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Mononuclear phagocytes (monocytes, dendritic cells, and macrophages) are among
the first host cells to face intra- and extracellular protozoan parasites such as trypano-
somatids, and significant expansion of macrophages has been observed in infected
hosts. They play essential roles in the outcome of infections caused by trypanosomatids,
as they can not only exert a powerful antimicrobial activity but also promote parasite
proliferation. These varied functions, linked to their phenotypic and metabolic plasticity,
are exerted via distinct activation states, in which L-arginine metabolism plays a pivotal
role. Depending on the environmental factors and immune response elements, L-arginine
metabolites contribute to parasite elimination, mainly through nitric oxide (NO) synthesis,
or to parasite proliferation, through L-ornithine and polyamine production. To survive
and adapt to their hosts, parasites such as trypanosomatids developed mechanisms
of interaction to modulate macrophage activation in their favor, by manipulating several
cellular metabolic pathways. Recent reports emphasize that some excreted-secreted
(ES) molecules from parasites and sugar-binding host receptors play a major role in
this dialog, particularly in the modulation of the macrophage’s inducible L-arginine
metabolism. Preventing L-arginine dysregulation by drugs or by immunization against
trypanosomatid ES molecules or by blocking partner host molecules may control early
infection and is a promising way to tackle neglected diseases including Chagas disease,
leishmaniases, and African trypanosomiases. The present review summarizes recent
knowledge on trypanosomatids and their ES factors with regard to their influence on
macrophage activation pathways, mainly the NO synthase/arginase balance. The review
ends with prospects for the use of biological knowledge to develop new strategies of
interference in the infectious processes used by trypanosomatids, in particular for the
development of vaccines or immunotherapeutic approaches.
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Trypanosomatid’s Secretomes Favors Macrophage’s Arginase

TRYPANOSOMATID INFECTIOUS
DISEASES AND MACROPHAGE
ACTIVATION PATHWAYS

Infections Caused by Trypanosomatids
Trypanosomes and Leishmania parasites cause important but
neglected infectious diseases in both humans and animals
worldwide.

Sleeping sickness or human African trypanosomiasis (HAT)
is an endemic parasitic disease exclusively located in intertropi-
cal Africa, caused by Trypanosoma brucei gambiense (Tbg, 95%
of cases) and T. b. rhodesiense, transmitted by the tsetse fly (1).
Related parasites, including T. b. brucei (Tbb), T. congolense,
T. vivax, T. evansi, and T. equiperdum, cause wasting diseases
in livestock, termed animal African trypanosomosis (AAT) or
nagana, and are the cause of a few atypical cases in humans (2).
HAT is a severe burden for poor rural populations (3, 4). The real
number of infected people is most probably underestimated as
published maps are the result of mathematical extrapolation of
data recorded in only partial epidemiological surveys, a situation
aggravated by wars and social conflicts (5-7). After a painful
tsetse bite, the first clinical sign of HAT is the chancre at the bite
site, which disappears within 2 or 3 weeks (1). The disease evolves
in two distinct pathological stages. Within a few days after the
tsetse bite, the patient enters the stage I also called hemolymphatic
stage. Intermittent fever develops because of the successive waves
of parasite replication in the blood. Adenopathies, splenomegaly,
or even hepatological signs are frequent. The stage II or menin-
goencephalitis stage emerges slowly and insidiously over a period
of months or years when the parasites invade the nervous system.
The general signs of the hemolymphatic stage do not completely
disappear, and the neurological symptoms develop progres-
sively in parallel. A wide variety of neurological symptoms are
encountered. The main symptoms after which sleeping sickness
was named are daytime somnolence and nocturnal insomnia.
Staging relies on white cell counts and detection of trypanosomes
in the cerebrospinal fluid and is indispensable as the treatment of
stages I and II differs (8), and it was recently demonstrated that
the parasite could persist in adipose tissue (9).

American trypanosomiasis, named Chagas disease in recogni-
tion of Carlos Chagas, who first discovered it in 1909, is mostly
encountered in South and Central America. Infection primarily
affects poor rural populations in Latin America and has serious
consequences for public health. The disease develops following
infection by the protozoan parasite Trypanosoma cruzi. The para-
site is mainly transmitted by the Triatomine vector also known
as the “kissing bug” (10). The disease has two clinical stages. The
initial acute stage lasts for about 2 months after infection, para-
sites circulate in the blood, but in most cases symptoms are mild
or even absent. In less than 50% of people bitten by a bug, early
characteristic clinical signs can be observed, such as skin lesion
(chagoma) or unilateral edema in the eyelid (the sign of Romana).
T. cruzi proliferates actively in the infected individual and invades
many types of host cell. The host immune response leads to a
dramatic reduction in the parasite load. People then enter the
chronic stage of the disease and remain asymptomatic for years.

The patient shows evidence of immunity (antibodies to specific
antigens of T. cruzi) but remains infected, and the immune system
does not prevent disease progression to the chronic stage. Up to
30% of patients suffer from cardiac disorders and up to 10% suffer
from digestive (typically enlargement of the esophagus or colon),
neurological, or mixed alterations (11). Inlater years, the infection
can cause sudden death due to cardiac arrhythmias or progressive
heart failure caused by the destruction of the heart muscle and its
nervous system. Chagas disease can also be reactivated if patients
in the chronic phase are immune compromised as in the case of
coinfection with HIV or due to chemotherapy (10).

Leishmaniases are vector-borne neglected tropical diseases
caused by different species of the Leishmania protozoan parasite.
They represent a major public health problem worldwide, as they
are present in 98 endemic countries. Besides humans, several
mammals, often domesticated or wild canids, provide an addi-
tional zoonotic reservoir of infection, especially of L. infantum
(12). Although most people infected by Leishmania sp. develop
no symptoms, the clinical features include a wide range of symp-
toms depending on the species of Leishmania concerned and the
immune response of each host. Cutaneous leishmaniasis, the most
common form of the disease causes skin sores on the exposed parts
of the body (13). The sores may start out as papules or nodules and
end up as ulcers with a raised edge. When the ulcers heal, they
leave permanent scars, often the cause of serious social stigma. In
mucocutaneous leishmaniasis, the parasite spreads from the skin
and causes ulcers in the mucous membranes of the nose (most
common location), mouth, or throat, which can lead to partial or
total tissue destruction (14). Visceral leishmaniasis, also known as
kala-azar, is characterized by irregular fever, weight loss, anemia,
and enlargement of the spleen and liver and results in death if
untreated (12). Severe pancytopenia is observed, and parasites are
found in bone marrow. HIV/AIDS patients are much more likely
to develop VL, and once infected, VL accelerates AIDS (15).

Recent investigations report an increase in arginase activity
in trypanosomatid-infected patients (16-19), and for instance,
arginase activity is considerably higher in the blood of VL/HIV
coinfected patients than in VL patients (20) or its age-related
alteration impacts on disease severity (21).

Excreted-Secreted (ES) Factors of
Trypanosomatids and Macrophage
Targeting

The excretory-secretory component is the primary interface
between the parasite and its host and induces strong molecular
crosstalk with its environment. Studies of naturally ES factors
by microorganisms have dramatically increased in recent years,
including viruses, bacteria, and parasites. The ES factors or
secretome of trypanosomatids is a complex mixture of proteins,
carbohydrates, and lipids excreted from the surface of the parasite
or secreted through the flagellar pocket of the parasite and via
exocytosis vesicles (22). The composition of this complex mixture
is still largely unknown, despite the recent definition of an experi-
mental approach for the identification of conserved secreted
proteins in trypanosomatids (23), but it has long been suspected
of being important for the parasitic lifestyle (24).

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 778


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

Holzmuller et al.

Trypanosomatid’s Secretomes Favors Macrophage’s Arginase

For example, the whole secretome of Tbg was shown to be able
to inhibit the maturation of dendritic cells (DCs) and the induc-
tion of lymphocytic allogenic responses (25). In addition, there is
evidence for the involvement of diverse enzyme families, such as
proteases and hydrolases, in different aspects of the pathogenesis
in human hosts (26-28). Regarding HAT, the whole secretome of
three different bloodstream strains of Tbg were analyzed using a
proteomics-based approach, which enabled the identification of
over 440 proteins, several of which were described for the first time
(29). Moreover, the secretome molecular profile was associated
with the virulence of the parasite in vivo (30). Similar studies were
conducted in species responsible for animal trypanosomoses,
particularly T. congolense and T. evansi (31, 32). They evidenced a
core secretome and specificities in African trypanosomes affecting
humans and those affecting animals. In addition, results obtained
with Thg were compared with both the glycosome and with the
total proteome of a Tbb strain, highlighting the importance of
protein isoforms between the parasite cellular metabolism and its
corresponding ES molecules (29). Interestingly, a large proportion
of the secreted proteins were found in vesicles displaying active
exocytosis beyond the flagellar pocket. Trypanosomes of the
brucei group produce nanotubes coming from the flagelle, which
dissociate into vesicles. Vesicles from T. b. rhodesiense contain the
serum resistance-associated protein, which can be transferred to
Tbb leading to evasion to human innate immunity (33, 34). This
new type of secretion could be crucial for the survival strategy
of Trypanosoma by allowing them to exchange proteins at least
between parasites and/or to manipulate the host immune system.

For T. cruzi, it was also evidenced that proteins are released
via vesicles formed by at least two different mechanisms, larger
ectosomes budding from the plasma membrane and smaller
exosomes within the flagellar pocket (35). Proteomics enabled the
identification of proteins involved in metabolism, signaling, nucleic
acid binding, and parasite survival and virulence. The authors con-
cluded that T. cruzi uses different secretion pathways to excrete/
secrete proteins and that infective forms of the parasite may use
the extracellular vesicles to deliver cargo to the host cells (35).
A recent comparative proteomic analysis demonstrated both com-
mon and specific proteins in the secretomes from two different
T. cruzi strains, highlighting, similar to African trypanosomes,
a plasticity probably associated with the parasite virulence (36).

Exosome-like microvesicles werealso evidenced in L. donovani.
Proteomics revealed a large majority of known eukaryotic exo-
somal proteins in the conditioned medium of cultured parasites
(37). These proteomics results were extended to L. braziliensis,
for which only 5% of the identified secreted proteins presented
a classical secretion signal (38). Interestingly, these exosome-like
vesicles were further shown to be involved in the communication
with macrophages and immune modulation (39) and could be
involved in immune evasion (40). Of importance, Leishmania
exosomes presented mainly pro-parasitic activities, both in vitro
and in vivo, functionally priming host cells in the first moments
of the infection (41) or in the establishment of the disease (42).
Moreover, L. infantum secretes various molecules that modulate
human DC differentiation and functions (43).

Among the functional classes of ES factors, the group of
unfolding and degradation proteins, mainly proteases, deserves

the most attention. They cover a large panel of physiological and
pathological functions, and representatives of this group are known
to be virulence factors, to favor parasite invasion and its growth
in the hostile host environment, to make it possible to escape the
host immune defenses, and/or, finally, to produce nutrients by
hydrolyzing host proteins (44-47). In addition, trypanosomatids
can use at least four secretory systems to sequentially deliver
factors to modulate macrophage response and consequently the
response of the immune system as a whole; the classical signal
peptide-mediated system as well as bacterial-type secretion sys-
tems that export proteins directly into the host environment, and
two vesicular systems, including ectosomes and exosomes. These
extracellular vesicles are specifically released by trypanosomatids
to deliver signals to the target cells. Aside from considerable
differences in content and morphology, with some ubiquitously
assembled and released from the plasma membrane while others
are released during exocytosis of the multivesicular bodies, the
functions of ectosomes are largely analogous to those of exosomes
(48). The study of these extracellular vesicles and their impor-
tance in biological communication is in full swing (49, 50), even
using a philosophical approach (51), which could be appropriate
in the case of parasites such as trypanosomatids (33, 34, 52).
Interestingly, the different modes of secretion can also interact in
different ways with the macrophage: via receptor-ligand interac-
tions (free proteins and ectosomes), endocytosis (free proteins
and ectosomes), phagocytosis (exosomes), or by direct fusion
with the plasma membrane (Figure 1).

