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The Role of Nitric Oxide in Immune Response Against Trypanosoma Cruzi
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Abstract: Nitric oxide (NO) is a free radical synthesized from L-arginine by three different NO-synthases (NOS). NO
exhibits multiple and complex biological functions and many of its effects can be mostly attributed to its strong oxidant
capacity, which provides it a high affinity to metals, mainly metal with low spin configuration. Molecular targets of NO
are diverse and include both low molecular weight species (e.g. thiols) and macromolecules that can be either activated or
inhibited as a consequence of reacting with NO. Thus, NO is an important mediator of immune homeostasis and host
defence, and changes in its generation or actions can contribute to pathologic states. The knowledge of novel effects of
NO has been not only an important addition to our understanding of immunology but also a foundation for the
development of new approaches for the management and treatment of various diseases, including Chagas’ disease.
Herein, the multiple mechanisms by which NO can directly or indirectly affect the generation of an immune response

against T. cruzi infection are discussed.
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INTRODUCTION

Nitrogen monoxide, also called nitric oxide (NO) is a
radical with a small molecular weight (30 kDa) that performs
multiple biologic activities. The biological importance of this
ubiquitous intra and intercellular signalling molecule was
first described in the early 1980s, as being part of the
“endothelial derived relaxing factors” (EDRF) [1, 2]. It was
named ‘Molecule of the Year’ in 1992 by the journal
Science, and later in that decade, studies were conducted to
demonstrate the cardinal mechanism of action of NO on
vascular smooth muscle, which made clear that NO
generated by endothelial cells causes relaxation of smooth
muscle through activation of granulate cyclase by nitrosation
of its heme [3, 4], and conferred the Physiology and
Medicine Nobel Prize to Murad, Furchgott, and Ignarro in
1998 [5]. Since its discovery, an increasing number of
studies have attempted to address the biochemistry of this
freely diffusible second messenger and the connections with
its biological properties. As a consequence, it became the
focus of intense biological and clinical research [6, 7].
Beforehand, it was believed that NO would predominantly
regulate guanylate cyclase activity. However, this view has
been altered fundamentally by a spate of recent findings
indicating that NO may target cysteine thiols and transition-
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metal centres of proteins with exquisite spatial and temporal
resolution. Such structural modifications may modulate
protein function as cGMP-independent cellular-control
signal transducer. The discovery of these guanylate cyclase—
independent effects renewed the paradigmatic enthusiasm
around NO. Among these novel effects, it has been
demonstrated that NO is also able to induce dynamic post-
translational regulation of almost all major classes of micro
and macromolecules, acting as a master chemical regulator
of several biological functions [8], in a process that could be
compared to protein phosphorylation. This re-emergence of
scientific interests on NO has provided new insights on the
molecular mechanisms such as, cellular and humoral
immune responses [6]. As a consequence, pharmaceutical
industries have shown increased interest in NO manipulation
in the last years and in the future, this free radical could be
used as a potential therapeutic target in a vast variety of
conditions, ranging from inflammation to degenerative
diseases.

It is known that NO can directly and indirectly modulate
the immune response through diverse mechanisms as
mediating microbicidal effects of NO-derived free radicals,
mostly within  macrophages and other phagocytes.
Modulation of effector mechanisms of leukocytes during the
infection has been also observed. However, due to its
regulatory effects, NO exhibits a dual role in the elicited
response, dictated by the concentration in the inflammatory
microenvironment. Of note, a deregulated NO production is
observed in infected individuals, which is associated with
collateral toxicity for host cells, leading to immunopathology,
autoimmune responses or persistence of parasite due to
immune evasion.
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EFFECTS OF NITRIC OXIDE IN THE IMMUNE
SYSTEM

