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Abstract: Chagas disease is a neglected infectious disease caused by the protozoan Trypanosoma cruzi,
primarily transmitted by triatomine vectors, and it threatens approximately seventy-five million
people worldwide. This parasite undergoes a complex life cycle, transitioning between hosts and
shifting from extracellular to intracellular stages. To ensure its survival in these diverse environments,
T. cruzi undergoes extreme morphological and molecular changes. The metacyclic trypomastigote
(MT) form, which arises from the metacyclogenesis (MTG) process in the triatomine hindgut, serves as
a crucial link between the insect and human hosts and can be considered the starting point of Chagas
disease. This review provides an overview of the current knowledge regarding the parasite’s life
cycle, molecular pathways, and mechanisms involved in metabolic and morphological adaptations
during MTG, enabling the MT to evade the immune system and successfully infect human cells.

Keywords: Trypanosoma cruzi; Chagas disease; metacyclic trypomastigote; protozoan parasite;
metacyclogenesis

1. Introduction

Considered a major protozoan Neglected Tropical Disease in Latin America, Cha-
gas disease is caused by the parasite Trypanosoma cruzi, predominantly transmitted to
humans by triatomine vectors, from the Reduviidae family. Despite that, there are other
modes of transmission, including vertical, organ transplantation, blood transfusions from
infected individuals, and oral transmission through the ingestion of food contaminated
with triatomine faeces [1]. Chagas disease control programmes, initiated in the mid-20th
century, have continuously evolved and expanded over decades, notably preventing blood
transfusion transmission and reducing new infections in South America via the vectorial
route. The duration and strength of these efforts can significantly vary by country and
region, particularly in areas once deemed controlled. It is noteworthy that triatomine
vectors can re-establish themselves in areas where they were previously eliminated, often
due to changes in environmental conditions or public health efforts, and consequently
cause a resurgence of infection [2]. Moreover, although the ingestion of contaminated food
or beverages is responsible for outbreaks in rural and periurban areas, this transmission
causes more severe clinical conditions and higher mortality in relation to percutaneous
vector-borne transmission [3]. Despite being considered endemic in Latin America, Chagas
disease has become a global disease due to migratory flows, spreading to non-endemic
countries in North America, Europe, and Asia, with an estimated 6 to 7 million infected
people worldwide [1].

Approximately 40% of infected individuals develop cardiopathy, gastrointestinal
disorders (megaoesophagus or megacolon), or both clinical manifestations [1,4]. Cardiac
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involvement is the main cause of death through dilated cardiomyopathy, congestive heart
failure, arrhythmias, cardioembolism, stroke, and acute myocarditis [4]. The current
treatment is based on chemotherapy using the nitroheterocyclic compounds benznidazole
or nifurtimox that commonly fails to treat the chronic stage of the disease [5,6]. Also, no
vaccine is available for Chagas disease, although studies on prophylactic and therapeutic
vaccines are currently under development [7]. Due to the difficulty of early infection
diagnosis and the lack of treatment leading to chronic disease cure, each affected individual
incurs USD 474 in health-care costs and 0.51 disability-adjusted life-years (DALYs) annually,
reflecting an estimated global annual burden of USD 627.46 million in health-care costs and
806,170 DALYs [8]. This scenario imposes the urgency of developing effective treatment and
prevention alternatives, which require scientific efforts in order to unravel the biological
aspects of this parasite during its life cycle.

T. cruzi has a complex dixenous life cycle, including epimastigote, metacyclic try-
pomastigote (MT), amastigote, and bloodstream trypomastigote (BT) as major develop-
mental forms that transit between mammalian hosts and hematophagous invertebrate
vectors [9,10]. In the triatomine gastrointestinal tract, the parasite passes through a series
of metabolic and morphological changes that result in the MT, the primarily mammalian
infective form. This form represents the bridge between its hosts since this transitioning
stage found in the invertebrate host faeces is responsible for evading the immune system,
entering the vertebrate host cells, and establishing the infection [9,10]. In this review, we
explore the metacyclogenesis (MTG) process and the morphological and metabolic features
of T. cruzi MT and provide insights into molecular pathways, highlighting potential targets
for the development of new strategies to interrupt parasite transmission.

2. Trypanosoma cruzi Presents a Complex Dual-Host Life Cycle

The life cycle of T. cruzi has been elucidated for almost a century [11]; however, there
is still conflict in the literature regarding some specific details. Discoveries dating back
to the early studies, along with recent findings, offer new perspectives on understanding
the parasite’s biology and the pathogenesis of the disease. Since Chagas’ studies [11], epi-
mastigotes were considered non-infective forms due to the fact that experimental evidence
had shown that, when maintained in axenic cultures, they were unable to infect mice and
were highly sensitive to complement, undergoing lysis when incubated in the presence of
fresh guinea pig or human serum [12]. However, the observation of epimastigote-like forms
inside mammalian cells in culture raised the question of their potential infectivity [13].

The classic version of the T. cruzi life cycle involves the mammalian and the triatomine
hosts, with four well-elucidated stages that are divided into replicative or infective forms.
Vertebrate host infection begins with the non-replicative MT present in the insect faeces,
which enter the wound caused by the triatomine bite or through mucous membranes.
Following that, MTs enter cells by binding to receptors, forming the parasitophorous
vacuole (PV) in a wide range of phagocytic and non-phagocytic nucleated cells, where MTs
differentiate into round replicative forms called amastigotes. These forms escape from the
PV into the cytoplasm, multiply by binary fission, and transform into trypomastigotes that
disrupt the host cell and disseminate into the bloodstream and tissues, where they can
infect more cells. Once bloodstream trypomastigotes (BTs) are ingested by the triatomine,
they transform into epimastigotes in the vector midgut, where they replicate, migrate to
the insect posterior gut, and attach by their flagella to the gut waxy cuticle to differentiate
into MTs (Figure 1) [4,14].
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Figure 1. The life cycle of the protozoan Trypanosoma cruzi. The parasite has a dixenous life cycle, 
infecting both insects from the Reduviidae family and mammals. After blood feeding (1), in the 
insect anterior midgut (AM), surviving pleomorphic forms of T. cruzi differentiate into 
amastigote-like forms in the first hours of AM infection (2). These forms then migrate to the poste-
rior midgut (PM), where primary epimastigogenesis (P-rdEpi) occurs, giving rise first to replicating 
infective epimastigotes and subsequently to epimastigotes that colonize the PM (3). The latter mi-
grate to the hindgut, where MTG occurs, and depending on the nutritional milieu status, MTs also 
differentiate into infective epimastigotes in a process called secondary epimastigogenesis (S-rdEpi) 
(4). MT forms [15], infective epimastigotes [16], and epimastigotes are excreted in the faeces (5). 
Resistant forms to the host complement and other innate immune system components can infect 
various nucleated host cells, including macrophages, muscle cells, epithelial cells, fibroblasts, and 
nerve cells. Both MTs and infective epimastigotes enter host cells through distinct mechanisms, ul-
timately leading to the formation of the parasitophorous vacuole (PV) (6). After escaping from the 
PV, MTs differentiate into amastigotes, which replicate in the cytosol of the infected cell (7) and 

Figure 1. The life cycle of the protozoan Trypanosoma cruzi. The parasite has a dixenous life cycle,
infecting both insects from the Reduviidae family and mammals. After blood feeding (1), in the insect
anterior midgut (AM), surviving pleomorphic forms of T. cruzi differentiate into amastigote-like forms
in the first hours of AM infection (2). These forms then migrate to the posterior midgut (PM), where
primary epimastigogenesis (P-rdEpi) occurs, giving rise first to replicating infective epimastigotes
and subsequently to epimastigotes that colonize the PM (3). The latter migrate to the hindgut,
where MTG occurs, and depending on the nutritional milieu status, MTs also differentiate into
infective epimastigotes in a process called secondary epimastigogenesis (S-rdEpi) (4). MT forms [15],
infective epimastigotes [16], and epimastigotes are excreted in the faeces (5). Resistant forms to the
host complement and other innate immune system components can infect various nucleated host
cells, including macrophages, muscle cells, epithelial cells, fibroblasts, and nerve cells. Both MTs
and infective epimastigotes enter host cells through distinct mechanisms, ultimately leading to the
formation of the parasitophorous vacuole (PV) (6). After escaping from the PV, MTs differentiate into
amastigotes, which replicate in the cytosol of the infected cell (7) and may transition through the rdEpi
form before completing their transformation into bloodstream trypomastigote (BT). Trypomastigotes
and, to a lesser extent, amastigotes rupture the host cell (8), enter the bloodstream, and then gain
access to other cells to initiate a new cycle of division (9). The signal (?) refers to steps of the cell cycle
that still need to be better established.
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However, it has been noted that the traditional life cycle of T. cruzi is insufficient to
explain the complexity of the process, both in triatomine insects and in mammals. From his
initial observations on the aetiology of the disease, Carlos Chagas documented a range of
forms giving rise to MTs [11]. Furthermore, he also identified a pleomorphic population
of parasites in the blood of infected mammals, primarily consisting of slender and broad
BT forms [11]. These forms exhibit variations in infectivity, susceptibility to antibodies,
and tissue tropism [17,18]. The ratio between the slender form, which is more commonly
observed during early parasitaemia, and the broad forms, which persist in the bloodstream
for longer periods, is strain-dependent and may therefore influence the progression of the
disease. Additionally, apart from these pleomorphic BT forms, amastigotes (constituting
approximately 10%) resulting from either cell lysis or extracellular differentiation of BTs, as
well as intermediate forms derived from this process, can be found in the blood, primarily
during the acute phase of infection [19].

Studies in different cell types and tissues have demonstrated the presence of distinct
non-canonical morphological forms of T. cruzi during the amastigote-to-trypomastigote
differentiation process [15,20]. The presence of an intracellular epimastigote-like form
was described for the first time in tissue culture cells by Meyer and De Oliveira in 1948.
Other studies have shown, through fluorescence microscopy, that the transitional forms
between amastigotes and trypomastigotes have morphological characteristics similar to
epimastigotes [21]. However, it remains to be seen whether these non-classical parasite
forms are transitional or intracellular stages and what kind of physiological role they play.

In the insect vector, it was observed that BTs quickly differentiate into amastigote-like
forms that, in the posterior midgut (PM), will give rise to infective epimastigotes, a process
known as primary epimastigogenesis. The latter migrate to the hindgut, where MTG
occurs, and in response to suitable environmental conditions, MTs may perform secondary
epimastigogenesis. The signalling mechanisms used by MTs to convert into epimastigotes
are probably stimulated by the lack of a carbon source, although further studies are needed
to confirm this hypothesis [16].

Both trypomastigotes and amastigotes are capable of infecting vertebrate host cells.
Amastigotes display the capacity to infect and efficiently complete their life cycle within
both phagocytic and non-phagocytic host cells, as evidenced by findings from in vitro and
in vivo (mouse) infectivity studies. In human monocytes, amastigotes initiate replication
without delay, while trypomastigotes present a significant delay between invasion and the
beginning of DNA duplication [14,22]. Furthermore, Kessler and colleagues [16] demon-
strated, for the first time, that newly differentiated epimastigotes (rdEpis) (prior to four
cycles of division) are virulent parasites with the ability to infect host cells and exhibit
resistance to complement lysis [15,16]. Nevertheless, the authors emphasise that, while this
form shares some characteristics with both epimastigotes/amastigotes and trypomastig-
otes, the virulence of rdEpis cannot be solely attributed to residual protein expression
similarities or a ‘molecular memory’ from morphogenesis. It is likely that virulence is
influenced by a specific set of rdEpi proteins, making them potential targets for drugs
or vaccine candidates [16]. In conclusion, the complex transition from trypomastigotes
to epimastigotes underscores the importance of identifying these epimastigote-specific
proteins, which could significantly contribute to the development of new therapeutic and
preventive strategies.

3. Morphological Features of Metacyclic Trypomastigotes

In MT, morphological changes include alterations and repositioning of the nucleus and
kinetoplast, a decrease in the reservosome volume, chromatin remodelling, elongation of
the body, and reposition of the flagellum in relation to the nucleus [9,14]. In epimastigotes,
a disc-shaped kinetoplast containing densely packed kDNA fibres is positioned anterior
to a rounded nucleus [9]. In the intermediate I form, the flagellum and the disc-shaped
kinetoplast move towards the posterior region of the cell body, lateral to the nucleus, which
gets deformed and elongated. In the intermediate II form, the kinetoplast, which is more
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posterior, appears to be disc-shaped and contains densely packed kDNA and a slightly
elongated nucleus. In the intermediate III stage, the epimastigote-like shape is maintained,
with the nucleus being more elongated and the flagellum emerging from the posterior
region of the cell, where the kinetoplast is localized. Finally, the intermediate III form
completes the metacyclogenesis, differentiating into metacyclic trypomastigotes, whose
kinetoplast takes on a globular shape filled with loosely arranged kDNA and presents a
thinner and more sinuous cell body and nucleus [9] (Figure 1). Studies have also shown
that shedding of vesicles from the parasite cytoplasmic membrane also occurs in advanced
stages of differentiation, which increases MTG and the susceptibility of mammalian cells to
infection [9,14]. However, it is important to notice that morphological alterations during
the MTG may vary among strains from different DTUs (Discrete Typing Units) [23].

4. Metacyclogenesis: What Is Known So Far

The known necessary conditions to trigger MTG include high osmolarity and the
depletion of simple monosaccharides such as glucose and fructose, resulting in nutritional
and cellular stress, along with parasite attachment to bug intestinal hindgut cells [24,25].
The hindgut is an environment characterised by a scarcity of nutrients, the presence of
cleaved peptides originated from blood feeding, and lower levels of glucose and heme. A
reductive environment with molecules as urate and NAC (N-acetyl-cysteine) and pH acidi-
fication seems to set mechanisms related to cellular stress and also favours MTG [26–29].
This environment leads to protozoan attachment, differentiation, and later detachment of
the newly formed MTs [25,30,31].

