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Trypanosoma cruzi is the etiologic agent of Chagas disease, a neglected tropical disease 
that affects millions of people mainly in Latin America. To establish a life-long infection, 
T. cruzi must subvert the vertebrate host’s immune system, using strategies that can 
be traced to the parasite’s life cycle. Once inside the vertebrate host, metacyclic trypo-
mastigotes rapidly invade a wide variety of nucleated host cells in a membrane-bound 
compartment known as the parasitophorous vacuole, which fuses to lysosomes, 
originating the phagolysosome. In this compartment, the parasite relies on a complex 
network of antioxidant enzymes to shield itself from lysosomal oxygen and nitrogen 
reactive species. Lysosomal acidification of the parasitophorous vacuole is an important 
factor that allows trypomastigote escape from the extremely oxidative environment of 
the phagolysosome to the cytoplasm, where it differentiates into amastigote forms. In 
the cytosol of infected macrophages, oxidative stress instead of being detrimental to the 
parasite, favors amastigote burden, which then differentiates into bloodstream trypo-
mastigotes. Trypomastigotes released in the bloodstream upon the rupture of the host 
cell membrane express surface molecules, such as calreticulin and GP160 proteins, 
which disrupt initial and key components of the complement pathway, while others such 
as glycosylphosphatidylinositol-mucins stimulate immunoregulatory receptors, delaying 
the progression of a protective immune response. After an immunologically silent entry 
at the early phase of infection, T. cruzi elicits polyclonal B cell activation, hypergamma-
globulinemia, and unspecific anti-T. cruzi antibodies, which are inefficient in controlling 
the infection. Additionally, the coexpression of several related, but not identical, epitopes 
derived from trypomastigote surface proteins delays the generation of T. cruzi-specific 
neutralizing antibodies. Later in the infection, the establishment of an anti-T. cruzi CD8+ 
immune response focused on the parasite’s immunodominant epitopes controls para-
sitemia and tissue infection, but fails to completely eliminate the parasite. This outcome 
is not detrimental to the parasite, as it reduces host mortality and maintains the parasite 
infectivity toward the insect vectors.
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iNTRODUCTiON

Chagas disease, also known as American trypanosomiasis, is 
caused by the protozoan parasite Trypanosoma cruzi, a highly 
diverse taxon. This disease is endemic to Latin America, with 
sporadic cases mainly in the United States and Europe, and 
affects nearly 8 million people, accounting for the loss of 662,000 
disability-adjusted life years (1–3) (WHO).1 This parasite alter-
nates between invertebrate hematophagous insects from the 
Reduviidae family and a broad range of mammalian hosts (4). 
Although the estimated period for T. cruzi speciation is still a 
matter of debate (5–9), recent molecular studies suggest that 
the ancestor of T. cruzi may have been introduced to South 
America approximately 7–10 million years ago (8, 9), and the 
oldest record of human infection dates from 9,000  years ago 
(10). Since then, this parasite has evolved fascinating strategies to 
evade and subvert the mammalian host immune system, leading 
to life-long last infections. These strategies can be traced to the 
parasite’s life cycle.

Trypanosoma cruzi metacyclic trypomastigotes are released 
in the feces or urine of the triatomine vector after a blood 
meal. These forms are able to infect the mammalian host if they 
encounter mucosa or discontinuous regions in the epithelium. 
Once inside the host, the parasite rapidly infects a wide variety of 
nucleated mammalian cells (11–13). T. cruzi relies on an arsenal 
of polymorphic glycosylphosphatidylinositol (GPI)-anchored 
surface proteins, such as trans-sialidases, mucins, and others, 
to attach and invade host cells, leading to the formation of the 
parasitophorous vacuole (14, 15). After lysosomes are fused to 
the parasitophorous vacuole, parasite survival is mediated by a 
complex network of antioxidant enzymes, such as peroxidases 
and superoxide dismutases (SODs), that shield it from reactive 
oxygen and nitrogen species (16). In fact, instead of being det-
rimental, the lysosomal acidification is an important signal for 
activating key mechanisms that allow the parasite to escape from 
the phagosome into the cytoplasm, where it differentiates into the 
replicative amastigote forms. After several rounds of duplication, 
the amastigotes differentiate into infective bloodstream try-
pomastigotes, which are released upon the rupture of the host cell 
membrane and infect neighboring cells or enter the bloodstream. 
Once the trypomastigotes reach the bloodstream, the parasite 
circumvents complement-mediated lysis and opsonization with 
the aid of surface proteins, such as calreticulin and GP160 (17, 
18). These proteins disrupt the initial attachment of mediators 
from the classical, alternative, and lectin complement pathways 
and dismantle the C3 convertase, a key step in all three pathways 
(19, 20). Thus, the parasite is allowed to disseminate through the 
bloodstream to many tissues during the acute phase. T. cruzi uses 
several other strategies to delay the generation of an effective 
immune response. During the initial phase of infection, the para-
site elicits polyclonal B cell activation and hypergammaglobuline-
mia based on parasite-derived B cell mitogens. The antibodies 
produced by these cells are not parasite specific and are inefficient 
in controlling infection (21, 22). With the stimulation of innate 
immune receptors, such as the intracellular toll-like receptors 

1 http://www.who.int/chagas/en/

(TLRs) 7 and 9, followed by proinflammatory cytokine produc-
tion, a Th1-focused immune response is established (23–25). 
This response leads to the production of T. cruzi-specific CD8+ 
cells directed to parasite immunodominant epitopes, derived 
from the trans-sialidase family, that are important for controlling 
parasitemia and tissue parasitism (26, 27). However, this focused 
immune response fails to clear parasite infection, leading to the 
chronic phase of Chagas disease. This control is not detrimental 
to T. cruzi, as it reduces host mortality while maintaining parasite 
infectivity toward its reduviid insect vectors. In this review, we 
will focus on the major processes behind the parasite’s survival 
during the acute phase of Chagas disease.

THe iNiTiAL PHASe OF iNFeCTiON:  
T. cruzi iNvASiON OF NON-PROFeSSiONAL 
PHAGOCYTiC CeLLS

Once a metacyclic trypomastigote penetrates the host through 
mucosa or lesions in the skin, it encounters host tissue cells and 
immune cells that populate or are recruited to that tissue. Poor 
parasite migration to surrounding tissues or draining lymph 
nodes and the evidence of parasite proliferation at the site of 
infection suggest that, immediately after the initial infection, the 
parasite invades tissues, rather than immune cells (28). In fact, 
in addition to being passively internalized by phagocytic cells, T. 
cruzi has the ability to invade any nucleated host cell.

Trypanosoma cruzi can actively invade a wide range of non-
professional phagocytic cells through two different mechanisms. 
The first strategy that occurs in 20–30% of the cases is through 
a lysosome-dependent route, which induces Ca2+ signaling by 
inositol triphosphate (IP3) generation, followed by the recruit-
ment and fusion of host cell lysosomes at the parasite entry 
site (29–33). The second pathway, which occurs in 70–80% of 
invasions, is via invagination of the plasma membrane, followed 
by intracellular fusion with lysosomes (32, 33). Regardless of 
the entry route, lysosomal fusion is essential for retaining the 
highly mobile trypomastigotes inside the host cell; otherwise, 
the parasite escapes to the extracellular environment and, 
therefore, does not establish a productive infection (33, 34). 
Additionally, the lysosomal acidification of the parasitophorous 
vacuole contributes to trypomastigote-to-amastigote differen-
tiation that takes place in the cytoplasm. After a transient, but 
crucial, association of the trypomastigotes with the lysosome-like 
parasitophorous vacuole, also known as a phagolysosome, this 
structure is disintegrated by the parasite through the action of a 
low pH-dependent pore-forming protein (35, 36). This process is 
mediated by the desialylation of the phagolysosome membrane. 
The lysosome-like parasitophorous vacuole internal surface is 
coated with two major proteins that are greatly sialylated, known 
as lysosome-associated membrane proteins 1 and 2 (LAMP 1 
and 2) (37–39). The presence of sialic acid residues appears to 
protect the parasitophorous vacuole membrane from lysis. In 
fact, trypomastigotes escape earlier from the phagolysosome in 
sialic acid-deficient Lec 2 cells than from wild-type cells (38, 40). 
In the acidic environment of the phagolysosome, however, the 
parasite surface protein trans-sialidase is shed and becomes active 
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due to the low pH. Active trans-sialidase then transfers the sialic 
acid from LAMP proteins to parasite surface protein mucins, and 
this desialylation of the LAMP proteins renders the phagolysoso-
mal membranes more susceptible to rupture (38, 39). Once the 
phagolysosome is destroyed and the trypomastigote reaches the 
cytoplasm, it differentiates into the replicative amastigote form 
and, after several rounds of replication, amastigotes differentiate 
into the bloodstream-infective trypomastigotes. These highly 
motile forms cause the rupture of the host cell membrane and 
can either infect neighboring cells or reach the bloodstream to 
disseminate the infection to distant tissues.

ROLe OF HOST-DeRiveD NiTROXiDATive 
STReSS iN T. cruzi iNFeCTiON

Trypanosoma cruzi can also be passively internalized by phago-
cytic cells. Resident macrophages at the site of infection are among 
the first professional phagocytes to be invaded by the parasite (41, 
42). To establish a productive infection in macrophages, T. cruzi 
must endure the extremely oxidative environment inside the 
phagolysosome (43). To this end, T. cruzi has a complex network 
of antioxidant enzymes, such as peroxidases and SODs, that 
protect the parasite against macrophage-released reactive oxygen 
and nitrogen species (44) (Figure 1).

During phagocytosis, the trypomastigotes trigger activation of 
a macrophage membrane-associated NADPH oxidase, resulting 
in the continuous production of superoxide radical anions O2

•−( )
, which can be converted to H2O2 by SOD (43, 45, 46). During T. 
cruzi infection and Chagas disease progression, reactive oxygen 
species (ROS; e.g., O2

•− , H2O2, and •OH) can be generated as a 
consequence of immune-mediated cytotoxic reactions, second-
ary damage to mitochondrion, and tissue destruction caused 
by the parasite. Thereafter, ROS can oxidize DNA, proteins, and 
lipids, killing the parasite (47).

Proinflammatory cytokines (IFN-γ and TNF) triggered by 
T. cruzi acute infection also stimulate infected macrophages to 
produce large amounts of nitric oxide (•NO) via the enzymatic 
activity of inducible nitric oxide synthase (iNOS), which oxidizes 
l-arginine and transfers electrons from NADPH (47–49). •NO 
affects parasite survival in the macrophage by chemically modify-
ing cysteine-containing proteins, inhibiting the catalytic activity 
of cruzipain, and binding to parasite metalloproteins (49, 50).

Once generated, •NO can react with O2
•−  to produce peroxyni-

trite (ONOO−), a potent oxidant and cytotoxic molecule that is 
highly effective against T. cruzi (46, 51). Peroxynitrite can damage 
cells directly by lipid peroxidation (harming membrane integrity 
and membrane protein function), as well as mitochondrial func-
tion and may result in apoptotic or necrotic cell death (46, 47). 
Moreover, secondary intermediate free radicals produced from 
ONOO−, such as hydroxyl (•OH), nitrogen dioxide (•NO2), and 
carbonate CO3

•−( ) radicals, can participate in the oxidation and 
nitration of proteins, lipids, and DNA, leading to mutations and 
transcription errors (43, 46). The oxidative stress caused by •NO 
production can also be detrimental to the host, due to its high 
tissue-damaging potential (49). In fact, it has been shown that 
continuous exposure to nitroxidative-stress-induced damage 

can lead to Chagas disease progression and the development of 
myocarditis (47).

The parasite antioxidant network consists of various enzymes 
and non-enzymatic molecules distributed in diverse cellular 
compartments: the cytosol, ER, mitochondrion, and glycosome 
(Figure 1A). The final electron donor for all the enzymatic sys-
tems is the NADPH, which is derived from the pentose phosphate 
pathway, and their reducing equivalents are delivered to enzy-
matic detoxification systems via dithiol trypanothione T(SH)2 
and the thioredoxin homolog tryparedoxin (TXN) (43). T(SH)2 
is synthesized from two molecules of glutathione (GSH) and one 
spermidine by the enzyme trypanothione synthetase (TcTS) (52).

Trypanosoma cruzi has five peroxidases (also called perox-
iredoxins) operating in its peroxide detoxification system (16). 
Cytosolic tryparedoxin peroxidase (TcCPX) and mitochondrial 
tryparedoxin peroxidase (TcMPX) have the ability to detoxify 
endogenous and macrophage-derived peroxynitrite, H2O2, 
and small-chain organic hydroperoxides (16, 53). Ascorbate-
dependent heme-peroxidase (TcAPX), present in the ER, confers 
resistance against H2O2 (16, 54). Glutathione peroxidase-I 
(TcGPXI, located in the glycosome and cytosol) and glutathione 
peroxidase-II (TcGPXII, situated in the ER) confer resistance 
against lipid- and hydroperoxides (16, 55, 56).

Additionally, T. cruzi contains four iron SODs, which protect 
the parasite from the direct cytotoxic effects of O2

•−  and, hence, 
inhibit the formation of ONOO− by superoxide radical detoxi-
fication. TcSODs A and C neutralize the O2

•− produced in the 
mitochondrion, TcSOD B1 acts in the cytosol, and TcSOD B1-2 
acts in the glycosomes (43, 57).