The versatility of the effects of NO on cell biology have
started to become clearer as recent insights on the chemistry
of the complex interactions between NO (and its mediators)
and biomolecules have been revealed. Three types of global
NO-mediated functions have been classically recognized: (i)
endothelium dependent relaxation [1] (ii) neurotransmission
[9, 10] and (iii) cell-mediated immune response [11].
Initially, it was thought that these mechanisms involved the
direct activation of guanylate cyclase, leading to generation
of cGMP, followed by the Kkinase-mediated signal
transduction [12]. While most of the messenger functions of
NO are based on cell-specific expression and stringent
regulation of calcium-dependent NO-synthases (cNOSs)
(type 1 and 3), enhanced expression of calcium independent
iNOS activity have been observed in response to infectious
agents in a wide variety of cells from mice and humans. In
the immune system, NO mediates host protection through
either directly, as a microbiostatic or microbicidal agent, or
indirectly, modulating chemical modifications of crucial for
the biological activity of innate and acquired immunity cell
lines [13]. NO also participates in the maintenance of
inflammatory diseases (i.e. arthritis, ulcerative colitis,
Crohn’s disease). The intensity of inflammatory symptoms
(erythema, vascular leakiness) is related to the production of
NO, and can be reverted by NOS inhibitors [14, 15].
Nonetheless, in chronic immune responses the immune
regulatory role of NO appears to correlate with pathogen
persistence [16, 17].

Under homeostatic conditions, NO is produced in low
concentrations from constitutive NO synthases and acts as an
intracellular messenger and cytoprotective (antioxidant)
factor. In fact, hyper-expression of endothelial NOS (eNOS)
blocks the exocytosis of mediators of inflammation from the
endothelial cell, thus blocking inflammation in blood
vessels. Conversely, under circumstances of inflammatory
stimuli, the formation of substantial amounts of NO (for ex-
ample, in response to a intracellular infection), along with
modification of the cellular microenvironment (i.e. formation
of the superoxide radical) facilitate both direct and indirect
effects of NO, as a consequence of the formation of dinitro-
gen trioxide and peroxynitrite, which only occurs at the sites
of simultaneous superoxide formation, such as in phagocytes
[18-20].

Microbial Toxicity of Nitric Oxide

One of the most prominent functions of NO in immune
system is its participation in protective immunity against
various intracellular pathogens including viruses, bacteria
and protozoa [11, 21-34]. Furthermore, the killing activity of
NO has also been showed effective in host defence against
tumour cells [35] and alloantigens [36]. Considering its
direct microbial toxicity, NO can exert a microbiostatic or
microbicidal effect, or even act as a microbial metabolic
products [13]. In spite that these direct cellular effects of NO
over pathogen biology are not yet fully understood, the
strong oxidative capacity of NO and its sub-products appears
to act in synergism with other lethal reactive oxidant species
(H,0,, etc), accounting for most of the host’s microbial
toxicity. Indeed, the simultaneous production of NO and
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superoxide (O,) by activated macrophages leads to formation
of peroxynitrite anion (ONOO"), which constitutes a harmful
agent against a diverse variety of pathogens. ONOO™ induces
modifications of selected molecular targets on parasite, being
a major mechanism for direct effects of NO, and such targets
are starting to be revealed [8, 37-39]. Peroxynitrite can
induce nitration of residues of tyrosine as well as the
reversible binding of NO to metal centres in microbial
targets that are involved in vital processes, such as nutrition
and respiration among others. In infection diverses, cysteine-
containing proteins, metalloproteins, calcium transport
systems [40], as well as essential enzymes of energy
metabolism [41] have been identified as important intra-
cellular targets for the toxic actions of peroxynitrite. Among
them, cysteine proteinases are critical factor for virulence or
replication of many pathogens (including viruses, bacteria,
fungi, and parasites) [42-44].

Depending on the individual characteristics of molecules,
it can lead to either the activation or inactivation of the
respective protein function. Exacerbated production of NO
and the consequent exaggerated levels of "reactive nitrogen
species" (RNS) can unbalance the homeostatic mechanisms
of the host, mediating collateral host toxicity and this could
be the fundament for certain pathologies related to
nitrosative and oxidative stress [45-47]. Indeed, the presence
of nitrosylated tyrosine residues (Nitro tyrosine) has been
recognized as an indicator of cell damage and inflammation,
as well as of the production of ONOO'. In addition to the
direct toxicity, novel effects of NO over leukocyte biology
have been recently described, which can influence several
physiologic processes ranging from DNA transcription [48]
and replication [49] to protein synthesis [50] and secretion.
The signalling processes through which NO acts to regulate
immune cells are extremely complex and are only just
beginning to be revealed, but are largely indirect through
generation of reactive nitrogen oxide species that chemically
modify enzymes, signalling proteins and transcription
factors. The role of NO might depend on the stage of a
disease (i.e., early or late disease stages). And for a given
cell, the response to NO will depend on its reactivity state
and on the microenvironment as well.