Macrophage Activation Pathways

Classical Versus Alternative Activation Pathway

The main function of macrophages is to react to external stimuli,
including pathogens and particularly their ES factors, to inform
the host’s immune system, and to modulate the corresponding
response. The functional properties of macrophages make it
possible to distinguish different phenotypes of subpopulations
(53). Depending on the type of cell, the cytokines and pathogens
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FIGURE 1 | Trypanosomatid modes of secretion and macrophage targeting.
ES, excreted—secreted, ectosomes: ubiguitous microvesicles assembled at
and released from the plasma membrane, and exosomes: nanovesicles
released on the exocytosis of multivesicular bodies.
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present at the infection site, unpolarized macrophages (M0) can
differentiate into classically activated M1 macrophages or alterna-
tive activated M2 macrophages. The two macrophage subpopula-
tions express different surface receptors and produce specific sets of
cytokines or chemokines (54, 55). M1 are potent pro-inflammatory
cells, with high microbicidal activity [e.g., expression of antigen
presentation molecules (MHC II) and co-stimulation molecules
(CD40and CD80/86), secretion of tumor necrosis factor (TNF)-a,
interleukin (IL)-12, and activation of nitric oxide synthase (NOS)
2], while M2, which have moderate anti-inflammatory properties
(e.g., secretion of IL-10 and high levels of arginase-1), are poorly
microbicidal and are involved in tissue repair (56, 57). Although
it is difficult to find specific phenotypical markers to delineate
MO, M1, and M2 macrophages, recent findings in mouse pro-
vide evidence that some surface markers can be considered as
representative of each subtype of macrophage, such as CD38
for M1 and early growth response protein 2 for M2 (58). Taken
together, the cytokine pathways, nitric oxide (NO) and polyam-
ine levels, may explain why there is more than a simple duality
of microbicidal/pro-inflammatory properties versus cell growth/
anti-inflammatory properties in the macrophage subpopulations
(59, 60). Actually, M1 and M2 phenotypes often coexist, and other
terms have emerged to identify non-classical activation pheno-
types such as M2a or M2b, the latter representing alternative
activated macrophages that express small amounts of arginase 1
(56). The resulting mixed phenotype then depends on the balance
between activator and inhibitor activities and the tissue environ-
ment, thereby determining the outcome of the infection (61, 62),
particularly during trypanosomatid infections (Figure 2). Thus,
the role of macrophage activation stimuli needs to be considered
in the dynamic complexity driven by trypanosomatid parasites

and particularly their ES factors (Figures 2 and 3), as well as a
function of the host (63).

L-Arginine Metabolism Balance and T-Helper Subsets
Mammalian arginine metabolism is complex as this semi-essential
amino acid is a substrate for many enzymes that may compete
with each other (64). The dual role of L-arginine metabolism, its
regulation by T cells, and alterations of L-arginine metabolism by
pathogens were recently reviewed (65). Parasites and particularly
Leishmania and trypanosomes are highly sensitive to the L-
arginine-NO pathway (Figure 3). For instance, L. major infection
in mice established the paradigm of Thl and Th2 subset roles
(66), a Th1 response being associated with IFN-y production and
NOS 2 expression, whereas a Th2 response being associated with
IL-4 production and arginase 1 expression (67, 68). Interestingly,
it has been demonstrated that a deprivation in L-arginine impairs
L. major-specific T-cell responses (69). T-cell deficiency associ-
ated with L-arginine depletion has been evidenced in cancer and
in infectious diseases including T. cruzi infection. A decrease
in cyclin-dependent kinases essential for the cell cycle, the
downregulation of T-cell receptor z chain, has been shown to be
implicated in T-cell anergy (70).

The low levels of rL-arginine and NO in macrophages lead
to various RNI, such as peroxynitrites that can not only diffuse
around macrophages and kill extracellular infectious agents and
intracellular pathogens in adjacent cells but also induce the nitra-
tion of various proteins and are involved in the pathogenesis of
various infections including leishmaniasis and trypanosomiasis
(71-73). Products of NOS and NAPH oxidase in classically
activated macrophages can react, leading to S-nitrosylation
in protein resulting in the death of extracellular parasites and
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FIGURE 2 | Macrophage activation pathways in trypanosomatid infections. T-cell subsets potentiating MO macrophage differentiation into M1 or M2 subtype; Th,
helper T lymphocyte; IFN-y, interferon-y; IL, interleukin. Host cell receptors involved in trypanosomatid detection: C-lectins and toll-like receptors (TLRs). Phenotypic
markers and cytokines of macrophage polarization: cluster of differentiation (CD) 38, Egr2, early growth response protein 2; TNF-a, tumor necrosis factor; TGF-p,
transforming growth factor. Products of macrophage polarization influencing the death or growth of trypanosomatids; NO, nitric oxide.
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through transnitrosylation can affect various targets in host cells,
mainly molecules with Fe-S clusters, activating or inactivating
various cell functions (74, 75). Arginase modulates NO produc-
tion in activated macrophages (76), what is essential in infections
by trypanosomatids, as arginase activity may be involved in NOS
activity impairment by competing for L-arginine and reducing
macrophage microbicidal activity (77). Moreover, arginase
hydrolyzes L-arginine to L-ornithine that favors parasite growth
and is a precursor for the synthesis of L-glutamine, L-proline, and
polyamines. Polyamines are key regulators of cell growth and dif-
ferentiation (78) and essential in trypanosomatids’ antioxidant
defense, which rely on trypanothione, an unusual spermidine-
glutathione conjugate (Figures 2 and 3).

MACROPHAGE L-ARGININE METABOLISM
DYSREGULATION DURING
TRYPANOSOMATID INFECTIONS

NOS/Arginase Imbalance Induced by
Trypanosomatids

Parasite Infection in the Dysregulation of the
NOS/Arginase Balance

Several pathways regulate L-arginine metabolism, of which
three are of interest in the context of trypanosomatids: first, in

response to infection cleavage into citrulline and NO by the
enzyme NOS, which is harmful since the produced NO is toxic
for these parasites. Second, cleavage of arginine into ornithine
and urea catalyzed by arginase, which favors trypanosome
development as ornithine is a nutrient for trypanosomatids, and
third, phosphorylation, in the presence of ATP, into Nw-phospho
L-arginine by the arginine kinase, which allows storage of energy
that can be delivered on demand, thanks to the reversibility of
the reaction (arginine + ATP < phospho-arginine + ADP), thus
regulating energy homeostasis and contributing to trypanoso-
matids survival (79-81). Escaping toxic NO production requires
either prevention of the activity of the NOS or a reduction in the
availability of L-arginine, which may occur when several enzymes
compete for this common substrate (77, 82).

Two arginase isoforms (arginase 1 and 2) have been identi-
fied in mammalian hosts so far, with a differential expression
depending on tissues and cells (83, 84). Arginase activity of
pathogens themselves interferes and competes in host L-arginine
pathways. For instance, arginase from Helicobacter pylori inhibits
NO production by eukaryotic cells (85). Arginase 1 and ornithine
decarboxylase (ODC) are both located in the cytosol, facilitating
polyamine synthesis from r-ornithine. Arginase 2 is a mito-
chondrial enzyme that could preferentially enhance L-proline
or L-glutamate synthesis from vr-ornithine because ornithine
aminotransferase is also located in the mitochondria. However, it
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has been shown that L-proline can be converted into L-ornithine,
which can be transported from the mitochondria to the cytosol
(86). Both arginases 1 and 2 have been reported to regulate poly-
amine synthesis (87).

Trypanosomes belonging to the brucei group were the first
parasites in which the role of host arginase induction favor-
ing infection was evidenced (77). Considerable expansion of
macrophages has been reported in the liver, spleen, and bone
marrow of infected mice (88), and the presence of NOS 2 has
been demonstrated in these cells. However, in infected mice,
parasites proliferate in the vicinity of macrophages in the
peritoneal cavity, suggesting that the efficiency of NO-dependent
cytotoxicity is limited in vivo even though NOS 2 was active
in vitro. Actually, a decrease in plasmatic L-arginine was meas-
ured in Thb-infected mice compared to controls. An increase in
arginase activity was observed in peritoneal macrophages from
the first days of Tbb infection. Intraperitoneal NO production
and NO-dependent parasite killing were restored by intraperi-
toneal injection of L-arginine. The early increase in arginase
production in trypanosomiasis is a way for parasites to avoid the
antimicrobial effect of RNI and to benefit from the larger quanti-
ties of L-ornithine that are necessary for parasite growth (77). As
expected, arginase activity and arginase 1 and arginase 2 mRNA
expression were demonstrated to be higher in macrophages in
“trypanosusceptible”infected BALB/c compared with those in
“trypanoresistant” C57BL/6 mice (89). The high level of arginase
activity in Tbb-infected BALB/c macrophages strongly inhibited
macrophage NO production, which in turn resulted in less
trypanosome killing compared with C57BL/6 macrophages. NO
generation and parasite killing were restored when arginase was
specifically inhibited (89). Similarly, Thg field stocks isolated
from patients, which did not display apparent genetic variability
but marked differences in virulence (capacity to multiply inside
a host) and pathogenicity (ability of producing mortality), were
observed in experimental murine infections. Two strains exhibit-
ing opposite pathogenic and virulence properties in mouse were
further investigated through their host-parasite interactions.
In vitro, bloodstream forms and corresponding secretomes from
both strains induced macrophage arginase as a function of their
virulence (30). Moreover, infection of mice with T. musculi express-
ing Nippostrongylus brasiliensis acetylcholinesterase resulted in
early parasite blood clearance. It was associated with elevated
NO production and lowered arginase activity, a characteristic of
a modified NOS2/arginase balance (90).

Arginase 1 induction in macrophages is used by Leishmania
species to spread inside the host, as polyamines are key elements
of parasite growth (91). The proliferation of amastigotes is trig-
gered by IL-4, IL-10, and transforming growth factor (TGF)-p via
arginase 1 induction in macrophages leading to the generation of
the polyamines required for parasite replication. On the contrary,
the cytokine IL-12 plays an essential role in the initiation of
adaptive responses and production of IFN-y, which is required to
eliminate Leishmania parasites. Interestingly, it has been reported
that L. mexicana promastigotes can activate an MAP kinase
through a toll-like receptor (TLR)-4-dependent mechanism, to
induce COX-2 and NOS 2 expression thereby downregulating
IL-12 production (92). High splenic arginase 1 expression has

been measured in an experimental model of visceral leishmaniasis
caused by L. donovani. This detrimental activation pathway
depended on the parasite-induced activation of the transcrip-
tion factor STAT6, but in contrast to the previously accepted
paradigm, did not require (but was amplified by) the presence of
polarized Th2 cells or type 2 cytokines (93). Inhibition of arginase
reduced the number of parasites and delayed disease outcome
in BALB/c mice, while treatment with L-ornithine increased the
susceptibility of C57BL/6 mice (94). The treatment of L. major-
infected macrophages with Th2 cytokines (IL-4 and IL-10) or with
TGE-p, which are all inducers of arginase 1, led to a proportional
increase in the number of intracellular amastigotes, supporting
the hypothesis that host arginase activity favors the spread of the
parasite. Cell division of the parasite depends crucially on the
level of L-ornithine available in the host (95).

T. cruzi killing by classically activated macrophages is
counteracted by alternative activation, which enhances B7.2
expression, IL-10 and TGF-f production, and arginase induc-
tion (96). Macrophages are insufficiently activated in an inflam-
matory phenotype in response to T. cruzi infection, because
T. cruzi inhibits the activation of the glycolytic pathway and the
oxidative/nitrosative response in macrophage. Both arginase
1 and 2 were induced in heart tissues from T. cruzi-infected mice,
and NOS 2 and arginase 2 were expressed by cardiomyocytes.
Interestingly, heart-infiltrated CD68+ macrophages were the
main cell type that expressed arginase 1 (97). Cruzipain, a major
parasite antigen, was shown to induce arginase 1 expression in
J774 cells, and the pretreatment of cruzipain-treated cells with
N-omega-hydroxy-L-arginine (an arginase inhibitor) led to a
dramatic reduction in amastigote growth. Macrophages with
elevated arginase 1 activity, induced by either IL-4 or the T. cruzi
component cruzipain, favored parasite replication and blocking
arginase 1 restricted parasite growth (98).

