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Abstract

Apoptosis, a form of programmed cell death (PCD), has been de-
scribed as essential for normal organogenesis and tissue development,
as well as for the proper function of cell-renewal systems in adult
organisms. Apoptosis is also pivotal in the pathogenesis of several
different diseases. In this paper we discuss, from two different points
of view, the role of apoptosis in parasitic diseases. The description of
apoptotic death in three different species of heteroxenic trypanosoma-
tids is reviewed, and considerations on the phylogenesis of apoptosis
and on the eventual role of PCD on their mechanism of pathogenesis
are made. From a different perspective, an increasing body of evidence
is making clear that regulation of host cell apoptosis is an important
factor on the definition of a host-pathogen interaction. As an example,
the molecular mechanisms by which Trypanosoma cruzi is able to
induce apoptosis in immunocompetent cells, in a murine model of
Chagas� disease, and the consequences of this phenomenon on the
outcome of the experimental disease are discussed.
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Introduction

Apoptosis, a form of programmed cell
death (PCD), a gene-regulated process of
active cell death, plays a central role in nor-
mal tissue development and organogenesis
(1) as well as in the pathogenesis of different
diseases (2). PCD is responsible for the physi-
ological non-inflammatory elimination of un-
necessary or potentially harmful cells during
organogenesis, and for the proper function
of continuous cell-renewal systems in adult
organisms. It has been clearly shown that, in

higher vertebrates, PCD is pivotal for the
normal development and function of the im-
mune system. Both self-reactive maturing
immunocompetent cells during the selective
process and hyperreactive mature cells are
eliminated by apoptosis. The Fas system,
which shares a signal cascade with tumor
necrosis factor (TNF) in one apoptotic path-
way, can be useful for down-regulating im-
munoreactivity and for removing cancerous
as well as virally infected cells (3). The
therapeutic potential resulting from the con-
trolled manipulation of the apoptotic process
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has raised great expectations in the biomedi-
cal community. Here, we discuss the recent
findings of apoptosis among pathogenic pro-
tozoan parasites, and of apoptosis induced
by parasites in the cells of the host immune
system. The implication is that pharmacolo-
gical and immunological manipulation of
the apoptotic process could lead to a new
therapeutic approach to chronic parasitic dis-
eases.

Apoptosis in unicellular pathogenic
protozoan parasites

Since cell death is the final outcome of
apoptosis it is almost intuitive that this pro-
cess serves only multicellular organisms.
Indeed, if one considers a unicellular organ-
ism as a self-sufficient non-gregarious indi-
vidual, there is no a priori reason to believe
that such an organism can benefit from a
suicidal program. A corollary of this way of
thinking is that programmed cell death has
evolved after the onset of multicellularity.
Based on several lines of evidence from the
literature showing that unicellular organisms
can organize themselves as cell populations
and establish patterns of intercellular com-
munication (4,5) and some of them can re-
spond to growth factors and cytokines that
are otherwise regulators of PCD (6), our
group began to search for ultrastructural and
biochemical evidence of apoptosis in pro-
mastigotes of Leishmania (L) amazonensis
(7). In about 20% of the stationary phase
promastigotes submitted to heat shock in the
presence of calcium, we observed morpho-
logical alterations closely similar to apopto-
sis. These included chromatin clumping into
nuclear lobes and nuclear fragmentation re-
sembling pre-apoptotic bodies while the cy-
toplasmic organelles retained their normal
morphology. An oligonucleosomal laddering
pattern was observed in DNA extracted from
these same parasites. No similar changes
were found in parasites submitted to heat
shock in the absence of calcium. At the same

time, similar findings for two other patho-
genic trypanosomatids were reported in the
literature. Ameisen and collaborators (8) re-
ported the developmental and induced
apoptotic death of epimastigotes of Trypa-
nosoma cruzi. Welburn and colleagues (9,10)
showed that the procyclic insect form of
Trypanosoma brucei rhodesiense displays
differential mRNA expression and under-
goes apoptosis when treated in vitro with
concanavalin A. The description of apopto-
sis in three examples of unicellular heterox-
enic pathogenic kinetoplastids which alter-
nate between vertebrate and invertebrate
hosts as part of their life cycle raises some
fundamental questions concerning the cellu-
lar biology and the evolutionary origin of
PCD, its role in the emergence and mainte-
nance of parasitism, the structure and func-
tion of the genes involved in the process, and
the constraints of the multicellular organiza-
tion for the proper operation of a cell death
program.