Several studies have described the role of T. cruzi antioxidant 
enzymes as virulence factors (43). The overexpression of the 
peroxiredoxins TcCPX and TcMPX in T. cruzi results in cell lines 
that readily detoxify ROS generated in vitro or released by acti-
vated macrophages (16, 51). The protective effects of peroxidase 
TcCPX have also been observed in vivo; when compared to mice 
infected with wild-type parasites, mice infected with TcCPX-
overexpressing T. cruzi showed increased parasitemia and higher 
inflammatory infiltrates in the skeletal muscle and heart (51). 
Parasites overexpressing TcAPX were more resistant to H2O2 but 
were not resistant to peroxynitrite (16). Proteomic analyses have 
suggested the upregulation of the T. cruzi antioxidant network 
members TXN, TcTS, TcAPX, TcMPX, and TcSOD A in the 
infective metacyclic trypomastigote when compared with the 
non-infective epimastigote stage, reinforcing the role of these 
enzymes in T. cruzi survival inside the mammalian host (58, 
59). Peroxiredoxins (TcCPX and TcMPX) and a trypanothione 
reductase (TcTR) were upregulated during the metacyclogenesis 
process regardless of the T. cruzi strain, as observed after an analy-
sis of 10 different isolates (44). Peroxidases were also observed in 
increased levels in the metacyclic forms of these virulent strains 
compared with attenuated isolates (44). These studies highlight 
the importance of the parasite antioxidant enzyme network in the 
successful establishment of host infection.

Reactive oxygen species are labile molecules and many of their 
effects are due to their rapid accumulation in different cellular 
compartments, such as macrophage phagolysosome. During  
T. cruzi infection, large amounts of O2

•−  are generated inside the 
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FiGURe 1 | Role of host-derived nitroxidative stress in T. cruzi infection. (A) After the phagocytosis of the parasite, macrophage membrane-associated 
NADPH oxidase is activated, producing the superoxide radical O2

•−( ) that can be converted into H2O2 inside the lumen of the phagolysosome. Macrophages 
stimulated with proinflammatory cytokines (IFN-γ and TNF) induce the expression of nitric oxide synthase (iNOS), generating nitric oxide (•NO) in the cytoplasm from 
the oxidation of l-arginine. •NO then diffuse into the phagolysosome vacuole and react with O2

•−  to form peroxynitrite (ONOO−), a potent oxidant. Secondary free 
radicals, such as carbonate CO3

•−( ) , nitrogen dioxide (•NO2), and hydroxyl (•OH) radicals, are produced from ONOO−. These reactive oxygen species (ROS, 
indicated in red) can cause various cellular damages and parasite death within the phagolysosome. To survive in this highly oxidative environment, the parasite has a 
complex network of antioxidant enzymes, as peroxidases (TcAPX, TcCPX, and TcMPX) and superoxide dismutases (SOD), which act in the detoxification of ROS, 
and are distributed in various cellular compartments, such as glycosomes, mitochondrion, cytosol, and endoplasmic reticulum (ER). Enzymes derived from 
glycosome, mitochondrion, cytosol, and ER are indicated by orange, blue, green, and purple arrows, respectively. (B) To establish a productive infection, 
trypomastigotes should escape from the phagolysosome to the cytosol, where it differentiates into replicative amastigotes. In the cytosol of macrophages, ROS, 
instead of being detrimental to the parasite, can promote the intracellular growth of T. cruzi by a mechanism that may involve facilitating amastigote access to iron. In 
the cytosol, iron can be stored as ferric iron (Fe3+), a redox-inert form, associated with ferritin or can be exported from the cell as ferrous iron (Fe2+) through 
ferroportin, a macrophage-specific iron exporter. The expression of ferroportin and ferritin is upregulated by antioxidants, which can lead to reduced levels of labile 
iron pool in the cytosol. The mechanism of iron uptake by amastigotes is unknown, but the parasite may be dependent on the intracellular labile iron pool for growth.

January 2016 | Volume 6 | Article 6594

Cardoso et al. Immune Evasion by Trypanosoma cruzi

Frontiers in Immunology | www.frontiersin.org

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org


January 2016 | Volume 6 | Article 6595

Cardoso et al. Immune Evasion by Trypanosoma cruzi

Frontiers in Immunology | www.frontiersin.org

phagolysosome after phagocytic stimulus (60). This radical is 
maintained for only 90–120 min and presents a limited diffusion 
capacity through the membrane due to its anionic nature (61). 
Although synthesized in the cytoplasm, •NO is diffused into the 
phagolysosome vacuole due to its hydrophobic properties (60) 
and has a half-life of approximately 24 h (61). In the phagolyso-
some, •NO reacts with O2

•− generating ONOO−, which presents a 
short half-life and high diffusion capacity (60). Parasite survival 
within the phagolysosome is broadly affected by macrophage 
production of ONOO− during the first hours of infection (60).

Although the parasite faces an extremely oxidative environ-
ment inside the phagolysosome (Figure  1A), trypomastigotes 
are associated with this compartment transiently and after 24 h 
post-infection escape to the cytosol where the parasite remains 
as replicative amastigotes during the majority of its intracellular 
life cycle. A recent study has demonstrated an unexpected role 
of the oxidative stress in promoting T. cruzi infection. Paiva 
et al. (62) have shown that once the parasite reaches the cytosol 
of macrophages, oxidative stress can also contribute to parasite 
burden by a mechanism that may involve facilitating amastigote 
access to iron, which is critical for parasite growth (Figure 1B). 
Peritoneal macrophages from mice infected with the T. cruzi Y 
strain treated with cobalt protoporphyrin (CoPP) (an activator 
of the transcription factor NRF2, which orchestrates antioxidant 
responses), as other antioxidants, lead to a notably reduced para-
site burden (62). It has also been demonstrated that pro-oxidants 
promote T. cruzi growth and reverse the host-protective effects 
of CoPP (62). Similar results were observed in vivo, where CoPP 
reduced parasitemia and tissue parasitism in infected mice (62). 
The protective effect of CoPP in T. cruzi infection is independent 
of T cell-mediated immunity and does not involve apoptotic 
clearance of infected cells or effectors that act against the parasite, 
such as type I IFN, TNF, or •NO (62). These results suggest that 
the deleterious effects of antioxidants on parasite may occur by 
a mechanism different from classical innate or adaptive immune 
responses. Paiva et al. (62) demonstrated that the sequestration 
of iron, present in the host cytoplasm, is most likely involved in 
the parasite burden-reducing effects mediated by antioxidants, 
once the labile iron pool is reduced by the treatment of infected 
cells with antioxidants. Interestingly, these authors observed that 
induction of antioxidant responses reduced the parasite load in 
macrophages, but not in other cell types (62), suggesting that this 
may be a macrophage-specific mechanism. This can be explained 
by the role of macrophages as iron storage in vivo. Intracellularly, 
iron can be used in metabolic pathways in its ferrous form, which 
can also catalyze the formation of free radicals and, therefore, its 
concentration in the cytosol has to be tightly regulated. To this 
end, iron can be stored in the cytosol as ferric iron, a redox-inert 
form, associated with ferritin. Ferrous form can also be exported 
from the cell through ferroportin, a macrophage-specific iron 
exporter (63). The expression of ferroportin and ferritin is 
upregulated by the antioxidant response regulator NRF2 (64, 65), 
which can lead to reduced levels of labile iron pool in the cytosol. 
The mechanism of iron uptake by amastigotes is unknown, but 
the parasite may be dependent on the intracellular labile iron pool 
for growth (Figure 1B). This pathway could be the basis for the 
unexpected effect of antioxidants in reducing T. cruzi infection. 

Contrasting results were, however, observed in other studies, in 
which antioxidants had no impact in T. cruzi CL Brener infection 
(51) or increased the parasite burden in mice infected with strain 
Sylvio X10/4 (66). This latter study did not evaluate macrophage 
parasitism and, therefore, ROS production may be required 
to control parasitism in particular tissues (62). Additionally, 
strain-specific factors, such as level of expression of antioxidant 
enzymes, kinetics of association with the phagolysosome, and 
iron uptake efficiency, may contribute to differential resistance/
susceptibility of distinct T. cruzi strains to the oxidative environ-
ment and outcome of the infection.

PATTeRN-ReCOGNiTiON ReCePTORS 
AND iNNATe iMMUNiTY AGAiNST T. cruzi

Pattern-recognition receptors (PRRs) have been described as one 
of the first line of immune defense against various pathogens, 
including protozoans (67, 68). PPRs are expressed by cells of the 
innate immune system and are responsible for the recognition of 
molecules that are broadly shared by pathogens but distinguish-
able from host molecules, collectively referred to as pathogen-
associated molecular patterns (PAMPs). TLRs are among of the 
best-characterized PPRs and detect PAMPs that are either located 
on the cell surface or in the lumen of intracellular vesicles, such 
as endosomes or lysosomes. These receptors are more abundant 
in antigen-presenting cells, such as macrophages and dendritic 
cells, but have also been described in T cells and some somatic 
cells (68–71). TLR activation leads to the production of proin-
flammatory cytokines and chemokines that in turn lead to the 
recruitment of phagocytic cells to the infected tissue, which are 
important not only for initial infection control but also for mold-
ing the subsequent adaptive immune response (25, 68, 72). A total 
of 12 and 10 TLR family members have been identified in mice 
and humans, respectively. TLRs 1–9 are shared between mice 
and humans, whereas TLR11, TLR12, and TLR13 are restricted 
to mice, and TLR10 is expressed only in humans (73, 74). Some 
TLRs function as homodimers, such as TLR4 and TLR9, whereas 
others are heterodimers, such as TLR2/6. After stimulation, these 
receptors undergo required conformational changes to recruit 
TIR-domain-containing adaptor molecules, which, with the 
exception of TLR3, lead to a MyD88-dependent signaling cascade 
that culminates in the production of proinflammatory cytokines 
(25, 68, 69).

Toll-like receptors have a critical role in host resistance to T. 
cruzi infection, as evinced by a remarkable increase in the suscep-
tibility of MyD88-deficient mice infected with T. cruzi compared 
with that of WT mice. This higher susceptibility is associated with 
the impaired production of IL-12 and IFN-γ proinflammatory 
cytokines, which are important for driving the Th1-directed 
protective immune response (75). T. cruzi has several molecules 
that can strongly stimulate TLRs, such as the surface molecules 
mucin and glycoinositolphospholipid (GIPL), as well as parasite 
DNA and RNA sequences (24, 25, 76–78) (Figure 2).

Mucins are GPI-anchored surface proteins that coat the entire 
surface of the parasite and are enrolled in immune evasion and 
host cell adhesion/infection processes (79, 80). The T. cruzi 
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FiGURe 2 | T. cruzi TLR and NLR activation. T. cruzi possesses several molecules capable of stimulating TLRs. The activation of the heterodimer TLR2/6 by 
parasite GPI-mucins can lead to TNF production in macrophages or to the inhibition of IL-12 in dendritic cells (blue arrows). By contrast, the activation of TLR4 by 
parasite GIPLs (green arrows), TLR9 by parasite CpG DNA motifs (purple arrow) and TLR7 by parasite RNA (pink arrow) all result in the production of 
proinflammatory cytokines, such as IL-12. After the parasite escapes from the phagolysosome, it can activate the cytoplasmic NOD1 receptor. Although this 
receptor is important for controlling the infection, its mechanism of action is still unknown.
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trypomastigote mucin GPI anchors, especially the unsaturated 
fatty acid at the sn-2 position, are potent stimulators of the 
extracellular heterodimer TLR2/6. In vitro stimulation of TLR2/6 
by T. cruzi GPI-mucins leads to the production of proinflamma-
tory cytokines, such as IL-12 and TNF, as well as nitric oxide, 
which are related to a Th1-focused immune response that is 
important to control parasitemia and tissue parasitism (67, 74, 
81). However, in contrast to in vitro experiments, in vivo assays 
showed that TLR2-deficient mice infected with T. cruzi develop 
a strong proinflammatory immune response with higher IFN-γ 
serum levels than those of WT mice, suggesting an immunoregu-
latory role for TLR2 during T. cruzi infection (74, 75). Recently, 
Gravina and coworkers suggested that TLR2 assumes different 
functions depending on the host cell type, acting as a TNF pro-
ducer in macrophages and as an immunoregulator in dendritic 
cells (78). T. cruzi covers its whole surface with as many as 2 × 106 
mucin molecules (79, 80); the abundance of this molecule may be 
important for stimulating dendritic cells in a TLR2-dependent 
manner during the initial steps of infection, leading to an immu-
noregulatory effect in  vivo, and may contribute to the delayed 
immune response and antibody production against the parasite 
(78, 82).

Glycoinositolphospholipids are free GPI anchors present in 
all T. cruzi life stages (72, 83–85). T. cruzi GIPLs share a core 
conserved structure [Manα(1 → 2) Manα(1 → 2) Manα(1 → 6) 
Manα(1  →  4) GlcNα(1  →  6) myo-inositol 1-PO4-lipid], in all 

parasite stages and among different strains, although consider-
able variability exists in both the lipid and glycan portions of these 
molecules (84, 86). GIPLs from G, Y, and Tulahuén strains contain 
ceramide, whereas those from CL contain alkylacylglycerol and 
dihydroceramide (83, 84, 86, 87). Lipid remodeling has also been 
detected in GPI-anchored proteins and GIPLs in different forms 
of T. cruzi (79, 87–90). This distinct composition confers distinct 
biological functions, as low concentrations of GIPLs containing 
ceramide have been shown to induce apoptosis and regulate the 
activity of macrophages and dendritic cells (91, 92). This differ-
ence is also important in TLR recognition, as GIPLs containing 
ceramide are recognized by the homodimer TLR4, while GIPLs 
containing alkylacylglycerol are agonists of TLR2/6 (74, 76, 93). 
Although TLR2/6 stimulation by GPI-mucin appears to be 100-
fold more efficient in stimulating the immune response in vitro 
(74, 93), this stimulation has also been associated with immu-
noregulation (74, 75, 78), whereas an anti-inflammatory outcome 
with respect to TLR4 stimulation has not yet been described.