IMPLICATIONS ON THERAPEUTICS

Pharmacological manipulations of NO production have
greatly contributed to the understanding of the physiological
effects of this mediator [51]. Some of these compounds have
promising properties and may enter in the clinical field,
providing important therapeutic benefits in inflammatory or
infectious diseases. For example, classical NO donors such
as SNAP (S-nitroso-acetyl-penicillamine) and SNP (sodium
nitroprusside) cause pathogen Kkilling in models of parasite
diseases, probably by inactivating vital molecules in the
microorganism, as a consequence of the NO generated [52].
In fact, SNAP and SNP were able to inactive essential
cysteine parasite enzyme from several pathogens such as
Trypanosoma, Leishmania, and Plasmodium. The duality of
NO in induce or regulate apoptosis of immune cells can be
of therapeutic interest. Indeed, depending on concentrations,
the NO donor SNAP can switch from blocker of apoptosis to
an inducer of necrosis in Jurkat T cells exposed to anti-
CD95. Consequently, the final outcome (whether a cell will
undergo apoptosis or necrosis) is closely regulated by the
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intensity of the stimulus and the amount of induced NO
production. This is in part due to the fact that the impact of
NO on cell homeostasis and death are complex and often
even appear to be contradictory. NO may be cytotoxic but
may also protect cells from a toxic insult; it is apoptosis-
inducing but also exhibits prominent anti-apoptotic activity.
NO is an antioxidant but may also compromise the cellular
redox state via oxidation of thiols such as glutathione. NO
may activate specific signal transduction pathways but is
also reported to inhibit exactly these, and NO may activate
or inhibit gene transcription. The situation may even be more
complex, once NO, depending on its concentration, may
react with oxygen or the superoxide anion radical to yield
reactive species with a much broader chemical reaction
spectrum than NO itself. Thus, the action of NO during
inflammatory reactions has to be considered in the context of
timing and duration of its synthesis as well as stages and
specific events in inflammation [53].

NO can also protect the host from wasting and maintain
the homeostasis in the host immune system, through its
micro vascular, cytoprotective, immunoregulatory, and
antimicrobial properties, mostly because the redox versatility
of NO allows for its inter-conversion from protective to toxic
species by a change in the ambient redox milieu. So the
raising question is about how to modulate the activation of
NO synthesis until a point that is sure enough to avoid tissue
destruction. Removal of apoptotic cells (AC) by professional
phagocytes is an important mechanism by which some
pathogen-induced cell alterations are ultimately detected and
also is one of the factors involved in recycling some cell
constituents. This uptake of apoptotic cells is not expected to
rice an inflammatory response. In accordance, macrophages
up regulate the arginase Il enzyme after phagocytosis of
apoptotic cells, which regulates NO production from iNOS
[54]. However, this process can also be exploited by T. cruzi
[55], favouring the invasion of uninfected cells by the
parasite.

Sometimes, immune intervention strategies target iNOS
as a key mediator for tissue damage in inflammatory
diseases. Approaches of this type needs to consider that NO
also acts to limit destructive Thl responses. In those cases
where the regulatory role of iNOS exceeds its cytotoxic
function, inhibition of INOS will exacerbate rather than
suppress the disease. Recently, several xenobiotic chemicals
have been found to modulate iNOS expression [56].
Important future directions will focus on molecular
mechanisms of action of NO, its target molecules and cells
and its role in infection and immunological mediated
diseases.

NITRIC OXIDE AS MODULATOR OF IMMUNE RE-
SPONSE AGAINST T. CRUZI

During T. cruzi infection, NO can directly or indirectly
modulate the effector leukocyte machinery through diverse
mechanisms. This process involves microbicidal effects de-
rived from toxic-free radicals (peroxinitrite and superoxide)
generated after NO production, as well as regula-
tion/enhancement of the inflammatory response induced dur-
ing this type of infection, a dual role in the immunity that is
usually observed for NO.
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NO production is perhaps the most important among
these early produced mediators and has been reported to dis-
play anti-parasitic activity. In fact, in T. cruzi infection, NO
is involved in the control of T. cruzi-induced parasitemia and
directly kills the parasite in vitro [57]. NO modulates the T.
cruzi-induced myocardial inflammatory reaction, mechanism
dependent of NOS isoforms [58], and potentially reducing
cardiac lesions during the acute phase of Chagas disease
[59].