In spite of the wide range of inducers and
of the cell types in which PCD occurs, its
basic morphological and biochemical fea-
tures are always closely similar, strongly
suggesting that a common effector mech-
anism is activated during the process. The
evidence that mitochondrial dysfunction con-
stitutes an early event of apoptosis has led
Kroemer (11,12) to postulate that mitochon-
dria are the central organelles involved in the
occurrence of PCD. Today we know that one
of the elements involved in caspase activa-
tion is cytochrome c released by mitochon-
dria (13). Promastigotes of Leishmania spp
are protected from heat-shock by granulo-
cyte-macrophage colony stimulating factor
(GM-CSF), a hematopoietic growth-factor
that also protects mammalian cells from death
by apoptosis (14). An increase in cytosolic
free calcium during heat shock was described
in this form of the parasite (7). In this same
stressing condition, impairment of mitochon-
drial and endoplasmic reticulum calcium
uptake was observed in permeabilized para-
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sites. Furthermore, the use of carbonyl cya-
nide p-trifluoromethylphenyl-hydrazone
(FCCP), a proton ionophore which disrupts
the mitochondrial membrane potential,
strongly sensitizes the parasite to heat and
oxidative stress. In this situation the promas-
tigotes are extraordinarily responsive to the
protective effect of calcium chelators and
GM-CSF, suggesting the involvement of
mitochondria in the apoptotic process in this
parasite form, and in the protective effect of
the hematopoietic cytokine (Moreira MEC,
Balanco JMF, Gadelha FR, Vercesi AE and
Barcinski MA, unpublished results).

Based on his assumption that mitochon-
drial dysfunction is the central trigger of the
apoptotic process, Kroemer (12) postulates
that apoptosis may have appeared in evolu-
tion together with the endosymbiotic pro-
cess that originated the eukaryotes and not
with the onset of multicellularity. This is
why many molecules involved in the
apoptotic cascade are phylogenetically old.
According to this same investigator, in spite
of the occurrence of apoptosis in unicellular
organisms, PCD as a developmentally regu-
lated program is a prerogative of multicellu-
lar organisms. Our postulate is that multicel-
lularity indeed underlies the occurrence of
PCD but not necessarily in a single multicel-
lular organism, rather, it can occur in any
situation where living cells have developed
structured relationships and division of func-
tions (6,15). Such organization is compat-
ible with several different features of the life
cycle of heteroxenic trypanosomatids (16-
18), and with their clonal population struc-
ture (19). In trypanosomatid evolution,
heteroxenic life styles have appeared inde-
pendently on more than one occasion (20).
Whether apoptosis is a requisite for such an
evolutionary event is still an open question
which can be approached by looking for the
occurrence of apoptosis in monoxenic and in
free-living kinetoplastids, and this is one of
the current lines of investigation in our labo-
ratory.

What purpose could parasite apoptosis
serve? In the insect vector it may be neces-
sary for the control of the size of the parasite
population. A strict population size control
was shown in the case of Trypanosoma brucei
in tsetse flies (17,21), where procyclics dis-
playing morphological features of apoptotic
death were found in the midgut of refractory
flies. Once established, the size of the para-
site population remains constant for the fly�s
lifetime. This equilibrium, whereby parasite
multiplication is balanced by regulated death,
is mutually advantageous since parasite and
fly are in competition for proline as an en-
ergy source. In the mammalian host, apopto-
sis may be useful for the parasite population
in situations where an inflammatory reaction
induced by dying parasites is to be avoided.
Immune responses to protozoan parasites
can be either inflammatory (Th1-type) and
usually host-protective, or humoral (Th2-
type) and usually parasite-protective, and
there is evidence of mutual antagonism be-
tween these types of response (22). A pro-
vocative speculation is that antigens from an
infective apoptotic parasite could be prefer-
ential inducers of a host CD4+ Th-2 T-cell
response. Interestingly, one of the genes up-
regulated during T. brucei apoptosis codes
for the homologue of LACK (Leishmania
homologue of receptors for activated C ki-
nase) (10), which has been described as a
preferential target of an early Th-2 anti-Leish-
mania major T-cell response (23). As dis-
cussed later, recent evidence has shown that
phagocytosis of apoptotic cells is a powerful
anti-inflammatory signal that deactivates
macrophages. Thus, another possibility is
that apoptotic parasites deactivate macro-
phages when ingested. From a cell popula-
tion perspective, apoptosis of a parasite sub-
population, following early infection of the
host, could be employed by the parasites to
evade early immune responses.