During MTG, the expression of a series of virulence factors, heat shock proteins,
nuclear proteins, and many other molecules is reported. Many of them are involved in
complement system evading, modulation and/or manipulation of defence cells’ responses,
mucosal cell infection, and, in the case of parasite oral ingestion, resistance to the mam-
malian digestive system [9,32]. However, the exact cellular mechanisms underlying MTG
remain partially unanswered. An overview of this complex process that involves cyclic
adenosine 3′,5′-monophosphate (cAMP) signalling, autophagy, apoptosis, and nuclear
remodelling will be presented below.

cAMP is one of the most studied and well-characterised second messengers in eu-
karyotes and is involved in a multitude of responses through cAMP-dependent signal
pathways [33]. Two key enzymes in its metabolism are adenylate cyclase (AC), which
converts ATP to cAMP upon activation by upstream signalling, and phosphodiesterase
(PDE), which is responsible for the degradation of cAMP [34]. There is a direct corre-
lation between MTG and the increased levels of cAMP in the parasite [35] (Figure 2A).
It is thought that GDF, an αD-globin-derived peptide, is one of the possible triggers for
cAMP increase [36]. This peptide seems to activate a G-protein-coupled receptor expressed
by T. cruzi epimastigotes [37]. Upon GDF activation, the transduction of this stimulus
leads to increased levels of TcAC (T. cruzi adenylyl cyclase) and, concomitantly, TcPDE
inhibition [38,39]. In agreement, the knockout of pyruvate dehydrogenase phosphatase
(TcPDP) inhibits downstream pyruvate dehydrogenase (TcPDH; involved in ATP produc-
tion) activation and leads to decreased MTG [40].

Autophagy and apoptosis-like pathways have been proposed as mechanisms required
for effective MTG [41]. Autophagy is employed to recycle damaged cellular components
and to provide a means of nutrition in starvation conditions [42]. Nutritional stress leads
to a possible increase in spermidine and, thereafter, spermine. These two molecules can
potentially inhibit the activity of histone acetyltransferases (HATs), resulting in enhanced
transcription of Atg (Autophagy Related Protein) genes, more specifically TcAtg8 and
TcAtg4 [43,44]. Both proteins are essential for autophagosome and later autolysosome for-
mation, structures where autophagy is conducted. Inhibition of the target of the rapamycin
(mTOR) protein and activation of the Vps34 pathway were also observed during MTG
(Figure 2A) [44]. mTOR and Vps34 have opposite effects regarding autophagy. mTOR is a
well-studied pathway related to cellular survival that is sensitive to nutritional fluctuations
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and able to induce glycolysis and inhibit autophagy. Vps34 induces the production of
phosphatidylinositol 3-phosphate (PI3P), a phospholipid required for membrane formation
and therefore necessary for membrane modulation and autophagosome formation [44,45].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 2. Main components of metacyclogenesis triggering. (A) MTG depends on a poor environ-
ment, stress-related signalling, and autophagy. Peptides derived from digested blood and low lev-
els of glucose and heme trigger intracellular signalling pathways mediated by cAMP, calpains, 
metacaspases, and other molecules such as spermidine in a generalised stress-related cellular sig-
nalling. As a consequence, apoptosis-like responses, autophagy, and cell arrest are elicited. 
Posttranscriptional and posttranslational factors reduce universal levels of protein expression, fa-
vouring specific sets of proteins that confer tolerance to stress, such as pH reduction and temper-
ature shift. They also induce maturation of reservosomes, enabling the parasite to survive in this 
unfavourable environment. Virulence factors that help the parasite to evade the vertebrate host 
immune response and augment its ability to invade cells are synthesised, completing its transition 
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Cruzipain, a cathepsin L-like cysteine protease detected in all stages of the parasite 
cell cycle [46], localises within the reservosomes and presents several functions on the 
homeostasis of the parasite, such as reservosome consumption, thus positively affecting 
MTG (Figure 2A) [47–49]. Autophagy-derived vesicles are necessary for cruzipain 
trafficking from the ER and the Golgi apparatus into the reservosomes. Fusion among 
these organelles augments the acidification of the luminal content of reservosomes and 

Figure 2. Main components of metacyclogenesis triggering. (A) MTG depends on a poor environ-
ment, stress-related signalling, and autophagy. Peptides derived from digested blood and low levels
of glucose and heme trigger intracellular signalling pathways mediated by cAMP, calpains, metacas-
pases, and other molecules such as spermidine in a generalised stress-related cellular signalling. As a
consequence, apoptosis-like responses, autophagy, and cell arrest are elicited. Posttranscriptional
and posttranslational factors reduce universal levels of protein expression, favouring specific sets of
proteins that confer tolerance to stress, such as pH reduction and temperature shift. They also induce
maturation of reservosomes, enabling the parasite to survive in this unfavourable environment.
Virulence factors that help the parasite to evade the vertebrate host immune response and augment
its ability to invade cells are synthesised, completing its transition from the non-infective replicative
epimastigote form to its infective non-replicating MT form. (B) Once sirtuins such as TcSIR2RP1 are
transported into the nucleus, deacetylation levels are increased, decreasing both transcription and
DNA replication. On the other hand, proteins related to DNA replication, such as TcRPA, migrate
from the nucleus to the cytoplasm, halting DNA replication. The RNAs required for ribosome
assembly are also downregulated, leading to impairment of the translational machinery itself.

Cruzipain, a cathepsin L-like cysteine protease detected in all stages of the parasite cell
cycle [46], localises within the reservosomes and presents several functions on the home-
ostasis of the parasite, such as reservosome consumption, thus positively affecting MTG
(Figure 2A) [47–49]. Autophagy-derived vesicles are necessary for cruzipain trafficking
from the ER and the Golgi apparatus into the reservosomes. Fusion among these organelles
augments the acidification of the luminal content of reservosomes and activates hydrolases
to cleave stored lipids and proteins such as cruzipain by self-proteolysis. This process pro-
motes reservosome maturation into lysosomes, allowing the amino acid and energy supply
required to ensure parasite survival and differentiation [20,46]. Reservosomes are absent in
MTs, whilst in epimastigotes, they occupy almost 6% of the total cellular volume [50,51].

Low levels of glucose seem to elicit a stress response by activating the signalling of
metacaspases 3 and 5 (TcMA3 and TcMA5) (Figure 2A). TcMA3 arrests the cell cycle in
the G1/S transition through a signalling pathway still uncovered, halting cellular division
and promoting MTG [52]. Acting as a counterpart, also as a result of stress response, are
heat shock proteins (HSPs). In T. cruzi, increased levels of the cochaperone stress-inducible
protein 1 (STI1) were observed in stressed and adhered epimastigotes. TcSTI1 helps to form
the complex between HSP70 and HSP90, and, although there is no difference in expression
level between the epimastigote and the MT (Figure 2A), the levels of TcSTI1 increase in
parasites during nutritional stress, followed by a substantial decrease in the MT form,
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showing an important regulation to maintain homeostasis and equilibrating the apoptosis
response in T. cruzi [53,54].

In the context of nutritional deprivation, proteasomes have a crucial role. Parasites
treated with lactacystin, a proteasomal inhibitor, presented impaired cellular growth and
stopped in the G2 phase. Despite the halt of cellular replication, parasites present a
substantial decrease in MTG [55]. Moreover, proteasomal activity varies during MTG, with
the highest activity in the epimastigotes. In contrast, the ubiquitination profile remains
the same, with variations in the level of oxidised proteins during MTG, indicating that
ubiquitin-independent degradation by the proteasome acts as a possible regulator [56].

Modulations in the nucleus, such as epigenetic control and wide mechanisms of tran-
scriptional and translational inhibition, are also deemed essential during MTG [57]. One
piece of evidence is the decrease in the activity of RNA polymerase I and II as well as the
compaction of kDNA observed throughout MTG [9,58], indicating a repression mechanism.

Chromatin remodelling is an important control to repress DNA replication and tran-
scription in T. cruzi [59]. Histone deacetylases (HDACs), proteins capable of remodelling
chromatin, catalyse the removal of acetyl groups, resulting in transcription inhibition
and DNA replication by allowing the DNA to wrap itself more tightly on its histones.
This reduces DNA accessibility to cellular machinery [60]. The use of HDAC inhibitors
reduces MTG despite no difference in growth rate, implying that chromatin modulation
is crucial for MTG [61]. Although the signalling and intrinsic mechanisms are yet to be
found, the sirtuin TcSIR2RP1, a member of the HDACs, migrates from the cytosol to the
nucleus, promoting deacetylation and, as a result, a reduction in transcription and repli-
cation (Figure 2B). TcSIR2RP1 overexpression increased MTG by 59% compared to the
control group and enhanced infectivity (Figure 3) [62]. The existence of diverse points
of posttranslational modifications (PTMs) was observed in the structure of the parasite’s
histones, with global levels of histone acetylation and methylation varying during MTG.
Acetylation levels increased by 55% in adhered cells, mainly at the 24 h and 48 h timepoints.
Increasing levels of dimethylation of H3K76 were also observed during MTG, indicating
that this PTM is relevant to the cell cycle [63].
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cating that fine-tuning of the levels of calcium is required for normal cellular functioning 
[40,64]. TcCALPx11, a calpain-like protein from T. cruzi, has stage-specific regulation 
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Figure 3. Summary of currently described proteins directly involved in the process of
Trypanosoma cruzi metacyclogenesis. TcPDP [40], TcIP3R [40,64], Cruzipain [47–49], Metacaspase
3 [52], TcSTI1 [53,54], HDAC [60,61], TcSIR2RP1 [62], TcHMGB [65], TcRPA [66,67], Calpain [68,69],
TcOGNT2 [70], Tc-eIF2α [71,72], TcZFP2 [73], TcZC3H31 [74] and TcUBP1 [75].
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Another component of chromatin control whose trigger is yet unknown is the T. cruzi
High Mobility Group B (TcHMGB) protein (Figure 2B). TcHMGB acts as an architectural
protein by inducing changes in the nuclear structure, and its overexpression, besides affect-
ing many other aspects of the cell cycle, reduces MTG, corroborating that the chromatin
structure is also an important point of regulation (Figure 3) [65].

DNA metabolism seems to also be implicated in MTG. The replication protein A
(RPA) acts in DNA replication, repair, and recombination [76]. TcRPA is colocalised with
replication sites in nuclei but not in the kinetoplast, indicating that it may have a role in the
stabilisation of ssDNA during DNA replication (Figure 2B) [66]. TcRPA knockout results in
the slowdown of replication and an increase in the rate of MTG. TcRPA is present mostly in
the MT cytoplasm, in contrast with the nuclear spatialization in the epimastigote [66]. In
accordance, knockout of the nuclear export signal halts TcRPA transport to the cytoplasm
and impairs MTG [67]. Components of the translational machinery are also downregulated
in MTs. The small-subunit (SSU) processome is a ribonucleoprotein required for the
synthesis of the 18S rRNA [77], and in T. cruzi, the SSU processome protein Sof1p (TcSof1)
is downregulated in MTs (Figure 2B) [78].

Calcium metabolism. Ca2+ is implicated in a plethora of functions and signal pathways,
one example being the already-mentioned PDH, which is calcium-sensitive. The knockout
of two of the three genes coding for inositol 1,4,5-trisphosphate receptors (IP3Rs), which
form an ion channel that mediates Ca2+ release from the T. cruzi ER, leads to death. Both
increases and decreases in the expression of TcIP3R affect MTG negatively, indicating that
fine-tuning of the levels of calcium is required for normal cellular functioning [40,64]. Tc-
CALPx11, a calpain-like protein from T. cruzi, has stage-specific regulation during MTG [68].
Parasite treatment with the calpain inhibitor MDL28170 results in the in vivo reduced
capability of parasites to attach to Rhodnius prolixus’s midgut and a decrease in MTG
(Figure 3) [69]. These studies indicate that calpains are stage-regulated and may be involved
in parasite attachment, a crucial step for metacyclic differentiation, and, consequently, could
be a key class of proteins for parasite infectivity.

O-glycosylation is an important posttranslational modification by which o-glycans are
added to some proteins. Golgi UDP-GlcNAc:Polypeptide O-α-N-Acetyl-D-Glucosaminyl
transferase 2 from T. cruzi (TcOGNT2) is involved in the biosynthesis of O-glycan, being
downregulated in MTs compared to epimastigotes. TcOGNT2 overexpression decreases
MTG without affecting proliferating epimastigotes. MTG inhibition by TcOGNT2 overex-
pression does not depend on its catalytic activity, suggesting that this protein may activate
a signalling pathway still uncharacterised (Figure 3) [70].

Posttranscriptional regulation is regarded as one of the most important points of control
during T. cruzi differentiation, considering this parasite does not seem to have transcrip-
tional control elements such as promoter sites [79]. Currently, the best understood pathway
is that of Tc-eIF2α (T. cruzi eukaryotic initiation factor-2α) (Figure 2B). Overexpression of an
inactive mutated version of Tc-eIF2α, which is incapable of being phosphorylated, impairs
MTG (Figure 3) [71]. In T. cruzi, blood-derived heme accumulated inside endosomes in-
hibits the action of TcK2 (T. cruzi eIF2α kinase) on the anterior portions of the midgut. When
the parasite migrates to the hindgut, lower levels of heme prevent its cellular accumulation,
resulting in the activation of TcK2. TcK2 phosphorylates Tc-eIF2α, inhibiting its capacity
to exchange from the GDP-bound to the GTP-bound active form. This inhibition acts as a
pro-apoptotic factor and reduces cellular levels of translation [72].

