of the role of TNF- �  were also obtained by re-
cent studies in infected C57BL/6 and BALB/c mice with 
the Tulahuen strain of  T. cruzi . Both strains developed an 
acute infection consisting in a marked parasitemia, myo-
cardial inflammation and apoptosis-mediated thymo-
cyte depletion. C57BL/6 mice showed a progressive fatal 
disease with a more profound thymocyte involution, 
whereas 60% of the BALB/c mice recovered. The severity 
of disease in the C57BL/6 mice was not linked to an in-
creased parasite load, since parasitemia, myocardial par-
asite nests and amastigote counts in peritoneal macro-
phages did not differ from data recorded in BALB/c ani-
mals. By contrast, C57BL/6 mice exhibited an imbalance 
between pro- and anti-inflammatory cytokines with 
higher and lower blood levels of TNF- �  and IL-10, re-
spectively  [15] . 

  Because TNF- �  levels in plasma are noticeably aug-
mented during the acute phase, we considered the pos-
sibility that an apoptotic mechanism mediated by this cy-
tokine was involved in deleting DP cells. Nevertheless, 
when we treated C57BL/6 mice undergoing  T. cruzi  infec-
tion with anti-TNF- �  monoclonal antibody, the thymic 
atrophy was not modified. By contrast, protracted neu-
tralization of this cytokine, essential to mount immune 
and inflammatory responses, resulted in increased para-
sitemia and myocardial amastigote nests, together with a 
reduced number and severity of the inflammatory heart 
lesions. Interestingly, similar results observed in trans-
genic mice expressing a fusion protein (TNFR1-FcIgG3) 
able to neutralize TNF- �  effect in vivo also showed a 
higher parasite load and reduced myocardial inflamma-
tory infiltrates upon  T. cruzi  infection  [35] . In the same 

vein, thymuses from double-deficient mice for type 1 and 
type 2 TNF- �  receptors exhibited a profound atrophy af-
ter infection with  T. cruzi   [16] , confirming that this cyto-
kine is not – at least directly – involved in thymocyte 
depletion. Strikingly, the compartmentalization of im-
mune response against  T. cruzi  is evident in studies show-
ing that in mesenteric lymph nodes TNF- �  is involved in 
the apoptosis of the CD8+ T cell population  [36] . Never-
theless, despite the ability of TNF- �  to induce thymocyte 
apoptosis  [32] , the results discussed above indicate that 
modulators other than this cytokine are involved in the 
 T.-cruzi -induced thymus atrophy. In this respect, it is 
noteworthy that, together with IL-1 �  and IL-6, at high 
concentrations TNF- �  activates the hypothalamic-pitu-
itary-adrenal (HPA) axis, initiating an endocrine re-
sponse, which in turn influences the immune response 
 [37] .

  Involvement of GCs in Susceptibility versus 

Resistance in Chagas Disease 

 It is well established that the immune, endocrine and 
central nervous systems are integrated through a network 
of signaling molecules (cytokines, hormones, and neu-
rotransmitters), able to affect each other and hence con-
stituting a critical integrated physiologic circuitry for the 
regulation and orchestration of a defensive response  [38, 
39] . As mentioned above, proinflammatory cytokines 
such as TNF- � , IL-1 �  and IL-6, released by activated im-
mune cells, not only initiate immune reactions but also 
gain access through the circulation to the central nervous 
system, triggering a variety of neuroendocrine counter-
regulatory mechanisms, i.e., the HPA axis activation. In 
fact, these cytokines stimulate the production of CRH in 
the hypothalamus which in turn leads to pituitary pro-
duction of ACTH, followed by the secretion of GCs by the 
adrenal cortex. GCs exert both inhibitory and stimulatory 
effects on many facets of the immune response. For ex-
ample, GCs inhibit the production of proinflammatory 
cytokines and favor a Th1/Th2 shift, serving to prevent a 
cellular mediated immune overshoot by counteracting 
the tissue-damaging effects of macrophages and Th1 cells 
 [40–42] . In combating an infectious challenge, the host 
mounts an immune response, but when the magnitude of 
the immune response exceeds a certain threshold, harm-
ful consequences ensue, with effects that antagonize or 
potentiate those of the immune response. During  T. cruzi  
infection, there is a clear pathogenic correlation between 
immunoendocrine abnormalities and disease outcome.
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  It is known that adrenal GCs have a strong influence 
on the thymus, as judged by the stress-related thymic in-
volution, as well as by the rapid increase in thymocyte 
numbers after adrenalectomy  [43]  and the thymocyte 
apoptosis accompanying increased GC concentrations 
in blood  [44] . 