Finally, recognition of PCD in parasites
permits a more comprehensive view of
mechanisms of anti-parasite drug action, and
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suggests new therapeutic approaches. Oli-
gonucleosomal DNA fragmentation has been
recently described in a chloroquine-sensi-
tive but not in a chloroquine-resistant strain
of Plasmodium falciparum (24), raising the
exciting possibility that some antiparasitic
drugs could act by inducing apoptosis in
their targets and that the molecular basis of
drug resistance could lie in the inability of
the drug to trigger the apoptotic machinery
in the resistant parasite. Not only parasites
undergo PCD. The cells of the host immune
system also undergo PCD as a result of
parasitic infection. Different lines of evi-
dence point to the importance of PCD in the
host response to infection.

Host cell apoptosis in parasitic
infections and its pathogenetic
significance

Recently accumulated evidence has
shown that regulation of host cell apoptosis
is a critical determinant factor in host-patho-
gen interactions. Microbial pathogens ma-
nipulate host cell apoptosis in different ways,
either to increase their life span within in-
fected cells, or to spread infection when
triggered by environmental stimuli. Certain
pathogenic DNA viruses actively inhibit ap-
optosis of their host cells (25), while measles
virus induces apoptosis in dendritic and T
cells of the immune system (26). An increas-
ing number of identified pathogenic bacteria
rely on host macrophage apoptosis as a viru-
lence mechanism (27). In addition, many
infectious agents generate vigorous innate
and acquired immune responses which are
in turn, subjected to apoptotic mechanisms
of containment. A delicate balance is
mounted by the host so as to cope with the
infectious process and, at the same time, to
avoid the immunopathology that results from
unwanted activity of effector leukocytes.
Considering that effector cell activity is ulti-
mately inhibited by immunoregulatory cir-
cuits, it is possible that the balance achieved

is in many cases responsible for the chronifi-
cation of infectious states.

Chagas� disease is caused in humans by
chronic infection with the protozoan para-
site Trypanosoma cruzi. Recently, prelimi-
nary evidence was presented in a canine
model of Chagas� disease myocarditis that
apoptosis is abundant in the inflammatory
infiltrates of the heart, affecting lympho-
cytes, infected and uninfected myocytes, and
even parasites (28). This finding illustrates
how important PCD can be in the immuno-
pathology of Chagas� disease, and how it
applies to parasites, lymphoid cells and myo-
cytes, all in the same inflamed target tissue.
The basic features of T. cruzi-induced lym-
phocyte PCD are being investigated in mu-
rine models of experimental Chagas� dis-
ease.

Infection of mice with T. cruzi leads to
readily demonstrable ex vivo CD4+ and CD8+

T-lymphocyte apoptosis in spleen (29). Lym-
phocyte apoptosis may derive from the pow-
erful polyclonal lymphocyte activation trig-
gered by the infection, i.e, it may result from
the host�s own regulatory needs (30). This
proposal is consistent with the propriocide
hypothesis of mature T-cell apoptosis, fol-
lowing engagement of the T-cell receptor
(TCR) in actively cycling cells (31). A previ-
ous study showed that treatment of mice
with hydroxyurea, which eliminates cycling
cells, was able to ameliorate T-cell suppres-
sion in the acute infection (32). This finding
indicates that suppressive mechanisms are
indeed coupled to polyclonal lymphocyte
activation. We have previously demonstrated
that lymphocyte PCD in T. cruzi infection is
responsible for in vitro T-cell unresponsive-
ness to stimuli that engage the TCR (33).
One likely molecular link between lympho-
cyte cycling and immunosuppression is the
Fas (CD95) death pathway. Following re-
peated cell cycles, CD4+ T cells regulate
themselves through Fas-mediated apoptosis
(34). Expression of Fas ligand (FasL) is in-
duced following TCR occupancy, and is re-
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quired to engage Fas, and to trigger target
cell death by apoptosis, a process known as
activation-induced cell death (AICD; 35).
Purified CD4+ T cells from T. cruzi-infected
mice undergo AICD following TCR ligation
(29), and upregulate Fas and FasL mRNA
and their functional products (36). If these
CD4+ T cells are ligated with anti-TCR in the
presence of T. cruzi-infected macrophages,
a large increase in parasite replication and
spread ensues (37). While ligation of Fas
promotes lymphocyte apoptosis, increases
parasite replication and eliminates most of
the T-cell IFN-g production, blockade of
FasL prevents T-cell apoptosis, and reduces
parasite replication (37). In agreement with
these findings, CD4+ T cells from FasL-
deficient gld mice infected with T. cruzi are
unable to die by AICD, and cannot exacer-
bate parasite growth in wild-type macro-
phages (37). These results describe a mech-
anism whereby the parasite takes advantage
of T-cell apoptosis to replicate and spread in
host tissues, in spite of a vigorous immune
response against it. Recent data indicate that
molecules isolated from T. cruzi can also
directly induce host cell apoptosis under
certain conditions. A purified ceramide-con-
taining glycolipid isolated from T. cruzi (38)
suppresses T-cell activation (39) and induces
apoptosis in CD4+ T cells from infected, but
not from control mice (Nascimento DO and
DosReis GA, unpublished results). It also
induces apoptosis in host macrophages in
the presence of the cytokine IFN-g, promot-
ing the release of viable intracellular forms
of the parasite (40). The ability of a T. cruzi
molecule to trigger macrophage apoptosis
and parasite release in the presence of IFN-g,
which is a powerful trypanocidal lympho-
kine, indicates another mechanism of escape
from cell-mediated immunity. In fact, the
remarkable ability of T. cruzi to persist in-
definitely in the host despite a vigorous im-
mune response shows that it has evolved
mechanisms to cope with the effects of IFN-
g. One widely recognized effector mech-