Amongst posttranscriptional modulation molecules, RNA-binding proteins (RBPs)
are one of the best classes characterised in T. cruzi. One of the first RBPs indicated to be
an MTG regulator was the zinc finger RBP TcZFP2, which is downregulated in MTs while
the mRNAs to which it binds are upregulated (Figure 3) [73]. The knockout of TcZC3H31,
another zinc-finger RBP expressed primarily in the forms present in triatomines, completely
impairs MTG whilst not affecting epimastigote growth (Figure 3) [74]. On the other hand,
TcZH3H12 knockout, another RBP, inhibits epimastigote proliferation and increases MTG
by 20–30%, indicating it positively regulates genes involved in epimastigote growth whilst
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at the same time negatively regulating transcripts required for differentiation into MTs [80].
U-rich RBP protein TcUBP1 greatly increases after differentiation begins, enhancing MTG
(Figure 3) [75]. A DEAD-box RNA helicase also acts at the mRNA level and is present in
MTs at levels eight times higher than epimastigotes [81]. A shift in both temperature and
the conditions of the medium causes alterations in the transcriptomic profile and in the
mitochondrial levels of RNA, indicating that posttranscriptional regulation is triggered by
sensing these changes in the environment [82,83]. Two RBPs present in the T. cruzi genome,
RBP4 and DRBD8, are upregulated in MT [84].

5. Differently Expressed Proteins during MTG: Proteome Data

A fact highlighting posttranscriptional and posttranslational regulation is that the
translatome resembles more closely the data collected by proteomics than transcriptomics
during MTG [85]. Albeit 95% of transcripts are commonly shared by epimastigotes and
MTs, only 67% of proteins are common to both stages. It has been estimated that 80% of the
genes found to be lacking in the MT translatome are repressed. An analysis of translation
efficiency on MTs—that is, genes with increased or decreased translation without alteration
in the levels of mRNA—showed genes encoding members of the TS family were the most
overrepresented, followed by proteases (especially GP63, GP82, GP85, and CRP), proteins
related to the cytoskeleton, and RBPs [85]. In opposition, gene families that showed signifi-
cant decreased translation efficiency include those encoding for ribosomal proteins, RNA
polymerase I, genes related to protein synthesis such as those of hypusine, eIF5a, cyclin
CYC2, and a homologue of the Silencing Function Protein (ASF1) [85]. Downregulation
of the hypusine pathway may communicate with eIF5a downregulation since hypusine is
necessary for eIF5a function, as verified in other eukaryotes [85].

This proteomic analysis correlates with previous studies on specific proteins important
for MTG. A summary of the findings of differentially expressed proteins during MTG is
shown in Figure 4. The proteomic analysis of MTG also found that protein expression
patterns of intermediate forms of T. cruzi were more closely related to each other and to
epimastigotes than to metacyclic trypomastigotes [86]. Two other important characteristics
were found during MTG (phospho)proteomics: phosphorylation itself and the proteins
differentially expressed in the membrane. During MTG, phosphorylation acts as a control
for proteins involved in varied cellular processes, including nuclear proteins (transcription
activator factor, NUP-1, and nucleosome assembly-related protein), surface protein DGF-1,
cytosolic proteins (eEF-1α, eEF2, ATP-dependent RNA, RBPs, thiol-dependent reductase 1,
and trypanothione synthetase), metabolism-related proteins (CAP5.5 and NAC), trans-
porters (ABC), and dynein heavy chains [87]. Among surface protein groups, the ones
found to be exclusively in the MT form include GP90, GP82, a subset of GP85, GP63 group I
member b, ASP-2, TcMUCII, procyclic-form surface glycoprotein, and signal transduction
proteins (a 24kDa flagellar calcium-binding protein, flagellar calcium-binding protein 3,
rab7 GTP-binding protein, and a putative calcium-binding protein) [88]. In summary,
the studies of proteomics during MTG seem to confirm that tight and intricate cellular
signalling happens during this process.
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6. MTG Results in Key Features of Host Cell Invasion

Molecules present on the MT surface are liable to adhesion and recognition by cell
receptors, enabling either MT phagocytosis by immune cells or MT active invasion of
non-phagocytic host cells. In vitro approaches have evidenced that MT invasion activates
signal transduction pathways that culminate in Ca2+-dependent lysosome recruitment and
exocytosis in the host membrane, contributing to PV formation [91–94], which is crucial for
parasite internalisation, triggering amastigogenesis, and ensuring the parasite life cycle, as
highly motile MTs cannot be retained in the intracellular milieu and thus replicate [94]. In
this section, we will discuss the participation of several molecules involved in the intricate
mechanisms leading to MT host cell invasion.

The glycoproteins GP82, GP90, GP30, and GP35/50 are the main parasite surface
proteins known so far to be implicated in host invasion by MTs. They are attached to
the parasite membrane by a glycosylphosphatidylinositol (GPI) anchor, susceptible to
phosphatidylinositol-specific phospholipase C (PI-PLC) cleavage, and therefore can be
released into the extracellular medium, where they can interact with host receptors [95].
Member of a multigene family belonging to the GP85/trans-sialidase superfamily, GP82 is a
MT-specific molecule that successfully triggers cytosolic Ca2+ mobilisation, leading to actin
disruption and lysosome recruitment (Figure 5) [96]. In oral infection murine models, GP82
is employed to selectively invade mucosal cell lines through binding to gastric mucin; it also
directs MTs to bind to the underlying epithelial cells [97–100]. GP82 is expressed in differ-
entiating intermediate forms of the parasite and reaches the membrane by colocalising with
cruzipain [101], which will contribute to parasite internalisation through the degradation of
fibronectin [102]. Experiments showed that the binding capacity of GP82 was inhibited by
a nonselective beta-blocker propanolol, which also inhibited lysosome spreading [103]. The
expression of gp82 is regulated by the interaction of UTR3′ with the RNA-binding protein
UBP1, promoting longer expression in MT in comparison with epimastigotes [104,105].
GP82 competes for the cell receptors with other molecules expressed on the cell surface
membrane of MTs that are released to downregulate invasion [105,106]. Even though
GP82 is the major glycoprotein in the internalisation process, MTs deficient in GP82 can
infect host cells through another type of glycoprotein, GP30, which can mediate cell entry,
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mobilise Ca2+, and, like GP82, be recognised by the monoclonal antibody 3F6, although it
is not capable of mediating entry in mucosal cell lines [97,99].

During MT invasion, GP82 triggers parasite PLC activation that cleaves the membrane
lipid phosphatidylinositol 4,5-bisphosphate (PIP2) into the second messengers diacylgyc-
erol (DAG) and inositol 1,4,5-trisphosphate (IP3), leading to calcium release and protein
kinase C (PKC) activation (Figure 5) [107,108]. Phosphatidylinositol 3-kinase (PI3K) and
protein tyrosine kinase (PTK) activation result in phosphorylation of p175, a protein unde-
tectable in non-infective epimastigotes [106], and under PTK inhibition, MT infectivity is
reduced [109]. Concerning host cell signalling during invasion, the recognition of MT GP82
by LAMP2 induces the activation of phospholipase C, with the generation of products that
contribute to PKC activation and the downstream ERK1/2 pathway (Figure 5) [110]. Also,
GP82 induces mTOR dephosphorylation by the PI3K/PKC pathway and further translo-
cation of TFEB, a transcription factor associated with mTOR and regulator of lysosome
biogenesis, as demonstrated by MTs’ colocalisation with lysosome biomarkers LAMP2 and
mTOR (Figure 5) [111]. mTOR’s involvement in MT internalisation was corroborated by the
mTOR inhibitor rapamycin, which affects the phosphoinositide 3-kinase PI3K/PKC path-
way and induces lysosomal concentration in the perinuclear region [111,112]. In addition,
PKC downregulation inhibits lysosomal exocytosis and MT invasion [112,113].

Unlike GP82, GP90 downregulates parasite entry by impairing the binding of GP82 to
the host cell [114] in a way where activity has an inverse association with infectivity [115].
GP90 is expressed and released at low levels by the CL strain (DTU-TcVI) and elevated levels
by the G strain (DTU-TcI), the latter being known for having impaired invasion capacity.
Even though GP90 binds more efficiently to HeLa cells than GP82, it triggers lower Ca2+

mobilisation and impairs lysosome spreading, maintaining lysosomes in the perinuclear
area, as demonstrated by experiments with the recombinant GP90 protein [115,116]. It
is present in differentiating forms of the parasite, which suggests that the presence of
glycoproteins in the cell membrane is not stage-specific but rather a gradual increase in
expression during MTG until they achieve the fully MT differentiated form [101].

Mucins are glycoproteins that present a dense array of O-linked oligosaccharides
and are involved in cell adhesion, protection against proteolysis in the vector midgut,
and parasite invasion [81,83]. They comprise a family of 500 to 700 genes characterised
by repetitive regions of Thr8-Lys-Pro2 in tandem at the central region, a GPI-anchor at
the C-terminal, and a signal peptide at the N-terminal. In T. cruzi, mucins are linked in
the genome to trans-sialidase genes that might contribute to ensuring their coordinated
expression and, thus, their intricate association with the sialylation process [117]. In this
process, sialic acid, a crucial molecule for viability and propagation that is not synthesised
by the parasite, is transferred from glycoconjugates in the mammalian cell to mucins on the
parasite surface [117]. This sialic acid transfer, activated by a specific trans-sialidase during
MT invasion, causes the assembly of the Ssp3 epitope, which is required for recognition
by the host cell [118]. It has been shown that trans-sialidases activate invasion of the host
cell using the “eat me” signal through G-coupled receptors at the epithelial cell synapse,
binding glycans and promoting microparticle uptake [119].
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Figure 5. Bidirectional signalling pathways activated in both MT and the host cell during invasion.
Trans-sialidases transfer sialic acid from the host cell membrane to mucins or mucin-like glycoproteins
on the surface of the parasite, a process necessary for parasite adhesion and penetration. GP82 binds
to its receptor LAMP2 and triggers cleavage of PIP2 through the activation of PLC, generating IP3 and
DAG, leading to Ca2+ release to the cytosol and PKC translocation to the membrane. Phosphorylated
PKC activates ERK1/2 and mTOR dephosphorylation, leading to TFEB translocation, actin disruption,
and lysosome recruitment. Treatment with MVK negatively modulates invasion by inhibiting parasite
internalisation through the phosphorylation and activation of MAPK. Extracellular SAPs bind to
LAMP2 and activate cytosolic Ca2+ mobilisation. Ultimately, this will result in the formation of the
parasitophorous vacuole and host cell invasion. GP90 acts as a downregulator of invasion and binds
to the host cell without triggering a Ca2+ transient.

The mucin-like gene family (TcMUG) comprises proteins with similar genetic charac-
teristics as the TcMUC family but with shorter regions [117]. TcMUGs ranging from 35 to
50 kDa (GP 35/50) and enriched with sialic acid are the major representatives of MUGs on
MTs. The removal of sialic acid from these proteins results in more infective MTs by increas-
ing their ability to adhere to the host cell and trigger intracellular Ca2+ signalling [118]. It
is suggested that GP35/50-mediated invasion requires F-actin recruitment via activation of
adenylyl cyclase and cAMP production [120]. Mucin-associated surface proteins (MASPs)
are also associated with entry into the host cell. MASP52 is secreted when MTs interact
with the host’s cells and induce endocytosis [121].
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Different isoforms of GP63 are present in all stages, being less abundant in MTs
and epimastigotes compared to amastigotes. In MTs, GP63 lacks N-glycosylation and
thus has a smaller size (55 kDa) than that of epimastigotes and tissue culture-derived
trypomastigotes (61 kDa). In addition, GP63s from MTs are not found on the surface of the
parasite, like in other forms, but are localised inside the parasite cell. Anti-GP63 antibodies
were used to pre-treat MTs cultivated with myoblasts, and the results showed a reduction
in infection, indicating GP63s’ involvement in host cell recognition through a yet unknown
mechanism [122].

Mevalonate kinase (MVK) is an enzyme of the ergosterol biosynthesis pathway that is
secreted by both amastigotes and MTs, interfering with host cell signalling pathways when
bound to the host cell surface (Figure 5). In vitro, MVK treatment induces phosphorylation
of the MAPK signalling pathway through activation of ERK 1/2 and p38. It also interferes
with actin remodulation and has a bi-functional modulatory role in cell invasion. While
in extracellular amastigotes, it increases internalisation, but in MTs, treatment with MVK
negatively modulates invasion, inhibiting parasite internalisation [113].

Serine-, Alanine-, and Proline-rich proteins, also called SAPs, are a multigene family
classified into four groups (SAP1 to SAP4) according to the presence of endoplasmic reticu-
lum signal peptide and/or addition of glycosylphosphatidylinositol anchor [123]. SAPs
are highly expressed in MTs and released into the extracellular medium by epimastigotes
and MTs as soluble factors or as components of secreted vesicles. They bind to the host
cell, triggering intracellular Ca+2 mobilisation, and, probably in synergy with GP82, induce
exocytosis of the host cell lysosome during MT internalisation (Figure 5) [124].

7. Metacyclic Trypomastigotes Exhibit Key Defence Mechanisms to Avoid Host
Immune Response

Although some T. cruzi MTs may be destroyed at the entry site by the host’s local
innate immune factors, some of them can avoid host defence mechanisms before either
being passively internalised by phagocytic cells or actively invading nucleated host cells.
The initial site of parasite entrance can critically affect the host’s immune response [3]. In
the case of vector transmission, T. cruzi MTs are favoured by the triatomine saliva released
at the bite site, which contains several salivary anti-haemostatic and immunomodulatory
components that may facilitate parasite transmission and help MT survival [125].

T. cruzi itself relies on an arsenal of surface proteins to attach to and invade host cells,
leading to the formation of the PV. Once retained in the PV, MTs take advantage of the low
pH to induce the activation of a set of proteins that support their survival and allow their
escape from the PV into the cytoplasm. These proteins prevent their killing, trigger their
differentiation into amastigotes, and enable their replication. Sequestering of sialic acids by
T. cruzi trans-sialidases from lysosome-associated membrane proteins LAMP1 and LAMP2
promotes membrane weakening and PV disruption by Tc-tox, a protein analogous to host
complement C9, released from the parasite’s surface [126–129].