In contrast to TLR2/6 and TLR4, which are localized on the 
cell surface, TLR7 and TLR9 are expressed in the ER and, upon  
T. cruzi cell invasion, are translocated to endolysosomes, where 
they recognize immunostimulatory motifs derived from parasite 
RNA or DNA, respectively (23–25, 94, 95). As T. cruzi invades the 
host cell and reaches the phagolysosome environment, nucleic 
acid molecules from lysed parasites stimulate TLR7 and 9, leading 
to the production of Th1 proinflammatory cytokines important 
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FiGURe 3 | T. cruzi complement evasion mechanisms. There are three complement pathways: classic, alternative, and lectin. (A) In the classical pathway, 
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spontaneously hydrolyzed C3b or C3b originating from the other complement pathways interacts with factor B, which is cleaved into Bb by factor D, forming the C3 
convertase C3bBb. The C3 convertases from all the complement pathways interact with newly cleaved C3b, forming a C5 convertase that cleaves C5 into C5b.  
(D) C5b interacts with C6–C9 to form the MAC, leading to the pathogen lysis. (e) To avoid lysis, T. cruzi relies on molecules, such as calreticulin and gp58/68 
(Gp58), which block the initial steps of classic/lectin or alternative pathways, respectively, and CRIT, T-DAF, CRP, and host-derived microvesicles that disrupt or 
block C3 convertase assembly. Ag, antigen; Carb, carbohydrate; Calre, calreticulin.
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for controlling the infection (24, 77, 95, 96). The immunostimula-
tory CpG DNA motifs are not randomly distributed in the para-
site genome; instead, they are enriched in genomic regions that 
encode large gene families of surface proteins, such as mucins, 
trans-sialidases, and mucin-associated surface proteins (MASPs) 
(24). As most of the proteins encoded by these genes are involved 
in parasite immune evasion mechanisms or host cell adhesion/
invasion (14, 15, 80), there appears to be a trade-off between the 
need to invade cells and CpG immune stimulation via TLR9. One 
of the mechanisms that may reduce this drawback is the ability of 
T. cruzi to escape from the phagolysosome, reducing the chance of 
lysis and, therefore, minimizing TLR9 activation. Concomitantly, 
the immunoregulatory effect of TLR2 stimulation by GPI-mucin 
in dendritic cells may also balance TLR9 and TLR7 activation by 
parasite DNA and RNA (78), respectively, at least in the initial 
phases of infection.

In addition to TLR, other innate immune receptors impor-
tant in controlling T. cruzi infection are the nucleotide-binding 
oligomerization domain (Nod)-like receptors (NLR). NLRs are 
localized in the cytoplasm or are associated with the plasma 
membrane of mammalian cells. NLRs are related to MAP kinase 
and NF-κB activation (NOD1 and NOD2) or with the production 
of a caspase 1-dependent inflammasome (NLRP3) (97). In vitro 
studies have shown that although macrophages from NOD1−/− 
and NOD2−/− mice infected with T. cruzi failed to produce nitric 
oxide (•NO) when stimulated with IFN-γ, only NOD1−/− mice 

failed to eliminate the intracellular parasites (98). NOD1−/− mice 
infected with T. cruzi showed threefold higher parasitemia than 
WT and NOD2−/− mice, and succumbed 24 days post-infection 
(98). Although NOD1 receptors appear to be important for T. cruzi 
infection control, the mechanisms involved are still unknown, as 
a deficiency in this receptor does not impair cytokine produc-
tion in vivo, and T. cruzi lacks any previously described NOD1 
agonists (98).

COMPLeMeNT evASiON

After the first round of intracellular replication and host cell rup-
ture, T. cruzi reaches the mammalian bloodstream and becomes 
a target of the complement pathways. The complement system 
consists of soluble proteins that interact with pathogen struc-
tures and activate a cascade of proteases that eliminate invading 
microorganisms. There are three complement pathways: classical, 
alternative, and lectin (Figures 3A–C). Although these pathways 
differ in the initial steps of their respective cascades, all three 
converge to produce a C3 convertase and then a C5 convertase, 
leading to the formation of the membrane attack complex (MAC) 
and subsequent pathogen lysis (Figure 3D).

Trypanosoma cruzi initially becomes a target of the host 
alternative and lectin complement pathways. The lectin pathway 
is activated by the binding of mannan-binding lectins (MBLs) or 
ficolins to the mannan or carbohydrates of the parasite surface, 
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respectively (99) (Figure  3B). This pathway is responsible for 
almost 70% of parasite complement-mediated lysis during infec-
tion (20, 99, 100). The alternative pathway is activated either by a 
low rate of spontaneous conversion of C3 to C3b or by C3b gener-
ated from the other complement pathways (100) (Figure 3C). As 
the infection progresses and anti-T. cruzi antibodies are produced, 
antibodies bound to parasite surface molecules interact with 
the complement C1 molecule, activating the classical pathway 
(Figure 3A).

To escape complement-mediated lysis, T. cruzi relies on a large 
set of molecules that act by blocking different steps of the comple-
ment pathways (20, 101) (Figure 3E). T. cruzi impairs the lectin 
pathway via calreticulin, a 45-kDa surface molecule (102) that 
binds to host MBL collagenous tails, preventing their interaction 
with parasite mannan (18), and also interacts with l-ficolin, pre-
venting C4–C4b conversion (103). As anti-T. cruzi antibodies are 
produced, calreticulin also interacts with C1, preventing its inter-
action with C4 and inhibiting the classical complement pathway 
(18, 104, 105). Therefore, calreticulin is able to disrupt the initial 
steps of both the classical and lectin complement pathways, and, 
because it reduces the formation of C3 convertase, calreticulin 
also indirectly inhibits the alternative pathway.

Complement regulatory protein (CRP), also called GP160, 
is a trypomastigote GPI-anchored surface protein that binds 
to C3b and C4b, dissociating the classical and alternative 
complement C3 convertase (17, 106). Beucher and Norris have 
described several CRP paralogs within the T. cruzi genome that 
share sequence similarity with T. cruzi trans-sialidase super-
family members lacking TS activity (107). Nevertheless, the 
involvement of these sequence-related CRP paralogs in blocking 
the activation of the alternative and classical pathways needs 
experimental validation.

Complement C2 receptor inhibition trispanning (CRIT) is 
a T. cruzi transmembrane protein that blocks C2 cleavage into 
C2a, preventing the lectin and classical complement pathway-
mediated formation of C3 convertase (99, 108). Trypomastigote 
decay-accelerating factor (T-DAF) is an 87- to 93-kDa protein 
with similarity to human decay-accelerating factor (DAF), which 
interferes with C3 convertase assembly efficiency, potentially 
affecting the three complement pathways (19, 109). T. cruzi 
gp58/68 also inhibits C3 convertase assembly, but only in the 
complement alternative pathway, by preventing the binding of 
factor B to surface-fixed C3b (110).

Finally, it has recently shown that T. cruzi induces the release 
of plasma membrane-derived vesicles from host cells (111). 
These vesicles are involved in diverse immune evasion processes, 
including binding to and inhibiting the activity of the comple-
ment C3 convertase C4b2a (111), and will be further discussed 
in the microvesicles section of this review.

In summary, T. cruzi complement evasion focuses on diverse 
molecules that disrupt or inhibit C3 convertase formation, a key 
step in all complement pathways, or neutralizes the initial steps of 
the complement cascade (Figure 3). As all complement pathways 
converge with C3 convertase formation, disrupting this key step 
is an efficient way to disturb all complement-mediated responses 
simultaneously. In addition to being important in the comple-
ment cascade, C3b is also an opsonin, which is recognized by 

macrophages and induces phagocytosis (112). Therefore, inhibit-
ing C3b formation may also reduce macrophage-derived parasite 
lysis during infection.

THe ROLe OF MiCROveSiCLeS iN  
T. cruzi iNFeCTiON

Microvesicles (MVs) are also known as microparticles, ecto-
somes, exosomes, or plasma membrane-derived vesicles (111, 
113–115). MVs have a complex lipid bilayer structure and carry 
several cell-derived molecules, such as lipids, peptides, proteins, 
and nucleic acids (e.g., miRNAs and mRNAs), which can be 
transferred to and become functional in target cells (116–119). 
The release of plasma membrane-derived vesicles occurs at basal 
levels, but may be greatly increased by extracellular stimuli, such 
as parasitic infection (111, 120).

Recent studies have shown that MVs play an active role in 
intercellular communication inside an organism or between 
different organisms, as occurs during pathogen infections in a 
host (111, 115–118). Furthermore, the involvement of MVs in 
various diseases, such as thrombosis, cancer, pathogen infections, 
autoimmune diseases, and others, has also been observed (120). 
Vesicles may also participate in the delivery of pathogen virulence 
factors, contributing to the spread of the pathogen and successful 
immune evasion (111, 117, 118).

As discussed above, one of the first barriers encountered by 
parasites is the innate immune complement system. Recently, 
Cestari et al. (111) observed that T. cruzi induces the release of 
host plasma membrane-derived vesicles to evade innate immu-
nity, by inhibiting complement-mediated lysis and also facilitating 
host cell invasion. At the beginning of the infection, metacyclic 
trypomastigotes induce MV release from blood cells, such as 
lymphocytes, monocytes, and macrophages, in a Ca2+-dependent 
process (111). The host-derived MVs predominantly inhibit the 
classical and lectin pathways of the complement system, increas-
ing parasite survival. This inhibition is mediated by host MVs that 
bind to the C3 convertase C4b2a on the T. cruzi surface, leading 
to the inhibition of its catalytic activity (111).

Moreover, it has also been shown that lymphocytes- and 
monocytes-derived MVs carry the cytokine TGF-β, enhanc-
ing T. cruzi cell invasion and protecting the parasite from the 
complement-mediated lysis (111). This increase in cell invasion 
has also been demonstrated in vivo; mice infected with T. cruzi 
in the presence of MVs exhibited increased parasitemia (111).

In addition, parasite-shed vesicles may contain important 
virulence factors that contribute to the parasite–host interplay 
and the establishment of infection (117, 119). T. cruzi-derived 
MVs can act as messengers, preparing the cellular environment 
to facilitate infection, and thereby ensuring parasite survival (117, 
121). This process occurs either through the interaction of parasite-
derived MVs with host cell surface components or through the 
internalization of vesicles, which are accumulated in endocytic/
phagocytic pathways (117). Proteomic analysis has revealed that 
the main components of the parasite-derived vesicles are TS/gp85 
superfamily members, α-galactosyl-containing glycoconjugates, 
proteases, MASPs, and cytoskeleton proteins (117).

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org


January 2016 | Volume 6 | Article 6599

Cardoso et al. Immune Evasion by Trypanosoma cruzi

Frontiers in Immunology | www.frontiersin.org

Previous inoculation with T. cruzi-derived MVs accelerates 
and enhances the mortality rate of infected mice, which develop 
more severe heart lesions with an increased number of intracellu-
lar amastigote nests (121). Furthermore, parasite vesicles induce 
IL-4 and IL-10 production in the heart and spleen and IL-10 and 
IL-12 production by resident peritoneal cells (121). Changes in 
host cell gene expression were also observed in HeLa cells upon 
the incorporation of parasite-derived extracellular vesicles con-
taining tRNA-derived small RNAs (tsRNAs) from T. cruzi (119). 
The elicited response primarily modified the host cell extracel-
lular matrix, cytoskeleton, and immune response pathways (119).

All together, these data indicate that both host- and parasite-
derived plasma membrane MVs play an important role in the 
establishment and maintenance of parasite infection.

DeLAYeD DeveLOPMeNT OF A 
PROTeCTive iMMUNe ReSPONSe: 
POLYCLONAL B CeLL ACTivATiON, 
SMOKe SCReeNS, AND 
iMMUNODOMiNANCe

In contrast to other infectious pathogens that induce rapid 
changes in the gene expression of infected host cells (122), T. cruzi 
only exerts significant gene expression changes in human fibro-
blasts 24 h after infection (122). This delayed host transcriptional 
response coincides with the parasite escape from the phago-
lysosome to the cytoplasm and differentiation into the replicative 
amastigote forms. This sequence of events suggests that during the 
initial phase of a primary T. cruzi infection, the parasite does not 
trigger host PRRs, leading to silent entry (82, 122, 123). Besides the 
delayed changes in the gene expression of infected cells, T. cruzi 
immune activation coincides with the release of trypomastigotes 
from infected cells 4–5 days post-infection, suggesting that the 
parasite relies on mechanisms to avoid PAMP-derived immune 
stimulation during the first cycle of replication (28, 82). Three 
aspects may contribute to this silent entry: (i) the relatively slow 
kinetics of T. cruzi intracellular cycle, (ii) parasite escape from the 
phagolysosome, and (iii) immunoregulatory response meditated 
by TLR2/6 activation in dendritic cells. T. cruzi growth rate is sig-
nificantly slower than virus and bacteria, taking longer to achieve 
a threshold necessary to mount a robust immune response, which 
is delayed to at least the end of the first round of intracellular 
replication (28). Also, parasite escape from the phagolysosome 
reduces its mortality, thus, reducing the amount of DNA and 
RNA immunostimulatory sequences available for TLR9 and 
TLR7 activation in this cellular compartment. Finally, the TLR2/6 
immunoregulatory stimulation of dendritic cells by GPI-mucins 
could counteract other immune activation processes and could 
also delay the development of adaptive immune response (78). 
Another possibility for the immunologically silent entry is that 
T. cruzi PAMPs may not trigger an immunostimulatory response 
as effective as those of bacteria, since transgenic expression of 
bacterial PAMPs in T. cruzi enhanced the anti-parasite response 
leading to pathogen control and clearance (124).

After several rounds of infection/proliferation, a robust anti-
T. cruzi immune response is developed, which is able to greatly 

reduce parasitemia and tissue parasitism. However, this immune 
response is unable to provide parasite clearance, as polymerase 
chain reaction (PCR) and immunocytochemistry assays have 
shown the presence of parasites in infected tissues in patients 
with cardiac (125–127) and digestive (128) manifestations. The 
delayed immune response and the inability to clear the parasite 
may be related to the large repertoire of highly polymorphic and 
immunogenic surface proteins that are coexpressed by the para-
site (82, 123, 129, 130). This antigen arsenal may provide means 
of evading immune response that are distinct from the classic 
antigenic variation employed by parasites such as Trypanosoma 
brucei and Giardia lamblia (131–136).

