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The zoonotic Chagas’ disease is caused by infections with
the hemoflagellate Trypanosoma cruzi (T. cruzi) which is
endemic in Latin America. Despite recent advances in our
understanding of the pathogenesis of the disease, the
underlying molecular processes involved in host-parasite
interactions are only poorly understood. In particular, the
mechanisms for parasite persistence in host cells remain
largely unknown. Cytokine-driven transcription factors from
the family of STAT (signal transducer and activator of
transcription) proteins appear to play a central role in the
fight against T. cruzi infection. However, amastigotes
proliferating in the cytoplasm of infected host cells develop
effective strategies to circumvent the attack executed by
STAT proteins. This review highlights the interactions
between T. cruzi parasites and human host cells in terms of
cytokine signaling and, in particular, discusses the impact of
STATs on the balance between parasite invasion and
clearance.

Life Cycle and Parasite Replication of Trypanosoma
Cruzi

Trypanosoma cruzi (1. cruzi) is the causative agent of Chagas’
disease, a parasitic infection discovered by the Brazilian physician
and scientist Carlos Chagas at the beginning of the 20th century,
which affects 7 to 8 million people in Central and South Amer-
ica." This protozoan is frequently transmitted by blood-sucking
triatomine insects and persists in various tissues for years or even
decades before dilated cardiomyopathy and/or megavisceral dis-
case finally develop as the characteristic features of chronic
Chagas’ disease. Although Chagas’ disease is the main cause of
heart failure among people living in poverty in Latin America, it
is generally regarded as a neglected tropical disease with an
immense socio-economic burden.” At present, no vaccination
against 7. cruzi is available and chemotherapeutic intervention is
limited and may cause severe side effects.

The sylvatic or domestic life cycle of 7. cruzi was elucidated
more than a century ago.” In Chagas-endemic areas, the cycle
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starts when a reduviid bug bites to draw blood while defecating
on the skin in the vicinity of the bite wound.®” Humans and
other mammals are infected when metacyclic trypomastigotes are
released with the faeces and rubbed or scratched into the wound
or onto mucosal surfaces such as eyes or mouth. Upon entry into
the body, the highly motile metacyclic trypomastigotes of 7.
cruzi can actively invade local tissues. Although any nucleated
host cell can be infected, those preferably parasitized include car-
diac myocytes, skeletal and smooth muscle cells, endothelial cells,
neuroglial cells and cells of the peripheral nervous system as well
as the reticulo-endothelial system including Kupffer cells.'"
Inside the host cell, trypomastigotes transform to amastigotes
within the first 24 h after cell penetration and replicate every
6-8 h by binary fission until the cytoplasm of the host cell is
nearly completely filled."” Then, amastigotes transform to trypo-
mastigotes which, after rupture of the host cell, are released into
the circulation and spread within the organism to subsequently
infect other host cells. The trypomastigote does not divide in the
blood but carries the infection to all parts of the body. The life
cycle of T. cruzi is accomplished when the vector ingests trypo-
mastigotes as it takes a blood meal from the infected mammalian
host. Trypomastigotes transform in the mid-gut of the insect to
the epimastigote form, which also divides by binary fission and
then after 8 to 10 d develops into a metacyclic trypomastigote.
Infectious metacyclic trypomastigotes are passed in the faeces to
infect mammals during the next blood meal, when rubbed into
the insect’s puncture wound or onto exposed mucous mem-
branes. Currently, non-vectorial transmissions are increasingly
recognized as occurring through congenital transmission, blood
transfusion, organ transplantation or orally through incidental
ingestion of parasite-contaminated food or drink.'

The clinical course of Chagas’ disease can be divided into the
acute, indeterminate and chronic stage. The acute stage of the
disease is the consequence of the first encounter of the patient’s
immune system with the protozoan, whereas the chronic phase
results from long-term challenge. In the acute and the chronic
phase, there are intense interactions between the host’s immune
system and the invading parasite, whereas in the indeterminate
phase patients are asymptomatic and trypomastigotes are seldom
detected in the peripheral blood, although patients remain infec-
tious. Symptoms of the initial acute phase of Chagas’ disease
reflect the interaction of the innate, and later the adaptive,
immune system of the host with the intruding parasites. Patients
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show a broad range of clinical signs ranging from local inflamma-
tion and swelling at the site of inoculation (chagoma), local myal-
gia, conjunctivitis (Romana’s sign), a generalized morbilliform
eruption (schizotrypanides), and systemic infections including
meningoencephalitis and acute myocarditis both of which may
lead to death.'” Chronic Chagas™ disease may develop in up to
one third of infected patients and is associated with a variety of
clinical symptoms, such as heart failure, megacolon and megaeso-
phagus.'® The most common cardiac manifestation of chronic
American trypanosomiasis is progressive dilated cardiomyopathy
characterized by cardiomegaly and conduction disturbances
which occurs in 40-50% of cases.'”