Inside macrophages, dendritic cells, or neutrophils, all of which are professional
phagocytes, MTs must be able to survive in a highly oxidative milieu. To kill the parasite,
specific enzymes from the host, such as NADPH phagocyte oxidase (phox) and inducible
nitric oxide synthase (iNOS), can produce reactive oxygen or nitrogen species (ROS or
RNS), respectively [130]. All these reactive molecules and their intermediates are able to
target a broad range of pathogen components retained in the PV, including thiols, metal
centres, tyrosine proteins, DNA, and lipids [131], leading to death. Both ROS and RNS can
mobilise iron, favouring reactive molecule generation and therefore intensifying its toxicity.
ROS and RNS are effective components against MTs [132–134]. To be able to survive, MTs
coevolved to produce antioxidant enzymes, such as superoxide dismutases (SODs), which
neutralise the host’s oxidative stress response. MT SODs, such as TcSOD A, B1, B2, and
C, are distributed in different compartments of the parasite, where they can neutralise
superoxide [135]. Other enzymes, such as cytosolic tryparedoxin peroxidase (TcCPX)
and mitochondrial tryparedoxin peroxidase (TcMPX), are able to neutralise the reactive
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molecule intermediates H2O2 and peroxynitrite [136,137]. T. cruzi ascorbate-dependent
heme-peroxidase (TcAPX) can also inhibit H2O2 [138]. A proteomic analysis revealed
that these enzymes are overexpressed in MTs compared to epimastigotes [86] and can
be observed at increased levels in virulent strains when compared to attenuated ones,
highlighting their role and importance in host infection. Iron mobilisation generated by
ROS production due to MT invasion also favours amastigotes, making iron available for
amastigote metabolism, which burdens amastigote replication [139].

The host complement system is one of the first lines of defence against protozoan
parasites. T. cruzi MTs have also evolved to overcome its pathways to survive and establish
infection. MTs induce the release of microvesicles from blood cells, which bind to the C3
convertase C4b2a on the T. cruzi surface, leading to the inhibition of both the classical and
lectin complement pathways [140]. They are also able to bind to the host factor H, hence
inhibiting C3b cleavage [141].

Another strategy to inhibit the classical and lectin complement pathways is performed
by T. cruzi calreticulin (TcCRT), expressed on the surface of MTs, which can prevent host
C4 interaction with MASP2 or C1s, thus inhibiting C4 conversion to C4b and blocking C3
convertase formation [142,143]. TcCRT also binds to C1q [117,127], which is a positive signal
to trigger phagocytosis, assisting in the internalisation of MTs [142,144,145]. A protein
named GP160, or complement regulatory protein (CRP), found on the surface of MTs,
can bind to C3b and C4b [146,147]; another one, GP58/68, prevents factor B association
with C3b linked to the membrane [148]; and T. cruzi’s complement C2 receptor inhibitor
trispanning (TcCRIT), a 32 kDa protein homologous to the C4 beta-chain, can block C4–C2
interaction and the subsequent C2 cleavage by MASP2 or C1s [149,150]. Besides these
proteins, MTs also present trypomastigote decay-accelerating factor (T-DAF), a surface
glycoprotein of 87–93 kDa that acts like the host DAF, regulating C3 convertase formation by
binding to C3b and competing with factor B [151–154]. Finally, transcriptomic data suggest
that the initial contact of human dendritic cells with T. cruzi activates the virus response,
leading to interferon-induced gene activation, and deciphering how the parasite modulates
signalling cascades that may antagonise these pathways needs to be explored [155,156].

8. Concluding Remarks

Despite being well documented for more than a century, Chagas disease remains a
challenge due to the coevolution of T. cruzi with its hosts, resulting in a parasite that has
adapted the harsh conditions of nutrient depletion to its own gain. Although its life cycle is
well understood, the connection between nutritional depletion, cAMP signalling, nuclear
remodelling, posttranscriptional control, and programmed cell death is unknown. MTG is
the bridge between the invertebrate and vertebrate hosts; understanding its mechanism
makes possible the design of new drugs or even pesticides to fight Chagas disease. In
addition, the advancement of bioinformatics and biotechnology tools can also help to
resolve these loose ends. The question that remains to be solved is: is there a sudden trigger
that causes cell remodulation or the activation of multiple signalling pathways is necessary?
If so, is there a certain necessary order for this activation? Despite all the evidence, MTG, a
fundamental process that enables the parasite to successfully infect the host, remains an
unsolved puzzle.

Author Contributions: Conceptualisation, A.Z.L.F., C.N.d.A., F.N.M. and I.M.D.B. Writing—original
draft, A.Z.L.F., C.N.d.A., I.C.C.C., A.P.R., F.N.M. and I.M.D.B. Writing—review and editing, C.N.d.A.,
K.S.d.S.M., S.C., J.M.S., F.N.M. and I.M.D.B. Visualisation, A.Z.L.F., I.C.C.C. and K.S.d.S.M. Super-
vision, I.M.D.B. Funding acquisition, J.M.S., C.N.d.A., S.C. and I.M.D.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by grants and fellowships awarded by the Fundação de Amparo
à Pesquisa do Distrito Federal (FAP-DF, grants 00193-00000833/2021-57, 00193-00000229/2021-21,
and 00193-00000825/2021-19); Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES/COFECUB programme, grant 88881.711954/2022-01; PROEX); and the Conselho Nacional
de Desenvolvimento Científico e Tecnológico (CNPq, INCT-MCTI/CNPq/CAPES/FAPs 16/2014).



Int. J. Mol. Sci. 2024, 25, 117 15 of 21

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO. WHO|Chagas Disease (American Trypanosomiasis); WHO: Geneva, Switzerland, 2023.
2. Vieira, C.B.; Praça, Y.R.; Bentes, K.L.d.S.; Santiago, P.B.; Silva, S.M.M.; Silva, G.d.S.; Motta, F.N.; Bastos, I.M.D.; de Santana, J.M.;

de Araújo, C.N. Triatomines: Trypanosomatids, Bacteria, and Viruses Potential Vectors? Front. Cell. Infect. Microbiol. 2018, 8, 405.
[CrossRef] [PubMed]

3. Barreto-de-Albuquerque, J.; Silva-dos-Santos, D.; Pérez, A.R.; Berbert, L.R.; de Santana-van-Vliet, E.; Farias-de-Oliveira, D.A.;
Moreira, O.C.; Roggero, E.; de Carvalho-Pinto, C.E.; Jurberg, J.; et al. Trypanosoma cruzi Infection through the Oral Route Promotes
a Severe Infection in Mice: New Disease Form from an Old Infection? PLoS Negl. Trop. Dis. 2015, 9, e0003849. [CrossRef]
[PubMed]

4. Bern, C. Chagas’ Disease. N. Engl. J. Med. 2015, 373, 456–466. [CrossRef] [PubMed]
5. Castro, J.A.; De Mecca, M.M.; Bartel, L.C. Toxic Side Effects of Drugs Used to Treat Chagas’ Disease (American Trypanosomiasis).

Hum. Exp. Toxicol. 2006, 25, 471–479. [CrossRef] [PubMed]
6. Crespillo-Andújar, C.; Chamorro-Tojeiro, S.; Norman, F.; Monge-Maillo, B.; López-Vélez, R.; Pérez-Molina, J.A. Toxicity of

Nifurtimox as Second-Line Treatment after Benznidazole Intolerance in Patients with Chronic Chagas Disease: When Available
Options Fail. Clin. Microbiol. Infect. 2018, 24, 1344.e1–1344.e4. [CrossRef] [PubMed]

7. Ramponi, F.; Aerts, C.; Sartor, P.; Pinazo, M.J.; Freilij, H.; Guzmán, C.A.; Malchiodi, E.; Sicuri, E. Development of Vaccines for
Chagas Disease (CRUZIVAX): Stakeholders’ Preferences and Potential Impacts on Healthcare. Gac. Sanit. 2023, 37, 102275.
[CrossRef] [PubMed]

8. Lee, B.Y.; Bacon, K.M.; Bottazzi, M.E.; Hotez, P.J. Global Economic Burden of Chagas Disease: A Computational Simulation
Model. Lancet Infect. Dis. 2013, 13, 342–348. [CrossRef]

9. Gonçalves, C.S.; Ávila, A.R.; De Souza, W.; Motta, M.C.M.; Cavalcanti, D.P. Revisiting the Trypanosoma cruzi Metacyclogenesis:
Morphological and Ultrastructural Analyses during Cell Differentiation. Parasites Vectors 2018, 11, 83. [CrossRef]

10. Jansen, A.M.; Xavier, S.C.D.C.; Roque, A.L.R. Trypanosoma cruzi Transmission in the Wild and Its Most Important Reservoir Hosts
in Brazil. Parasites Vectors 2018, 11, 502. [CrossRef]

11. Chagas, C. Nova Tripanozomiaze Humana: Estudos Sobre a Morfolojia e o Ciclo Evolutivo Do Schizotrypanum Cruzi n. Gen.,
n. Sp., Ajente Etiolojico de Nova Entidade Morbida Do Homem. Memórias Inst. Oswaldo Cruz 1909, 1, 159–218. [CrossRef]

12. Muniz, J.; Borriello, A. Study on the Liturgical Action of Different Places on the Culture and Blood Forms of Schizotrypanum
Cruzi. Rev. Bras. Biol. 1945, 5, 563–576. [PubMed]

13. Almeida-de-Faria, M.; Freymüller, E.; Colli, W.; Alves, M.J.M. Trypanosoma cruzi: Characterization of an Intracellular Epimastigote-
like Form. Exp. Parasitol. 1999, 92, 263–274. [CrossRef]

14. Tyler, K.M.; Engman, D.M. The Life Cycle of Trypanosoma cruzi Revisited. Int. J. Parasitol. 2001, 31, 472–481. [CrossRef] [PubMed]
15. De Souza, W.; Barrias, E.S. May the Epimastigote Form of Trypanosoma cruzi Be Infective? Acta Trop. 2020, 212, 105688. [CrossRef]

[PubMed]
16. Kessler, R.L.; Contreras, V.T.; Marliére, N.P.; Guarneri, A.A.; Silva, L.H.V.; Mazzarotto, G.A.C.A.; Batista, M.; Soccol, V.T.;

Krieger, M.A.; Probst, C.M. Recently Differentiated Epimastigotes from Trypanosoma cruzi Are Infective to the Mammalian Host.
Mol. Microbiol. 2017, 104, 712–736. [CrossRef] [PubMed]

17. Brener, Z.; Chiari, E. Morphological Variations Observed in Different Strains of Trypanosoma cruzi. Rev. Inst. Med. Trop. Sao Paulo
1963, 5, 220–224.

18. Brener, Z. Comparative Studies of Different Strains of Trypanosoma cruzi. Ann. Trop. Med. Parasitol. 1965, 59, 19–26. [CrossRef]
19. Andrews, N.W.; Hong, K.; Robbins, E.S.; Nussenzweig, V. Stage-Specific Surface Antigens Expressed during the Morphogenesis

of Vertebrate Forms of Trypanosoma cruzi. Exp. Parasitol. 1987, 64, 474–484. [CrossRef]
20. Losinno, A.D.; Martínez, S.J.; Labriola, C.A.; Carrillo, C.; Romano, P.S. Induction of Autophagy Increases the Proteolytic Activity

of Reservosomes during Trypanosoma cruzi Metacyclogenesis. Autophagy 2020, 17, 439–456. [CrossRef]
21. Taylor, M.C.; Ward, A.; Olmo, F.; Jayawardhana, S.; Francisco, A.F.; Lewis, M.D.; Kelly, J.M. Intracellular DNA Replication and

Differentiation of Trypanosoma cruzi Is Asynchronous within Individual Host Cells in Vivo at All Stages of Infection. PLoS Negl.
Trop. Dis. 2020, 14, e0008007. [CrossRef]

22. Ley, V.; Robbins, E.S.; Nussenzweig, V.; Andrews, N.W. The Exit of Trypanosoma cruzi from the Phagosome Is Inhibited by Raising
the PH of Acidic Compartments. J. Exp. Med. 1990, 171, 401–413. [CrossRef]

23. Abegg, C.P.; de Abreu, A.P.; da Silva, J.L.; de Araújo, S.M.; Gomes, M.L.; Ferreira, É.C.; de Ornelas Toledo, M.J. Polymorphisms of
Blood Forms and in Vitro Metacyclogenesis of Trypanosoma cruzi I, II, and IV. Exp. Parasitol. 2017, 176, 8–15. [CrossRef]

24. Camargo, E.P. Growth and Differentiation in Trypanosoma cruzi. I. ORIGIN of. Rev. Inst. Med. Trop. Sao Paulo 1964, 12, 93–100.
25. Böker, C.A.; Schaub, G.A. Scanning Electron Microscopic Studies of Trypanosoma cruzi in the Rectum of Its Vector Triatoma

infestans. Zeitschrift für Parasitenkd. Parasitol. Res. 1984, 70, 459–469. [CrossRef]
26. Contreras, V.T.; Salles, J.M.; Thomas, N.; Morel, C.M.; Goldenberg, S. In Vitro Differentiation of Trypanosoma cruzi under Chemically

Defined Conditions. Mol. Biochem. Parasitol. 1985, 16, 315–327. [CrossRef]
27. Adroher, F.J.; Lupiáñez, J.A.; Osuna, A. Influence of Saccharides and Sodium Chloride on Growth and Differentiation of