Trypanosomatid Parasites ES Factors in Arginase
Induction

T. b. brucei parasites were found to induce arginase activity in
myeloid cells from non-infected mice, and activity was main-
tained when myeloid cells and trypanosomes were separated by
a cell-retaining insert, indicating that soluble components from
trypanosomes were involved. Tbb ES, prepared under conditions
leading to no detectable trypanosome death, triggered argi-
nase activity, but the effect was stopped by ES heat treatment.
Monoclonal antibodies were raised against Tbb secretome and,
interestingly, inhibited arginase activity induced by ES. The
ES fraction, eluted after affinity chromatography, retained full
arginase-inducing activity, confirming that this activity was
directly targeted by an ES-specific antibody. The antibody was
used to screen a cDNA expression library and identified the
Tbb arginase-inducing protein: a kinesin heavy chain isoform
(TbKHC1) (99). The secretome from TbKHC1 KO parasites did
not trigger arginase activity in myeloid cells from non-infected
mice, but the recombinant (r)TbKHC1 mimicked the arginase-
inducing effect of secretome. Coincident with the induction of
arginase activity, the secretome caused myeloid cells to express
the regulatory cytokine IL-10. The arginase activity induced by
ES was inhibited by a neutralizing anti-IL-10 antibody. The first
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peak of parasitemia in mice infected by TbKHC1 KO trypano-
somes was reduced by >70% compared to wild-type parasites.
A reduced TbKHCI1 KO parasite load has also been observed
under natural infection conditions in which infected tsetse flies
were allowed to feed on mice (99).

Host mammalian macrophages are not only the main host
cells but are also the main effector cells for Leishmania parasite
killing and can be activated via two major pathways resulting
in classical and alternative activated macrophages. Leishmania
parasites partly activate arginase and inactivate the NO produc-
tion by the host cells and enhance parasite survival via depletion
of the NOS 2 substrate (L-arginine) and reduce NO levels. LPG,
the main promastigote glycoconjugate, plays an essential role
in promastigote adhesion to macrophages, rapidly fusing with
lysosomes, transiently inhibiting phagosome maturation and
generating a parasitophorous vacuole that maintains an acidic pH
and hydrolytic activity, what provides enough time for promas-
tigotes to differentiate into more hydrolase-resistant amastigotes
(100). The replicating amastigotes produce glycoconjugates that
are secreted or linked to the cell surface, such as GIPLS and
proteophosphoglycan (PPG), and protect parasites from proteo-
lytic damage (101). In parallel, it was reported that Leishmania
parasites release increased amounts of exosomes following a shift
in temperature, which strongly affect macrophage cell signaling
and functions in a pro-inflammatory way to recruit neutrophils
that exacerbate the pathology (42). PPG and lipophosphoglycan
can facilitate the parasite survival inside the macrophages by
inhibiting NOS 2 and enhancing arginase expression. During the
infection, cathepsin B exported in L. donovani exosomes could
activate TGF-pP1, leading to macrophage alternative activation
and enhanced parasite survival, in an arginase 1-mediated way.
To regulate parasite population, L. infantum eukaryotic initiation
factor, an exosomal protein, inhibits parasite growth through the
production of TNF-a, which induces microbicidal activity by
stimulating NO and reactive oxygen species (ROS) production
(102). Infected sand flies regurgitate a proteophosphoglycan gel
(PSG) synthesized by the parasites in the sand fly midgut, which
can exacerbate cutaneous leishmaniasis. PSG was shown to
rapidly recruit macrophages to the dermal site of infection and to
enhance alternative activation and arginase activity of recruited
macrophages, thereby increasing L-arginine catabolism and the
synthesis of polyamines essential for the parasite (103).

In Chagas disease, an induction of the arginase pathway could
be used by T. cruzi to spread inside the host (104). Interestingly,
different proteins related to similar functions have been evidenced
in the exoproteome of T. cruzi, suggesting that the invasive strat-
egy of the parasite is based on enhanced mechanisms dedicated
to interaction, invasion, and dysregulation of host target cells,
especially macrophages (105). Among the proteins secreted,
cruzipain, the primary secreted lysosomal peptidase in T. cruzi,
has been shown to induce a Th2 response and to stimulate activa-
tion of the macrophage arginase metabolic pathway, associated
with a decrease in macrophage NO production (98, 106). P21 is
a secreted protein expressed in all the developmental stages in
the T. cruzi lifecycle and may play an important role in parasite
internalization (107). Interestingly, recombinant P21 upregulated
phagocytosis of different trypanosomatids in macrophages in a

CXCR4-binding-dependent manner (108) and triggered the
PI3K-AKT-mTORCI signaling pathway that has been shown to
mediate polarization into M2 macrophages (109). Actually, all
factors ES by T. cruzi appear to have convergent effects toward
arginase activation to prevent aggression and promote parasite
growth (110).

Trypanosomatid Parasites’ Own L-Arginine

Metabolism Enzymes

Interestingly, in addition to ES that influence the host’s NOS/
arginase balance, trypanosomatids also have several enzymes
related to L-arginine metabolism, including arginase. However,
Leishmania arginase alone is insufficient for parasite growth
(111), despite it has been shown to be active in parasites isolated
from patients (112) and seems to be associated with pathogenicity
of the species (113). These enzymes have been shown to consume
host L-arginine thereby directing host metabolism to the argi-
nase pathway, which favors parasite development (Figure 4).
Curiously, the role played by trypanosomatids’ arginase has only
recently been considered to be involved in the establishment of
infection in macrophages and in the immune response of the
host (114). L-Arginine is an essential amino acid for Leishmania
(115), as L-arginine deprivation or uptake determines parasite
death or survival (116, 117). Induction of L-arginine transport
is crucial, and to respond to L-arginine depletion in macrophage,
among other transporters, L. donovani upregulates the expression
and activity of a high affinity arginase specific transporter (118).
Furthermore, in L. amazonensis-infected macrophages, parasite
arginase downregulates NOS expression and favors Leishmania
growth (119). Moreover, Leishmania parasites can modulate their
own NOS-like/arginase balance (120), for instance by sensing
available r-arginine and regulating its uptake (121). In T. cruzi,
formiminoglutamase has been characterized as an arginase-like
enzyme (122), and in Leishmania the crucial role of arginase
depends on the developmental stage of the parasite (123), which
adds to the complexity of modulating L-arginine metabolism
by trypanosomatids. In African trypanosomes, arginase has
only been identified in proteome, whereas arginine kinase has
been detected as soluble and constitutive isoforms (29, 124). In
addition, an arginine N-methyl transferase has been detected
and reported to play an important biological role as it is involved
in the methylation of over 800 proteins in Tbb (125, 126).
Interestingly, arginine kinase and arginine N-methyl transferase
genes were overexpressed in Thgisolated from tsetse flies (127), as
if targeting L-arginine were a metabolic key in the developmental
life cycle of African trypanosomes. L-Arginine transporters were
also defined as essential for trypanosomes (128). Differences in
arginase subcellular locations between Tbb and in T. cruzi have
been reported (129, 130), but their biological significance remains
to be determined. Finally, besides arginase, two other enzymes
from trypanosomatids compete with host enzymes for the same
substrate, L-arginine.

Another crucial pathway deserves to be mentioned: the
polyamine-trypanothione pathway, which is also connected to
L-arginine metabolism and is unique to trypanosomatids (131).
The biosynthetic sequence includes the following major
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catalyzing steps: arginase (L-arginine = urea + L-ornithine), ODC
(L-ornithine = putrescine), spermidine synthase [decarboxylated
S-adenosyl methionine (produced by the S-adenosylmethionine
decarboxylase) + putrescine = spermidine], and as a final
step, the trypanothione synthase catalyzes the biosynthesis of
trypanothione from glutathione and spermidine (131-134).
Trypanothione is of crucial importance as this compound, which
is specific of trypanosomatids, is mainly involved in detoxifying
ROS, free radicals, and, more generally, in combating various
kinds of stress that occur during the parasite’s lifespan. Thus, for
example, parasites lacking trypanothione reductase were shown
to be avirulent and susceptible to oxidative stress (135). Of inter-
est is the fact that most of the enzymes involved in trypanothione
metabolism were identified in ES of Thg: S-adenosyl-methionine
synthase, spermidine synthase, trypanothione synthase-amidase,
trypanothione reductase, and tryparedoxin peroxidase. The total
proteome was shown to contain, in addition to the enzymes cited
above, ornithine carboxylase that together with the arginase also
identified in the total proteome insures the connection between
the strict arginine pathway and the trypanothione pathway (29).
In T. cruzi, some of the enzymes involved in trypanothione
metabolism were also identified in the secretome (36). In
Leishmania, enzymes secreted in the trypanothione pathways
were shown to directly participate in parasite virulence and in
modulating macrophage response (136).

All the abovementioned enzymes have already been described
in a very large panel of reports, but only a few reported they could
be ES by the parasites. Some of them, including arginase and

ODC, seem to be only intracellular, but their reaction products
(as well as those possible secreted by the parasite hosts—either
insects or mammals) could be excreted and become the substrate
of the excreted enzymes (Figure 4). How they work and their real
effectiveness in vivo presents alarge field for further investigations.

Host Receptors in Arginase Signaling
Current research has focused on modification of host cell signal-
ing by pathogens. For instance, C-type lectin receptors (CLRs),
expressed in large quantities by DCs and macrophages, play
important roles in various aspects of the immune response to
pathogens (137). Upon infection, a plethora of host macrophage
receptors actively respond to the invading trypanosomatids by
activating several signal cascades (Figure 5).

The in vitro induction of arginase activity by Tbb, ES, and rTb-
KHCI1 was inhibited by p-mannose (99). Parasite load and argin-
ase activity decreased in specific intercellular adhesion molecule
grabbing non-integrin receptor 1 (SIGN-R1) (CD209) KO but not
in macrophage mannose receptor (MMR) KO (CD206)-infected
mice. In myeloid cells from SIGN-R1 KO mice rTbKHCI1 did
not stimulate IL-10 and arginase 1 activity, contrary to myeloid
cells from MMR KO mice. Treatment with mannose also reduced
parasitemia in mice infected by T. musculi. However, whereas
TbKHCI facilitates Tbb parasitemia via the SIGN-R1 receptor,
the MMR receptor was apparently the main target of T. musculi
ES (138). This suggests that kinesin heavy chain-related proteins
play similar roles in promoting infection in two genetically
distant trypanosomes, via macrophage arginase induction,
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following distinct CLR targeting. Kinesins with close structures
might act on distinct membrane receptors by recognizing related
carbohydrate structures.

The initial binding and internalization of Leishmania promas-
tigotes implicate the receptor-mediated classical endocytic path-
way (139). This pathway involves a wide diversity of opsonic or
pattern-recognition receptors, such as CR3, CR1, Fc receptors, or
lectin receptors, such as the mannose fucose receptor (mannan-
binding protein) and the integrin family (140, 141). The mac-
rophage response against L. infantum in vivo is characterized by
an M2b-like phenotype and CLR signature composed of dectin-1,
MMR, and the DC-SIGN homolog SIGNR3 expression. Signals
downstream from SIGNR3 shift macrophages toward a permissive
state best reflected by the lower rate of parasitic proliferation in
SIGNR3-deficient macrophages, suggesting that SIGNR3 modu-
lates inflammasome activation for the benefit of the parasite (142).
An important step in this immune evasion process is activation
of the host protein tyrosine phosphatase SHP-1 by Leishmania,
which directly inactivates JAK2 and Erk1/2 and contributes to
the inactivation of critical macrophage inflammatory functions
(e.g., NO, IL-12, and TNF-a production). SHP-1 is also involved
in the inhibition of TLR-induced macrophage activation by bind-
ing to and inactivating IL-1-receptor-associated kinase 1 (143).

Toll-like receptors have been shown to impair macrophage effec-
tive immunity against intracellular pathogens through arginase 1

induction (144). TLRs were identified as determining the outcome
of L. major (145, 146) and L. braziliensis (147) infections, with
TLR-2 ligation and myeloid differentiation primary response 88
play an important role in infection control. Additionally, TLR-4 was
demonstrated to be important in L. major (148, 149) and L. pifanoi
(150) infections; TLR-9 in L. donovani, L. major, and L. braziliensis
infections (151, 152), but knowledge concerning subsequent intra-
cellular signaling is lacking. TLRs are involved in initial interactions
and in downstream activation of NOS 2 and COX-2, making them
key players in subsequent macrophage activation, all the more so,
since TLR4 may be involved in arginase 1 induction (92).