Classic antigenic variation is achieved by the expression of 
identical antigenic variants on the surface of the majority of 
the cells in a parasite population while a small subset expresses 
different variants (131, 137–139). The immune response targets 
the parasites expressing the common variant while failing to 
identify those expressing rare variants (137). Long-term infec-
tion is achieved by varying the expressed antigens, leading to 
successive waves of parasitemia and clearance as novel antigenic 
determinants spread in the parasite population (133, 138, 139). 
There is no evidence that T. cruzi adopts this type of antigenic 
variation. Instead, the entire T. cruzi population simultaneously 
exposes a variety of antigenic surface proteins, such as mucins, 
trans-sialidase, and MASPs, encoded by highly polymorphic 
multigene families (22, 80, 82, 129, 130). The coexpression of 
this diverse antigenic repertoire drives the immune system into 
a series of spurious and non-neutralizing antibody responses, a 
mechanism known as a smoke screen, which delays the produc-
tion of high-affinity anti-T. cruzi antibodies and the priming 
of effective T-CD8+ cells (22, 82, 140). The presence of a broad 
range of antigenic motifs may also be a mechanism to drive the 
antibody response away from catalytic sites of key parasite surface 
proteins. In fact, a strong humoral response against the trans-
sialidases C-terminal repetitive motif shed acute phase antigen 
(SAPA) has been observed, followed by a weak antibody response 
against several epitopes at the N-terminal catalytic region in a 
later stage that was unable to inhibit the enzyme activity (141).

In addition to the high variability of parasite surface antigens, 
the presence of parasite-derived B cell mitogens also causes poly-
clonal B cell activation and hypergammaglobulinemia, resulting 
in a delayed parasite-specific antibody response (21, 22, 142, 143). 
This unfocused response is important for parasite survival, as most 
of the antibodies produced by splenic cells during the initial acute 
phase do not target the parasite, and specific anti-T. cruzi antibodies 
are only produced later (22). Interestingly, although the humoral 
response in the chronic stage shows a preferential IgG2a pattern, 
the acute infection comprises a broader range of immunoglobulin 
isotypes: IgM, IgG1, IgG2a, IgG2b, and IgG3 (22, 144). In addition 
to B cell mitogens, another driving factor of this polyclonal activa-
tion may be the coexpression and shedding of a large repertoire of 
immunogenic surface proteins, delaying the immune response to 
immunodominant epitopes. In fact, trans-sialidases and their ter-
minal long tandem repeats have been shown to be T-independent 
polyclonal activators of mouse B cells (143, 145, 146). Even though 
polyclonal B-cell activation is transient and its role as a parasite 
escape mechanism needs further in vivo experimental validation, 
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this may be a strategy that could contribute for parasite survival 
during the initial stage of infection, when parasitemia is low and 
the parasite has not yet reached the sites where it persists, such as 
muscle, adipose tissue, and nervous system.

In contrast to previous studies, Bryan and coworkers have 
shown that C57BL/6 mice infected with T. cruzi Y strain pre-
sented lower polyclonal B cell activation than BALB/c mice, 
suggesting that polyclonal activation is not a generalized response 
in T. cruzi infection and is highly dependent on the host strain 
(147). The authors associated this difference with the protective 
Th1-focused C57BL/6 immune response, in contrast to the sus-
ceptible Th2-focused response developed by BALB/c mice (147). 
Distinct parasite strains also show different degrees of B-cell 
polyclonal activation. Parasites from TcVI DTU such as CL (144) 
and Tulahuén (22) strains and the clone CL Brener (145) induced 
polyclonal B-cell activation in BALB/c and C3H/Hej mice, while 
polyclonal activation induced by Y strain was restricted to BALB/c 
(147). The TcVI DTU was originated by a hybridization event 
between TcII and TcIII strains (148), which result in an increased 
repertoire of multigene families encoding surface proteins when 
compared to Sylvio X10 (TcI) (149). As these surface proteins 
are highly immunogenic, this larger repertoire of antigens could 
contribute to B-cell polyclonal activation observed in infections 
by TcVI strains.

Trypanosoma cruzi antigens released in the intracellular host 
cell environment, either from live parasites shedding or parasite 
lysis, become available for presentation by the class I major compat-
ibility complex (MHC) through the endogenous pathway (25, 26). 
This presentation promotes the priming of a strong but delayed 
CD8+ T immune response that is highly effective for controlling 
parasite levels, but only becomes evident 5–6 days post-infection, 
coinciding with the first round of intracellular replication (82, 
150–153). The delayed anti-T. cruzi immune response may be due 
to the need for a sufficient number of antigen-producing amastig-
otes accumulating in the cytosol, and/or by the large number of 
different polymorphic antigens that are simultaneously expressed 
by the parasite. These antigens may compete for presentation 
through host cell MHC class I molecules, delaying a fast and 
focused immune response (82, 123, 152, 153). This immunologi-
cally silent initial phase of infection may allow the parasite to reach 
a critical level before activating the host immune system (82, 123, 
154). As the infection advances, pathogen-specific T cells appear 
to preferentially recognize a small number of epitopes in a hierar-
chical manner, a process called immunodominance (26, 27, 152, 
155). Immunodominant antigens can be selected based on several 
factors, such as the abundance of the parasite epitope and its affin-
ity to MHC and T-cell receptors (26, 156–158). Trans-sialidases 
are among the major known CD8+ T immunodominant targets 
in T. cruzi infection, due to high expression in the infective forms 
and repetitive/antigenic content; as such, these enzymes have 
also been proposed as vaccine targets (27, 74, 152, 159–162). As 
previously stated, trans-sialidase is a highly polymorphic, multi-
copy gene family in T. cruzi, with several potential immunogenic 
candidates that can generate an unfocused immune response. 
To overcome this, the anti-trans-sialidase immune response is 
focused on a relatively small number of epitopes encoded by mul-
tiple genes (82, 152). Trans-sialidase immunodominant antigens 

can account for more than 30% of the entire CD8+ response in 
mice (152) and a significant proportion in humans (153). The 
presence of subdominant/cryptic antigens was demonstrated 
after the tolerization of the major immunodominant epitopes 
of T. cruzi during infection in BALB/c and C57BL/6 mice (27). 
These mice exhibited an immune response against novel antigens 
and a transient increase in parasite load but were ultimately able 
to control the acute infection, suggesting that a focused immune 
response per se, but not the presence of these immunodominant 
antigens, is required to control the infection (27, 82). This result 
is not surprising, as the trans-sialidase gene family varies in 
sequence and expression among T. cruzi strains (148, 149, 163), 
and immunodominance also depends on interaction between 
the antigen and host receptors, which vary among host species. 
Although immunodominance is a well-described phenomenon in 
T. cruzi, its direct implications for parasite clearance are still under 
debate. While some authors state that specific T cells for a single 
epitope can hinder the development of immunity to several other 
epitopes, allowing a small set of variant parasites to escape from the 
immune system (26, 164), others argue that immunodominance 
is probably not the major factor governing T. cruzi escape from 
sterile immunity (27). The second group argued that vaccination 
to boost specific immunodominant epitopes enhanced mice 
protection, instead of being deleterious to the hosts by strongly 
focusing the immune response on the immunodominant epitope 
(161, 165), and the tolerization of immunodominant epitopes did 
not lead to higher parasite clearance (27).

CONCLUSiON

Trypanosoma cruzi has been interacting and coevolving with 
humans for 6,000–9,000  years (5, 10, 166), and infecting wild 
mammals even longer (6–8, 167). Because of this extensive inter-
action with mammalian hosts and its obligatory parasitic lifestyle, 
this protozoan has developed several mechanisms to evade the 
host immune system (Figure 4), and simultaneously reduce host 
damage while maintaining its transmissibility to insect vectors 
(168). It is not surprising that as the disease reaches its chronic 
stage, only 30% of the patients progress to cardiac or digestive 
manifestations, whereas 70% show no clinical symptoms but are 
still able to infect triatomine insect vectors (168). However, when 
this equilibrium is lost and symptoms do occur, the disease causes 
great morbidity, resulting in a loss of 662,000 disability-adjusted 
life years (1–3) (WHO) (see text footnote 1). Among the trypano-
somatids whose genomes have already been sequenced, T. cruzi 
exhibits the largest expansion of the multigene families that 
encode surface proteins, many of which are antigenic (130, 148, 
163). A driving force for the expansion of these polymorphic sur-
face proteins may be their involvement in the parasite’s ability to 
invade any mammalian nucleated cell, which is a critical strategy 
that allows the parasite to spread in different host tissues during 
the initial infection. In addition, this impressive surface protein 
polymorphism also contributes to antigenic variability, leading 
to the coexpression of several polymorphic antigens that delay 
the development of an effective immune response. The delayed 
immune activation in host cell newly infected with T. cruzi, the 
polyclonal B cell activation, and T. cruzi intra- and inter-strain 
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surface antigenic variability makes prophylactic vaccine target 
identification nearly impossible (82). An effective pan-T. cruzi 
vaccine would have to include immunodominant and cryptic 
antigens from a broad variety of parasite isolates.

AUTHOR CONTRiBUTiONS

MC: participated in design and manuscript writing. JR-C: par-
ticipated in design and manuscript writing. DB: participated in 
design, coordination, and manuscript writing.

FUNDiNG

This study was funded by Fundação de Amparo a Pesquisa 
do Estado de Minas Gerais (FAPEMIG), Instituto Nacional 
de Ciência e Tecnologia de Vacinas (INCTV)  –  Conselho 
Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq) and Pró-Reitoria de Pesquisa (PRPq) – Universidade 
Federal de Minas Gerias (UFMG). DB is CNPq research fel-
low. MC received a scholarship from CNPq and JR-C received 
scholarship from CAPES.

ReFeReNCeS

1. Hotez PJ, Bottazzi ME, Franco-Paredes C, Ault SK, Periago MR. The 
neglected tropical diseases of Latin America and the Caribbean: a review of 
disease burden and distribution and a roadmap for control and elimination. 
PLoS Negl Trop Dis (2008) 2(9):e300. doi:10.1371/journal.pntd.0000300 

2. Coura JR, Dias JC. Epidemiology, control and surveillance of Chagas disease: 
100 years after its discovery. Mem Inst Oswaldo Cruz (2009) 104(Suppl 
1):31–40. doi:10.1590/S0074-02762009000900006 

3. Martins-Melo FR, Ramos AN Jr, Alencar CH, Heukelbach J. Mortality due to 
Chagas disease in Brazil from 1979 to 2009: trends and regional differences. J 
Infect Dev Ctries (2012) 6(11):817–24. doi:10.3855/jidc.2459 

4. Brener Z. Biology of Trypanosoma cruzi. Annu Rev Microbiol (1973) 
27:347–82. doi:10.1146/annurev.mi.27.100173.002023 

5. Stevens JR, Noyes HA, Dover GA, Gibson WC. The ancient and divergent 
origins of the human pathogenic trypanosomes, Trypanosoma brucei and T. 
cruzi. Parasitology (1999) 118(Pt 1):107–16. doi:10.1017/S0031182098003473 

6. Flores-Lopez CA, Machado CA. Analyses of 32 loci clarify phylogenetic 
relationships among Trypanosoma cruzi lineages and support a single 
hybridization prior to human contact. PLoS Negl Trop Dis (2011) 5(8):e1272. 
doi:10.1371/journal.pntd.0001272 

7. Zumaya-Estrada FA, Messenger LA, Lopez-Ordonez T, Lewis MD, Flores-
Lopez CA, Martinez-Ibarra AJ, et  al. North American import? Charting 

the origins of an enigmatic Trypanosoma cruzi domestic genotype. Parasit 
Vectors (2012) 5:226. doi:10.1186/1756-3305-5-226 

8. Hamilton PB, Teixeira MM, Stevens JR. The evolution of Trypanosoma 
cruzi: the ‘bat seeding’ hypothesis. Trends Parasitol (2012) 28(4):136–41. 
doi:10.1016/j.pt.2012.01.006 

9. Steverding D. The history of Chagas disease. Parasit Vectors (2014) 7:317. 
doi:10.1186/1756-3305-7-317 

10. Aufderheide AC, Salo W, Madden M, Streitz J, Buikstra J, Guhl F, et al. A 
9,000-year record of Chagas’ disease. Proc Natl Acad Sci U S A (2004) 
101(7):2034–9. doi:10.1073/pnas.0307312101 

11. Marioni JC, Thorne NP, Valsesia A, Fitzgerald T, Redon R, Fiegler H, et al. 
Breaking the waves: improved detection of copy number variation from 
microarray-based comparative genomic hybridization. Genome Biol (2007) 
8(10):R228. doi:10.1186/gb-2007-8-10-r228 

12. Epting CL, Coates BM, Engman DM. Molecular mechanisms of host cell 
invasion by Trypanosoma cruzi. Exp Parasitol (2010) 126(3):283–91. 
doi:10.1016/j.exppara.2010.06.023 

13. Andrews NW. Living dangerously: how Trypanosoma cruzi uses lysosomes 
to get inside host cells, and then escapes into the cytoplasm. Biol Res (1993) 
26(1–2):65–7. 