anism against T. cruzi in infected mice is the
production of nitric oxide (NO) by inducible
NO synthase (NOS-2), a mechanism induced
by synergism between IFN-g and TNF-a.
However, even though NO production has a
protective role in infection by T. cruzi (41),
recent studies also demonstrated parasite-
protective effects of NO. A recent review
reported that NO increases intracellular rep-
lication of T. cruzi (42), and another study
showed that IFN-g-mediated NO release sup-
presses T-cells from infected mice (43).
Moreover, NO production is involved in
lymphocyte apoptosis during T. cruzi infec-
tion (44). These results show that, at least for
T. cruzi, one major effector molecule in the
type 1 response against the parasite (NO) is
also involved in host-deleterious mechanisms
such as T-cell unresponsiveness and death,
and therefore, plays a �double-edged sword�
role in host protection.

Recent studies demonstrated that phago-
cytosis of apoptotic cells deactivates macro-
phages through the engagement of scaven-
ger cell surface receptors and production of
anti-inflammatory mediators, such as pros-
taglandins and TGF-ß (45), further under-
scoring the general anti-inflammatory role
of apoptosis in the immune system. Recent
evidence indicates that phagocytosis of
apoptotic T cells increases T. cruzi growth in
macrophages in vitro and exacerbates para-
sitemia in vivo (Freire-de-Lima CG, DosReis
GA and Lopes MF, unpublished results).
One important remaining issue about apop-
tosis in Chagas� disease is whether it plays a
role in the tissue lesions found in the heart
tissue of the host (30).

Infection with the intracellular protozoan
Toxoplasma gondii is another example of a
situation in which regulation of host cell
apoptosis plays a critical role. Infection with
T. gondii induces apoptosis of host CD4+ T
lymphocytes (46), which may involve a co-
operative effect of IFN-g on Fas-mediated
cell death (47). Virulent strains of T. gondii
spread in the host by inducing host cell
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(macrophage) apoptosis (48). On the other
hand, protective host gd T cells act by induc-
ing hsp65 in infected macrophages, a protein
that prevents macrophage apoptosis and
spread of Toxoplasma infection (48). The
opposite effect has also been reported. The
intracellular parasite Leishmania donovani
inhibits macrophage apoptosis through GM-
CSF production induced by its glycoconju-
gate lipophosphoglycan (LPG) (49). Intra-
cellular parasites need to block host cell
apoptosis to increase the likelihood of their
survival, but in other situations they also
need to induce apoptosis to spread infection.
Probably, different parasite molecules are
engaged differentially in these opposite re-
sponses. The complexity of host cell PCD
induction also results from different pos-
sible consequences of the killing of an in-
fected host cell. Whether the outcome of
microbial release is beneficial or deleterious
for the host depends on the biological prop-
erties of the pathogen, on its location, and on

the inflammatory setting associated with the
infection. Human monocytes infected with
Mycobacterium tuberculosis are killed by
distinct mechanisms by two different types
of T-cell clones. While granule-mediated
cytotoxicity by cytolytic T cells induces bac-
terial damage, Fas-mediated monocyte ap-
optosis induced by double-negative T cells
results in the release of viable bacteria (50).
It must be stressed that release of viable
bacteria could facilitate their uptake by fresh
mononuclear phagocytes better equipped for
intracellular killing. In the case of motile
parasites, however, release of viable organ-
isms is associated with spread and virulent
infection (48). Taken together, the data dis-
cussed in this section highlight the impor-
tance of studying host cell apoptosis in para-
sitic infections, and indicate that interven-
tion in apoptosis could lead to important
modifications of host-parasite interactions
during chronic infections.
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