Some studies, have reported that NO affects T. cruzi by
chemically modifying cysteine-containing proteins and/or by
binding to metalloproteins that mediate crucial metabolic
processes. It was reported that NO or NO donors can inhibit
the catalytic activity of cruzipain, the major papain-like cys-
teine proteinase in T. cruzi [60, 61].

NO has been demonstrated to be the principal effector
molecule involved in macrophage-mediated killing of T.
cruzi amastigotes [62-64]. In accordance, macrophages up
regulate the arginase II enzyme after phagocytosis of apop-
totic cells, which regulates NO production from iNOS [65].
In addition, T. cruzi has an extremely complex surface anti-
genicity conferred by Glycophosphatidylinositol-anchored
mucin-like glycoproteins (GPI) [66], that are potent inducers
of NO by IFN-y primed macrophages [67]

An additional mechanism by which NO can affect the
metabolism of T. cruzi is through the reduction of available
growth factors. For example, iron is an important growth
factor for T. cruzi [68].

Recently we have shown that ruthenium complexes of
the type trans-[Ru(NO)(NH;),L]"" which act as releasers of
NO are able to lyse T. cruzi in a manner dose-time dependent
[69]. On further investigation, it was possible to observe that
when the doses of 10, 50, 100, 400 nmol kg'1 of each com-
pound were administered by intraperitoneal route for 15 con-
secutive days, these compounds were able to reduce the
parasitemia, cardiac inflammation and also allowed in-
creased survival of infected mice. According to these data
[70], the parasitemia was reduced when the complexes were
administered in concentrations of the order of nanomolar
concentrations, with near ideal dose of 400 nmol kg™'. Fur-
thermore, when doses above of 1pmol kg were adminis-
tered, the complex in question showed the opposite effect
increasing in some doses (e.g.: 3 umol kg™) the number of
parasites per milliliter of blood with respect to those treated
only with PBS. As a result, the final percentage of survival
after 60 days ranged between 20 and 100% for doses in
nanomolar concentrations whereas 0% of survival was ob-
served for concentrations of the order of micromolar.

This antagonistic effect of NO, sometimes controlling the
infection by T. cruzi in vivo now helping the parasite to rep-
licate, it may at first sound contradictory. However, as men-
tioned above, the physicochemical properties of NO confer
unique skills at the same time may be beneficial or deleteri-
ous. It has been reported that the endogenous production of
NO exerts cytostatic and cytotoxic effects for the T. cruzi
[71]. However, such production requires a strict control of its
concentration in vivo in order to limit the damage caused to
the cytotoxic cells of the host, since the free NO has multiple
functions, and is very specific [72]. Often, the effects of pro-
tection and the toxic effects of NO are observed during the
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infections caused by parasites such as T. brucei and T. cruzi
[72]. When the trypomastigote forms invade the cytosol of
macrophages where they transform into amastigotes and the
infection of these circumstances triggers a moderate produc-
tion of interleukin-12 (IL-12) and of tumor necrosis factor-
alpha (TNF-a) [73, 74]. These cytokines lead to the synthe-
sis of interferon gamma (INF-y) and consequently the activa-
tion of iINOS [75]. Thus, NO is synthesized and its produc-
tion has been attributed as responsible for tripanocida activ-
ity of activated macrophages. However, at this stage of the
parasite infection also triggers the production of transform-
ing growth factor beta (TGF-B) and interleukin-10 (IL-10)
which are negative regulators of the production of NO [76],
and thereby inhibiting the activation of macrophages once
activated by INF-y. Moreover, the production of TGF-B,
which has been described as an important inflammatory re-
sponse, often exacerbates the infection promoted by T. cruzi
[75]. Additionally, it has been reported that the unregulated
production of NO during the acute phase of chagasic infec-
tion also plays an important role facilitating the parasite's
evasion of host immune system [77]. Finally the NO can also
suppress the host immune response through induction of
apoptosis of T cells [78].

Therefore, NO is essential for host survival during acute
experimental T. cruzi infection. Its production is rapidly trig-
gered in cells of the innate immune system, after the parasite
is detected and later by adaptive immune cells. A delicate,
yet not completely understood, interplay exists between the
components of the immune response and the concentration
of NO.
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