IFNy-Mediated STAT1 Signaling During Infection
with Trypanosoma Cruzi

Whereas STATT signaling in toxoplasmosis has been well stud-
ied, much less is known about the contribution made by this path-
way to resist infection with 7. cruzi. A better understanding of the
impact of STAT1 in Chagas’ disease requires further research on
the anti-parasitic effects of host cytokines and the immune evasion
strategies of the parasites. The pro-inflammatory cytokine IFNvy
plays an essential role in mediating protective immune responses
in experimental Chagas’ disease.'®?" As reported by Ferreira and
colleagues, IFN7y exerts a pleiotropic mode of action in both acute
and chronic Chagas’ disease by acting as an immunological media-
tor in tissue remodeling.”* In a previous study, we showed that
STATT1 played a major role in the first line of defense against
invading trypomastigotes of 7. cruzi.”> Furthermore, we demon-
strated a protective effect of IFNvy against both entry of trypomas-
tigotes into host cells and intracellular multiplication of
amastigotes which was based on the activation of STAT1 by tyro-
sine phosphorylation®. Pre-incubation of host cells with TFNvy
led to a lower parasite burden, while simultaneous incubation of
cells with IFNy and trypomastigotes had neither a beneficial effect
on the number of infected cells nor on the number of intracellular
parasites. This finding showed that IFNy was active in controlling
the parasitism caused by infection with 7. cruzi amastigotes. We
found that infection of host cells with 7. cruzi trypomastigotes in
the absence of IFNy treatment led to STAT1 phosphorylation of
both tyrosine residue 701 and serine residue 727 and, conse-
quently, up-regulated STAT1-mediated gene expression. The
observation that the STAT1 signaling pathway was activated in
host cells after infection with 7. cruzi leading to a significantly ele-
vated STAT1 expression confirmed previous results by Vaena
de Avalos and colleagues.24 Notably, Cobb, Hambright, and
Smeltz reported that IFNvy-deficient and STAT1-deficient mice
generated increased numbers of IL-17-producing cells and that
STAT1 was required to inhibit Th17 response to 7. cruzi infec-
tion.”” The authors adoptively transferred purified CD4™ T cells
from donor STAT1 ™~ mice into Rag-2""" recipient mice and
observed a normal increase in Th17 cells, indicating that the
inhibitory effects of STAT1 on Th17 development are T cell-
intrinsic and not a result of STAT 1-dependent functions of anti-
gen-presenting cells.
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Bergeron and Olivier demonstrated that parasite infection
potentiated up-regulation of inducible NO synthase (iNOS)
expression in macrophages and enhanced NO production
upon stimulation of macrophages with IFNv.?° Furthermore,
the authors reported the transcription of a stable 7z0s mRNA
species in macrophages which resulted from a decreased rate
of inos mRNA degradation. The increased 7zos mRNA stabil-
ity in 7. cruzi-infected cells probably resulted from activation
of ERKI/ERK2 (extracellular-signal-regulated kinase 1/2)
mitogen-activated protein kinases (MAPK) and stress-acti-
vated protein kinase pathways, while maximal inos mRNA
expression was achieved through NF-kB activation. In sum-
mary, Bergeron and Olivier concluded that signaling pathway
cross-talk was required for maximal NO generation in macro-
phages at both pre- and post-transcriptional levels. We con-
firmed that, in experimental infection with 7. cruzi, some of
the upregulated STAT1-dependent target genes, such as 7nos
and ido, were most probably involved in the first line of the
innate immune response23

Holscher and colleagues demonstrated that reduced NO pro-
duction or a proximal defect in the IFNy signaling pathway both
led to an enhanced susceptibility of mice infected with 7. cruzi.
Interferonty receptor and iNOS knock-out mice were unable to
survive the inoculation of sublethal doses of trypomastigotes, indi-
cating a major role of the IFNy/STAT1-driven NO production in
defending host cells against invasion by this parasite.”” The
authors observed enhanced parasite dissemination and extensive
necrotic lesions in numerous organs in the 2 transgenic mouse
lines with defective NO production, when challenged with low
doses of 7. cruzi, whereas most wild-type animals survived with-
out histopathological lesions. Macrophages from mouse lines
deficient for the IFNvy receptor or iNOS showed impaired trypa-
nocidal activities and were unable to respond to 7. cruzi infection
by producing NO.*” In contrast to inos knockout-mice which
displayed a rather normal pro-inflammatory cytokine response
after infection with 7. cruzi, animals lacking the IFNy receptor
showed elevated levels of IFNy but reduced concentrations of
tumor necrosis factor-a (INFa) and interleukin-law (IL-1at).