In T cruzi infection, MMR expression was upregulated in
macrophages and cruzipain enhanced mannose receptor recy-
cling, thereby favoring arginase induction and parasite survival.
Moreover, receptor blockade decreased arginase activity and
parasite growth in T. cruzi-infected mice (153).

CONCLUDING REMARKS

Trypanosomatids insure their survival and propagation within
their host by altering the signaling pathways involved in the abil-
ity of macrophages to kill pathogens or to activate the adaptive
immune system. All the data presented here underline the impor-
tance of arginase induction for extra- and intracellular trypano-
somatids and confirm the identity of the parasite molecules and
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host receptors involved. The advance in our understanding of the
evasion mechanisms used by trypanosomatids enabled by these
data should help to develop more efficient anti-trypanosomatids
therapies in the near future. A illustrated here, the dysregulation
of host L-arginine inducible metabolism by trypanosomatids ES
is an effective mechanism used by the parasite to hamper host
immune response and to modify host molecule production to
favor parasite invasion and growth. Therefore, preventing this
host metabolism dysregulation through drugs or immuniza-
tion against ES active components or by blocking partner host
molecules is a promising way to tackle trypanosomatid-mediated
diseases.

Nevertheless, arginase triggering should be addressed with
caution, as the urea cycle is essential in hosts. NOHA, a stable
intermediate in NO synthesis and also an arginase inhibitor,
has been shown to limit both lesion size and the parasite load in
L. major-infected mice (94). New arginase inhibitors targeting
macrophage arginase is a promising approach (154). Likewise,
siRNA systems have been developed to knock down arginase
1-specific gene expression (155). Signaling is also a potential
target, as inhibition of STAT?3 signaling reduced arginase activity
in myeloid derived suppressor cells from cancer patients (156).
Blocking arginase induction, for instance by CLR-specific target-
ing, is another possible strategy (157, 158). On the other hand,
more specific inhibition of the parasite molecules that induce host
arginase activity could be an effective strategy with no side effects.

Interestingly, ES from L. infantum elicited a protective immune
responsein dogs, their natural hosts, by triggeringa Th1-dominant
immune response and an appropriate specific antibody response,
thereby countering the parasite-induced arginase metabolism
early on, and leading to the first anti-Leishmania vaccine com-
mercially available in Europe (159-161). More recently, a secreted
promastigote surface antigen, one of the main constituents and
the highly immunogenic antigen of Leishmania, was shown to
confer high levels of protection in naive dogs (162).

Trypanosoma cruzi secretes proteins that promote host cell
invasion, and several studies have focused on the characteriza-
tion of T. cruzi excretory-secretory antigens that are possible
candidates for a vaccine. The most promising candidate appears
to be the primary secreted lysosomal peptidase cruzipain, which
plays vital roles in the T. cruzi life cycle, including triggering host
arginase (163). Deleting a C-terminal domain in cruzipain led

REFERENCES

1. Lejon V, Bentivoglio M, Franco JR. Human African trypanosomiasis.
Handb Clin Neurol (2013) 114:169-81. doi:10.1016/B978-0-444-53490-3.
00011-X

2. Truc P, Biischer P, Cuny G, Gonzatti MI, Jannin J, Joshi P, et al. Atypical
human infections by animal trypanosomes. PLoS Negl Trop Dis (2013)
7:€2256. d0i:10.1371/journal.pntd.0002256

3. Odiit M, Shaw A, Welburn SC, Fevre EM, Coleman PG, McDermott JJ.
Assessing the patterns of health-seeking behaviour and awareness among
sleeping-sickness patients in eastern Uganda. Ann Trop Med Parasitol (2004)
98:339-48. doi:10.1179/000349804225003389

4. Geiger A, Ponton F, Simo G. Adult blood-feeding tsetse flies, trypanosomes,
microbiota and the fluctuating environment in sub-Saharan Africa. ISME |
(2014) 9:1496-507. doi:10.1038/isme;j.2014.236

5. Simarro PP, Diarra A, Ruiz Postigo JA, Franco JR, Jannin JG. The human
African trypanosomiasis control and surveillance programme of the World

to an efficient immune response against N-terminal domain,
which reduced the parasite load after a T. cruzi challenge (164).
In addition, a new trans-sialidase-based immunogen was able
to confer protection in a later T. cruzi challenge, by influencing
populations of cells related to immune control, particularly in
reducing splenic myeloid suppressor cells (165).

Like for T. cruzi, a sialidase-based vaccine provided partial
protection in T. b. brucei-infected mice (107). Various approaches
to vaccination against African trypanosomiasis have been
investigated [reviewed in the study by LaGreca and Magez
(166)]. A monoclonal antibody directed to TbKHCI reduced
arginase activity and parasite load in T. musculi-infected mice,
and bioinformatics analysis revealed TbKHC1 homologs in
other trypanosomes, including human pathogens (138). This
trypanosome-specific invariant antigen is a promising candidate
for a pan-trypanosome vaccine, by helping the host immune sys-
tem to efficiently counter the parasite-induced arginase pathway.

The biological knowledge on how trypanosomatids and
their ES factors modulate the inducible macrophage L-arginine
metabolism deserves further sustained investigations to keep on
prospecting for new strategies of interference in the infectious
processes, whether through vaccine development or immuno-
therapeutic treatments.

AUTHOR CONTRIBUTIONS

PH, AG,RN-B, JP, SH, VR, F-AD, J-LL, PV, and RB-G defined the
conception of the review, wrote the review, approved the version
to be published, and agreed to be accountable for all aspects of
the review.

FUNDING

This work was supported by CIRAD, IRD, and Bordeaux
University, France. This project received specific funding from
the European Union’s Horizon 2020 research and innovation pro-
gramme under the Marie Sklodowska-Curie Grant Agreement
No. 642609. We also acknowledge the support of Laboratoire
d’Excellence (Labex) Parafrap N8ANR-11-LABX-0024, the
Service de coopération et daction culturelle de l'Ambassade de
France a Bangui, and the Association pour le développement de la
recherche en parasitologie et santé tropicale.

Health Organization 2000-2009: the way forward. PLoS Negl Trop Dis (2011)
5:¢1007. doi:10.1371/journal.pntd.0001007

6. Chappuis E Lima MA, Flevaud L, Ritmeijer K. Human African trypano-
somiasis in areas without surveillance. Emerg Infect Dis (2010) 16:354-6.
doi:10.3201/eid1602.090967

7. Berrang-Ford L, Lundine J, Breau S. Conflict and human African trypanoso-
miasis. Soc Sci Med (2011) 72:398-407. doi:10.1016/j.socscimed.2010.06.006

8. Dumas M, Bouteille B. Current status of trypanosomiasis. Med Trop (1997)
57:65-9.

9. Trindade S, Rijo-Ferreira F, Carvalho T, Pinto-Neves D, Guegan F Aresta-
Branco E et al. Trypanosoma brucei parasites occupy and functionally
adapt to the adipose tissue in mice. Cell Host Microbe (2016) 19:837-48.
doi:10.1016/j.chom.2016.05.002

10. Pérez-Molina JA, Molina I. Chagas disease. Lancet (2018) 391:82-94.
doi:10.1016/S0140-6736(17)31612-4

11. Bern C. Chagas’ disease. N Engl JMed (2015) 373:1882. do0i:10.1056/
NEJMral410150

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 778


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/B978-0-444-53490-3.
00011-X
https://doi.org/10.1016/B978-0-444-53490-3.
00011-X
https://doi.org/10.1371/journal.pntd.0002256
https://doi.org/10.1179/000349804225003389
https://doi.org/10.1038/ismej.2014.236
https://doi.org/10.1371/journal.pntd.0001007
https://doi.org/10.3201/eid1602.090967
https://doi.org/10.1016/j.socscimed.2010.
06.006
https://doi.org/10.1016/j.chom.2016.05.002
https://doi.org/10.1016/S0140-6736(17)31612-4
https://doi.org/10.1056/NEJMra1410150
https://doi.org/10.1056/NEJMra1410150

Holzmuller et al.

Trypanosomatid’s Secretomes Favors Macrophage’s Arginase

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Murray HW, Berman JD, Davies CR, Saravia NG. Advances in leishmaniasis.
Lancet (2005) 366:1561-77. doi:10.1016/S0140-6736(05)67629-5

Reithinger R, Dujardin JC, Louzir H, Pirmez C, Alexander B, Brooker S.
Cutaneous leishmaniasis. Lancet Infect Dis (2007) 7:581-96. doi:10.1016/
S1473-3099(07)70209-8

Handler MZ, Patel PA, Kapila R, Al-Qubati Y, Schwartz RA. Cutaneous and
mucocutaneous leishmaniasis: clinical perspectives. ] Am Acad Dermatol
(2015) 73:897-908. doi:10.1016/j.jaad.2014.08.051

van Griensven J, Carrillo E, Lopez-Vélez R, Lynen L, Moreno J. Leishmaniasis
in immunosuppressed individuals. Clin Microbiol Infect (2014) 20:286-99.
doi:10.1111/1469-0691.12556

Mortazavi H, Sadeghipour P, Taslimi Y, Habibzadeh S, Zali F, Zahedifard F,
et al. Comparing acute and chronic human cutaneous leishmaniasis
caused by Leishmania major and Leishmania tropica focusing on arginase
activity. J Eur Acad Dermatol Venereol (2016) 30:2118-21. doi:10.1111/
jdv.13838

Abebe T, Hailu A, Woldeyes M, Mekonen W, Bilcha K, Cloke T, et al. Local
increase of arginase activity in lesions of patients with cutaneous leishman-
iasis in Ethiopia. PLoS Negl Trop Dis (2012) 6:¢1684. doi:10.1371/journal.
pntd.0001684

Nzoumbou-Boko R, Dethoua M, Gabriel F, Buguet A, Cespuglio R, Courtois P,
et al. Serum arginase, a biomarker of treatment efficacy in human African
trypanosomiasis. J Clin Microbiol (2013) 51:2379-81. doi:10.1128/JCM.
03371-12

Yizengaw E, Getahun M, Tajebe F, Cruz Cervera E, Adem E, Mesfin G, et al.
Visceral leishmaniasis patients display altered composition and maturity
of neutrophils as well as impaired neutrophil effector functions. Front
Immunol (2016) 7:517. doi:10.3389/fimmu.2016.00517

Takele Y, Abebe T, Weldegebreal T, Hailu A, Hailu W, Hurissa Z, et al.
Arginase activity in the blood of patients with visceral leishmaniasis and
HIV infection. PLoS Negl Trop Dis (2013) 7:€1977. doi:10.1371/journal.
pntd.0001977

Miiller I, Hailu A, Choi BS, Abebe T, Fuentes JM, Munder M, et al. Age-
related alteration of arginase activity impacts on severity of leishmaniasis.
PLoS Negl Trop Dis (2008) 2:¢235. doi:10.1371/journal.pntd.0000235
Chenik M, Lakhal S, Ben Khalef N, Zribi L, Louzir H, Dellagi K.
Approaches for the identification of potential excreted/secreted proteins of
Leishmania major parasites. Parasitology (2006) 132:493-509. doi:10.1017/
$0031182005009546

Corrales RM, Mathieu-Daudé F, Garcia D, Breniére SE Sereno D.
An experimental approach for the identification of conserved secreted
proteins in trypanosomatids. ] Biomed Biotechnol (2010) 2010:752698.
doi:10.1155/2010/752698

Hernandez AG. Leishmanial excreted factors and their possible biological
role. Ciba Found Symp (1983) 99:138-56.
GarzonE,Holzmuller P, Bras-GongalvesR, Vincendeau P, Cuny G, Lemesre]JL,
et al. The Trypanosoma brucei gambiense secretome impairs lipopolysac-
charide-induced maturation, cytokine production, and allostimulatory
capacity of dendritic cells. Infect Immun (2013) 81:3300-8. doi:10.1128/
1AL.00125-13

Okenu DMN, Opara KN, Nwuba RI, Nwagwu M. Purification and character-
isation of an extracellular released protease of Trypanosoma brucei. Parasitol
Res (1999) 85:424-8. doi:10.1007/5004360050571

Lonsdale-Eccles JD, Grab DJ. Trypanosome hydrolase and the blood-
brain barrier. Trends Parasitol (2002) 18:17-9. doi:10.1016/S1471-
4922(01)02120-1