14. De Pablos LM, Osuna A. Multigene families in Trypanosoma cruzi and 
their role in infectivity. Infect Immun (2012) 80(7):2258–64. doi:10.1128/
IAI.06225-11 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1371/journal.pntd.0000300
http://dx.doi.org/10.1590/S0074-02762009000900006
http://dx.doi.org/10.3855/jidc.2459
http://dx.doi.org/10.1146/annurev.mi.27.100173.002023
http://dx.doi.org/10.1017/S0031182098003473
http://dx.doi.org/10.1371/journal.pntd.0001272
http://dx.doi.org/10.1186/1756-3305-5-226
http://dx.doi.org/10.1016/j.pt.2012.01.006
http://dx.doi.org/10.1186/1756-3305-7-317
http://dx.doi.org/10.1073/pnas.0307312101
http://dx.doi.org/10.1186/gb-2007-8-10-r228
http://dx.doi.org/10.1016/j.exppara.2010.06.023
http://dx.doi.org/10.1128/IAI.06225-11
http://dx.doi.org/10.1128/IAI.06225-11


January 2016 | Volume 6 | Article 65912

Cardoso et al. Immune Evasion by Trypanosoma cruzi

Frontiers in Immunology | www.frontiersin.org

15. Bartholomeu DC, de Paiva RM, Mendes TA, DaRocha WD, Teixeira SM. 
Unveiling the intracellular survival gene kit of trypanosomatid parasites. 
PLoS Pathog (2014) 10(12):e1004399. doi:10.1371/journal.ppat.1004399 

16. Piacenza L, Peluffo G, Alvarez MN, Kelly JM, Wilkinson SR, Radi R. 
Peroxiredoxins play a major role in protecting Trypanosoma cruzi against 
macrophage- and endogenously-derived peroxynitrite. Biochem J (2008) 
410(2):359–68. doi:10.1042/BJ20071138 

17. Norris KA, Bradt B, Cooper NR, So M. Characterization of a Trypanosoma 
cruzi C3 binding protein with functional and genetic similarities to the 
human complement regulatory protein, decay-accelerating factor. J Immunol 
(1991) 147(7):2240–7. 

18. Ferreira V, Valck C, Sanchez G, Gingras A, Tzima S, Molina MC, et al. The 
classical activation pathway of the human complement system is specif-
ically inhibited by calreticulin from Trypanosoma cruzi. J Immunol (2004) 
172(5):3042–50. doi:10.4049/jimmunol.172.5.3042 

19. Tambourgi DV, Kipnis TL, da Silva WD, Joiner KA, Sher A, Heath S, et al. A 
partial cDNA clone of trypomastigote decay-accelerating factor (T-DAF), a 
developmentally regulated complement inhibitor of Trypanosoma cruzi, has 
genetic and functional similarities to the human complement inhibitor DAF. 
Infect Immun (1993) 61(9):3656–63. 

20. Cestari I, Evans-Osses I, Schlapbach LJ, de Messias-Reason I, Ramirez MI. 
Mechanisms of complement lectin pathway activation and resistance by 
trypanosomatid parasites. Mol Immunol (2013) 53(4):328–34. doi:10.1016/j.
molimm.2012.08.015 

21. Minoprio P. Parasite polyclonal activators: new targets for vaccina-
tion approaches? Int J Parasitol (2001) 31(5–6):588–91. doi:10.1016/
S0020-7519(01)00171-0 

22. Bermejo DA, Amezcua Vesely MC, Khan M, Acosta Rodriguez EV, Montes 
CL, Merino MC, et  al. Trypanosoma cruzi infection induces a massive 
extrafollicular and follicular splenic B-cell response which is a high source 
of non-parasite-specific antibodies. Immunology (2011) 132(1):123–33. 
doi:10.1111/j.1365-2567.2010.03347.x 

23. Latz E, Schoenemeyer A, Visintin A, Fitzgerald KA, Monks BG, Knetter 
CF, et al. TLR9 signals after translocating from the ER to CpG DNA in the 
lysosome. Nat Immunol (2004) 5(2):190–8. doi:10.1038/ni1028 

24. Bartholomeu DC, Ropert C, Melo MB, Parroche P, Junqueira CF, Teixeira 
SM, et al. Recruitment and endo-lysosomal activation of TLR9 in dendritic 
cells infected with Trypanosoma cruzi. J Immunol (2008) 181(2):1333–44. 
doi:10.4049/jimmunol.181.2.1333 

25. Junqueira C, Caetano B, Bartholomeu DC, Melo MB, Ropert C, Rodrigues 
MM, et al. The endless race between Trypanosoma cruzi and host immunity: 
lessons for and beyond Chagas disease. Expert Rev Mol Med (2010) 12:e29. 
doi:10.1017/S1462399410001560 

26. Rodrigues MM, Alencar BC, Claser C, Tzelepis F. Immunodominance: a 
new hypothesis to explain parasite escape and host/parasite equilibrium 
leading to the chronic phase of Chagas’ disease? Braz J Med Biol Res (2009) 
42(3):220–3. 

27. Rosenberg CS, Martin DL, Tarleton RL. CD8+ T cells specific for immuno-
dominant trans-sialidase epitopes contribute to control of Trypanosoma cruzi 
infection but are not required for resistance. J Immunol (2010) 185(1):560–8. 
doi:10.4049/jimmunol.1000432 

28. Padilla AM, Simpson LJ, Tarleton RL. Insufficient TLR activation contributes 
to the slow development of CD8+ T cell responses in Trypanosoma cruzi 
infection. J Immunol (2009) 183(2):1245–52. doi:10.4049/jimmunol.0901178 

29. Tardieux I, Nathanson MH, Andrews NW. Role in host cell invasion of 
Trypanosoma cruzi-induced cytosolic-free Ca2+ transients. J Exp Med 
(1994) 179(3):1017–22. doi:10.1084/jem.179.3.1017 

30. Rodriguez A, Rioult MG, Ora A, Andrews NW. A trypanosome-soluble factor 
induces IP3 formation, intracellular Ca2+ mobilization and microfilament 
rearrangement in host cells. J Cell Biol (1995) 129(5):1263–73. doi:10.1083/
jcb.129.5.1263 

31. Rodriguez A, Samoff E, Rioult MG, Chung A, Andrews NW. Host 
cell invasion by trypanosomes requires lysosomes and microtubule/ 
kinesin-mediated transport. J Cell Biol (1996) 134(2):349–62. doi:10.1083/
jcb.134.2.349 

32. Woolsey AM, Sunwoo L, Petersen CA, Brachmann SM, Cantley LC, Burleigh 
BA. Novel PI 3-kinase-dependent mechanisms of trypanosome invasion 
and vacuole maturation. J Cell Sci (2003) 116(Pt 17):3611–22. doi:10.1242/
jcs.00666 

33. Andrade LO, Andrews NW. Lysosomal fusion is essential for the retention 
of Trypanosoma cruzi inside host cells. J Exp Med (2004) 200(9):1135–43. 
doi:10.1084/jem.20041408 

34. Andrade LO, Andrews NW. The Trypanosoma cruzi-host-cell interplay: 
location, invasion, retention. Nat Rev Microbiol (2005) 3(10):819–23. 
doi:10.1038/nrmicro1249 

35. Andrews NW, Abrams CK, Slatin SL, Griffiths G. A T. cruzi-secreted protein 
immunologically related to the complement component C9: evidence for 
membrane pore-forming activity at low pH. Cell (1990) 61(7):1277–87. 
doi:10.1016/0092-8674(90)90692-8 

36. Manning-Cela R, Cortes A, Gonzalez-Rey E, Van Voorhis WC, Swindle 
J, Gonzalez A. LYT1 protein is required for efficient in  vitro infection by 
Trypanosoma cruzi. Infect Immun (2001) 69(6):3916–23. doi:10.1128/
IAI.69.6.3916-3923.2001 

37. Kornfeld S, Mellman I. The biogenesis of lysosomes. Annu Rev Cell Biol 
(1989) 5:483–525. doi:10.1146/annurev.cb.05.110189.002411 

38. Hall BF, Webster P, Ma AK, Joiner KA, Andrews NW. Desialylation of lyso-
somal membrane glycoproteins by Trypanosoma cruzi: a role for the surface 
neuraminidase in facilitating parasite entry into the host cell cytoplasm. J Exp 
Med (1992) 176(2):313–25. doi:10.1084/jem.176.2.313 

39. Albertti LA, Macedo AM, Chiari E, Andrews NW, Andrade LO. Role of 
host lysosomal associated membrane protein (LAMP) in Trypanosoma cruzi 
invasion and intracellular development. Microbes Infect (2010) 12(10):784–9. 
doi:10.1016/j.micinf.2010.05.015 

40. Rubin-de-Celis SS, Uemura H, Yoshida N, Schenkman S. Expression of 
trypomastigote trans-sialidase in metacyclic forms of Trypanosoma cruzi 
increases parasite escape from its parasitophorous vacuole. Cell Microbiol 
(2006) 8(12):1888–98. doi:10.1111/j.1462-5822.2006.00755.x 

41. Burleigh BA, Andrews NW. The mechanisms of Trypanosoma cruzi invasion 
of mammalian cells. Annu Rev Microbiol (1995) 49:175–200. doi:10.1146/
annurev.mi.49.100195.001135 

42. Kierszenbaum F, Knecht E, Budzko DB, Pizzimenti MC. Phagocytosis: a 
defense mechanism against infection with Trypanosoma cruzi. J Immunol 
(1974) 112(5):1839–44. 

43. Piacenza L, Peluffo G, Alvarez MN, Martinez A, Radi R. Trypanosoma cruzi 
antioxidant enzymes as virulence factors in Chagas disease. Antioxid Redox 
Signal (2013) 19(7):723–34. doi:10.1089/ars.2012.4618 

44. Piacenza L, Zago MP, Peluffo G, Alvarez MN, Basombrio MA, Radi R. 
Enzymes of the antioxidant network as novel determiners of Trypanosoma 
cruzi virulence. Int J Parasitol (2009) 39(13):1455–64. doi:10.1016/j.
ijpara.2009.05.010 

45. Fridovich I. Superoxide radical and superoxide dismutases. Annu Rev 
Biochem (1995) 64:97–112. doi:10.1146/annurev.bi.64.070195.000525 

46. Radi R. Peroxynitrite, a stealthy biological oxidant. J Biol Chem (2013) 
288(37):26464–72. doi:10.1074/jbc.R113.472936 

47. Gupta S, Wen JJ, Garg NJ. Oxidative stress in Chagas disease. Interdiscip 
Perspect Infect Dis (2009) 2009:190354. doi:10.1155/2009/190354 

48. Munoz-Fernandez MA, Fernandez MA, Fresno M. Activation of human 
macrophages for the killing of intracellular Trypanosoma cruzi by TNF-alpha 
and IFN-gamma through a nitric oxide-dependent mechanism. Immunol 
Lett (1992) 33(1):35–40. doi:10.1016/0165-2478(92)90090-B 

49. Gutierrez FR, Mineo TW, Pavanelli WR, Guedes PM, Silva JS. The effects 
of nitric oxide on the immune system during Trypanosoma cruzi infec-
tion. Mem Inst Oswaldo Cruz (2009) 104(Suppl 1):236–45. doi:10.1590/
S0074-02762009000900030 

50. Venturini G, Salvati L, Muolo M, Colasanti M, Gradoni L, Ascenzi P. Nitric 
oxide inhibits cruzipain, the major papain-like cysteine proteinase from 
Trypanosoma cruzi. Biochem Biophys Res Commun (2000) 270(2):437–41. 
doi:10.1006/bbrc.2000.2447 

51. Alvarez MN, Peluffo G, Piacenza L, Radi R. Intraphagosomal peroxynitrite 
as a macrophage-derived cytotoxin against internalized Trypanosoma cruzi: 
consequences for oxidative killing and role of microbial peroxiredoxins in 
infectivity. J Biol Chem (2011) 286(8):6627–40. doi:10.1074/jbc.M110.167247 

52. Oza SL, Tetaud E, Ariyanayagam MR, Warnon SS, Fairlamb AH. A 
single enzyme catalyses formation of trypanothione from glutathione and 
spermidine in Trypanosoma cruzi. J Biol Chem (2002) 277(39):35853–61. 
doi:10.1074/jbc.M204403200 

53. Wilkinson SR, Temperton NJ, Mondragon A, Kelly JM. Distinct mitochon-
drial and cytosolic enzymes mediate trypanothione-dependent peroxide 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1371/journal.ppat.1004399
http://dx.doi.org/10.1042/BJ20071138
http://dx.doi.org/10.4049/jimmunol.172.5.3042
http://dx.doi.org/10.1016/j.molimm.2012.08.015
http://dx.doi.org/10.1016/j.molimm.2012.08.015
http://dx.doi.org/10.1016/S0020-7519(01)00171-0
http://dx.doi.org/10.1016/S0020-7519(01)00171-0
http://dx.doi.org/10.1111/j.1365-2567.2010.03347.x
http://dx.doi.org/10.1038/ni1028
http://dx.doi.org/10.4049/jimmunol.181.2.1333
http://dx.doi.org/10.1017/S1462399410001560
http://dx.doi.org/10.4049/jimmunol.1000432
http://dx.doi.org/10.4049/jimmunol.0901178
http://dx.doi.org/10.1084/jem.179.3.1017
http://dx.doi.org/10.1083/jcb.129.5.1263
http://dx.doi.org/10.1083/jcb.129.5.1263
http://dx.doi.org/10.1083/jcb.134.2.349
http://dx.doi.org/10.1083/jcb.134.2.349
http://dx.doi.org/10.1242/jcs.00666
http://dx.doi.org/10.1242/jcs.00666
http://dx.doi.org/10.1084/jem.20041408
http://dx.doi.org/10.1038/nrmicro1249
http://dx.doi.org/10.1016/0092-8674(90)90692-8
http://dx.doi.org/10.1128/IAI.69.6.3916-3923.2001
http://dx.doi.org/10.1128/IAI.69.6.3916-3923.2001
http://dx.doi.org/10.1146/annurev.cb.05.110189.002411
http://dx.doi.org/10.1084/jem.176.2.313
http://dx.doi.org/10.1016/j.micinf.2010.05.015
http://dx.doi.org/10.1111/j.1462-5822.2006.00755.x
http://dx.doi.org/10.1146/annurev.mi.49.100195.001135
http://dx.doi.org/10.1146/annurev.mi.49.100195.001135
http://dx.doi.org/10.1089/ars.2012.4618
http://dx.doi.org/10.1016/j.ijpara.2009.05.010
http://dx.doi.org/10.1016/j.ijpara.2009.05.010
http://dx.doi.org/10.1146/annurev.bi.64.070195.000525
http://dx.doi.org/10.1074/jbc.R113.472936
http://dx.doi.org/10.1155/2009/190354
http://dx.doi.org/10.1016/0165-2478(92)90090-B
http://dx.doi.org/10.1590/S0074-02762009000900030
http://dx.doi.org/10.1590/S0074-02762009000900030
http://dx.doi.org/10.1006/bbrc.2000.2447
http://dx.doi.org/10.1074/jbc.M110.167247
http://dx.doi.org/10.1074/jbc.M204403200