Trypanosoma cruzi. Cell Differ. 1988, 22, 165–170. [CrossRef]

https://doi.org/10.3389/fcimb.2018.00405
https://www.ncbi.nlm.nih.gov/pubmed/30505806
https://doi.org/10.1371/journal.pntd.0003849
https://www.ncbi.nlm.nih.gov/pubmed/26090667
https://doi.org/10.1056/NEJMra1410150
https://www.ncbi.nlm.nih.gov/pubmed/26222561
https://doi.org/10.1191/0960327106het653oa
https://www.ncbi.nlm.nih.gov/pubmed/16937919
https://doi.org/10.1016/j.cmi.2018.06.006
https://www.ncbi.nlm.nih.gov/pubmed/29906591
https://doi.org/10.1016/j.gaceta.2022.102275
https://www.ncbi.nlm.nih.gov/pubmed/36563537
https://doi.org/10.1016/S1473-3099(13)70002-1
https://doi.org/10.1186/s13071-018-2664-4
https://doi.org/10.1186/s13071-018-3067-2
https://doi.org/10.1590/S0074-02761909000200008
https://www.ncbi.nlm.nih.gov/pubmed/21023584
https://doi.org/10.1006/expr.1999.4423
https://doi.org/10.1016/S0020-7519(01)00153-9
https://www.ncbi.nlm.nih.gov/pubmed/11334932
https://doi.org/10.1016/j.actatropica.2020.105688
https://www.ncbi.nlm.nih.gov/pubmed/32888934
https://doi.org/10.1111/mmi.13653
https://www.ncbi.nlm.nih.gov/pubmed/28240790
https://doi.org/10.1080/00034983.1965.11686277
https://doi.org/10.1016/0014-4894(87)90062-2
https://doi.org/10.1080/15548627.2020.1720428
https://doi.org/10.1371/journal.pntd.0008007
https://doi.org/10.1084/jem.171.2.401
https://doi.org/10.1016/j.exppara.2017.02.013
https://doi.org/10.1007/BF00926686
https://doi.org/10.1016/0166-6851(85)90073-8
https://doi.org/10.1016/0045-6039(88)90029-2


Int. J. Mol. Sci. 2024, 25, 117 16 of 21

28. Osuna, A.; Adroher, F.J.; Lupiáñez, J.A. Influence of Electrolytes and Non-Electrolytes on Growth and Differentiation of
Trypanosoma cruzi. Cell Differ. Dev. 1990, 30, 89–95. [CrossRef]

29. De Lima, A.R.; Navarro, M.C.; Arteaga, R.Y.; Contreras, V.T. Cultivation of Trypanosoma cruzi Epimastigotes in Low Glucose
Axenic Media Shifts Its Competence to Differentiate at Metacyclic Trypomastigotes. Exp. Parasitol. 2008, 119, 336–342. [CrossRef]

30. Isola, E.L.D.; Lammel, E.M.; Cappa, S.M.G. Trypanosoma cruzi: Differentiation after Interaction of Epimastigotes and Triatoma
infestans Intestinal Homogenate. Exp. Parasitol. 1986, 62, 329–335. [CrossRef]

31. Bonaldo, M.C.; Souto-Padron, T.; De Souza, W.; Goldenberg, S. Cell-Substrate Adhesion during Trypanosoma cruzi Differentiation.
J. Cell Biol. 1988, 106, 1349–1358. [CrossRef]

32. Souza, W. De Cell Biology of Trypanosoma cruzi. Int. Rev. Cytol. 1984, 86, 197–283. [CrossRef]
33. Sassone-Corsi, P. The Cyclic AMP Pathway. Cold Spring Harb. Perspect. Biol. 2012, 4, a011148. [CrossRef] [PubMed]
34. Billington, C.K.; Hall, I.P. Novel CAMP Signalling Paradigms: Therapeutic Implications for Airway Disease. Br. J. Pharmacol.

2012, 166, 401–410. [CrossRef] [PubMed]
35. Gonzales-Perdomo, M.; Romero, P.; Goldenberg, S. Cyclic AMP and Adenylate Cyclase Activators Stimulate Trypanosoma cruzi

Differentiation. Exp. Parasitol. 1988, 66, 205–212. [CrossRef]
36. Fraidenraich, D.; Peña, C.; Isola, E.L.; Lammel, E.M.; Coso, O.; Añel, A.D.; Pongor, S.; Baralle, F.; Torres, H.N.; Flawia, M.M.

Stimulation of Trypanosoma cruzi Adenylyl Cyclase by an AD-Globin Fragment from Triatoma Hindgut: Effect on Differentiation
of Epimastigote to Trypomastigote Forms. Proc. Natl. Acad. Sci. USA 1993, 90, 10140–10144. [CrossRef]

37. Coso, O.A.; Anel, A.D.; Martinetto, H.; Muschietti, J.P.; Kazanietz, M.; Raidenraich, D.; Torres, H.N.; Flawia, M.M. Characterization
of a G(i)-Protein from Trypanosoma cruzi Epimastigote Membranes. Biochem. J. 1992, 287, 443–446. [CrossRef]

38. Taylor, M.C.; Muhia, D.K.; Baker, D.A.; Mondragon, A.; Schaap, P.; Kelly, J.M. Trypanosoma cruzi Adenylyl Cyclase Is Encoded by
a Complex Multigene Family. Mol. Biochem. Parasitol. 1999, 104, 205–217. [CrossRef]

39. Hamedi, A.; Botelho, L.; Britto, C.; Fragoso, S.P.; Umaki, A.C.S.; Goldenberg, S.; Bottu, G.; Salmon, D. In Vitro Metacyclogenesis of
Trypanosoma cruzi Induced by Starvation Correlates with a Transient Adenylyl Cyclase Stimulation as Well as with a Constitutive
Upregulation of Adenylyl Cyclase Expression. Mol. Biochem. Parasitol. 2015, 200, 9–18. [CrossRef]

40. Lander, N.; Chiurillo, M.A.; Bertolini, M.S.; Storey, M.; Vercesi, A.E.; Docampo, R. Calcium-Sensitive Pyruvate Dehydrogenase
Phosphatase Is Required for Energy Metabolism, Growth, Differentiation, and Infectivity of Trypanosoma cruzi. J. Biol. Chem. 2018,
293, 17402–17417. [CrossRef]

41. Menna-Barreto, R.F.S. Cell Death Pathways in Pathogenic Trypanosomatids: Lessons of (over)Kill. Cell Death Dis. 2019, 10,
1234567890. [CrossRef]

42. Alvarez, V.E.; Kosec, G.; Sant’Anna, C.; Turk, V.; Cazzulo, J.J.; Turk, B. Blocking Autophagy to Prevent Parasite Differentiation: A
Possible New Strategy for Fighting Parasitic Infections? Autophagy 2008, 4, 361–363. [CrossRef]

43. Alvarez, V.E.; Kosec, G.; Sant’Anna, C.; Turk, V.; Cazzulo, J.J.; Turk, B. Autophagy Is Involved in Nutritional Stress Response and
Differentiation in Trypanosoma cruzi. J. Biol. Chem. 2008, 283, 3454–3464. [CrossRef]

44. Vanrell, M.C.; Losinno, A.D.; Cueto, J.A.; Balcazar, D.; Fraccaroli, L.V.; Carrillo, C.; Romano, P.S. The Regulation of Autophagy
Differentially Affects Trypanosoma cruzi Metacyclogenesis. PLoS Negl. Trop. Dis. 2017, 11, e0006049. [CrossRef]

45. Yuan, H.X.; Russell, R.C.; Guan, K.L. Regulation of PIK3C3/VPS34 Complexes by MTOR in Nutrient Stress-Induced Autophagy.
Autophagy 2013, 9, 1983–1995. [CrossRef]

46. Tomás, A.M.; Kelly, J.M. Stage-Regulated Expression of Cruzipain, the Major Cysteine Protease of Trypanosoma cruzi Is Independent
of the Level of RNA. Mol. Biochem. Parasitol. 1996, 76, 91–103. [CrossRef]

47. Tomas, A.M.; Miles, M.A.; Kelly, J.M. Overexpression of Cruzipain, the Major Cysteine Proteinase of Trypanosoma cruzi, Is
Associated with Enhanced Metacyclogenesis. Eur. J. Biochem. 1997, 244, 596–603. [CrossRef]

48. Soares, M.J. The Reservosome of Trypanosoma cruzi Epimastigotes: An Organelle of the Endocytic Pathway with a Role on
Metacyclogenesis. Memórias Inst. Oswaldo Cruz 1999, 94, 139–141. [CrossRef]

49. Moreira, C.M.D.N.; Batista, C.M.; Fernandes, J.C.; Kessler, R.L.; Soares, M.J.; Fragoso, S.P. Knockout of the Gamma Subunit of
the AP-1 Adaptor Complex in the Human Parasite Trypanosoma cruzi Impairs Infectivity and Differentiation and Prevents the
Maturation and Targeting of the Major Protease Cruzipain. PLoS ONE 2017, 12, e0179615. [CrossRef]

50. Soares, M.J.; Souza, W. De Cytoplasmic Organelles of Trypanosomatids: A Cytochemical and Stereological Study. J. Submicrosc.
Cytol. Pathol. 1988, 20, 349–361.

51. Figueiredo, R.C.B.Q.; Rosa, D.S.; Gomes, Y.M.; Nakasawa, M.; Soares, M.J. Reservosome: An Endocytic Compartment in
Epimastigote Forms of the Protozoan Trypanosoma cruzi (Kinetoplastida: Trypanosomatidae). Correlation between Endocytosis of
Nutrients and Cell Differentiation. Parasitology 2004, 129, 431–438. [CrossRef]

52. Laverrière, M.; Cazzulo, J.J.; Alvarez, V.E. Antagonic Activities of Trypanosoma cruzi Metacaspases Affect the Balance between Cell
Proliferation, Death and Differentiation. Cell Death Differ. 2012, 19, 1358–1369. [CrossRef]

53. Schmidt, J.C.; Soares, M.J.; Goldenberg, S.; Pavoni, D.P.; Krieger, M.A. Characterization of TcSTI-1, a Homologue of Stress-Induced
Protein-1, in Trypanosoma cruzi. Memórias Inst. Oswaldo Cruz 2011, 106, 70–77. [CrossRef]

54. Schmidt, J.C.; Manhães, L.; Fragoso, S.P.; Pavoni, D.P.; Krieger, M.A. Involvement of STI1 Protein in the Differentiation Process of
Trypanosoma cruzi. Parasitol. Int. 2018, 67, 131–139. [CrossRef]

55. Cardoso, J.; Soares, M.J.; Menna-Barreto, R.F.S.; Bloas, R.L.; Sotomaior, V.; Goldenberg, S.; Krieger, M.A. Inhibition of Proteasome
Activity Blocks Trypanosoma cruzi Growth and Metacyclogenesis. Parasitol. Res. 2008, 103, 941–951. [CrossRef]

https://doi.org/10.1016/0922-3371(90)90077-A
https://doi.org/10.1016/j.exppara.2008.03.003
https://doi.org/10.1016/0014-4894(86)90039-1
https://doi.org/10.1083/jcb.106.4.1349
https://doi.org/10.1016/S0074-7696(08)60180-1
https://doi.org/10.1101/cshperspect.a011148
https://www.ncbi.nlm.nih.gov/pubmed/23209152
https://doi.org/10.1111/j.1476-5381.2011.01719.x
https://www.ncbi.nlm.nih.gov/pubmed/22013890
https://doi.org/10.1016/0014-4894(88)90092-6
https://doi.org/10.1073/pnas.90.21.10140
https://doi.org/10.1042/bj2870443
https://doi.org/10.1016/S0166-6851(99)00154-1
https://doi.org/10.1016/j.molbiopara.2015.04.002
https://doi.org/10.1074/jbc.RA118.004498
https://doi.org/10.1038/s41419-019-1370-2
https://doi.org/10.4161/auto.5592
https://doi.org/10.1074/jbc.M708474200
https://doi.org/10.1371/journal.pntd.0006049
https://doi.org/10.4161/auto.26058
https://doi.org/10.1016/0166-6851(95)02545-6
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00596.x
https://doi.org/10.1590/S0074-02761999000700015
https://doi.org/10.1371/journal.pone.0179615
https://doi.org/10.1017/S0031182004005797
https://doi.org/10.1038/cdd.2012.12
https://doi.org/10.1590/S0074-02762011000100012
https://doi.org/10.1016/j.parint.2017.10.009
https://doi.org/10.1007/s00436-008-1081-6


Int. J. Mol. Sci. 2024, 25, 117 17 of 21

56. Cardoso, J.; de Paula Lima, C.; Leal, T.; Gradia, D.F.; Fragoso, S.P.; Goldenberg, S.; de Sá, R.G.; Krieger, M.A. Analysis of
Proteasomal Proteolysis during the in Vitro Metacyclogenesis of Trypanosoma cruzi. PLoS ONE 2011, 6, e0021027. [CrossRef]

57. Elias, M.C.; Faria, M. Are There Epigenetic Controls in Trypanosoma cruzi? Ann. N. Y. Acad. Sci. 2009, 1178, 285–290. [CrossRef]
58. Elias, M.C.Q.B.; Marques-Porto, R.; Freymüller, E.; Schenkman, S. Transcription Rate Modulation through the Trypanosoma

cruzi Life Cycle Occurs in Parallel with Changes in Nuclear Organisation. Mol. Biochem. Parasitol. 2001, 112, 79–90. [CrossRef]
[PubMed]

59. Elias, M.C.; Nardelli, S.C.; Schenkman, S. Chromatin and Nuclear Organization in Trypanosoma cruzi. Future Microbiol. 2009, 4,
1065–1074. [CrossRef]

60. Xu, W.S.; Parmigiani, R.B.; Marks, P.A. Histone Deacetylase Inhibitors: Molecular Mechanisms of Action. Oncogene 2007, 26,
5541–5552. [CrossRef]

61. Campo, V.A. Comparative Effects of Histone Deacetylases Inhibitors and Resveratrol on Trypanosoma cruzi Replication, Differenti-
ation, Infectivity and Gene Expression. Int. J. Parasitol. Drugs Drug Resist. 2017, 7, 23–33. [CrossRef]