  GCs are also produced by thymic epithelial cells, 
pointing out the paracrine role of this hormone within 
the thymus  [45] . Theoretically, GCs might be important 
not only for regulating the number and maturation of 
thymocytes, but also for influencing the functionality of 
the developing T cell repertoire, possibly by tuning the 
affinity level for antigen-MHC recognition  [46] .

  Comparative studies in C57BL/6 and BALB/c mice 
revealed a differential corticosterone response following 
acute  T. cruzi  infection. Although both strains showed 
an intense stimulation of the HPA axis at 3 weeks of in-
fection (a 42-fold increase with respect to the baseline 
levels in C57BL/6 mice), increase in circulating cortico-
sterone levels occurred earlier in BALB/c mice, 2- to 
3-fold higher at the end of the first week after infection 
 [47] . Because endogenous GCs can inhibit the synthesis 
of proinflammatory cytokines, also inducing pro-
grammed cell death in thymocytes, C57BL/6 mice were 
further treated with RU486, a GC receptor antagonist 

 [48] . Blockade of the GC receptor with RU486 resulted 
in a 50% reduction of thymic atrophy, shortened sur-
vival time in C57BL/6 mice, further enhancement of 
TNF- �  levels in circulation and increased lethality to 
100% in BALB/c mice  [47] . Taken together, these data 
show that the HPA axis is stimulated during  T. cruzi  in-
fection, and that interference with this endocrine re-
sponse prevents thymus involution but aggravates the 
disease. 

  Extending these observations, IL-6 has also been as-
sociated with the enhanced activity of the HPA axis dur-
ing  T. cruzi  infection (Colombian strain) in BALB/c mice. 
Infected mice showed increased systemic IL-6 levels, and 
supernatants of adenopituitary cell cultures challenged 
with the parasite also contained more IL-6. Interestingly, 
the enhanced production of corticosterone in infected 
animals was not associated with the concentration of 
ACTH, indicating some degree of dysregulation in the 
HPA axis  [49] .

  Overall, these data point out that during  T. cruzi  infec-
tion, endogenous GCs released in response to TNF- �  and 
other proinflammatory cytokines seem to be, at least par-
tially, responsible for lymphoid tissue depletion in the 
thymic microenvironment. The main features of this im-
munoendocrine circuitry are described in  figure 2 .
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  Fig. 2.  Model of the immunoendocrine 
impact of  T. cruzi  infection upon thymus 
and immunopathology. The scheme cor-
responds to the results obtained from 
studies carried out in C57BL/6 mice in-
fected with the Tulahuen strain. After in-
fection, C57BL/6 mice exhibit an imbal-
ance between pro- and anti-inflammatory 
cytokines, with higher levels of TNF- � . El-
evated TNF- �  levels are correlated with 
pathology, including excessive inflamma-
tion, wasting disease and death. At the 
same time, TNF- �  induces an enhanced 
HPA axis activation, provoking an eleva-
tion in the systemic concentrations of 
GCs. Thymic atrophy is caused by apo-
ptosis of DP CD4+CD8+ thymocytes in-
duced by GCs, while TNF- �  contributes to 
the enhanced thymic exit. The abnormal 
thymic exit of DP cells may be related to 
the autoimmune component of Chagas 
disease. 
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  Migration Patterns of Thymocytes and Peripheral 

T Cells during  T. cruzi  Infection 

 In addition to the thymic alterations occurring during 
 T. cruzi  infection, we have shown changes in the migra-
tion pattern of recently exported T cells, concomitantly 
with the presence of immature CD4+CD8+ cells in the 
periphery  [17, 50] . These lymphocytes present increased 
levels of ECM receptors for fibronectin or laminin, which 
may favor thymocyte egress to the periphery  [51] . In par-
allel, variations in the immunologic T cell repertoire, ei-
ther by presenting forbidden T cell receptors  [52] , or 
changes in the proportions of this population were also 
found [Roggero E., unpubl. data], which might be an ex-
planation for the autoimmune component seen in human 
and murine Chagas disease. 