January 2016 | Volume 6 | Article 65913

Cardoso et al. Immune Evasion by Trypanosoma cruzi

Frontiers in Immunology | www.frontiersin.org

metabolism in Trypanosoma cruzi. J Biol Chem (2000) 275(11):8220–5. 
doi:10.1074/jbc.275.11.8220 

54. Wilkinson SR, Obado SO, Mauricio IL, Kelly JM. Trypanosoma cruzi 
expresses a plant-like ascorbate-dependent hemoperoxidase localized to the 
endoplasmic reticulum. Proc Natl Acad Sci U S A (2002) 99(21):13453–8. 
doi:10.1073/pnas.202422899 

55. Wilkinson SR, Taylor MC, Touitha S, Mauricio IL, Meyer DJ, Kelly JM. 
TcGPXII, a glutathione-dependent Trypanosoma cruzi peroxidase with sub-
strate specificity restricted to fatty acid and phospholipid hydroperoxides, is 
localized to the endoplasmic reticulum. Biochem J (2002) 364(Pt 3):787–94. 
doi:10.1042/bj20020038 

56. Wilkinson SR, Meyer DJ, Taylor MC, Bromley EV, Miles MA, Kelly JM. The 
Trypanosoma cruzi enzyme TcGPXI is a glycosomal peroxidase and can be 
linked to trypanothione reduction by glutathione or tryparedoxin. J Biol 
Chem (2002) 277(19):17062–71. doi:10.1074/jbc.M111126200 

57. Mateo H, Marin C, Perez-Cordon G, Sanchez-Moreno M. Purification 
and biochemical characterization of four iron superoxide dismutases 
in Trypanosoma cruzi. Mem Inst Oswaldo Cruz (2008) 103(3):271–6. 
doi:10.1590/S0074-02762008000300008 

58. Atwood JA III, Weatherly DB, Minning TA, Bundy B, Cavola C, Opperdoes 
FR, et al. The Trypanosoma cruzi proteome. Science (2005) 309(5733):473–6. 
doi:10.1126/science.1110289 

59. Parodi-Talice A, Monteiro-Goes V, Arrambide N, Avila AR, Duran R, Correa 
A, et  al. Proteomic analysis of metacyclic trypomastigotes undergoing 
Trypanosoma cruzi metacyclogenesis. J Mass Spectrom (2007) 42(11):1422–
32. doi:10.1002/jms.1267 

60. Piacenza L, Alvarez MN, Peluffo G, Radi R. Fighting the oxidative assault: 
the Trypanosoma cruzi journey to infection. Curr Opin Microbiol (2009) 
12(4):415–21. doi:10.1016/j.mib.2009.06.011 

61. Alvarez MN, Piacenza L, Irigoin F, Peluffo G, Radi R. Macrophage-derived 
peroxynitrite diffusion and toxicity to Trypanosoma cruzi. Arch Biochem 
Biophys (2004) 432(2):222–32. doi:10.1016/j.abb.2004.09.015 

62. Paiva CN, Feijo DF, Dutra FF, Carneiro VC, Freitas GB, Alves LS, et  al. 
Oxidative stress fuels Trypanosoma cruzi infection in mice. J Clin Invest 
(2012) 122(7):2531–42. doi:10.1172/JCI58525 

63. Kaplan J. Mechanisms of cellular iron acquisition: another iron in the fire. Cell 
(2002) 111(5):603–6. doi:10.1016/S0092-8674(02)01164-9 

64. Marro S, Chiabrando D, Messana E, Stolte J, Turco E, Tolosano E, et  al. 
Heme controls ferroportin1 (FPN1) transcription involving Bach1, Nrf2 
and a MARE/ARE sequence motif at position -7007 of the FPN1 promoter. 
Haematologica (2010) 95(8):1261–8. doi:10.3324/haematol.2009.020123 

65. Hintze KJ, Theil EC. DNA and mRNA elements with complementary 
responses to hemin, antioxidant inducers, and iron control ferritin-L 
expression. Proc Natl Acad Sci U S A (2005) 102(42):15048–52. doi:10.1073/
pnas.0505148102 

66. Dhiman M, Garg NJ. NADPH oxidase inhibition ameliorates Trypanosoma 
cruzi-induced myocarditis during Chagas disease. J Pathol (2011) 
225(4):583–96. doi:10.1002/path.2975 

67. Gazzinelli RT, Denkers EY. Protozoan encounters with toll-like receptor sig-
nalling pathways: implications for host parasitism. Nat Rev Immunol (2006) 
6(12):895–906. doi:10.1038/nri1978 

68. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell 
(2010) 140(6):805–20. doi:10.1016/j.cell.2010.01.022 

69. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. 
Cell (2006) 124(4):783–801. doi:10.1016/j.cell.2006.02.015 

70. Kulkarni R, Behboudi S, Sharif S. Insights into the role of toll-like receptors 
in modulation of T cell responses. Cell Tissue Res (2011) 343(1):141–52. 
doi:10.1007/s00441-010-1017-1 

71. Stahl P, Ruppert V, Meyer T, Schmidt J, Campos MA, Gazzinelli RT, et al. 
Trypomastigotes and amastigotes of Trypanosoma cruzi induce apoptosis and 
STAT3 activation in cardiomyocytes in vitro. Apoptosis (2013) 18(6):653–63. 
doi:10.1007/s10495-013-0822-x 

72. Gazzinelli RT, Ropert C, Campos MA. Role of the toll/interleukin-1 
receptor signaling pathway in host resistance and pathogenesis during 
infection with protozoan parasites. Immunol Rev (2004) 201:9–25. 
doi:10.1111/j.0105-2896.2004.00174.x 

73. Kawai T, Akira S. The role of pattern-recognition receptors in innate 
immunity: update on toll-like receptors. Nat Immunol (2010) 11(5):373–84. 
doi:10.1038/ni.1863 

74. Rodrigues MM, Oliveira AC, Bellio M. The immune response to Trypanosoma 
cruzi: role of toll-like receptors and perspectives for vaccine development. J 
Parasitol Res (2012) 2012:507874. doi:10.1155/2012/507874 

75. 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(3):1711–8. doi:10.4049/
jimmunol.172.3.1711 

76. Oliveira AC, Peixoto JR, de Arruda LB, Campos MA, Gazzinelli RT, 
Golenbock DT, et al. Expression of functional TLR4 confers proinflammatory 
responsiveness to Trypanosoma cruzi glycoinositolphospholipids and higher 
resistance to infection with T. cruzi. J Immunol (2004) 173(9):5688–96. 
doi:10.4049/jimmunol.173.9.5688 

77. Caetano BC, Carmo BB, Melo MB, Cerny A, dos Santos SL, Bartholomeu 
DC, et al. Requirement of UNC93B1 reveals a critical role for TLR7 in host 
resistance to primary infection with Trypanosoma cruzi. J Immunol (2011) 
187(4):1903–11. doi:10.4049/jimmunol.1003911 

78. Gravina HD, Antonelli L, Gazzinelli RT, Ropert C. Differential use of TLR2 
and TLR9 in the regulation of immune responses during the infection with 
Trypanosoma cruzi. PLoS One (2013) 8(5):e63100. doi:10.1371/journal.
pone.0063100 

79. Serrano AA, Schenkman S, Yoshida N, Mehlert A, Richardson JM, Ferguson 
MA. The lipid structure of the glycosylphosphatidylinositol-anchored 
mucin-like sialic acid acceptors of Trypanosoma cruzi changes during para-
site differentiation from epimastigotes to infective metacyclic trypomastigote 
forms. J Biol Chem (1995) 270(45):27244–53. doi:10.1074/jbc.270.45.27244 

80. Buscaglia CA, Campo VA, Frasch ACC, Di Noia JM. Trypanosoma cruzi 
surface mucins: host-dependent coat diversity. Nat Rev Microbiol (2006) 
4(3):229–36. doi:10.1038/nrmicro1351 

81. Coelho PS, Klein A, Talvani A, Coutinho SF, Takeuchi O, Akira S, et  al. 
Glycosylphosphatidylinositol-anchored mucin-like glycoproteins isolated 
from Trypanosoma cruzi trypomastigotes induce in  vivo leukocyte 
recruitment dependent on MCP-1 production by IFN-gamma-primed-
macrophages. J Leukoc Biol (2002) 71(5):837–44. 

82. Tarleton RL. CD8+ T cells in Trypanosoma cruzi infection. Semin 
Immunopathol (2015) 37(3):233–8. doi:10.1007/s00281-015-0481-9 

83. Lederkremer RM, Bertello LE. Glycoinositolphospholipids, free and 
as anchors of proteins, in Trypanosoma cruzi. Curr Pharm Des (2001) 
7(12):1165–79. doi:10.2174/1381612013397519 

84. Previato JO, Wait R, Jones C, DosReis GA, Todeschini AR, Heise N, et al. 
Glycoinositolphospholipid from Trypanosoma cruzi: structure, biosyn-
thesis and immunobiology. Adv Parasitol (2004) 56:1–41. doi:10.1016/
S0065-308X(03)56001-8 

85. Almeida IC, Gazzinelli RT. Proinflammatory activity of glycosylphosphatidy-
linositol anchors derived from Trypanosoma cruzi: structural and functional 
analyses. J Leukoc Biol (2001) 70(4):467–77. 

86. Carreira JC, Jones C, Wait R, Previato JO, Mendonca-Previato L. Structural 
variation in the glycoinositolphospholipids of different strains of Trypanosoma 
cruzi. Glycoconj J (1996) 13(6):955–66. doi:10.1007/BF01053191 

87. de Lederkremer RM, Agusti R. Glycobiology of Trypanosoma cruzi. 
Adv Carbohydr Chem Biochem (2009) 62:311–66. doi:10.1016/
S0065-2318(09)00007-9 

88. de Lederkremer RM, Lima CE, Ramirez MI, Goncalvez MF, Colli W. 
Hexadecylpalmitoylglycerol or ceramide is linked to similar glycophospho-
inositol anchor-like structures in Trypanosoma cruzi. Eur J Biochem (1993) 
218(3):929–36. doi:10.1111/j.1432-1033.1993.tb18449.x 

89. Agusti R, Couto AS, Campetella OE, Frasch AC, de Lederkremer RM. The 
trans-sialidase of Trypanosoma cruzi is anchored by two different lipids. 
Glycobiology (1997) 7(6):731–5. doi:10.1093/glycob/7.6.731 

90. Salto ML, Bertello LE, Vieira M, Docampo R, Moreno SN, de Lederkremer 
RM. Formation and remodeling of inositolphosphoceramide during differ-
entiation of Trypanosoma cruzi from trypomastigote to amastigote. Eukaryot 
Cell (2003) 2(4):756–68. doi:10.1128/EC.2.4.756-768.2003 

91. Freire-de-Lima CG, Nunes MP, Corte-Real S, Soares MP, Previato JO, 
Mendonca-Previato L, et  al. Proapoptotic activity of a Trypanosoma cruzi 
ceramide-containing glycolipid turned on in host macrophages by IFN-
gamma. J Immunol (1998) 161(9):4909–16. 

92. Brodskyn C, Patricio J, Oliveira R, Lobo L, Arnholdt A, Mendonca-Previato 
L, et al. Glycoinositolphospholipids from Trypanosoma cruzi interfere with 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1074/jbc.275.11.8220
http://dx.doi.org/10.1073/pnas.202422899
http://dx.doi.org/10.1042/bj20020038
http://dx.doi.org/10.1074/jbc.M111126200
http://dx.doi.org/10.1590/S0074-02762008000300008
http://dx.doi.org/10.1126/science.1110289
http://dx.doi.org/10.1002/jms.1267
http://dx.doi.org/10.1016/j.mib.2009.06.011
http://dx.doi.org/10.1016/j.abb.2004.09.015
http://dx.doi.org/10.1172/JCI58525
http://dx.doi.org/10.1016/S0092-8674(02)01164-9
http://dx.doi.org/10.3324/haematol.2009.020123
http://dx.doi.org/10.1073/pnas.0505148102
http://dx.doi.org/10.1073/pnas.0505148102
http://dx.doi.org/10.1002/path.2975
http://dx.doi.org/10.1038/nri1978
http://dx.doi.org/10.1016/j.cell.2010.01.022
http://dx.doi.org/10.1016/j.cell.2006.02.015
http://dx.doi.org/10.1007/s00441-010-1017-1
http://dx.doi.org/10.1007/s10495-013-0822-x
http://dx.doi.org/10.1111/j.0105-2896.2004.00174.x
http://dx.doi.org/10.1038/ni.1863
http://dx.doi.org/10.1155/2012/507874
http://dx.doi.org/10.4049/jimmunol.172.3.1711
http://dx.doi.org/10.4049/jimmunol.172.3.1711
http://dx.doi.org/10.4049/jimmunol.173.9.5688
http://dx.doi.org/10.4049/jimmunol.1003911
http://dx.doi.org/10.1371/journal.pone.0063100
http://dx.doi.org/10.1371/journal.pone.0063100
http://dx.doi.org/10.1074/jbc.270.45.27244
http://dx.doi.org/10.1038/nrmicro1351
http://dx.doi.org/10.1007/s00281-015-0481-9
http://dx.doi.org/10.2174/1381612013397519
http://dx.doi.org/10.1016/S0065-308X(03)56001-8
http://dx.doi.org/10.1016/S0065-308X(03)56001-8
http://dx.doi.org/10.1007/BF01053191
http://dx.doi.org/10.1016/S0065-2318(09)00007-9
http://dx.doi.org/10.1016/S0065-2318(09)00007-9
http://dx.doi.org/10.1111/j.1432-1033.1993.tb18449.x
http://dx.doi.org/10.1093/glycob/7.6.731
http://dx.doi.org/10.1128/EC.2.4.756-768.2003