Despite the protective effects of IFNYy signaling in terms of
parasitic burden, 7. ¢cruzi parasites, once in the cytoplasm of the
host cell, continue to successfully replicate. We have recently
shown that 7. cruzi amastigotes selectively decrease the level of
STAT1 serine 727 phosphorylation, suggesting an effective
mechanism, whereby the parasite may circumvent the innate
immune reaction following STAT1 activation (Fig. ). In a
previous study using the knock-in mouse line STAT1%727A/57274
it was well established that phosphorylation of serine 727 is
required for fully-fledged transcriptional response in IFNwy-
dependent innate immunity.”®**° The observation of impaired
STAT1 activation may be an explanation for the persistence of
this intracellular parasite and is in line with findings established
for other parasites including 7rypanosoma brucei and Leishmania
donovani (discussed below) as well as viral and bacterial patho-
gens.”®>> However, further research is required to decipher the
mechanistic pathway of serine 727 dephosphorylation used by
the parasite.
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Regulating Host Cell Apoptosis
by STATSs in Trypanosoma Cruzi
Infection

It is still not clear whether STATT or
STAT3 is engaged in regulating pro-
grammed cell death in host cells infected
by 7. cruzi. Expression of pro-apoptotic,
as well as, anti-apoptotic genes in cardi-
omyocytes and its impact on apoptosis
following infection with 7. cruzi has
been described by various groups who
have come to partially contrary conclu-
sions. Some studies have suggested that
STAT: regulate apoptosis of cardiomyo-
cytes upon infection with 7. ¢cruzi trypo-
mastigotes and amastigotes.33 De Souza
and colleagues found host cell apoptosis
after infection with different strains of
Likewise, Zhang
detected apoptotic cell death in a canine
model of experimental acute chagasic
myocarditis characterized by the pres-
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Figure 1. Intracellular trypanosomatid parasites evade the protective role of IFNvy signaling by target-
ing essential components of the JAK-STAT pathway. Gene induction by serine(SP)- and tyrosine(YP)-
phosphorylated STAT1 including interferon-regulatory factor 1 (IRF1), inducible NO synthase (iNOS)
and STAT1 is crucial for the anti-parasite actions of this pathway. The model depicts the inhibition of
STAT1 transcriptional activity by parasite-mediated dephosphorylation of STAT1 serine 727 (as shown
for T. cruzi?®) and activation of the protein tyrosine phosphatase SHP1 (in L. donovani-infected

cells®").

trypomastigotes of 7. cruzi within the

cytoplasm of cardiac myocytes.”” How-

ever, Aoki et al. reported on a protective

effect of cruzipain against cardiomyocyte apoptosis after infection
with 7. cruzi.®® Another analysis also came to the conclusion that
neonatal cardiomyocytes of the rat did not show apoptotic cells
after 7. cruzi infection.’” Based on their findings, de Souza and
colleagues concluded that parasites of 7. cruzi succumb to apo-
ptosis during infection of murine cardiomyocytes.”® Apoptosis of
host cells in combination with intracellular elimination of para-
sites may affect long-term parasite survival by counterbalancing
the pathogenic mechanisms of the invading parasites.

Ponce and co-workers reported that secretion of endogenous
IL-6 or addition of recombinant IL-6 protect cultured cardio-
myocytes from apoptotic cell death during 7. cruzi infection.”
In addition, the authors demonstrated phosphorylation of
STAT3 by IL-6 in response to infection with 7. cruzi. Expression
of the STAT3-regulated anti-apoptotic factor Bcl2 was increased
in cardiac tissue, indicating that, during the acute phase of the
infection, active STAT3 acts as a mediator of cell survival. This
observation suggests that STAT3 executes pro-survival effects in
cardiomyocytes evoked by the parasite. Furthermore, the authors
showed that inactive cruzipain, which is the main cysteine prote-
ase secreted by the parasite, specifically triggers the release of IL-6
via a roll-like receptor 2 (TLR2)-dependent pathway and is
required to induce cardiomyocyte survival. In contrast, enzymatic
activity of cruzipain critically interferes with IL-6-induced
STAT3 phosphorylation by means of cleavage of the ectodomain
of gp130, the shared receptor of several IL-6-type cytokines.
Cleavage of glycoprotein gp130 is inhibited, when cruzipain
binds to the parasite cysteine protease inhibitor chagasin. In
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summary, the authors have demonstrated that the pro-inflamma-
tory IL-6 response in 7. cruzi-infected cells may be modified by
cysteine protease activity.