62. Ritagliati, C.; Alonso, V.L.; Manarin, R.; Cribb, P.; Serra, E.C. Overexpression of Cytoplasmic TcSIR2RP1 and Mitochondrial
TcSIR2RP3 Impacts on Trypanosoma cruzi Growth and Cell Invasion. PLoS Negl. Trop. Dis. 2015, 9, e0003725. [CrossRef] [PubMed]

63. de Lima, L.P.; Poubel, S.B.; Yuan, Z.F.; Rosón, J.N.; de Luna Vitorino, F.N.; Holetz, F.B.; Garcia, B.A.; da Cunha, J.P.C. Improvements
on the Quantitative Analysis of Trypanosoma cruzi Histone Post Translational Modifications: Study of Changes in Epigenetic
Marks through the Parasite’s Metacyclogenesis and Life Cycle. J. Proteomics 2020, 225, 103847. [CrossRef] [PubMed]

64. Hashimoto, M.; Enomoto, M.; Morales, J.; Kurebayashi, N.; Sakurai, T.; Hashimoto, T.; Nara, T.; Mikoshiba, K. Inositol 1,4,5-
Trisphosphate Receptor Regulates Replication, Differentiation, Infectivity and Virulence of the Parasitic Protist Trypanosoma cruzi.
Mol. Microbiol. 2013, 87, 1133–1150. [CrossRef]

65. Tavernelli, L.E.; Motta, M.C.M.; Gonçalves, C.S.; da Silva, M.S.; Elias, M.C.; Alonso, V.L.; Serra, E.; Cribb, P. Overexpression of
Trypanosoma cruzi High Mobility Group B Protein (TcHMGB) Alters the Nuclear Structure, Impairs Cytokinesis and Reduces the
Parasite Infectivity. Sci. Rep. 2019, 9, 192. [CrossRef] [PubMed]

66. Pavani, R.S.; da Silva, M.S.; Fernandes, C.A.H.; Morini, F.S.; Araujo, C.B.; de Mattos Fontes, M.R.; Sant’Anna, O.A.; Machado, C.R.;
Cano, M.I.; Fragoso, S.P.; et al. Replication Protein A Presents Canonical Functions and Is Also Involved in the Differentiation
Capacity of Trypanosoma cruzi. PLoS Negl. Trop. Dis. 2016, 10, e0005181. [CrossRef]

67. Pavani, R.S.; de Lima, L.P.; Lima, A.A.; Fernandes, C.A.H.; Fragoso, S.P.; Calderano, S.G.; Elias, M.C. Nuclear Export of Replication
Protein A in the Nonreplicative Infective Forms of Trypanosoma cruzi. FEBS Lett. 2020, 594, 1596–1607. [CrossRef]

68. Giese, V.; Dallagiovanna, B.; Marchini, F.K.; Pavoni, D.P.; Krieger, M.A.; Goldenberg, S. Trypanosoma cruzi: A Stage-Specific
Calpain-like Protein Is Induced after Various Kinds of Stress. Memórias Inst. Oswaldo Cruz 2008, 103, 598–601. [CrossRef]

69. Ennes-Vidal, V.; Menna-Barreto, R.F.S.; Santos, A.L.S.; Branquinha, M.H.; d’Avila-Levy, C.M. MDL28170, a Calpain Inhibitor,
Affects Trypanosoma cruzi Metacyclogenesis, Ultrastructure and Attachment to Rhodnius prolixus Midgut. PLoS ONE 2011, 6,
e0018371. [CrossRef]

70. Koeller, C.M.; van der Wel, H.; Feasley, C.L.; Abreu, F.; da Rocha, J.D.B.; Montalvão, F.; Fampa, P.; dos Reis, F.C.G.; Atella, G.C.;
Souto-Padrón, T.; et al. Golgi UDP-GlcNAc:Polypeptide O-α-N-Acetyl-D-Glucosaminyltransferase 2 (TcOGNT2) Regulates
Trypomastigote Production and Function in Trypanosoma cruzi. Eukaryot. Cell 2014, 13, 1312–1327. [CrossRef]

71. Tonelli, R.R.; da Silva Augusto, L.; Castilho, B.A.; Schenkman, S. Protein Synthesis Attenuation by Phosphorylation of EIF2α Is
Required for the Differentiation of Trypanosoma cruzi into Infective Forms. PLoS ONE 2011, 6, e0027904. [CrossRef]

72. da Silva Augusto, L.; Moretti, N.S.; Ramos, T.C.P.; de Jesus, T.C.L.; Zhang, M.; Castilho, B.A.; Schenkman, S. A Membrane-Bound
EIF2 Alpha Kinase Located in Endosomes Is Regulated by Heme and Controls Differentiation and ROS Levels in Trypanosoma
cruzi. PLoS Pathog. 2015, 11, e1004618. [CrossRef]

73. Mörking, P.A.; de Cássia Pontello Rampazzo, R.; Walrad, P.; Probst, C.M.; Soares, M.J.; Gradia, D.F.; Pavoni, D.P.; Krieger, M.A.;
Matthews, K.; Goldenberg, S.; et al. The Zinc Finger Protein TcZFP2 Binds Target MRNAs Enriched during Trypanosoma cruzi
Metacyclogenesis. Memórias Inst. Oswaldo Cruz 2012, 107, 790–799. [CrossRef]

74. Alcantara, M.V.; Kessler, R.L.; Gonçalves, R.E.G.; Marliére, N.P.; Guarneri, A.A.; Picchi, G.F.A.; Fragoso, S.P. Knockout of the
CCCH Zinc Finger Protein TcZC3H31 Blocks Trypanosoma cruzi Differentiation into the Infective Metacyclic Form. Mol. Biochem.
Parasitol. 2018, 221, 1–9. [CrossRef]

75. Romaniuk, M.A.; Frasch, A.C.; Cassola, A. Translational Repression by an RNA-Binding Protein Promotes Differentiation to
Infective Forms in Trypanosoma cruzi. PLoS Pathog. 2018, 14, e1007059. [CrossRef]

76. Wold, M.S. REPLICATION PROTEIN A:A Heterotrimeric, Single-Stranded DNA-Binding Protein Required for Eukaryotic DNA
Metabolism. Annu. Rev. Biochem. 1997, 66, 61–92. [CrossRef]

77. Bernstein, K.A.; Gallagher, J.E.G.; Mitchell, B.M.; Granneman, S.; Baserga, S.J. The Small-Subunit Processome Is a Ribosome
Assembly Intermediate. Eukaryot. Cell 2004, 3, 1619–1626. [CrossRef]

78. Nardelli, S.C.; Ávila, A.R.; Freund, A.; Motta, M.C.; Manhães, L.; De Jesus, T.C.L.; Schenkman, S.; Fragoso, S.P.; Krieger, M.A.;
Goldenberg, S.; et al. Small-Subunit RRNA Processome Proteins Are Translationally Regulated during Differentiation of
Trypanosoma cruzi. Eukaryot. Cell 2007, 6, 337–345. [CrossRef]

79. Araújo, P.R.; Teixeira, S.M. Regulatory Elements Involved in the Post-Transcriptional Control of Stage-Specific Gene Expression in
Trypanosoma cruzi—A Review. Memórias Inst. Oswaldo Cruz 2011, 106, 257–266. [CrossRef]

https://doi.org/10.1371/journal.pone.0021027
https://doi.org/10.1111/j.1749-6632.2009.05008.x
https://doi.org/10.1016/S0166-6851(00)00349-2
https://www.ncbi.nlm.nih.gov/pubmed/11166389
https://doi.org/10.2217/fmb.09.74
https://doi.org/10.1038/sj.onc.1210620
https://doi.org/10.1016/j.ijpddr.2016.12.003
https://doi.org/10.1371/journal.pntd.0003725
https://www.ncbi.nlm.nih.gov/pubmed/25875650
https://doi.org/10.1016/j.jprot.2020.103847
https://www.ncbi.nlm.nih.gov/pubmed/32480077
https://doi.org/10.1111/mmi.12155
https://doi.org/10.1038/s41598-018-36718-0
https://www.ncbi.nlm.nih.gov/pubmed/30655631
https://doi.org/10.1371/journal.pntd.0005181
https://doi.org/10.1002/1873-3468.13755
https://doi.org/10.1590/S0074-02762008000600015
https://doi.org/10.1371/journal.pone.0018371
https://doi.org/10.1128/EC.00165-14
https://doi.org/10.1371/journal.pone.0027904
https://doi.org/10.1371/journal.ppat.1004618
https://doi.org/10.1590/S0074-02762012000600014
https://doi.org/10.1016/j.molbiopara.2018.01.006
https://doi.org/10.1371/journal.ppat.1007059
https://doi.org/10.1146/annurev.biochem.66.1.61
https://doi.org/10.1128/EC.3.6.1619-1626.2004
https://doi.org/10.1128/EC.00279-06
https://doi.org/10.1590/S0074-02762011000300002


Int. J. Mol. Sci. 2024, 25, 117 18 of 21

80. Tavares, T.S.; Mügge, F.L.B.; Grazielle-Silva, V.; Valente, B.M.; Goes, W.M.; Oliveira, A.E.R.; Belew, A.T.; Guarneri, A.A.; Pais, F.S.;
El-Sayed, N.M.; et al. A Trypanosoma cruzi Zinc Finger Protein That Is Implicated in the Control of Epimastigote-Specific Gene
Expression and Metacyclogenesis. Parasitology 2021, 148, 1171. [CrossRef]

81. Añel, A.M.D.; Rossi, M.S.; Espinosa, J.M.; Güida, C.; Freitas, F.A.; Kornblihtt, A.R.; Zingales, B.; Flawiá, M.M.; Torres, H.N. MRNA
Encoding a Putative RNA Helicase of the DEAD-Box Gene Family Is up-Regulated in Trypomastigotes of Trypanosoma cruzi. J.
Eukaryot. Microbiol. 2000, 47, 555–560. [CrossRef]

82. Shaw, A.K.; Kalem, M.C.; Zimmer, S.L. Mitochondrial Gene Expression Is Responsive to Starvation Stress and Developmental
Transition in Trypanosoma cruzi. mSphere 2016, 1, 10–1128. [CrossRef] [PubMed]

83. Cruz-Saavedra, L.; Muñoz, M.; Patiño, L.H.; Vallejo, G.A.; Guhl, F.; Ramírez, J.D. Slight Temperature Changes Cause Rapid
Transcriptomic Responses in Trypanosoma cruzi Metacyclic Trypomastigotes. Parasites Vectors 2020, 13, 255. [CrossRef]

84. Minning, T.A.; Weatherly, D.B.; Atwood, J.; Orlando, R.; Tarleton, R.L. The Steady-State Transcriptome of the Four Major
Life-Cycle Stages of Trypanosoma cruzi. BMC Genom. 2009, 10, 370. [CrossRef] [PubMed]

85. Smircich, P.; Eastman, G.; Bispo, S.; Duhagon, M.A.; Guerra-Slompo, E.P.; Garat, B.; Goldenberg, S.; Munroe, D.J.;
Dallagiovanna, B.; Holetz, F.; et al. Ribosome Profiling Reveals Translation Control as a Key Mechanism Generating
Differential Gene Expression in Trypanosoma cruzi. BMC Genom. 2015, 16, 443. [CrossRef] [PubMed]

86. de Godoy, L.M.F.; Marchini, F.K.; Pavoni, D.P.; de Cássia Pontello Rampazzo, R.; Probst, C.M.; Goldenberg, S.; Krieger, M.A.
Quantitative Proteomics of Trypanosoma cruzi during Metacyclogenesis. Proteomics 2012, 12, 2694–2703. [CrossRef] [PubMed]

87. Amorim, J.C.; Batista, M.; Da Cunha, E.S.; Lucena, A.C.R.; Lima, C.V.D.P.; Sousa, K.; Krieger, M.A.; Marchini, F.K. Quantitative
Proteome and Phosphoproteome Analyses Highlight the Adherent Population during Trypanosoma cruzi Metacyclogenesis. Sci.
Rep. 2017, 7, 9899. [CrossRef]

88. Cordero, E.M.; Nakayasu, E.S.; Gentil, L.G.; Yoshida, N.; Almeida, I.C.; da Silveira, J.F. Proteomic Analysis of Detergent-
Solubilized Membrane Proteins from Insect-Developmental Forms of Trypanosoma cruzi. J. Proteome Res. 2009, 8, 3642–3652.
[CrossRef]

89. Atwood, J.A. The Trypanosoma cruzi Proteome. Science 2005, 309, 473–476. [CrossRef]
90. Parodi-Talice, A.; Monteiro-Goes, V.; Arrambide, N.; Avila, A.R.; Duran, R.; Correa, A.; Dallagiovanna, B.; Cayota, A.; Krieger, M.;

Goldenberg, S.; et al. Proteomic Analysis of Metacyclic Trypomastigotes Undergoing Trypanosoma cruzi Metacyclogenesis. J. Mass
Spectrom. 2007, 42, 1422–1432. [CrossRef]

91. Tardieux, I.; Webster, P.; Ravesloot, J.; Boron, W.; Lunn, J.A.; Heuser, J.E.; Andrews, N.W. Lysosome Recruitment and Fusion Are
Early Events Required for Trypanosome Invasion of Mammalian Cells. Cell 1992, 71, 1117–1130. [CrossRef]

92. Tardieux, I.; Nathanson, M.H.; Andrews, N.W. Role in Host Cell Invasion of Trypanosoma cruzi-Induced Cytosolic-Free Ca2+

Transients. J. Exp. Med. 1994, 179, 1017–1022. [CrossRef]
93. Woolsey, A.M.; Sunwoo, L.; Petersen, C.A.; Brachmann, S.M.; Cantley, L.C.; Burleigh, B.A. Novel PI 3-Kinase-Dependent

Mechanisms of Trypanosome Invasion and Vacuole Maturation. J. Cell Sci. 2003, 116, 3611–3622. [CrossRef]
94. Andrade, L.O.; Andrews, N.W. Lysosomal Fusion Is Essential for the Retention of Trypanosoma cruzi inside Host Cells. J. Exp. Med.