Girard M, Bisser S, Courtioux B, Vermot-Desroches C, Bouteille B, Wijdenes ],
et al. In vitro induction of microglial and endothelial cell apoptosis by
cerebrospinal fluids from patients with human African trypanosomiasis.
Int ] Parasitol (2003) 33:713-20. doi:10.1016/S0020-7519(03)00033-X
Geiger A, Hirtz C, Bécue T, Bellard E, Centeno D, Gargani D, et al. Exocytosis
and protein secretion in Trypanosoma. BMC Microbiol (2010) 10:20.
doi:10.1186/1471-2180-10-20

Holzmuller P, Biron DG, Courtois P, Koffi M, Bras-Gongalves
R, Daulouede S, et al. Virulence and pathogenicity patterns of
Trypanosoma brucei gambiense field isolates in experimentally infected
mouse: differences in host immune response modulation by secre-
tome and proteomics. Microbes Infect (2008) 10:79-86. doi:10.1016/
j.micinf.2007.10.008

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Holzmuller P, Grébaut P, Peltier JB, Brizard JP, Perrone T, Gonzatti M, et al.
Secretome of animal trypanosomes. Ann N Y Acad Sci (2008) 1149:337-42.
doi:10.1196/annals.1428.097

Grébaut P, Chuchana P, Brizard JP, Demettre E, Seveno M, Bossard G,
et al. Identification of total and differentially expressed excreted-secreted
proteins from Trypanosoma congolense strains exhibiting different viru-
lence and pathogenicity. Int ] Parasitol (2009) 39:1137-50. doi:10.1016/j.
ijpara.2009.02.018

Szempruch AJ, Dennison L, Kieft R, Harrington JM, Hajduk SL. Sending a
message: extracellular vesicles of pathogenic protozoan parasites. Nat Rev
Microbiol (2016) 14:669-75. doi:10.1038/nrmicro.2016.110

Szempruch AJ, Sykes SE, Kieft R, Dennison L, Becker AC, Gartrell A,
et al. Extracellular vesicles from Trypanosoma brucei mediate virulence
factor transfer and cause host anemia. Cell (2016) 164:246-57. doi:10.1016/j.
cell.2015.11.051

Bayer-SantosE, Aguilar-Bonavides C,Rodrigues SP, Cordero EM, Marques AF,
Varela-Ramirez A, et al. Proteomic analysis of Trypanosoma cruzi secretome:
characterization of two populations of extracellular vesicles and soluble
proteins. ] Proteome Res (2013) 12:883-97. doi:10.1021/pr300947g

Brossas JY, Gulin JEN, Bisio MMC, Chapelle M, Marinach-Patrice C,
Bordessoules M, et al. Secretome analysis of Trypanosoma cruzi by
proteomics studies. PLoS One (2017) 12:¢0185504. doi:10.1371/journal.
pone.0185504

Silverman JM, Chan SK, Robinson DP, Dwyer DM, Nandan D, Foster L],
et al. Proteomic analysis of the secretome of Leishmania donovani. Genome
Biol (2008) 9:R35. doi:10.1186/gb-2008-9-2-r35

Cuervo P, De Jesus JB, Saboia-Vahia L, Mendonga-Lima L, Domont GB,
Cupolillo E. Proteomic characterization of the released/secreted proteins
of Leishmania (Viannia) braziliensis promastigotes. J Proteomics (2009)
73:79-92. doi:10.1016/j.jprot.2009.08.006

Silverman JM, Clos J, Horakova E, Wang AY, Wiesgigl M, Kelly I, et al.
Leishmania exosomes modulate innate and adaptive immune responses
through effects on monocytes and dendritic cells. JImmunol (2010)
185:5011-22. doi:10.4049/jimmunol.1000541

Lambertz U, Silverman JM, Nandan D, McMaster WR, Clos J, Foster L], et al.
Secreted virulence factors and immune evasion in visceral leishmaniasis.
J Leukoc Biol (2012) 91:887-99. doi:10.1189/j1b.0611326

Silverman JM, Reiner NE. Leishmania exosomes deliver preemptive strikes
to create an environment permissive for early infection. Front Cell Infect
Microbiol (2012) 1:26. doi:10.3389/fcimb.2011.00026

Atayde VD, Hassani K, da Silva Lira Filho A, Borges AR, Adhikari A,
Martel C, et al. Leishmania exosomes and other virulence factors: impact on
innate immune response and macrophage functions. Cell Immunol (2016)
309:7-18. doi:10.1016/j.cellimm.2016.07.013

Markikou-Ouni W, Drini S, Bahi-Jaber N, Chenik M, Meddeb-Garnaoui A.
Immunomodulatory effects of four Leishmania infantum potentially excreted/
secreted proteins on human dendritic cells differentiation and maturation.
PLoS One (2015) 10:20143063. doi:10.1371/journal.pone.0143063
McKerrow JH, Sun E, Rosenthal PJ, Bouvier J. The proteases and pathogenic-
ity of parasitic protozoa. Annu Rev Microbiol (1993) 47:821-53. doi:10.1146/
annurev.mi.47.100193.004133

Alexander J, Coombs GH, Mottram JC. Leishmania mexicana cysteine pro-
teinase-deficient mutants have attenuated virulence for mice and potentiate
a Th1 response. ] Immunol (1998) 161:6794-801.

Klemba M, Goldberg DE. Biological roles of proteases in parasitic
protozoa. Annu Rev Biochem (2002) 71:275-305. doi:10.1146/annurev.
biochem.71.090501.145453

McKerrow JH, Caffrey C, Kelly B, Loke P, Sajid M. Proteases in parasitic
diseases. Annu Rev Pathol (2006) 1:497-536. doi:10.1146/annurev.pathol.
1.110304.100151

Cocucci E, Meldolesi J. Ectosomes and exosomes: shedding the confu-
sion between extracellular vesicles. Trends Cell Biol (2015) 25:364-72.
doi:10.1016/j.tcb.2015.01.004

Lawson C, Kovacs D, Finding E, Ulfelder E, Luis-Fuentes V. Extracellular
vesicles: evolutionarily conserved mediators of intercellular communication.
Yale ] Biol Med (2017) 90:481-91.

van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol (2018) 19(4):213-28. d0i:10.1038/
nrm.2017.125

Frontiers in Immunology | www.frontiersin.org

11

April 2018 | Volume 9 | Article 778


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S0140-6736(05)67629-5
https://doi.org/10.1016/S1473-3099(07)70209-8
https://doi.org/10.1016/S1473-3099(07)70209-8
https://doi.org/10.1016/j.jaad.2014.08.051
https://doi.org/10.1111/1469-0691.12556
https://doi.org/10.1111/
jdv.13838
https://doi.org/10.1111/
jdv.13838
https://doi.org/10.1371/journal.pntd.0001684
https://doi.org/10.1371/journal.pntd.0001684
https://doi.org/10.1128/JCM.
03371-12
https://doi.org/10.1128/JCM.
03371-12
https://doi.org/10.3389/fimmu.2016.00517
https://doi.org/10.1371/journal.pntd.0001977
https://doi.org/10.1371/journal.pntd.0001977
https://doi.org/10.1371/journal.pntd.0000235
https://doi.org/10.1017/S0031182005009546
https://doi.org/10.1017/S0031182005009546
https://doi.org/10.1155/2010/752698
https://doi.org/10.1128/IAI.00125-13
https://doi.org/10.1128/IAI.00125-13
https://doi.org/10.1007/s004360050571
https://doi.org/10.1016/S1471-
4922(01)02120-1
https://doi.org/10.1016/S1471-
4922(01)02120-1
https://doi.org/10.1016/S0020-7519(03)00033-X
https://doi.org/10.1186/1471-2180-10-20
https://doi.org/10.1016/j.micinf.2007.10.008
https://doi.org/10.1016/j.micinf.2007.10.008
https://doi.org/10.1196/annals.1428.097
https://doi.org/10.1016/j.ijpara.2009.02.018
https://doi.org/10.1016/j.ijpara.2009.02.018
https://doi.org/10.1038/nrmicro.2016.110
https://doi.org/10.1016/j.cell.2015.11.051
https://doi.org/10.1016/j.cell.2015.11.051
https://doi.org/10.1021/pr300947g
https://doi.org/10.1371/journal.pone.0185504
https://doi.org/10.1371/journal.pone.0185504
https://doi.org/10.1186/gb-2008-9-2-r35
https://doi.org/10.1016/j.jprot.2009.08.006
https://doi.org/10.4049/jimmunol.1000541
https://doi.org/10.1189/jlb.0611326
https://doi.org/10.3389/fcimb.2011.00026
https://doi.org/10.1016/j.cellimm.2016.07.013
https://doi.org/10.1371/journal.pone.0143063
https://doi.org/10.1146/annurev.mi.47.100193.004133
https://doi.org/10.1146/annurev.mi.47.100193.004133
https://doi.org/10.1146/annurev.biochem.71.090501.145453
https://doi.org/10.1146/annurev.biochem.71.090501.145453
https://doi.org/10.1146/annurev.pathol.
1.110304.100151
https://doi.org/10.1146/annurev.pathol.
1.110304.100151
https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125

Holzmuller et al.

Trypanosomatid’s Secretomes Favors Macrophage’s Arginase

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Tkach M, Kowal J, Théry C. Why the need and how to approach the func-
tional diversity of extracellular vesicles. Philos Trans R Soc Lond B Biol Sci
(2018) 373:1737. d0i:10.1098/rstb.2016.0479

Marti M, Johnson PJ. Emerging roles for extracellular vesicles in par-
asitic infections. Curr Opin Microbiol (2016) 32:66-70. doi:10.1016/j.
mib.2016.04.008

Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages
and the Th1/Th2 paradigm. ] Immunol (2000) 164:6166-73. doi:10.4049/
jimmunol.164.12.6166

Benoit M, Desnues B, Mege JL. Macrophage polarization in bacterial
infections. J Immunol (2008) 181:3733-9. doi:10.4049/jimmunol.181.6.3733
Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activa-
tion. Nat Rev Immunol (2008) 8:958-69. doi:10.1038/nri2448

Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and
polarization. Front Biosci (2008) 13:453-61. doi:10.2741/2692

Varin A, Gordon S. Alternative activation of macrophages: immune func-
tion and cellular biology. Immunobiology (2009) 214:630-41. doi:10.1016/j.
imbio.2008.11.009

Jablonski KA, Amici SA, Webb LM, Ruiz-Rosado Jde D, Popovich PG,
Partida-Sanchez S, et al. Novel markers to delineate murine M1 and
M2 macrophages. PLoS One (2015) 10:e0145342. doi:10.1371/journal.
pone.0145342

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity (2014) 41:14-20. doi:10.1016/j.immuni.2014.06.008
Lee M, Rey K, Besler K, Wang C, Choy J. Immunobiology of nitric oxide and
regulation of inducible nitric oxide synthase. Results Probl Cell Differ (2017)
62:181-207. doi:10.1007/978-3-319-54090-0_8

Davis M]J, Tsang TM, Qiu Y, Dayrit JK, Freij JB, Huffnagle GB, et al
Macrophage M1/M2 polarization dynamically adapts to changes in cytokine
microenvironments in Cryptococcus neoformans infection. MBio (2013)
4:€264-213. doi:10.1128/mBi0.00264-13

Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation:
time for reassessment. F1000Prime Rep (2014) 6:13. doi:10.12703/P6-13
Holzmuller P, Nirdé P, Vezilier F, Chuchana P. The transcriptomic analytical
level determines the human monocyte-derived macrophage response toward
either the infectious agent or the host. Infect Genet Evol (2016) 45:426-33.
doi:10.1016/j.meegid.2016.10.002

Morris SM Jr. Arginine metabolism revisited. ] Nutr (2016) 146:2579S-86S.
doi:10.3945/jn.115.226621

Gogoi M, Datey A, Wilson KT, Chakravortty D. Dual role of arginine metab-
olism in establishing pathogenesis. Curr Opin Microbiol (2016) 29:43-8.
doi:10.1016/j.mib.2015.10.005

Locksley RM, Heinzel FP, Sadick MD, Holaday BJ, Gardner KD Jr. Murine
cutaneous leishmaniasis: susceptibility correlates with differential expansion
of helper T-cell subsets. Ann Inst Pasteur Immunol (1987) 138:744-9.
doi:10.1016/50769-2625(87)80030-2