STATS3 is known to be an inductor of genes whose products
have been identified as suppressors of cytokine signaling (SOCS)
which modulate the immune response by decreasing the amount
of inflammatory cytokines through inhibition of the JAK-STAT
pathway.*’ It is well known that STAT3 can be activated by IL-6
or IL-10,""%? while SOCS3 expression is up-regulated by the
anti-inflammatory cytokine IL-10 in 7. cruzi-infected cardio-
myocytes.”> During infection with 7. cruzi SOCS2 is expressed
and most probably plays an important role in the pathogenesis of
Chagas’ heart disease by influencing the progress of heart
damage.**

The transcription factor STATA4 is activated in response to the
pro-inflammatory cytokine IL-12 and provides essential signals
to drive Th cells along a Th1 lineage, whereas STATG is activated
by receptor binding of IL-4 and IL-13, 2 cytokines with anti-
inflammatory properties, which provides the alternative signal
for development along a Th2 lineage. Tarleton, Grusby, and
Zhang reported that STAT4-deficient mice were highly suscepti-
ble to infection, while STAT6-deficient mice showed enhanced
resistance with fewer parasites and little or no evidence of inflam-
matory disease in the heart and skeletal muscle upon infection as
compared to their wild-type littermates.”> The obvious absence
of disease in chronically infected STATG6-deficient mice is
remarkable in spite of the lack of complete clearance of parasites.
These findings suggest that the severity of the inflammatory
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response critically depends on the STAT4- and STAT6-mediated
cytokine-driven immune response and the ability of this response
to limit tissue parasite load.*> The authors concluded, that para-
site clearance may not be required to prevent the progression of
disease in chronic infection with 7. cruzi.

Lessons Learned from Other Kinetoplastids

For Trypanosoma brucei (I. brucei), the causative agent of
African trypanosomiasis, also known as sleeping sickness, Coller
and colleagues showed that its surface molecules significantly
inhibit IFNvy-dependent STAT1 phosphorylation in macro-
phages. They demonstrated that pre-treatment of cells with GIP-
sVSG (the soluble form of variant surface glycoprotein containing
the glycosylinositolphosphate substituent that is released by para-
sites) from 7. brucei reduced IFNvy-mediated STAT1 tyrosine
phosphorylation and resulted in decreased nitric oxide produc-
tion.” The authors reported that the timing of exposure to
IFNy versus GIP-sVSG ultimately determined the macrophage
response at the level of gene induction. While pre-treatment of
macrophages with IFNvy followed by GIP-sVSG activated gene
expression of TNFa and IL-6, treatment of macrophages with
GIP-sVSG before IFNy stimulation resulted in a markedly
reduced transcription of the inducible NO synthase and secretion
of NO. Using IFNvy-knock-out mice, Hertz and colleagues
revealed that IFNvy plays a key role for host resistance to 7. bru-
cei.” However, susceptibility of IFNy knockout-mice to 7. bru-
cei was not due to a defect of inducible nitric oxide production,
implicating factors other than iNOS and NO as being responsi-
ble for resistance to this vector-borne trypanosomatid.*® Tt will
be interesting to know whether also glycosylphosphatidylinosi-
tol-anchored proteins from 7. cruzi exert similar effects in Ameri-
can trypanosomiasis.

STATT1 signaling has been well studied in infections with obli-
gate intracellular parasites of the genus Leishmania, which also
belongs to the class of kinetoplastids. Ray et al. showed a signifi-
cant inhibition of the IFNvy-receptor complex after infection of
phorbol-differentiated U937 human promonocytic cells with
Leishmania donovani (L. donovani), the pathogenic agent of vis-
ceral leishmaniasis. Reduced tyrosine phosphorylation of the
IFNy-receptor resulted in subsequently impaired activation of
STATT1, regardless of whether promastigote or amastigote forms
of L. donovani were used for infection.”” These findings con-
firmed a previous study by Nandan and Reiner indicating that L.
donovani infection of both human mononuclear phagocytes and
differentiated U-937 cells selectively impaired IFNvy-induced
JAK1 and JAK2 activation as well as tyrosine phosphorylation of
STAT1.”® The authors suggested that unresponsiveness to IFNy
might explain the impaired transcriptional response in Leish-
mania-infected cells.