2004, 200, 1135–1143. [CrossRef]
95. Bayer-Santos, E.; Aguilar-Bonavides, C.; Rodrigues, S.P.; Cordero, E.M.; Marques, A.F.; Varela-Ramirez, A.; Choi, H.; Yoshida, N.;

Da Silveira, J.F.; Almeida, I.C. Proteomic Analysis of Trypanosoma cruzi Secretome: Characterization of Two Populations of
Extracellular Vesicles and Soluble Proteins. J. Proteome Res. 2013, 12, 883–897. [CrossRef]

96. Dorta, M.L.; Ferreira, A.T.; Oshiro, M.E.; Yoshida, N. Ca2+ Signal Induced by Trypanosoma cruzi Metacyclic Trypomastigote Surface
Molecules Implicated in Mammalian Cell Invasion. Mol. Biochem. Parasitol. 1995, 73, 285–289. [CrossRef]

97. Cortez, M.; Neira, I.; Ferreira, D.; Luquetti, A.O.; Rassi, A.; Atayde, V.D.; Yoshida, N. Infection by Trypanosoma cruzi Metacyclic
Forms Deficient in Gp82 but Expressing a Related Surface Molecule, Gp30. Infect. Immun. 2003, 71, 6184–6191. [CrossRef]

98. Cortez, C.; Yoshida, N.; Bahia, D.; Sobreira, T.J.P. Structural Basis of the Interaction of a Trypanosoma cruzi Surface Molecule
Implicated in Oral Infection with Host Cells and Gastric Mucin. PLoS ONE 2012, 7, e0042153. [CrossRef]

99. Neira, I.; Silva, F.A.; Cortez, M.; Yoshida, N. Involvement of Trypanosoma cruzi Metacyclic Trypomastigote Surface Molecule Gp82
in Adhesion to Gastric Mucin and Invasion of Epithelial Cells. Infect. Immun. 2003, 71, 557–561. [CrossRef] [PubMed]

100. Staquicini, D.I.; Martins, R.M.; Macedo, S.; Sasso, G.R.S.; Atayde, V.D.; Juliano, M.A.; Yoshida, N. Role of GP82 in the Selective
Binding to Gastric Mucin during Oral Infection with Trypanosoma cruzi. PLoS Negl. Trop. Dis. 2010, 4, e0000613. [CrossRef]

101. Bayer-Santos, E.; Cunha-E-Silva, N.L.; Yoshida, N.; Silveira, J.F. Da Expression and Cellular Trafficking of GP82 and GP90
Glycoproteins during Trypanosoma cruzi Metacyclogenesis. Parasites Vectors 2013, 6, 127. [CrossRef] [PubMed]

102. Maeda, F.Y.; Cortez, C.; Izidoro, M.A.; Juliano, L.; Yoshida, N. Fibronectin-Degrading Activity of Trypanosoma cruzi Cysteine
Proteinase Plays a Role in Host Cell Invasion. Infect. Immun. 2014, 82, 5166–5174. [CrossRef] [PubMed]

103. Macedo, S.; Rodrigues, J.P.F.; Schenkman, S.; Yoshida, N. Beta-Adrenergic Antagonist Propranolol Inhibits Mammalian Cell
Lysosome Spreading and Invasion by Trypanosoma cruzi Metacyclic Forms. Microbes Infect. 2017, 19, 295–301. [CrossRef]

104. Bayer-Santos, E.; Gentil, L.G.; Cordero, E.M.; Corrêa, P.R.C.; Silveira, J.F. Da Regulatory Elements in the 3′ Untranslated Region of
the GP82 Glycoprotein Are Responsible for Its Stage-Specific Expression in Trypanosoma cruzi Metacyclic Trypomastigotes. Acta
Trop. 2012, 123, 230–233. [CrossRef] [PubMed]

105. Clemente, T.M.; Cortez, C.; da Silva Novaes, A.; Yoshida, N. Surface Molecules Released by Trypanosoma cruzi Metacyclic Forms
Downregulate Host Cell Invasion. PLoS Negl. Trop. Dis. 2016, 10, e0004883. [CrossRef] [PubMed]

https://doi.org/10.1017/S0031182020002176
https://doi.org/10.1111/j.1550-7408.2000.tb00089.x
https://doi.org/10.1128/mSphere.00051-16
https://www.ncbi.nlm.nih.gov/pubmed/27303725
https://doi.org/10.1186/s13071-020-04125-y
https://doi.org/10.1186/1471-2164-10-370
https://www.ncbi.nlm.nih.gov/pubmed/19664227
https://doi.org/10.1186/s12864-015-1563-8
https://www.ncbi.nlm.nih.gov/pubmed/26054634
https://doi.org/10.1002/pmic.201200078
https://www.ncbi.nlm.nih.gov/pubmed/22761176
https://doi.org/10.1038/s41598-017-10292-3
https://doi.org/10.1021/pr800887u
https://doi.org/10.1126/science.1110289
https://doi.org/10.1002/jms.1267
https://doi.org/10.1016/S0092-8674(05)80061-3
https://doi.org/10.1084/jem.179.3.1017
https://doi.org/10.1242/jcs.00666
https://doi.org/10.1084/jem.20041408
https://doi.org/10.1021/pr300947g
https://doi.org/10.1016/0166-6851(94)00123-5
https://doi.org/10.1128/IAI.71.11.6184-6191.2003
https://doi.org/10.1371/journal.pone.0042153
https://doi.org/10.1128/IAI.71.1.557-561.2003
https://www.ncbi.nlm.nih.gov/pubmed/12496211
https://doi.org/10.1371/annotation/a81cf9ae-ac77-4f3b-a917-336d6616461d
https://doi.org/10.1186/1756-3305-6-127
https://www.ncbi.nlm.nih.gov/pubmed/23634710
https://doi.org/10.1128/IAI.02022-14
https://www.ncbi.nlm.nih.gov/pubmed/25267835
https://doi.org/10.1016/j.micinf.2017.01.004
https://doi.org/10.1016/j.actatropica.2012.03.014
https://www.ncbi.nlm.nih.gov/pubmed/22579673
https://doi.org/10.1371/journal.pntd.0004883
https://www.ncbi.nlm.nih.gov/pubmed/27483135


Int. J. Mol. Sci. 2024, 25, 117 19 of 21

106. Ruiz, R.C.; Favoreto, S.; Dorta, M.L.; Oshiro, M.E.; Ferreira, A.T.; Manque, P.M.; Yoshida, N. Infectivity of Trypanosoma cruzi
Strains Is Associated with Differential Expression of Surface Glycoproteins with Differential Ca2+ Signalling Activity. Biochem. J.
1998, 330 Pt 1, 505–511. [CrossRef]

107. Yoshida, N.; Favoreto, S.; Ferreira, A.T.; Manque, P.M. Signal Transduction Induced in Trypanosoma cruzi Metacyclic Trypomastig-
otes during the Invasion of Mammalian Cells. Braz. J. Med. Biol. Res. 2000, 33, 269–278. [CrossRef]

108. Maeda, F.Y.; Cortez, C.; Alves, R.M.; Yoshida, N. Mammalian Cell Invasion by Closely Related Trypanosoma Species T. Dionisii
and T. Cruzi. Acta Trop. 2012, 121, 141–147. [CrossRef]

109. Neira, I.; Ferreira, A.T.; Yoshida, N. Activation of Distinct Signal Transduction Pathways in Trypanosoma cruzi Isolates with
Differential Capacity to Invade Host Cells. Int. J. Parasitol. 2002, 32, 405–414. [CrossRef]

110. Onofre, T.S.; Rodrigues, J.P.F.; Shio, M.T.; Macedo, S.; Juliano, M.A.; Yoshida, N. Interaction of Trypanosoma cruzi Gp82 With Host
Cell LAMP2 Induces Protein Kinase C Activation and Promotes Invasion. Front. Cell. Infect. Microbiol. 2021, 11, 179. [CrossRef]

111. Cortez, C.; Real, F.; Yoshida, N. Lysosome Biogenesis/Scattering Increases Host Cell Susceptibility to Invasion by Trypanosoma
cruzi Metacyclic Forms and Resistance to Tissue Culture Trypomastigotes. Cell. Microbiol. 2016, 18, 748–760. [CrossRef]

112. Martins, R.M.; Alves, R.M.; Macedo, S.; Yoshida, N. Starvation and Rapamycin Differentially Regulate Host Cell Lysosome
Exocytosis and Invasion by Trypanosoma cruzi Metacyclic Forms. Cell. Microbiol. 2011, 13, 943–954. [CrossRef]

113. Ferreira, É.R.; Horjales, E.; Bonfim-Melo, A.; Cortez, C.; Da Silva, C.V.; De Groote, M.; Sobreira, T.J.P.; Cruz, M.C.; Lima, F.M.;
Cordero, E.M.; et al. Unique Behavior of Trypanosoma cruzi Mevalonate Kinase: A Conserved Glycosomal Enzyme Involved in
Host Cell Invasion and Signaling. Sci. Rep. 2016, 6, 24610. [CrossRef] [PubMed]

114. Carmo, M.S.D.; Dos Santos, M.R.M.; Cano, M.I.; Araya, J.E.; Yoshida, N.; Silveira, J.F. Da Expression and Genome-Wide
Distribution of the Gene Family Encoding a 90 KDa Surface Glycoprotein of Metacyclic Trypomastigotes of Trypanosoma cruzi.
Mol. Biochem. Parasitol. 2002, 125, 201–206. [CrossRef] [PubMed]

115. Málaga, S.; Yoshida, N. Targeted Reduction in Expression of Trypanosoma cruzi Surface Glycoprotein Gp90 Increases Parasite
Infectivity. Infect. Immun. 2001, 69, 353–359. [CrossRef] [PubMed]

116. Rodrigues, J.P.F.; Sant’ana, G.H.T.; Juliano, M.A.; Yoshida, N. Inhibition of Host Cell Lysosome Spreading by Trypanosoma cruzi
Metacyclic Stage-Specific Surface Molecule Gp90 Downregulates Parasite Invasion. Infect. Immun. 2017, 85, 10–128. [CrossRef]
[PubMed]

117. Buscaglia, C.A.; Campo, V.A.; Frasch, A.C.C.; Di Noia, J.M. Trypanosoma cruzi Surface Mucins: Host-Dependent Coat Diversity.
Nat. Rev. Microbiol. 2006, 4, 229–236. [CrossRef]

118. Schenkman, S.; Diaz, C.; Nussenzweig, V. Attachment of Trypanosoma cruzi Trypomastigotes to Receptors at Restricted Cell
Surface Domains. Exp. Parasitol. 1991, 72, 76–86. [CrossRef]

119. Butler, C.E.; de Carvalho, T.M.U.; Grisard, E.C.; Field, R.A.; Tyler, K.M. Trans-Sialidase Stimulates Eat Me Response from Epithelial
Cells. Traffic 2013, 14, 853–869. [CrossRef]

120. Ferreira, D.; Cortez, M.; Atayde, V.D.; Yoshida, N. Actin Cytoskeleton-Dependent and -Independent Host Cell Invasion by
Trypanosoma cruzi Is Mediated by Distinct Parasite Surface Molecules. Infect. Immun. 2006, 74, 5522–5528. [CrossRef]

121. De Pablos, L.M.; González, G.G.; Parada, J.S.; Hidalgo, V.S.; Lozano, I.M.D.; Samblás, M.M.G.; Bustos, T.C.; Osuna, A. Differential
Expression and Characterization of a Member of the Mucin-Associated Surface Protein Family Secreted by Trypanosoma cruzi.
Infect. Immun. 2011, 79, 3993–4001. [CrossRef]

122. Kulkarni, M.M.; Olson, C.L.; Engman, D.M.; McGwire, B.S. Trypanosoma cruzi GP63 Proteins Undergo Stage-Specific Differential
Posttranslational Modification and Are Important for Host Cell Infection. Infect. Immun. 2009, 77, 2193–2200. [CrossRef] [PubMed]

123. Baida, R.C.P.; Santos, M.R.M.; Carmo, M.S.; Yoshida, N.; Ferreira, D.; Ferreira, A.T.; El Sayed, N.M.; Andersson, B.; Silveira, J.F. Da
Molecular Characterization of Serine-, Alanine-, and Proline-Rich Proteins of Trypanosoma cruzi and Their Possible Role in Host
Cell Infection. Infect. Immun. 2006, 74, 1537. [CrossRef] [PubMed]

124. Zanforlin, T.; Bayer-Santos, E.; Cortez, C.; Almeida, I.C.; Yoshida, N.; Silveira, J.F. Da Molecular Characterization of Trypanosoma
cruzi SAP Proteins with Host-Cell Lysosome Exocytosis-Inducing Activity Required for Parasite Invasion. PLoS ONE 2013, 8,
e0083864. [CrossRef] [PubMed]

125. Mesquita, R.D.; Carneiro, A.B.; Bafica, A.; Gazos-Lopes, F.; Takiya, C.M.; Souto-Padron, T.; Vieira, D.P.; Ferreira-Pereira, A.;
Almeida, I.C.; Figueiredo, R.T.; et al. Trypanosoma cruzi Infection Is Enhanced by Vector Saliva through Immunosuppressant
Mechanisms Mediated by Lysophosphatidylcholine. Infect. Immun. 2008, 76, 5543. [CrossRef] [PubMed]

126. Andrews, N.W.; Whitlow, M.B. Secretion by Trypanosoma cruzi of a Hemolysin Active at Low PH. Mol. Biochem. Parasitol. 1989, 33,
249–256. [CrossRef] [PubMed]