  Several molecules may be related to changes in pat-
terns of T cell migration. Some studies revealed that 
CXCL12-induced migration is increased during  T. cruzi  
infection, either at the thymic level or at the sites of im-
mune effector function  [53] . Furthermore, TNF- � , which 
binds ECM ligands and synergizes with CXCL12, seems 
to be involved in the escape of immature cells from the 
thymus during acute infection [Pérez et al., in prepara-
tion]. In this context, it is important to bear in mind that 
TNF- �  modulates the expression of molecules involved 
in lymphocyte recruitment during inflammatory reac-
tions – such as chagasic myocarditis – in which cellular 
infiltrates comprise abundant numbers of T cells, many 
of them potentially autoreactive  [54] . 

  The role of TNF- �  in heart tissue pathology is further 
exemplified by studies in  T.-cruzi -infected mice disrupt-
ed from both TNFR (p55p75 knockout): these animals 
are unable to generate an influx of inflammatory cells to 
the myocardium  [16] . 

  Strikingly, although preventing thymic atrophy, GC 
abrogation does not completely impede the escape of ma-
ture and immature thymic T cells to the periphery during 
infection, as ascertained by the number of FITC+ recent 
thymic emigrants detected in the spleen and lymph nodes 
( fig. 3 ).

  Altogether, it seems clear that the complex intrathy-
mic interactions between cytokines and chemokines con-
jointly with ECM components alter the normal thymo-
cyte migration patterns and the export of T cells from the 
thymus during  T. cruzi  infection. 

  Natural Regulatory T Cells and Thymus Atrophy in 

Acute  T. cruzi  Infection 

 There is a consensus that during parasitic diseases, 
parasite survival in host tissues seems to be related to the 
activity of the suppressor T cell population, especially 
regulatory T cells bearing the phenotype CD4+CD25+ 
FoxP3+. These cells seem to be important, both for the 
protection against autoimmune and chronic inflamma-
tory reactions, suppressing the immune response, but al-
lowing parasite persistence  [55] . Nevertheless, the role of 
regulatory T cells in Chagas disease is still controversial. 
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  Fig. 3.  Abnormal thymic exportation occurs in the absence of 
GCs. Bilateral adrenalectomy (ADX) was performed 7 days before 
infection. Control mice were sham-operated. Recent thymic emi-
grants were detected by intrathymic FITC inoculation 24 h be-
fore. Mice were killed and secondary lymph organs (spleen and 
subcutaneous lymph nodes) were harvested. The number of 

CD3+FITC+ cells ( a ) or the percentages of CD4+CD8+FITC+ 
cells in these organs ( b ) were determined before and 14 days after 
infection. Results are expressed as mean  8  SEM from 3–5 mice 
per group. A representative experiment from 2 independent series 
is shown.  *  p  !  0.05, comparing infected versus noninfected coun-
terparts.            
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  As mentioned above, preserved thymus during  T. cru-
zi  infection in the mammalian host may be essential for 
the development of an effective immune response against 
parasites. In parallel, thymocyte loss may also impact on 
the tissue damage-related autoimmune events occurring 
during the chronic infection, given that the thymus is im-
portant for the generation of ‘natural’ T regulatory cells. 
However, there are still no available studies on the poten-
tial impact of infection upon the regulatory T cell popu-
lation that develops in the thymus. So far, studies focused 
on the peripheral regulatory T cell population, which 
comprises a pool of ‘natural’ and ‘induced’ regulatory T 
cells. Recently, it was found that during the early stage of 
Chagas infection in children, the number of circulating 
CD4+CD25+ T cells decreases, whereas in the indetermi-
nate stage there is a significant increase in their frequen-
cy  [56, 57] . Other studies show an expansion of periph-
eral regulatory T cells during acute experimental infec-
tion, which does not seem sufficient to contain the 
inflammatory response and the associated pathology  [58, 
59] . Interestingly, Mariano et al.  [60]  observed a decrease 
in survival of infected animals when they are depleted of 

peripheral regulatory T cells, suggesting a role of these 
cells in resistance to infection. 