Blanchette and colleagues demonstrated that infection of mac-
rophages with L. donovani triggered protein tyrosine phosphatase
(PTP) activity and resulted in dephosphorylation of tyrosine
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residues in molecules such as JAK2. In particular, the PTP
Src-homology-2-domain-containing phosphatase 1 (SHP1) was
activated upon infection with L. donovani, then interacted with
JAK2 and critically impaired IFNvy signaling.51 IFNy-stimulated
STATT activity was reduced in SHP1-deficient macrophages fol-
lowing infection with L. donovani.”® Notably, Kar et al. demon-
strated an upregulation of several protein phosphatases (MKP1,
MKP3, and PP2A) during infection of macrophages with L.
donovani and their impact on parasite survival.”® The authors
showed that specific MAPK-directed phosphatases and protein
phosphatase 24 (PP2A) inhibited ERK1/2 MAPK resulting in
reduced expression of iNOS mRNA. Inhibition of phosphatases
in L. donovani-infected BALB/c mice by cystatin, a therapeutic
agent for experimental visceral leishmaniasis, shifted the cytokine
balance in favor of the host by inducing TNFa and iNOS expres-
sion.”> The repression of MAPK and JAK/STAT cascades in
macrophages infected with Leishmania parasites may be an effec-
tive strategy for the parasites to survive antimicrobial activities.>*

Promastigotes of L. donovani specifically induced the transient
expression of SOCS3 mRNA in human macrophages which sup-
pressed macrophage activation.*”>® Moreover, it was reported by
Matte and Descoteaux that amastigotes of L. donovani inhibit
the expression of IRF-1 (interferon-regulatory factor I). In addi-
tion, the authors suggested a novel mechanism for preventing
IFN~-induced STAT1 nuclear translocation due to infection
with L. donovani amastigotes, namely by blocking STAT1 associ-
ation with importin-a5.°® Rosas et al. reported that STAT1
knock-out mice were highly resistant to L. donovani infection
and developed minimal liver pathology.”” In summary, there is
evidence of multiple pathways and mechanisms used by L. dono-
vani to interfere with IFN"y-activated macrophage functions.”®>’

Likewise, STAT1-mediated IFN<y signaling is required also
for the development of protective immunity against cutaneous
leishmaniasis which is caused by Leishmania major (L. major).*°
However, Spath and colleagues found evidence of a cytokine-
independent physiological function of STAT1 in acidification
of the host cell phago-lysosomes in L. major-infected cells. The
increased susceptibility to Leishmania infection in STAT1-defi-
cient mice may be linked to higher pH levels in phago-lyso-
somes of macrophages which most probably resulted from a
chloride channel dysfunction.®’ Thus, cytokine-independent
STAT1 functions in innate antimicrobial resistance may have a
greater impact on host-pathogen interactions than currenty
appreciated.

Johnson and Scott reported a requirement of STAT1 expres-
sion in dendritic cells, but not T cells, for immunity against L.
mzzjor.G2 In contrast, Barbi and colleagues demonstrated that
STATT signaling in CD4™" T cells is essential for the develop-
ment of an antimicrobial state against L. major, whereas it is not
essential in CD8" T cells.® Additional results have suggested
that STAT1 expression is critical for preventing systemic dissemi-
nation of parasite infection, most probably by controlling the
migration of Th1 cells to sites of inflammation rather than their
,(__generaltion.63
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matidae (T. cruzi, T. brucei and Leishmania spp.) have evolved
complex and still undefined mechanisms to circumvent IFNvy/
STATT1 signaling and to reside in mammalian hosts for years or

Concluding Remarks

treatment of patients with acute and chronic Chagas’ disease and

also of other parasitic diseases.

In summary, human pathogen species of the order Trypanoso-

even decades after infection. The bypassing of this protective sig-

nal pathway may account for the long-term persistence and intra-

cellular multiplication of these protozoan parasites in the host.
Further research efforts will shed light on the clinical importance
of STAT1 dephosphorylation for parasite survival. Identification
of novel targets in the JAK-STAT pathway used by intracellular
parasites will promote new pharmacological strategies for the
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