Mosmann TR, Cherwinski HM, Bond MW, Giedlin MA, Coofman RL. Two
types of murine helper T cell clone. I. Definition according to profiles of
lymphokine activities and secreted proteins. ] Immunol (1986) 136:2348-57.
Mosmann TR, Sad S. The expanding universe of T-cell subsets: Th1, Th2 and
more. Immunol Today (1996) 17:138-46. d0i:10.1016/0167-5699(96)80606-2
Munder M, Choi BS, Rogers M, Kropf P. L-Arginine deprivation impairs
Leishmania major-specific T-cell responses. Eur JImmunol (2009) 39:
2161-72. doi:10.1002/€ji.200839041

Mondanelli G, Ugel S, Grohmann U, Bronte V. The immune regulation in
cancer by the amino acid metabolizing enzymes ARG and IDO. Curr Opin
Pharmacol (2017) 35:30-9. doi:10.1016/j.coph.2017.05.002

Giorgio S, Linares E, Capurro Mde L, de Bianchi AG, Augusto O. Formation
of nitrosyl hemoglobin and nitrotyrosine during murine leishmaniasis.
Photochem Photobiol (1996) 63:750-4. doi:10.1111/j.1751-1097.1996.
tb09626.x

Keita M, Vincendeau P, Buguet A, Cespuglio R, Vallat JM, Dumas M, et al.
Inducible nitric oxide synthase and nitrotyrosine in the central nervous
system of mice chronically infected with Trypanosoma brucei brucei. Exp
Parasitol (2000) 95:19-27. doi:10.1006/expr.2000.4505

Rodriguez PC, Ochoa AC, Al-Khami AA. Arginine metabolism in myeloid
cells shapes innate and adaptive immunity. Front Immunol (2017) 8:93.
doi:10.3389/fimmu.2017.00093

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Monteiro HP, Costa PE, Reis AK, Stern A. Nitric oxide: protein tyrosine
phosphorylation and protein S-nitrosylation in cancer. Biomed ] (2015)
38:380-8. doi:10.4103/2319-4170.158624

Mnaimneh S, Geffard M, Veyret B, Vincendeau P. Albumin nitrosylated
by activated macrophages possesses antiparasitic effects neutralized by
anti-NO-acetylated-cysteine antibodies. ] Immunol (1997) 158:308-14.
Chang CI, Liao JC, Kuo L. Arginase modulates nitric oxide production in
activated macrophages. Am J Physiol (1998) 274:H342-8.

Gobert AP, Daulouede S, Lepoivre M, Boucher JL, Bouteille B, Buguet A,
et al. L-Arginine availability modulates local nitric oxide production and
parasite killing in experimental trypanosomiasis. Infect Immun (2000)
68:4653-7. doi:10.1128/IA1.68.8.4653-4657.2000

Igarashi K, Kashiwagi K. Polyamines: mysterious modulators of cellular
functions. Biochem Biophys Res Commun (2000) 271:559-64. doi:10.1006/
bbrc.2000.2601

Pereira CA, Alonso GD, Ivaldi S, Silber AM, Alves MJ, Torres HN, et al.
Arginine kinase overexpression improves Trypanosoma cruzi survival
capability. FEBS Lett (2003) 554:201-5. d0i:10.1016/S0014-5793(03)01171-2
Valera Vera EA, Sayé M, Reigada C, Damasceno FS, Silber AM, Miranda MR,
et al. Resveratrol inhibits Trypanosoma cruzi arginine kinase and exerts a
trypanocidal activity. Int ] Biol Macromol (2016) 87:498-503. doi:10.1016/j.
ijbiomac.2016.03.014

Pereira CA. Arginine kinase: a potential pharmacological target in trypano-
somiasis. Infect Disord Drug Targets (2014) 14:30-6. doi:10.2174/187152651
4666140713144103

Boucher JL, Moali C, Tenu JP. Nitric oxide biosynthesis, nitric oxide synthase
inhibitors and arginase competition for L-arginine utilization. Cell Mol
Life Sci (1999) 55:1015-28. doi:10.1007/s000180050352

Mori M, Gotoh T. Regulation of nitric oxide production by arginine meta-
bolic enzymes. Biochem Biophys Res Commun (2000) 275:715-9. doi:10.1006/
bbrc.2000.3169

Morris SM Jr. Recent advances in arginine metabolism: roles and regu-
lation of the arginases. Br ] Pharmacol (2009) 157:922-30. doi:10.1111/j.
1476-5381.2009.00278.x

Gobert AP, McGee DJ, Akhtar M, Mendz GL, Newton JC, Cheng Y, et al.
Helicobacter pylori arginase inhibits nitric oxide production by eukaryotic
cells: a strategy for bacterial survival. Proc Natl Acad Sci U S A (2001)
98:13844-9. doi:10.1073/pnas.241443798

Wu G, Morris SM Jr. Arginine metabolism: nitric oxide and beyond. Biochem
J(1998) 336:1-17. doi:10.1042/bj3360001

Li H, Meininger CJ, Hawker JR Jr, Haynes TE, Kepka-Lenhart D, Mistry SK,
et al. Regulatory role of arginase I and II in nitric oxide, polyamine, and
proline syntheses in endothelial cells. Am ] Physiol Endocrinol Metab (2001)
280:E75-82. doi:10.1152/ajpendo.2001.280.1.E75

Murray PK, Jennings W, Murray M, Urquhart GM. The nature of immu-
nosuppression in Trypanosoma brucei infections in mice. The role of the
macrophage. Immunology (1974) 27:815-24.

Duleu S, Vincendeau P, Courtois P, Semballa S, Lagroye I, Daulou¢de S,
et al. Mouse strain susceptibility to trypanosome infection: an arginase-
dependent effect. ] Immunol (2004) 172:6298-303. doi:10.4049/jimmunol.
172.10.6298

Vaux R, Schnoeller C, Berkachy R, Roberts LB, Hagen ], Gounaris K, et al.
Modulation of the immune response by nematode secreted acetylcholines-
terase revealed by heterologous expression in Trypanosoma musculi. PLoS
Pathog (2016) 12:¢1005998. doi:10.1371/journal.ppat.1005998

Muxel SM, Aoki JI, Fernandes JCR, Laranjeira-Silva ME, Zampieri RA,
Acuna SM, et al. Arginine and polyamines fate in Leishmania infection.
Front Microbiol (2018) 8:2682. doi:10.3389/fmicb.2017.02682

Shweash M, Adrienne McGachy H, Schroeder J, Neamatallah T, Bryant
CE, Millington O, et al. Leishmania mexicana promastigotes inhibit
macrophage IL-12 production via TLR-4 dependent COX-2, NOS 2 and
arginase-1 expression. Mol Immunol (2011) 48:1800-8. doi:10.1016/].
molimm.2011.05.013

Osorio EY, Zhao W, Espitia C, Saldarriaga O, Hawel L, Byus CV, et al.
Progressive visceral leishmaniasis is driven by dominant parasite-induced
STATG6 activation and STAT6-dependent host arginase 1 expression. PLoS
Pathog (2012) 8:€1002417. doi:10.1371/journal.ppat.1002417

Iniesta V, Carcelén J, Molano I, Peixoto PM, Redondo E, Parra P, et al.
Arginase I induction during Leishmania major infection mediates the

Frontiers in Immunology | www.frontiersin.org

12

April 2018 | Volume 9 | Article 778


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1098/rstb.2016.0479
https://doi.org/10.1016/j.mib.2016.04.008
https://doi.org/10.1016/j.mib.2016.04.008
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.164.12.6166
https://doi.org/10.4049/jimmunol.181.6.3733
https://doi.org/10.1038/nri2448
https://doi.org/10.2741/2692
https://doi.org/10.1016/j.imbio.2008.11.009
https://doi.org/10.1016/j.imbio.2008.11.009
https://doi.org/10.1371/journal.pone.0145342
https://doi.org/10.1371/journal.pone.0145342
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1007/978-3-319-54090-0_8
https://doi.org/10.1128/mBio.00264-13
https://doi.org/10.12703/P6-13
https://doi.org/10.1016/j.meegid.2016.10.002
https://doi.org/10.3945/jn.115.226621
https://doi.org/10.1016/j.mib.2015.10.005
https://doi.org/10.1016/S0769-2625(87)80030-2
https://doi.org/10.1016/0167-5699(96)80606-2
https://doi.org/10.1002/eji.200839041
https://doi.org/10.1016/j.coph.2017.05.002
https://doi.org/10.1111/j.1751-1097.1996.tb09626.x
https://doi.org/10.1111/j.1751-1097.1996.tb09626.x
https://doi.org/10.1006/expr.2000.4505
https://doi.org/10.3389/fimmu.2017.00093
https://doi.org/10.4103/2319-4170.158624
https://doi.org/10.1128/IAI.68.8.4653-4657.2000
https://doi.org/10.1006/bbrc.2000.2601
https://doi.org/10.1006/bbrc.2000.2601
https://doi.org/10.1016/S0014-5793(03)01171-2
https://doi.org/10.1016/j.ijbiomac.2016.03.014
https://doi.org/10.1016/j.ijbiomac.2016.03.014
https://doi.org/10.2174/1871526514666140713144103
https://doi.org/10.2174/1871526514666140713144103
https://doi.org/10.1007/s000180050352
https://doi.org/10.1006/bbrc.2000.3169
https://doi.org/10.1006/bbrc.2000.3169
https://doi.org/10.1111/j.
1476-5381.2009.00278.x
https://doi.org/10.1111/j.
1476-5381.2009.00278.x
https://doi.org/10.1073/pnas.241443798
https://doi.org/10.1042/bj3360001
https://doi.org/10.1152/ajpendo.2001.280.1.E75
https://doi.org/10.4049/jimmunol.
172.10.6298
https://doi.org/10.4049/jimmunol.
172.10.6298
https://doi.org/10.1371/journal.ppat.1005998
https://doi.org/10.3389/fmicb.2017.02682
https://doi.org/10.1016/j.molimm.2011.05.013
https://doi.org/10.1016/j.molimm.2011.05.013
https://doi.org/10.1371/journal.ppat.1002417

Holzmuller et al.

Trypanosomatid’s Secretomes Favors Macrophage’s Arginase

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

development of disease. Infect Immun (2005) 73:6085-90. doi:10.1128/
TAI.73.9.6085-6090.2005

Iniesta V, Gomez-Nieto LC, Molano I, Mohedano A, Carcelen J, Miron C,
et al. Arginase I induction in macrophages, triggered by Th2-type cytokines,
supports the growth of intracellular Leishmania parasites. Parasite Immunol
(2002) 24:113. doi:10.1046/j.1365-3024.2002.00444.x

Stempin C, Giordanengo L, Gea S, Cerban E Alternative activation and
increase of Trypanosoma cruzi survival in murine macrophages stimulated
by cruzipain, a parasite antigen. J Leukoc Biol (2002) 72:727-34. doi:10.1189/
jb.72.4.727

Cuervo H, Pineda MA, Aoki MP, Gea S, Fresno M, Gironés N. Inducible
nitric oxide synthase and arginase expression in heart tissue during acute
Trypanosoma cruzi infection in mice: arginase I is expressed in infiltrating
CD68+ macrophages. Infect Dis (2008) 197:1772-82. d0i:10.1086/529527
Stempin CC, Tanos TB, Coso OA, Cerban FM. Arginase induction promotes
Trypanosoma cruzi intracellular replication in Cruzipain-treated J774 cells
through the activation of multiple signaling pathways. Eur J Immunol (2004)
34:200-9. doi:10.1002/€ji.200324313

De Muylder G, Daulouéde S, Lecordier L, Uzureau P, Morias Y, Van Den
Abbeele J, et al. A Trypanosoma brucei kinesin heavy chain promotes parasite
growth by triggering host arginase activity. PLoS Pathog (2013) 9:e1003731.
doi:10.1371/journal.ppat.1003731

Courret N, Fréhel C, Gouhier N, Pouchelet M, Prina E, Roux P, et al.
Biogenesis of Leishmania-harbouring parasitophorous vacuoles following
phagocytosis of the metacyclic promastigote or amastigote stages of the
parasites. J Cell Sci (2002) 115:2303-16.