  Recent studies showed that experimental  T. cruzi  infec-
tion also impacts thymic ‘natural’ regulatory T cells. Infec-
tion caused by different parasite strains (Tulahuen or Co-
lombian) in either susceptible or resistant mice resulted in 
a clear depletion of natural regulatory T cells. Confirming 
previous data  [61] , in uninfected animals, thymic FoxP3+ 
cells are located within the medulla and the corticomedul-
lary junction ( fig. 4 a), being absent in the thymic cortex, 
since FoxP3 is expressed in the CD4+ single-positive stage. 
In acutely infected mice, their location was maintained 
predominantly in the medullary region, although a few of 
them can be seen in the cortex ( fig. 4 b). Importantly, their 
absolute number is notably lower in infected than in con-
trol mice, and such loss seems to occur by apoptosis [Calm-
on-Hamaty F., Pérez A.R., in preparation].

  Nevertheless, the link between the autoimmune com-
ponent in Chagas disease and the loss of regulatory T cells 
during the acute phase, together with potential migratory 
alterations in FoxP3+ cells, remain to be investigated 
more profoundly. 

Control
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Cytokeratin
50 μm

a

T. cruzi-infected

50 μm
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  Fig. 4.  Localization of FoxP3+ cells in the thymus of control and 
           T.-cruzi -infected C57BL/6 mice. The figure corresponds to micro-
graphs from confocal microscopy showing the distribution pattern 
of FoxP3+ cells in the thymus of normal C57BL/6 mice ( a ), or mice 
challenged with  T. cruzi  (Tulahuen strain) 14 days after infection 
( b ). FoxP3+ cells (red; for colors, see online version) are located 

within the medulla (M), where epithelial cells are revealed by stain-
ing with anti-cytokeratin antibody (green). This distribution pat-
tern of FoxP3+ cells is also seen in the thymus of infected C57BL/6 
mice. However, it is clear that in infected thymus, there are few 
FoxP3+ cells in the cortex of the thymic lobule. The arrows indicate 
FoxP3+ cells and bars show the magnification of each micrograph.          
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  Other Molecules Involved in  T. cruzi  Induce Thymic 

Atrophy 

 The flow of T lymphocytes to the different compart-
ments of the immune system, and sites of immune effec-
tor activity is tightly regulated by cytokines and chemo-
kines. Plenty of findings show that these molecules have 
an important role in regulating T-cell-mediated respons-
es against parasite infection, and hence influencing host 
resistance. Early Th1 response in the periphery after  T. 
cruzi  infection is characterized by the production of IL-12 
by macrophages, allowing NK cells to synthesize IFN- � , 
which in turn acts synergistically with TNF- �  inducing 
NO production, through inducible NO synthase (iNOS), 
to cope with parasites  [63–65] . On the other hand, Th2 
cytokines are necessary to counteract excessive inflam-
matory response, but when they are secreted at high lev-
els, they may aggravate the course of infection  [66] . While 

in  T. cruzi  infection, Th1- and Th2-type cytokines are as-
sociated with resistance and susceptibility, respectively 
 [67] , their influence upon the  T.-cruzi -induced thymic at-
rophy has not been properly analyzed. 