127. Andrews, N.W.; Abrams, C.K.; Slatin, S.L.; 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, 1277–1287. [CrossRef]

128. Rubin-de-Celis, S.S.C.; 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, 1888–1898. [CrossRef]

129. Albertti, L.A.G.; Macedo, A.M.; Chiari, E.; Andrews, N.W.; Andrade, L.O. Role of Host Lysosomal Associated Membrane Protein
(LAMP) in Trypanosoma cruzi Invasion and Intracellular Development. Microbes Infect. 2010, 12, 784–789. [CrossRef]

130. Fang, F.C. Antimicrobial Reactive Oxygen and Nitrogen Species: Concepts and Controversies. Nat. Rev. Microbiol. 2004, 2,
820–832. [CrossRef]

https://doi.org/10.1042/bj3300505
https://doi.org/10.1590/S0100-879X2000000300003
https://doi.org/10.1016/j.actatropica.2011.10.017
https://doi.org/10.1016/S0020-7519(02)00004-8
https://doi.org/10.3389/fcimb.2021.627888
https://doi.org/10.1111/cmi.12548
https://doi.org/10.1111/j.1462-5822.2011.01590.x
https://doi.org/10.1038/srep24610
https://www.ncbi.nlm.nih.gov/pubmed/27113535
https://doi.org/10.1016/S0166-6851(02)00212-8
https://www.ncbi.nlm.nih.gov/pubmed/12467988
https://doi.org/10.1128/IAI.69.1.353-359.2001
https://www.ncbi.nlm.nih.gov/pubmed/11119524
https://doi.org/10.1128/IAI.00302-17
https://www.ncbi.nlm.nih.gov/pubmed/28607099
https://doi.org/10.1038/nrmicro1351
https://doi.org/10.1016/0014-4894(91)90123-E
https://doi.org/10.1111/tra.12078
https://doi.org/10.1128/IAI.00518-06
https://doi.org/10.1128/IAI.05329-11
https://doi.org/10.1128/IAI.01542-08
https://www.ncbi.nlm.nih.gov/pubmed/19273559
https://doi.org/10.1128/IAI.74.3.1537-1546.2006
https://www.ncbi.nlm.nih.gov/pubmed/16495524
https://doi.org/10.1371/journal.pone.0083864
https://www.ncbi.nlm.nih.gov/pubmed/24391838
https://doi.org/10.1128/IAI.00683-08
https://www.ncbi.nlm.nih.gov/pubmed/18794282
https://doi.org/10.1016/0166-6851(89)90086-8
https://www.ncbi.nlm.nih.gov/pubmed/2468085
https://doi.org/10.1016/0092-8674(90)90692-8
https://doi.org/10.1111/j.1462-5822.2006.00755.x
https://doi.org/10.1016/j.micinf.2010.05.015
https://doi.org/10.1038/nrmicro1004


Int. J. Mol. Sci. 2024, 25, 117 20 of 21

131. Nathan, C.; Shiloh, M.U. Reactive Oxygen and Nitrogen Intermediates in the Relationship between Mammalian Hosts and
Microbial Pathogens. Proc. Natl. Acad. Sci. USA 2000, 97, 8841–8848. [CrossRef]

132. Muñoz-Fernández, M.A.; Fernández, M.A.; Fresno, M. Activation of Human Macrophages for the Killing of Intracellular
Trypanosoma cruzi by TNF-α and IFN-γ through a Nitric Oxide-Dependent Mechanism. Immunol. Lett. 1992, 33, 35–40. [CrossRef]
[PubMed]

133. Gutierrez, F.R.S.; Mineo, T.W.P.; Pavanelli, W.R.; Guedes, P.M.M.; Silva, J.S. The Effects of Nitric Oxide on the Immune System
during Trypanosoma cruzi Infection. Memórias Inst. Oswaldo Cruz 2009, 104, 236–245. [CrossRef] [PubMed]

134. Alvarez, M.N.; 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, 6627–6640. [CrossRef]

135. Mateo, H.; Marín, C.; Pérez-Cordón, G.; Sánchez-Moreno, M. Purification and Biochemical Characterization of Four Iron
Superoxide Dismutases in Trypanosoma cruzi. Memórias Inst. Oswaldo Cruz 2008, 103, 271–276. [CrossRef]

136. Wilkinson, S.R.; Temperton, N.J.; Mondragon, A.; Kelly, J.M. Distinct Mitochondrial and Cytosolic Enzymes Mediate
Trypanothione- Dependent Peroxide Metabolism in Trypanosoma cruzi. J. Biol. Chem. 2000, 275, 8220–8225. [CrossRef] [PubMed]

137. Piacenza, L.; Peluffo, G.; Alvarez, M.N.; Kelly, J.M.; Wilkinson, S.R.; Radi, R. Peroxiredoxins Play a Major Role in Protecting
Trypanosoma cruzi against Macrophage- and Endogenously-Derived Peroxynitrite. Biochem. J. 2008, 410, 359–368. [CrossRef]
[PubMed]

138. Wilkinson, S.R.; Obado, S.O.; Mauricio, I.L.; Kelly, J.M. Trypanosoma cruzi Expresses a Plant-like Ascorbate-Dependent Hemoper-
oxidase Localized to the Endoplasmic Reticulum. Proc. Natl. Acad. Sci. USA 2002, 99, 13453–13458. [CrossRef]

139. Paiva, C.N.; Feijó, D.F.; Dutra, F.F.; Carneiro, V.C.; Freitas, G.B.; Alves, L.S.; Mesquita, J.; Fortes, G.B.; Figueiredo, R.T.;
Souza, H.S.P.; et al. Oxidative Stress Fuels Trypanosoma cruzi Infection in Mice. J. Clin. Investig. 2012, 122, 2531–2542. [CrossRef]

140. Cestari, I.; Ansa-Addo, E.; Deolindo, P.; Inal, J.M.; Ramirez, M.I. Trypanosoma cruzi Immune Evasion Mediated by Host Cell-
Derived Microvesicles. J. Immunol. 2012, 188, 1942–1952. [CrossRef]

141. Schenkman, S.; Güther, M.L.; Yoshida, N. Mechanism of Resistance to Lysis by the Alternative Complement Pathway in
Trypanosoma cruzi Trypomastigotes: Effect of Specific Monoclonal Antibody. J. Immunol. 1986, 137, 1623–1628. [CrossRef]

142. Ferreira, V.; Molina, M.C.; Valck, C.; Rojas, Á.; Aguilar, L.; Ramírez, G.; Schwaeble, W.; Ferreira, A. Role of Calreticulin from
Parasites in Its Interaction with Vertebrate Hosts. Mol. Immunol. 2004, 40, 1279–1291. [CrossRef]

143. Souto-Padrón, T.; Labriola, C.A.; Souza, W. De Immunocytochemical Localisation of Calreticulin in Trypanosoma cruzi. Histochem.
Cell Biol. 2004, 122, 563–569. [CrossRef]

144. Ramírez, G.; Valck, C.; Molina, M.C.; Ribeiro, C.H.; López, N.; Sánchez, G.; Ferreira, V.P.; Billetta, R.; Aguilar, L.; Maldonado, I.;
et al. Trypanosoma cruzi Calreticulin: A Novel Virulence Factor That Binds Complement C1 on the Parasite Surface and Promotes
Infectivity. Immunobiology 2011, 216, 265–273. [CrossRef]

145. Sosoniuk-Roche, E.; Vallejos, G.; Aguilar-Guzmán, L.; Pizarro-Bäuerle, J.; Weinberger, K.; Rosas, C.; Valck, C.; Michalak, M.;
Ferreira, A. Exogenous Calreticulin, Incorporated onto Non-Infective Trypanosoma cruzi Epimastigotes, Promotes Their Internal-
ization into Mammal Host Cells. Immunobiology 2017, 222, 529–535. [CrossRef] [PubMed]

146. Norris, K.A.; Bradt, B.; Cooper, N.R.; 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, 2240–2247.
[CrossRef] [PubMed]

147. Norris, K.A. Ligand-Binding Renders the 160 KDa Trypanosoma cruzi Complement Regulatory Protein Susceptible to Proteolytic
Cleavage. Microb. Pathog. 1996, 21, 235–248. [CrossRef] [PubMed]

148. Velge, P.; Ouaissi, M.A.; Cornette, J.; Afchain, D.; Capron, A. Identification and Isolation of Trypanosoma cruzi Trypomastigote
Collagen-Binding Proteins: Possible Role in Cell-Parasite Interaction. Parasitology 1988, 97 Pt 2, 255–268. [CrossRef]

149. Inal, J.M.; Schifferli, J.A. Complement C2 Receptor Inhibitor Trispanning and the β-Chain of C4 Share a Binding Site for
Complement C2. J. Immunol. 2002, 168, 5213–5221. [CrossRef] [PubMed]

150. Cestari, I.D.S.; Evans-Osses, I.; Freitas, J.C.; Inal, J.M.; Ramirez, M.I. Complement C2 Receptor Inhibitor Trispanning Confers
an Increased Ability to Resist Complement-Mediated Lysis in Trypanosoma cruzi. J. Infect. Dis. 2008, 198, 1276–1283. [CrossRef]
[PubMed]

151. Joiner, K.; Sher, A.; Gaither, T.; Hammer, C. Evasion of Alternative Complement Pathway by Trypanosoma cruzi Results from
Inefficient Binding of Factor B. Proc. Natl. Acad. Sci. USA 1986, 83, 6593–6597. [CrossRef]

152. Sher, A.; Hieny, S.; Joiner, K. Evasion of the Alternative Complement Pathway by Metacyclic Trypomastigotes of Trypanosoma
cruzi: Dependence on the Developmentally Regulated Synthesis of Surface Protein and N-Linked Carbohydrate. J. Immunol. 1986,
137, 2961–2967. [CrossRef] [PubMed]

153. Rimoldi, M.T.; Sher, A.; Heiny, S.; Lituchy, A.; Hammer, C.H.; Joiner, K. Developmentally Regulated Expression by Trypanosoma
cruzi of Molecules That Accelerate the Decay of Complement C3 Convertases. Proc. Natl. Acad. Sci. USA 1988, 85, 193–197.
[CrossRef] [PubMed]

154. Tambourgi, D.V.; Kipnis, T.L.; Da Silva, W.D.; Joiner, K.A.; Sher, A.; Heath, S.; Hall, B.F.; Ogden, G.B. 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, 3656–3663. [CrossRef]
[PubMed]

https://doi.org/10.1073/pnas.97.16.8841
https://doi.org/10.1016/0165-2478(92)90090-B
https://www.ncbi.nlm.nih.gov/pubmed/1330900
https://doi.org/10.1590/S0074-02762009000900030
https://www.ncbi.nlm.nih.gov/pubmed/19753479
https://doi.org/10.1074/jbc.M110.167247
https://doi.org/10.1590/S0074-02762008000300008
https://doi.org/10.1074/jbc.275.11.8220
https://www.ncbi.nlm.nih.gov/pubmed/10713147
https://doi.org/10.1042/BJ20071138
https://www.ncbi.nlm.nih.gov/pubmed/17973627
https://doi.org/10.1073/pnas.202422899
https://doi.org/10.1172/JCI58525
https://doi.org/10.4049/jimmunol.1102053
https://doi.org/10.4049/jimmunol.137.5.1623
https://doi.org/10.1016/j.molimm.2003.11.018
https://doi.org/10.1007/s00418-004-0724-7
https://doi.org/10.1016/j.imbio.2010.04.001
https://doi.org/10.1016/j.imbio.2016.10.020
https://www.ncbi.nlm.nih.gov/pubmed/27839837
https://doi.org/10.4049/jimmunol.147.7.2240
https://www.ncbi.nlm.nih.gov/pubmed/1717552
https://doi.org/10.1006/mpat.1996.0058
https://www.ncbi.nlm.nih.gov/pubmed/8905613
https://doi.org/10.1017/s0031182000058467
https://doi.org/10.4049/jimmunol.168.10.5213
https://www.ncbi.nlm.nih.gov/pubmed/11994478
https://doi.org/10.1086/592167
https://www.ncbi.nlm.nih.gov/pubmed/18781865
https://doi.org/10.1073/pnas.83.17.6593
https://doi.org/10.4049/jimmunol.137.9.2961
https://www.ncbi.nlm.nih.gov/pubmed/3531342
https://doi.org/10.1073/pnas.85.1.193
https://www.ncbi.nlm.nih.gov/pubmed/3277170
https://doi.org/10.1128/iai.61.9.3656-3663.1993
https://www.ncbi.nlm.nih.gov/pubmed/7689538


Int. J. Mol. Sci. 2024, 25, 117 21 of 21

155. Gil-Jaramillo, N.; Rocha, A.P.; Raiol, T.; Motta, F.N.; Favali, C.; Brigido, M.M.; Bastos, I.M.D.; Santana, J.M. The First Contact of
Human Dendritic Cells With Trypanosoma cruzi Reveals Response to Virus as an Unexplored Central Pathway. Front. Immunol.
2021, 12, 638020. [CrossRef]

156. Gil-Jaramillo, N.; Motta, F.N.; Favali, C.; Bastos, I.M.D.; Santana, J.M. Dendritic Cells: A Double-Edged Sword in Immune
Responses during Chagas Disease. Front. Microbiol. 2016, 7, 1076. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2021.638020
https://doi.org/10.3389/fmicb.2016.01076

	Introduction 
	Trypanosoma cruzi Presents a Complex Dual-Host Life Cycle 
	Morphological Features of Metacyclic Trypomastigotes 
	Metacyclogenesis: What Is Known So Far 
	Differently Expressed Proteins during MTG: Proteome Data 
	MTG Results in Key Features of Host Cell Invasion 
	Metacyclic Trypomastigotes Exhibit Key Defence Mechanisms to Avoid Host Immune Response 
	Concluding Remarks 
	References