Freitas-Teixeira PM, Silveira-Lemos D, Giunchetti RC, Baratta-Masini A,
Mayrink W, Peruhype-Magalhdes V, et al. Distinct pattern of immunophe-
notypic features of innate and adaptive immunity as a putative signature of
clinical and laboratorial status of patients with localized cutaneous leish-
maniasis. Scand ] Immunol (2012) 76:421-32. doi:10.1111/j.1365-3083.
2012.02748.x

Koutsoni O, Barhoumi M, Guizani I, Dotsika E. Leishmania eukaryotic ini-
tiation factor (LelF) inhibits parasite growth in murine macrophages. PLoS
One (2014) 9:¢97319. doi:10.1371/journal.pone.0097319

Rogers M, Kropf P, Choi BS, Dillon R, Podinovskaia M, Bates P, et al.
Proteophosophoglycans regurgitated by Leishmania-infected sand flies
target the L-arginine metabolism of host macrophages to promote parasite
survival. PLoS Pathog (2009) 5:¢1000555. doi:10.1371/journal.ppat.1000555
Stempin CC, Cerban FM. Macrophages and arginase induction as a mecha-
nism for parasite escape. Medicina (B Aires) (2007) 67:737-46.

Queiroz RM, Ricart CA, Machado MO, Bastos IM, de Santana JM,
de Sousa MV, et al. Insight into the exoproteome of the tissue-derived
trypomastigote form of Trypanosoma cruzi. Front Chem (2016) 4:42.
d0i:10.3389/fchem.2016.00042

Doyle PS, Zhou YM, Hsieh I, Greenbaum DC, McKerrow JH, Engel JC.
The Trypanosoma cruzi protease cruzain mediates immune evasion. PLoS
Pathog (2011) 7:€1002139. doi:10.1371/journal.ppat.1002139

da Silva CV, Kawashita SY, Probst CM, Dallagiovanna B, Cruz MC,
da Silva EA, et al. Characterization of a 21kDa protein from Trypanosoma
cruzi associated with mammalian cell invasion. Microbes Infect (2009)
11:563-70. doi:10.1016/j.micinf.2009.03.007

Rodrigues AA, Clemente TM, Dos Santos MA, Machado FC, Gomes RG,
Moreira HH, et al. A recombinant protein based on Trypanosoma cruzi P21
enhances phagocytosis. PLoS One (2012) 7:¢51384. doi:10.1371/journal.
pone.0051384

Rocher C, Singla DK. SMAD-PI3K-Akt-mTOR pathway mediates BMP-7
polarization of monocytes into M2 macrophages. PLoS One (2013) 8:e84009.
doi:10.1371/journal.pone.0084009

Watanabe Costa R, da Silveira JE, Bahia D. Interactions between Trypanosoma
cruzi secreted proteins and host cell signaling pathways. Front Microbiol
(2016) 7:388. doi:10.3389/fmicb.2016.00388

da Silva MF, Floeter-Winter LM. Arginase in Leishmania. Subcell Biochem
(2014) 74:103-17. doi:10.1007/978-94-007-7305-9_4

Badirzadeh A, Taheri T, Abedi-Astaneh F, Taslimi Y, Abdossamadi Z,
Montakhab-Yeganeh H, et al. Arginase activity of Leishmania isolated from
patients with cutaneous leishmaniasis. Parasite Immunol (2017) 39:e12454.
doi:10.1111/pim.12454

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Badirzadeh A, Taheri T, Taslimi Y, Abdossamadi Z, Heidari-Kharaji M,
Gholami E, et al. Arginase activity in pathogenic and non-pathogenic species
of Leishmania parasites. PLoS Negl Trop Dis (2017) 11:e0005774. doi:10.1371/
journal.pntd.0005774

Balafia-Fouce R, Calvo-AlvarezE, Alvarez-VelillaR, Prada CF, Pérez-Pertejo Y,
Reguera RM. Role of trypanosomatid’s arginase in polyamine biosynthesis
and pathogenesis. Mol Biochem Parasitol (2012) 181:85-93. doi:10.1016/j.
molbiopara.2011.10.007

Darlyuk I, Goldman A, Roberts SC, Ullman B, Rentsch D, Zilberstein D.
Arginine homeostasis and transport in the human pathogen Leishmania
donovani. ] Biol Chem (2009) 284:19800-7. doi:10.1074/jbc.M901066200
Mandal A, Das S, Roy S, Ghosh AK, Sardar AH, Verma S, et al. Deprivation
of L-arginine induces oxidative stress mediated apoptosis in Leishmania
donovani promastigotes: contribution of the polyamine pathway. PLoS Negl
Trop Dis (2016) 10:e0004373. doi:10.1371/journal.pntd.0004373

Mandal A, Das S, Kumar A, Roy S, Verma S, Ghosh AK, et al. L-Arginine
uptake by cationic amino acid transporter promotes intra-macrophage
survival of Leishmania donovani by enhancing arginase-mediated polyamine
synthesis. Front Immunol (2017) 8:839. doi:10.3389/fimmu.2017.00839
Goldman-Pinkovich A, Balno C, Strasser R, Zeituni-Molad M, Bendelak K,
Rentsch D, et al. An arginine deprivation response pathway is induced in
Leishmania during macrophage invasion. PLoS Pathog (2016) 12:e1005494.
doi:10.1371/journal.ppat.1005494

Muxel SM, Laranjeira-Silva ME Zampieri RA, Floeter-Winter LM.
Leishmania (Leishmania) amazonensis induces macrophage miR-294 and
miR-721 expression and modulates infection by targeting NOS2 and L-argi-
nine metabolism. Sci Rep (2017) 7:44141. doi:10.1038/srep44141

Acuna SM, Aoki JI, Laranjeira-Silva MF, Zampieri RA, Fernandes JCR,
Muxel SM, et al. Arginase expression modulates nitric oxide production
in Leishmania (Leishmania) amazonensis. PLoS One (2017) 12:¢0187186.
doi:10.1371/journal.pone.0187186

Aoki JI, Muxel SM, Zampieri RA, Acufia SM, Fernandes JCR, Vanderlinde RH,
et al. L-arginine availability and arginase activity: characterization of amino
acid permease 3 in Leishmania amazonensis. PLoS Negl Trop Dis (2017)
11:e0006025. doi:10.1371/journal.pntd.0006025

Hai Y, Dugery RJ, Healy D, Christianson DW. Formiminoglutamase
from Trypanosoma cruzi is an arginase-like manganese metalloenzyme.
Biochemistry (2013) 52:9294-309. doi:10.1021/bi401352h

Boitz JM, Gilroy CA, Olenyik TD, Paradis D, Perdeh J, Dearman K, et al.
Arginase is essential for survival of Leishmania donovani promastigotes
but not intracellular amastigotes. Infect Immun (2016) 85:00554-16.
doi:10.1128/IA1.00554-16

Atyame Nten CM, Sommerer N, Rofidal V, Hirtz C, Rossignol M, Cuny G,
et al. Excreted/secreted proteins from trypanosome procyclic strains.
] Biomed Biotechnol (2010) 2010:212817. d0i:10.1155/2010/212817

Pelletier M, Xu Y, Wang X, Zahariev S, Pongor S, Aletta JM, et al. Arginine
methylation of a mitochondrial guide RNA binding protein from
Trypanosoma brucei. Mol Biochem Parasitol (2001) 118:49-59. doi:10.1016/
S0166-6851(01)00367-X

Lott K, Zhu L, Fisk JC, Tomasello DL, Read LK. Functional interplay
between protein arginine methyltransferases in Trypanosoma brucei.
Microbiologyopen (2014) 3:595-609. doi:10.1002/mbo3.191

Hamidou Soumana I, Klopp C, Ravel S, Nabihoudine I, Tchicaya B,
Parrinello H, et al. RNA-seq de novo assembly reveals differential gene
expression in Glossina palpalis gambiensis infected with Trypanosoma
brucei gambiense vs. non-infected and self-cured flies. Front Microbiol
(2015) 6:1259. doi:10.3389/fmicb.2015.01259

Mathieu C, Macédo JP, Hiirlimann D, Wirdnam C, Haindrich AC, Suter
Grotemeyer M, et al. Arginine and lysine transporters are essential for
Trypanosoma brucei. PLoS One (2017) 12:e0168775. doi:10.1371/journal.
pone.0168775

Voncken E Gao F, Wadforth C, Harley M, Colasante C. The phosphoarginine
energy-buffering system of trypanosoma brucei involves multiple arginine
kinase isoforms with different subcellular locations. PLoS One (2013)
8:¢65908. doi:10.1371/journal.pone.0065908

Miranda MR, Bouvier LA, Canepa GE, Pereira CA. Subcellular localization
of Trypanosoma cruzi arginine kinase. Parasitology (2009) 136:1201-7.
do0i:10.1017/50031182009990448

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 778


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1128/IAI.73.9.6085-6090.2005
https://doi.org/10.1128/IAI.73.9.6085-6090.2005
https://doi.org/10.1046/j.1365-3024.2002.00444.x
https://doi.org/10.1189/jlb.72.4.727
https://doi.org/10.1189/jlb.72.4.727
https://doi.org/10.1086/529527
https://doi.org/10.1002/eji.200324313
https://doi.org/10.1371/journal.ppat.1003731
https://doi.org/10.1111/j.1365-3083.
2012.02748.x
https://doi.org/10.1111/j.1365-3083.
2012.02748.x
https://doi.org/10.1371/journal.pone.0097319
https://doi.org/10.1371/journal.ppat.1000555
https://doi.org/10.3389/fchem.2016.00042
https://doi.org/10.1371/journal.ppat.1002139
https://doi.org/10.1016/j.micinf.2009.03.007
https://doi.org/10.1371/journal.pone.0051384
https://doi.org/10.1371/journal.pone.0051384
https://doi.org/10.1371/journal.pone.0084009
https://doi.org/10.3389/fmicb.2016.00388
https://doi.org/10.1007/978-94-007-7305-9_4
https://doi.org/10.1111/pim.12454
https://doi.org/10.1371/journal.pntd.0005774
https://doi.org/10.1371/journal.pntd.0005774
https://doi.org/10.1016/j.molbiopara.2011.10.007
https://doi.org/10.1016/j.molbiopara.2011.10.007
https://doi.org/10.1074/jbc.M901066200
https://doi.org/10.1371/journal.pntd.0004373
https://doi.org/10.3389/fimmu.2017.00839
https://doi.org/10.1371/journal.ppat.1005494
https://doi.org/10.1038/srep44141
https://doi.org/10.1371/journal.pone.0187186
https://doi.org/10.1371/journal.pntd.0006025
https://doi.org/10.1021/bi401352h
https://doi.org/10.1128/IAI.00554-16
https://doi.org/10.1155/2010/212817
https://doi.org/10.1016/S0166-6851(01)00367-X
https://doi.org/10.1016/S0166-6851(01)00367-X
https://doi.org/10.1002/mbo3.191
https://doi.org/10.3389/fmicb.2015.01259
https://doi.org/10.1371/journal.pone.0168775
https://doi.org/10.1371/journal.pone.0168775
https://doi.org/10.1371/journal.pone.0065908
https://doi.org/10.1017/S0031182009990448

Holzmuller et al.