January 2016 | Volume 6 | Article 65914

Cardoso et al. Immune Evasion by Trypanosoma cruzi

Frontiers in Immunology | www.frontiersin.org

macrophages and dendritic cell responses. Infect Immun (2002) 70(7):3736–
43. doi:10.1128/IAI.70.7.3736-3743.2002 

93. Campos MA, Almeida IC, Takeuchi O, Akira S, Valente EP, Procopio DO, 
et  al. Activation of toll-like receptor-2 by glycosylphosphatidylinositol 
anchors from a protozoan parasite. J Immunol (2001) 167(1):416–23. 
doi:10.4049/jimmunol.167.1.416 

94. Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et  al. A toll-
like receptor recognizes bacterial DNA. Nature (2000) 408(6813):740–5. 
doi:10.1038/35047123 

95. Latz E, Visintin A, Espevik T, Golenbock DT. Mechanisms of TLR9 activation. 
J Endotoxin Res (2004) 10(6):406–12. doi:10.1179/096805104225006525 

96. Bafica A, Santiago HC, Goldszmid R, Ropert C, Gazzinelli RT, Sher A. Cutting 
edge: TLR9 and TLR2 signaling together account for MyD88-dependent 
control of parasitemia in Trypanosoma cruzi infection. J Immunol (2006) 
177(6):3515–9. doi:10.4049/jimmunol.177.6.3515 

97. Geddes K, Magalhaes JG, Girardin SE. Unleashing the therapeutic potential 
of NOD-like receptors. Nat Rev Drug Discov (2009) 8(6):465–79. doi:10.1038/
nrd2783 

98. Silva GK, Gutierrez FR, Guedes PM, Horta CV, Cunha LD, Mineo TW, et al. 
Cutting edge: nucleotide-binding oligomerization domain 1-dependent 
responses account for murine resistance against Trypanosoma cruzi infec-
tion. J Immunol (2010) 184(3):1148–52. doi:10.4049/jimmunol.0902254 

99. Cestari Idos S, Krarup A, Sim RB, Inal JM, Ramirez MI. Role of early lectin 
pathway activation in the complement-mediated killing of Trypanosoma cruzi. 
Mol Immunol (2009) 47(2–3):426–37. doi:10.1016/j.molimm.2009.08.030 

100. Cestari I, Ramirez MI. Inefficient complement system clearance of 
Trypanosoma cruzi metacyclic trypomastigotes enables resistant strains to 
invade eukaryotic cells. PLoS One (2010) 5(3):e9721. doi:10.1371/journal.
pone.0009721 

101. Osorio L, Rios I, Gutierrez B, Gonzalez J. Virulence factors of Trypanosoma 
cruzi: who is who? Microbes Infect (2012) 14(15):1390–402. doi:10.1016/j.
micinf.2012.09.003 

102. Aguillon JC, Ferreira L, Perez C, Colombo A, Molina MC, Wallace A, 
et  al. Tc45, a dimorphic Trypanosoma cruzi immunogen with variable  
chromosomal localization, is calreticulin. Am J Trop Med Hyg (2000) 
63(5–6):306–12. 

103. Sosoniuk E, Vallejos G, Kenawy H, Gaboriaud C, Thielens N, Fujita T, et al. 
Trypanosoma cruzi calreticulin inhibits the complement lectin pathway acti-
vation by direct interaction with L-ficolin. Mol Immunol (2014) 60(1):80–5. 
doi:10.1016/j.molimm.2014.03.014 

104. Valck C, Ramirez G, Lopez N, Ribeiro CH, Maldonado I, Sanchez G, et al. 
Molecular mechanisms involved in the inactivation of the first component of 
human complement by Trypanosoma cruzi calreticulin. Mol Immunol (2010) 
47(7–8):1516–21. doi:10.1016/j.molimm.2010.01.019 

105. Ramirez G, Valck C, Molina MC, Ribeiro CH, Lopez N, Sanchez G, et al. 
Trypanosoma cruzi calreticulin: a novel virulence factor that binds comple-
ment C1 on the parasite surface and promotes infectivity. Immunobiology 
(2011) 216(1–2):265–73. doi:10.1016/j.imbio.2010.04.001 

106. Norris KA. Stable transfection of Trypanosoma cruzi epimastigotes with 
the trypomastigote-specific complement regulatory protein cDNA confers 
complement resistance. Infect Immun (1998) 66(6):2460–5. 

107. Beucher M, Norris KA. Sequence diversity of the Trypanosoma cruzi 
complement regulatory protein family. Infect Immun (2008) 76(2):750–8. 
doi:10.1128/IAI.01104-07 

108. Cestari Idos S, Evans-Osses I, Freitas JC, Inal JM, Ramirez MI. Complement 
C2 receptor inhibitor trispanning confers an increased ability to resist 
complement-mediated lysis in Trypanosoma cruzi. J Infect Dis (2008) 
198(9):1276–83. doi:10.1086/592167 

109. Joiner KA, daSilva WD, Rimoldi MT, Hammer CH, Sher A, Kipnis TL. 
Biochemical characterization of a factor produced by trypomastigotes of 
Trypanosoma cruzi that accelerates the decay of complement C3 convertases. 
J Biol Chem (1988) 263(23):11327–35. 

110. Fischer E, Ouaissi MA, Velge P, Cornette J, Kazatchkine MD. gp 58/68, a 
parasite component that contributes to the escape of the trypomastigote 
form of T. cruzi from damage by the human alternative complement pathway. 
Immunology (1988) 65(2):299–303. 

111. Cestari I, Ansa-Addo E, Deolindo P, Inal JM, Ramirez MI. Trypanosoma cruzi 
immune evasion mediated by host cell-derived microvesicles. J Immunol 
(2012) 188(4):1942–52. doi:10.4049/jimmunol.1102053 

112. van Lookeren Campagne M, Wiesmann C, Brown EJ. Macrophage comple-
ment receptors and pathogen clearance. Cell Microbiol (2007) 9(9):2095–102. 
doi:10.1111/j.1462-5822.2007.00981.x 

113. Mack M, Kleinschmidt A, Bruhl H, Klier C, Nelson PJ, Cihak J, et al. Transfer 
of the chemokine receptor CCR5 between cells by membrane-derived 
microparticles: a mechanism for cellular human immunodeficiency virus 1 
infection. Nat Med (2000) 6(7):769–75. doi:10.1038/77498 

114. Gasser O, Hess C, Miot S, Deon C, Sanchez JC, Schifferli JA. Characterisation 
and properties of ectosomes released by human polymorphonuclear neutro-
phils. Exp Cell Res (2003) 285(2):243–57. doi:10.1016/S0014-4827(03)00055-7 

115. Thery C. Exosomes: secreted vesicles and intercellular communications. 
F1000 Biology Rep (2011) 3:15. doi:10.3410/B3-15 

116. Thery C, Ostrowski M, Segura E. Membrane vesicles as conveyors of immune 
responses. Nat Rev Immunol (2009) 9(8):581–93. doi:10.1038/nri2567 

117. Torrecilhas AC, Schumacher RI, Alves MJ, Colli W. Vesicles as carriers of 
virulence factors in parasitic protozoan diseases. Microbes Infect (2012) 
14(15):1465–74. doi:10.1016/j.micinf.2012.07.008 

118. Barteneva NS, Maltsev N, Vorobjev IA. Microvesicles and intercellular com-
munication in the context of parasitism. Front Cell Infect Microbiol (2013) 
3:49. doi:10.3389/fcimb.2013.00049 

119. Garcia-Silva MR, Cabrera-Cabrera F, das Neves RF, Souto-Padron T, de Souza 
W, Cayota A. Gene expression changes induced by Trypanosoma cruzi shed 
microvesicles in mammalian host cells: relevance of tRNA-derived halves. 
Biomed Res Int (2014) 2014:305239. doi:10.1155/2014/305239 

120. Barteneva NS, Fasler-Kan E, Bernimoulin M, Stern JN, Ponomarev ED, 
Duckett L, et al. Circulating microparticles: square the circle. BMC Cell Biol 
(2013) 14:23. doi:10.1186/1471-2121-14-23 

121. Trocoli Torrecilhas AC, Tonelli RR, Pavanelli WR, da Silva JS, Schumacher 
RI, de Souza W, et al. Trypanosoma cruzi: parasite shed vesicles increase heart 
parasitism and generate an intense inflammatory response. Microbes Infect 
(2009) 11(1):29–39. doi:10.1016/j.micinf.2008.10.003 

122. Vaena de Avalos S, Blader IJ, Fisher M, Boothroyd JC, Burleigh BA. 
Immediate/early response to Trypanosoma cruzi infection involves minimal 
modulation of host cell transcription. J Biol Chem (2002) 277(1):639–44. 
doi:10.1074/jbc.M109037200 

123. Tarleton RL. Immune system recognition of Trypanosoma cruzi. Curr Opin 
Immunol (2007) 19(4):430–4. doi:10.1016/j.coi.2007.06.003 

124. Kurup SP, Tarleton RL. Perpetual expression of PAMPs necessary for optimal 
immune control and clearance of a persistent pathogen. Nat Commun (2013) 
4:2616. doi:10.1038/ncomms3616 

125. Higuchi Mde L, De Brito T, Martins Reis M, Barbosa A, Bellotti G, Pereira-
Barreto AC, et  al. Correlation between Trypanosoma cruzi parasitism and 
myocardial inflammatory infiltrate in human chronic chagasic myocarditis: 
light microscopy and immunohistochemical findings. Cardiovasc Pathol 
(1993) 2(2):101–6. doi:10.1016/1054-8807(93)90021-S 

126. Jones EM, Colley DG, Tostes S, Lopes ER, Vnencak-Jones CL, McCurley TL. 
Amplification of a Trypanosoma cruzi DNA sequence from inflammatory 
lesions in human chagasic cardiomyopathy. Am J Trop Med Hyg (1993) 
48(3):348–57. 

127. Gutierrez FR, Guedes PM, Gazzinelli RT, Silva JS. The role of parasite per-
sistence in pathogenesis of Chagas heart disease. Parasite Immunol (2009) 
31(11):673–85. doi:10.1111/j.1365-3024.2009.01108.x 

128. Vago AR, Macedo AM, Adad SJ, Reis DD, Correa-Oliveira R. PCR detection 
of Trypanosoma cruzi DNA in oesophageal tissues of patients with chronic 
digestive Chagas’ disease. Lancet (1996) 348(9031):891–2. doi:10.1016/
S0140-6736(05)64761-7 

129. Bartholomeu DC, Cerqueira GC, Leao AC, daRocha WD, Pais FS, Macedo C, 
et al. Genomic organization and expression profile of the mucin-associated 
surface protein (MASP) family of the human pathogen Trypanosoma cruzi. 
Nucleic Acids Res (2009) 37(10):3407–17. doi:10.1093/nar/gkp172 

130. dos Santos SL, Freitas LM, Lobo FP, Rodrigues-Luiz GF, Mendes TA, Oliveira 
AC, et al. The MASP family of Trypanosoma cruzi: changes in gene expression 
and antigenic profile during the acute phase of experimental infection. PLoS 
Negl Trop Dis (2012) 6(8):e1779. doi:10.1371/journal.pntd.0001779 

131. Borst P. Antigenic variation and allelic exclusion. Cell (2002) 109(1):5–8. 
doi:10.1016/S0092-8674(02)00711-0 

132. Prucca CG, Slavin I, Quiroga R, Elias EV, Rivero FD, Saura A, et al. Antigenic 
variation in Giardia lamblia is regulated by RNA interference. Nature (2008) 
456(7223):750–4. doi:10.1038/nature07585 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1128/IAI.70.7.3736-3743.2002
http://dx.doi.org/10.4049/jimmunol.167.1.416
http://dx.doi.org/10.1038/35047123
http://dx.doi.org/10.1179/096805104225006525
http://dx.doi.org/10.4049/jimmunol.177.6.3515
http://dx.doi.org/10.1038/nrd2783
http://dx.doi.org/10.1038/nrd2783
http://dx.doi.org/10.4049/jimmunol.0902254
http://dx.doi.org/10.1016/j.molimm.2009.08.030
http://dx.doi.org/10.1371/journal.pone.0009721
http://dx.doi.org/10.1371/journal.pone.0009721
http://dx.doi.org/10.1016/j.micinf.2012.09.003
http://dx.doi.org/10.1016/j.micinf.2012.09.003
http://dx.doi.org/10.1016/j.molimm.2014.03.014
http://dx.doi.org/10.1016/j.molimm.2010.01.019
http://dx.doi.org/10.1016/j.imbio.2010.04.001
http://dx.doi.org/10.1128/IAI.01104-07
http://dx.doi.org/10.1086/592167
http://dx.doi.org/10.4049/jimmunol.1102053
http://dx.doi.org/10.1111/j.1462-5822.2007.00981.x
http://dx.doi.org/10.1038/77498
http://dx.doi.org/10.1016/S0014-4827(03)00055-7
http://dx.doi.org/10.3410/B3-15
http://dx.doi.org/10.1038/nri2567
http://dx.doi.org/10.1016/j.micinf.2012.07.008
http://dx.doi.org/10.3389/fcimb.2013.00049
http://dx.doi.org/10.1155/2014/305239
http://dx.doi.org/10.1186/1471-2121-14-23
http://dx.doi.org/10.1016/j.micinf.2008.10.003
http://dx.doi.org/10.1074/jbc.M109037200
http://dx.doi.org/10.1016/j.coi.2007.06.003
http://dx.doi.org/10.1038/ncomms3616
http://dx.doi.org/10.1016/1054-8807(93)90021-S
http://dx.doi.org/10.1111/j.1365-3024.2009.01108.x
http://dx.doi.org/10.1016/S0140-6736(05)64761-7
http://dx.doi.org/10.1016/S0140-6736(05)64761-7
http://dx.doi.org/10.1093/nar/gkp172
http://dx.doi.org/10.1371/journal.pntd.0001779
http://dx.doi.org/10.1016/S0092-8674(02)00711-0
http://dx.doi.org/10.1038/nature07585