  To screen the potential role of different mediators or 
their receptors in infection-associated thymic alterations, 
we analyzed thymus cellularity, percentage of DP cells 
and apoptosis at the time when changes are clearly evi-
dent, namely 2 weeks after  T. cruzi  (Y strain) challenge. 
As illustrated in  figure 5 , we evaluated mice knocked out 
for the following key molecules: IL-12, IFN- �  and iNOS 
(proinflammatory pathways), IL-4 and IL-10 (anti-in-
flammatory cytokines) and CCL3 and CCR2 (chemotac-
tic response). We found that thymocyte cellularity is sim-
ilar between noninfected IFN- � - and iNOS-deficient 
mice with a C57BL/6 background compared with the 
wild type ones. Nevertheless, a clear loss of DP thymo-
cytes by apoptosis is observed in the infected deficient 
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  Fig. 5.  Thymus cellularity of knockout 
(KO) mice 15 days after infection (Y 
strain). Thymic atrophy recorded as total 
cellularity in various knockout mice 
acutely infected with            T. cruzi  (Y strain). 
Groups of deficient or wild-type mice were 
infected and 14 days after infectious chal-
lenge the cellularity was recorded.  a  Stud-
ies carried out in mice knocked out for 
IFN-     � , iNOS or IL-12 show that only IL-12 
is likely involved in thymic atrophy. Stud-
ies carried out in IL-4- and IL-10-deficient 
mice ( b ) and in animals knocked out for 
CCL3 and CCR2 ( c ) revealed that these 
molecules are not involved in thymic atro-
phy. Results are expressed as mean  8  SEM 
from 3–5 mice/group.  a  p  !  0.05 compar-
ing infected versus noninfected counter-
parts for each strain;  b  p  !  0.05 versus non-
infected wild-type mice.       
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mice, showing that thymic atrophy is independent of 
IFN- �  or iNOS (data not shown). 

  By contrast, thymocytes were more preserved in IL-
12-deficient mice, suggesting that IL-12 is involved in the 
death of immature T cells ( fig. 5 a). Moreover, percentages 
of DP thymocyte subpopulations seem to be preserved 
14 days after infection (infected animals: DP cells = 
89%, CD4+ cells = 6%, CD8+ cells = 2%, double-negative 
cells = 3%). Evaluation of apoptosis corroborated these 
observations (annexin V+/propidium iodide+ thymo-
cytes: infected IL-12 knockout mice = 8  8  2.0%; infected 
wild-type mice = 18  8  3.5%).

  As regards the participation of the ‘anti-inflammato-
ry’ cytokines ( fig. 5 b), we observed that noninfected IL-
4-deficient mice showed a slightly higher thymus cellu-
larity compared with the wild type, but exhibited a simi-
lar atrophy after infection. Strikingly, noninfected IL-10 
knockout mice showed a significant reduction in the total 
number of thymocytes compared with the wild-type an-
imals, suggesting that IL-10 is necessary for an adequate 
thymus development. Nevertheless,  T. cruzi  infection 
also led to a severe decrease in thymic cellularity.

  Chemokines and chemokine receptors from the CC 
family have been reported to be involved in the normal 
thymus development  [68]  as well as the control of  T. cru-
zi  and chronic heart alterations  [69–71] . At the thymic 
level, our results show that the basal number of thymo-
cytes and thymic cellular loss after infection were similar 
in CCL3-deficient mice compared to wild-type mice 
( fig.  5 c). In contrast, CCR2-deficient mice exhibited a 
great decrease in thymic cellularity compared with non-
infected C57BL/6 mice, suggesting a critical role for some 
of its ligands (CCL2, CCL7, CCL8, CCL12, CCL13) in 
normal thymus physiology ( fig. 5 c). Nevertheless, these 
chemokines do not seem to be involved in thymocyte de-
pletion caused by the infection.

  Overall, these data show that thymic atrophy can be 
generated in the absence of key molecules involved in pe-
ripheral anti- T.-cruzi  resistance. At the same time, the 
partial protection of thymic atrophy observed in IL-12-
deficient mice opens a new field of investigation.

  Lastly, thymic atrophy induced by  T. cruzi  infection 
was also observed in Fas-deficient  gld/gld  and perforin 
knockout animals  [36] . 

  Conclusions 

 The results discussed herein suggest that the evolution 
of  T. cruzi  infection and its pathological consequences are 
not only due to immune-mediated mechanisms but also 
to a more generalized defensive response, also compris-
ing endocrine axes, with important implications for the 
host-parasite relationship. Accordingly, the immune and 
endocrine exchange of information leading to a sort of 
regulatory response turns out to negatively influence the 
course of the disease. Actually, it favors the establishment 
of an adverse state characterized by important alterations 
in essential biological functions, including defective 
control of inflammation, catabolic-linked cachexia, and 
changes in several immune compartments which, in ad-
dition to their immediate repercussion on infection con-
trol, may also impact on the autoimmune phenomena 
seen as disease progresses ( fig. 2 ).
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