Trypanosomatid’s Secretomes Favors Macrophage’s Arginase

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Ilari A, Fiorillo A, Genovese I, Colotti G. Polyamine-trypanothione pathway:
an update. Future Med Chem (2017) 9:61-77. doi:10.4155/fmc-2016-0180
Colotti G, Ilari A. Polyamine metabolism in Leishmania: from arginine to try-
panothione. Amino Acids (2011) 40:269-85. doi:10.1007/s00726-010-0630-3
Oza SL, Shaw MP, Wyllie S, Fairlamb AH. Trypanothione biosynthesis in
Leishmania major. Mol Biochem Parasitol (2005) 139:107-16. doi:10.1016/j.
molbiopara.2004.10.004

Krauth-Siegel RL, Meiering SK, Schmidt H. The parasite-specific trypan-
othione metabolism of Trypanosoma and Leishmania. Biol Chem (2003)
384:539-49. doi:10.1515/BC.2003.062

Krieger S, Schwarz W, Ariyanayagam MR, Fairlamb AH, Krauth-Siegel RL,
Clayton C. Trypanosomes lacking trypanothione reductase are avirulent
and show increased sensitivity to oxidative stress. Mol Microbiol (2000)
35:542-52. d0i:10.1046/j.1365-2958.2000.01721.x

Gerbaba TK, Gedamu L. Cathepsin B gene disruption induced Leishmania
donovani proteome remodeling implies cathepsin B role in secretome regula-
tion. PLoS One (2013) 8:€79951. doi:10.1371/journal.pone.0079951

Mayer S, Raulf MK, Lepenies B. C-type lectins: their network and roles in
pathogen recognition and immunity. Histochem Cell Biol (2017) 147:223-37.
doi:10.1007/500418-016-1523-7

Nzoumbou-Boko R, De Muylder G, Semballa S, Lecordier L, Dauchy FA,
Gobert AP, et al. Trypanosoma musculi infection in mice critically relies
on mannose receptor-mediated arginase induction by a TbKHCI kinesin
H chain homolog. J Immunol (2017) 199:1762-71. doi:10.4049/jimmunol.
1700179

Walker DM, Oghumu S, Gupta G, McGwire BS, Drew ME, Satoskar AR.
Mechanisms of cellular invasion by intracellular parasites. Cell Mol Life Sci
(2014) 71:1245-63. doi:10.1007/s00018-013-1491-1

Vannier-Santos MA, Martiny A, de Souza W. Cell biology of Leishmania
spp.: invading and evading. Curr Pharm Des (2002) 8:297-318. d0i:10.2174/
1381612023396230

Alexander J, Russell DG. The interaction of Leishmania species with macro-
phages. Adv Parasitol (1992) 31:175-254. doi:10.1016/S0065-308X(08)60022-6
Lefevre L, Lugo-Villarino G, Meunier E, Valentin A, Olagnier D, Authier H,
et al. The C-type lectin receptors dectin-1, MR, and SIGNR3 contribute
both positively and negatively to the macrophage response to Leishmania
infantum. Immunity (2013) 38:1038-49. doi:10.1016/j.immuni.2013.04.010
Shio MT, Hassani K, Isnard A, Ralph B, Contreras I, Gomez MA, et al. Host
cell signalling and Leishmania mechanisms of evasion. ] Trop Med (2012)
2012:819512. doi:10.1155/2012/819512

ElKasmiKC, QuallsJE, Pesce] T, Smith AM, Thompson RW, Henao-Tamayo M,
et al. Toll-like receptor-induced arginase 1 in macrophages thwarts effective
immunity against intracellular pathogens. Nat Immunol (2008) 9:1399-406.
doi:10.1038/ni.1671

de Veer MJ, Curtis JM, Baldwin TM, DiDonato JA, Sexton A, McConville MJ,
et al. MyD88 is essential for clearance of Leishmania major: possible role for
lipophosphoglycan and toll-like receptor 2 signaling. Eur ] Immunol (2003)
33:2822-31. doi:10.1002/€ji.200324128

Kavoosi G, Ardestani SK, Kariminia A, Alimohammadian MH. Leishmania
major lipophosphoglycan: discrepancy in toll-like receptor signaling. Exp
Parasitol (2010) 124:214-8. doi:10.1016/j.exppara.2009.09.017
Vargas-Inchaustegui DA, Tai W, Xin L, Hogg AE, Corry DB, Soong L. Distinct
roles for MyD88 and toll-like receptor 2 during Leishmania braziliensis infec-
tion in mice. Infect Immun (2009) 77:2948-56. doi:10.1128/IA1.00154-09
Kropf P, Freudenberg MA, Modolell M, Price HP, Herath S, Antoniazi S,
et al. Toll-like receptor 4 contributes to efficient control of infection with
the protozoan parasite Leishmania major. Infect Immun (2004) 72(4):1920-8.
doi:10.1128/IA1.72.4.1920-1928.2004

Kropf P, Freudenberg N, Kalis C, Modolell M, Herath S, Galanos C, et al.
Infection of C57BL/10ScCr and C57BL/10ScNCr mice with Leishmania
major reveals a role for toll-like receptor 4 in the control of parasite replica-
tion. J Leukoc Biol (2004) 76:48-57. d0i:10.1189/j1b.1003484

Whitaker SM, Colmenares M, Pestana KG, McMahon-Pratt D. Leishmania
pifanoi proteoglycolipid complex P8 induces macrophage cytokine
production through toll-like receptor 4. Infect Immun (2008) 76:2149-56.
doi:10.1128/IAL.01528-07

Liese J, Schleicher U, Bogdan C. TLRY signaling is essential for the innate
NK cell response in murine cutaneous leishmaniasis. Eur J Immunol (2007)
37:3424-34. doi:10.1002/ji.200737182

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Schleicher U, Liese J, Knippertz I, Kurzmann C, Hesse A, Heit A, et al. NK cell
activation in visceral leishmaniasis requires TLR9, myeloid DCs, and IL-12,
but is independent of plasmacytoid DCs. ] Exp Med (2007) 204:893-906.
doi:10.1084/jem.20061293

Garrido V'V, Dulgerian LR, Stempin CC, Cerban FM. The increase in mannose
receptor recycling favors arginase induction and Trypanosoma cruzi survival in
macrophages. Int ] Biol Sci (2011) 7:1257-72. doi:10.7150/ijbs.7.1257

Steppan J, Nyhan D, Berkowitz DE. Development of novel arginase inhib-
itors for therapy of endothelial dysfunction. Front Immunol (2013) 4:278.
doi:10.3389/fimmu.2013.00278

Guo Z, Bucher BT, Shao L, Geller DA. Development of siRNA systems to
knock-down arginase I-specific or NOS 2-specific gene expression. FASEB
J (2008) 22:1120.1.

Vasquez-Dunddel D, Pan E, Zeng Q, Gorbounov M, Albesiano E, Fu J, et al.
STAT3 regulates arginase-I in myeloid-derived suppressor cells from cancer
patients. J Clin Invest (2013) 123:1580-9. doi:10.1172/JCI60083

Lepenies B, Lee J, Sonkaria S. Targeting C-type lectin receptors with
multivalent carbohydrate ligands. Adv Drug Deliv Rev (2013) 65:1271-81.
doi:10.1016/j.addr.2013.05.007

Azad AK, Rajaram MV, Metz WL, Cope FO, Blue MS, Vera DR, et al.
y-Tilmanocept, a new radiopharmaceutical tracer for cancer sentinel
lymph nodes, binds to the mannose receptor (CD206). ] Immunol (2015)
195:2019-29. doi:10.4049/jimmunol.1402005

Lemesre JL, Holzmuller P, Cavaleyra M, Gongalves RB, Hottin G, Papierok G.
Protection against experimental visceral leishmaniasis infection in dogs
immunized with purified excreted secreted antigens of Leishmania infantum
promastigotes. Vaccine (2005) 23:2825-40. doi:10.1016/j.vaccine.2004.11.061
Lemesre JL, Holzmuller P, Gongalves RB, Bourdoiseau G, Hugnet C,
Cavaleyra M, et al. Long-lasting protection against canine visceral leishmani-
asis using the LIESAp-MDP vaccine in endemic areas of France: double-blind
randomised efficacy field trial. Vaccine (2007) 25:4223-34. doi:10.1016/j.
vaccine.2007.02.083

Bourdoiseau G, Hugnet C, Gongalves RB, Vézilier E, Petit-Didier E, Papierok G,
et al. Effective humoral and cellular immunoprotective responses in Li
ESAp-MDP vaccinated protected dogs. Vet Immunol Immunopathol (2009)
128:71-8. doi:10.1016/j.vetimm.2008.10.309

Petitdidier E, Pagniez J, Papierok G, Vincendeau P, Lemesre JL, Bras-
Gongalves R. Recombinant forms of Leishmania amazonensis excreted/
secreted promastigote surface antigen (PSA) induce protective immune
responses in dogs. PLoS Negl Trop Dis (2016) 10:€0004614. doi:10.1371/
journal.pntd.0004614

Rodriguez-Morales O, Monteén-Padilla V, Carrillo-Sanchez SC, Rios-
Castro M, Martinez-Cruz M, Carabarin-Lima A, et al. Experimental
vaccines against chagas disease: a journey through history. ] Immunol Res
(2015) 2015:489758. doi:10.1155/2015/489758

Cazorla SI, Frank FM, Becker PD, Arnaiz M, Mirkin GA, Corral RS, et al.
Redirectionoftheimmuneresponseto the functional catalyticdomain ofthe cys-
tein proteinase cruzipain improves protective immunity against Trypanosoma
cruzi infection. J Infect Dis (2010) 202:136-44. doi:10.1086/652872

Prochetto E, Roldan C, Bontempi IA, Bertona D, Peverengo L, Vicco MH,
et al. Trans-sialidase-based vaccine candidate protects against Trypanosoma
cruzi infection, not only inducing an effector immune response but also
affecting cells with regulatory/suppressor phenotype. Oncotarget (2017)
8:58003-20. doi:10.18632/oncotarget.18217

LaGreca F, Magez S. Vaccination against trypanosomiasis: can it be done or
is the trypanosome truly the ultimate immune destroyer and escape artist?
Hum Vaccin (2011) 7:1225-33. doi:10.4161/hv.7.11.18203

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

Copyright © 2018 Holzmuller, Geiger, Nzoumbou-Boko, Pissarra, Hamrouni,
Rodrigues, Dauchy, Lemesre, Vincendeau and Bras-Gongalves. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

April 2018 | Volume 9 | Article 778


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.4155/fmc-2016-0180
https://doi.org/10.1007/s00726-010-0630-3
https://doi.org/10.1016/j.molbiopara.2004.10.004
https://doi.org/10.1016/j.molbiopara.2004.10.004
https://doi.org/10.1515/BC.2003.062
https://doi.org/10.1046/j.1365-2958.2000.01721.x
https://doi.org/10.1371/journal.pone.0079951
https://doi.org/10.1007/s00418-016-1523-7
https://doi.org/10.4049/jimmunol.
1700179
https://doi.org/10.4049/jimmunol.
1700179
https://doi.org/10.1007/s00018-013-1491-1
https://doi.org/10.2174/
1381612023396230
https://doi.org/10.2174/
1381612023396230
https://doi.org/10.1016/S0065-308X(08)60022-6
https://doi.org/10.1016/j.immuni.2013.04.010
https://doi.org/10.1155/2012/819512
https://doi.org/10.1038/ni.1671
https://doi.org/10.1002/eji.200324128
https://doi.org/10.1016/j.exppara.2009.09.017
https://doi.org/10.1128/IAI.00154-09
https://doi.org/10.1128/IAI.72.4.1920-1928.2004
https://doi.org/10.1189/jlb.1003484
https://doi.org/10.1128/IAI.01528-07
https://doi.org/10.1002/eji.200737182
https://doi.org/10.1084/jem.20061293
https://doi.org/10.7150/ijbs.7.1257
https://doi.org/10.3389/fimmu.2013.00278
https://doi.org/10.1172/JCI60083
https://doi.org/10.1016/j.addr.2013.05.007
https://doi.org/10.4049/jimmunol.1402005
https://doi.org/10.1016/j.vaccine.
2004.11.061
https://doi.org/10.1016/j.vaccine.2007.02.083
https://doi.org/10.1016/j.vaccine.2007.02.083
https://doi.org/10.1016/j.vetimm.2008.10.309
https://doi.org/10.1371/journal.pntd.0004614
https://doi.org/10.1371/journal.pntd.0004614
https://doi.org/10.1155/2015/489758
https://doi.org/10.1086/652872
https://doi.org/10.18632/oncotarget.18217
https://doi.org/10.4161/hv.7.11.18203
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Trypanosomatid Infections: How Do Parasites and Their Excreted–Secreted Factors Modulate the Inducible Metabolism of l-Arginine in Macrophages?
	Trypanosomatid Infectious Diseases and Macrophage Activation Pathways
	Infections Caused by Trypanosomatids
	Excreted–Secreted (ES) Factors of Trypanosomatids and Macrophage Targeting
	Macrophage Activation Pathways
	Classical Versus Alternative Activation Pathway
	l-Arginine Metabolism Balance and T-Helper Subsets


	Macrophage l-Arginine Metabolism Dysregulation During Trypanosomatid Infections
	NOS/Arginase Imbalance Induced by Trypanosomatids
	Parasite Infection in the Dysregulation of the 
NOS/Arginase Balance
	Trypanosomatid Parasites ES Factors in Arginase Induction

	Trypanosomatid Parasites’ Own l-Arginine Metabolism Enzymes
	Host Receptors in Arginase Signaling

	Concluding Remarks
	Author Contributions
	Funding
	References