January 2016 | Volume 6 | Article 65915

Cardoso et al. Immune Evasion by Trypanosoma cruzi

Frontiers in Immunology | www.frontiersin.org

133. McCulloch R, Horn D. What has DNA sequencing revealed about the 
VSG expression sites of African trypanosomes? Trends Parasitol (2009) 
25(8):359–63. doi:10.1016/j.pt.2009.05.007 

134. Prucca CG, Lujan HD. Antigenic variation in Giardia lamblia. Cell Microbiol 
(2009) 11(12):1706–15. doi:10.1111/j.1462-5822.2009.01367.x 

135. Prucca CG, Rivero FD, Lujan HD. Regulation of antigenic variation in 
Giardia lamblia. Annu Rev Microbiol (2011) 65:611–30. doi:10.1146/
annurev-micro-090110-102940 

136. Horn D, McCulloch R. Molecular mechanisms underlying the control of 
antigenic variation in African trypanosomes. Curr Opin Microbiol (2010) 
13(6):700–5. doi:10.1016/j.mib.2010.08.009 

137. Borst P, Ulbert S. Control of VSG gene expression sites. Mol Biochem Parasitol 
(2001) 114(1):17–27. doi:10.1016/S0166-6851(01)00243-2 

138. Pays E, Vanhamme L, Perez-Morga D. Antigenic variation in Trypanosoma 
brucei: facts, challenges and mysteries. Curr Opin Microbiol (2004) 7(4):369–
74. doi:10.1016/j.mib.2004.05.001 

139. Guizetti J, Scherf A. Silence, activate, poise and switch! Mechanisms 
of antigenic variation in Plasmodium falciparum. Cell Microbiol (2013) 
15(5):718–26. doi:10.1111/cmi.12115 

140. Pitcovsky TA, Buscaglia CA, Mucci J, Campetella O. A functional network 
of intramolecular cross-reacting epitopes delays the elicitation of neutral-
izing antibodies to Trypanosoma cruzi trans-sialidase. J Infect Dis (2002) 
186(3):397–404. doi:10.1086/341463 

141. Pitcovsky TA, Mucci J, Alvarez P, Leguizamon MS, Burrone O, Alzari PM, 
et  al. Epitope mapping of trans-sialidase from Trypanosoma cruzi reveals 
the presence of several cross-reactive determinants. Infect Immun (2001) 
69(3):1869–75. doi:10.1128/IAI.69.3.1869-1875.2001 

142. Minoprio P, Burlen O, Pereira P, Guilbert B, Andrade L, Hontebeyrie-
Joskowicz M, et al. Most B cells in acute Trypanosoma cruzi infection lack 
parasite specificity. Scand J Immunol (1988) 28(5):553–61. doi:10.111
1/j.1365-3083.1988.tb01487.x 

143. Reina-San-Martin B, Cosson A, Minoprio P. Lymphocyte polyclonal acti-
vation: a pitfall for vaccine design against infectious agents. Parasitol Today 
(2000) 16(2):62–7. doi:10.1016/S0169-4758(99)01591-4 

144. Spinella S, Liegeard P, Hontebeyrie-Joskowicz M. Trypanosoma cruzi: 
predominance of IgG2a in nonspecific humoral response during 
experimental Chagas’ disease. Exp Parasitol (1992) 74(1):46–56. 
doi:10.1016/0014-4894(92)90138-Z 

145. Reina-San-Martin B, Degrave W, Rougeot C, Cosson A, Chamond N, 
Cordeiro-Da-Silva A, et  al. A B-cell mitogen from a pathogenic try-
panosome is a eukaryotic proline racemase. Nat Med (2000) 6(8):890–7. 
doi:10.1038/78651 

146. Gao W, Wortis HH, Pereira MA. The Trypanosoma cruzi trans-sialidase is a T 
cell-independent B cell mitogen and an inducer of non-specific Ig secretion. 
Int Immunol (2002) 14(3):299–308. doi:10.1093/intimm/14.3.299 

147. Bryan MA, Guyach SE, Norris KA. Specific humoral immunity versus 
polyclonal B cell activation in Trypanosoma cruzi infection of susceptible 
and resistant mice. PLoS Negl Trop Dis (2010) 4(7):e733. doi:10.1371/journal.
pntd.0000733 

148. El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, Tran AN, 
et al. The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas 
disease. Science (2005) 309(5733):409–15. doi:10.1126/science.1112631 

149. Franzen O, Ochaya S, Sherwood E, Lewis MD, Llewellyn MS, Miles MA, 
et al. Shotgun sequencing analysis of Trypanosoma cruzi I Sylvio X10/1 and 
comparison with T. cruzi VI CL Brener. PLoS Negl Trop Dis (2011) 5(3):e984. 
doi:10.1371/journal.pntd.0000984 

150. Tarleton RL. Depletion of CD8+ T cells increases susceptibility and reverses 
vaccine-induced immunity in mice infected with Trypanosoma cruzi. 
J Immunol (1990) 144(2):717–24. 

151. Tarleton RL, Koller BH, Latour A, Postan M. Susceptibility of beta 2-micro-
globulin-deficient mice to Trypanosoma cruzi infection. Nature (1992) 
356(6367):338–40. doi:10.1038/356338a0 

152. Martin DL, Weatherly DB, Laucella SA, Cabinian MA, Crim MT, Sullivan 
S, et  al. CD8+ T-Cell responses to Trypanosoma cruzi are highly focused 
on strain-variant trans-sialidase epitopes. PLoS Pathog (2006) 2(8):e77. 
doi:10.1371/journal.ppat.0020077 

153. Alvarez MG, Postan M, Weatherly DB, Albareda MC, Sidney J, Sette A, et al. 
HLA class I-T cell epitopes from trans-sialidase proteins reveal functionally 

distinct subsets of CD8+ T cells in chronic Chagas disease. PLoS Negl Trop 
Dis (2008) 2(9):e288. doi:10.1371/journal.pntd.0000288 

154. Tarleton RL. New approaches in vaccine development for parasitic infections. 
Cell Microbiol (2005) 7(10):1379–86. doi:10.1111/j.1462-5822.2005.00589.x 

155. Thomas MC, Fernandez-Villegas A, Carrilero B, Maranon C, Saura D, Noya 
O, et  al. Characterization of an immunodominant antigenic epitope from 
Trypanosoma cruzi as a biomarker of chronic Chagas’ disease pathology. Clin 
Vaccine Immunol (2012) 19(2):167–73. doi:10.1128/CVI.05566-11 

156. Yewdell JW, Bennink JR. Immunodominance in major histocompatibility 
complex class I-restricted T lymphocyte responses. Annu Rev Immunol 
(1999) 17:51–88. doi:10.1146/annurev.immunol.17.1.51 

157. Chen W, Anton LC, Bennink JR, Yewdell JW. Dissecting the multifactorial 
causes of immunodominance in class I-restricted T cell responses to viruses. 
Immunity (2000) 12(1):83–93. doi:10.1016/S1074-7613(00)80161-2 

158. Goto Y, Carter D, Reed SG. Immunological dominance of Trypanosoma cruzi 
tandem repeat proteins. Infect Immun (2008) 76(9):3967–74. doi:10.1128/
IAI.00604-08 

159. Wizel B, Garg N, Tarleton RL. Vaccination with trypomastigote surface anti-
gen 1-encoding plasmid DNA confers protection against lethal Trypanosoma 
cruzi infection. Infect Immun (1998) 66(11):5073–81. 

160. Wizel B, Nunes M, Tarleton RL. Identification of Trypanosoma cruzi 
trans-sialidase family members as targets of protective CD8+ TC1 responses. 
J Immunol (1997) 159(12):6120–30. 

161. Hoft DF, Eickhoff CS, Giddings OK, Vasconcelos JR, Rodrigues MM. 
Trans-sialidase recombinant protein mixed with CpG motif-containing 
oligodeoxynucleotide induces protective mucosal and systemic Trypanosoma 
cruzi immunity involving CD8+ CTL and B cell-mediated cross-priming. 
J Immunol (2007) 179(10):6889–900. doi:10.4049/jimmunol.179.10.6889 

162. Dominguez MR, Silveira EL, de Vasconcelos JR, de Alencar BC, Machado 
AV, Bruna-Romero O, et al. Subdominant/cryptic CD8 T cell epitopes con-
tribute to resistance against experimental infection with a human protozoan 
parasite. PLoS One (2011) 6(7):e22011. doi:10.1371/journal.pone.0022011 

163. Freitas LM, dos Santos SL, Rodrigues-Luiz GF, Mendes TA, Rodrigues TS, 
Gazzinelli RT, et al. Genomic analyses, gene expression and antigenic profile 
of the trans-sialidase superfamily of Trypanosoma cruzi reveal an undetected 
level of complexity. PLoS One (2011) 6(10):e25914. doi:10.1371/journal.
pone.0025914 

164. Tzelepis F, de Alencar BC, Penido ML, Claser C, Machado AV, Bruna-
Romero O, et al. Infection with Trypanosoma cruzi restricts the repertoire 
of parasite-specific CD8+ T cells leading to immunodominance. J Immunol 
(2008) 180(3):1737–48. doi:10.4049/jimmunol.180.3.1737 

165. Miyahira Y. Trypanosoma cruzi infection from the view of CD8+ T cell 
immunity – an infection model for developing T cell vaccine. Parasitol Int 
(2008) 57(1):38–48. doi:10.1016/j.parint.2007.07.005 

166. Guhl F, Jaramillo C, Vallejo GA, Yockteng R, Cardenas-Arroyo F, Fornaciari 
G, et al. Isolation of Trypanosoma cruzi DNA in 4,000-year-old mummified 
human tissue from northern Chile. Am J Phys Anthropol (1999) 108(4):401–7. 
doi:10.1002/(SICI)1096-8644(199904)108:4<401::AID-AJPA2>3.3.CO;2-G 

167. Kawashita SY, Sanson GF, Fernandes O, Zingales B, Briones MR. Maximum-
likelihood divergence date estimates based on rRNA gene sequences suggest 
two scenarios of Trypanosoma cruzi intraspecific evolution. Mol Biol Evol 
(2001) 18(12):2250–9. doi:10.1093/oxfordjournals.molbev.a003771 

168. Perlowagora-Szumlewicz A, Muller CA, Moreira CJ. Studies in search of a 
suitable experimental insect model for xenodiagnosis of hosts with Chagas’ 
disease. 4 – the reflection of parasite stock in the responsiveness of different vec-
tor species to chronic infection with different Trypanosoma cruzi stocks. Rev 
Saude Publica (1990) 24(3):165–77. doi:10.1590/S0034-89101990000300002 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2016 Cardoso, Reis-Cunha and Bartholomeu. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.pt.2009.05.007
http://dx.doi.org/10.1111/j.1462-5822.2009.01367.x
http://dx.doi.org/10.1146/annurev-micro-090110-102940
http://dx.doi.org/10.1146/annurev-micro-090110-102940
http://dx.doi.org/10.1016/j.mib.2010.08.009
http://dx.doi.org/10.1016/S0166-6851(01)00243-2
http://dx.doi.org/10.1016/j.mib.2004.05.001
http://dx.doi.org/10.1111/cmi.12115
http://dx.doi.org/10.1086/341463
http://dx.doi.org/10.1128/IAI.69.3.1869-1875.2001
http://dx.doi.org/10.1111/j.1365-3083.1988.tb01487.x
http://dx.doi.org/10.1111/j.1365-3083.1988.tb01487.x
http://dx.doi.org/10.1016/S0169-4758(99)01591-4
http://dx.doi.org/10.1016/0014-4894(92)90138-Z
http://dx.doi.org/10.1038/78651
http://dx.doi.org/10.1093/intimm/14.3.299
http://dx.doi.org/10.1371/journal.pntd.0000733
http://dx.doi.org/10.1371/journal.pntd.0000733
http://dx.doi.org/10.1126/science.1112631
http://dx.doi.org/10.1371/journal.pntd.0000984
http://dx.doi.org/10.1038/356338a0
http://dx.doi.org/10.1371/journal.ppat.0020077
http://dx.doi.org/10.1371/journal.pntd.0000288
http://dx.doi.org/10.1111/j.1462-5822.2005.00589.x
http://dx.doi.org/10.1128/CVI.05566-11
http://dx.doi.org/10.1146/annurev.immunol.17.1.51
http://dx.doi.org/10.1016/S1074-7613(00)80161-2
http://dx.doi.org/10.1128/IAI.00604-08
http://dx.doi.org/10.1128/IAI.00604-08
http://dx.doi.org/10.4049/jimmunol.179.10.6889
http://dx.doi.org/10.1371/journal.pone.0022011
http://dx.doi.org/10.1371/journal.pone.0025914
http://dx.doi.org/10.1371/journal.pone.0025914
http://dx.doi.org/10.4049/jimmunol.180.3.1737
http://dx.doi.org/10.1016/j.parint.2007.07.005
http://dx.doi.org/10.1002/(SICI)1096-8644(199904)108:4﻿<﻿401::AID-AJPA2﻿>﻿3.3.CO;2-G
http://dx.doi.org/10.1093/oxfordjournals.molbev.a003771
http://dx.doi.org/10.1590/S0034-89101990000300002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Evasion of the Immune Response 
by Trypanosoma cruzi during 
Acute Infection
	Introduction
	The Initial Phase of Infection: T. Cruzi Invasion of Non-professional Phagocytic Cells
	Role of Host-derived Nitroxidative Stress in T. Cruzi Infection
	Pattern-recognition Receptors and Innate Immunity Against T. Cruzi
	Complement Evasion
	The Role of Microvesicles in T. Cruzi Infection
	Delayed Development of a Protective Immune Response: Polyclonal B Cell Activation, Smoke Screens, and Immunodominance
	Conclusion
	Author Contributions
	Funding
	References


