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Abstract: Trypanosomatids rely on peptidases as potent virulence factors and were recently found to contain a unique set
of natural peptidase inhibitors not found in higher eukaryotes or in yeast, but present in a limited number of bacteria. Cha-
gasin, identified in Trypanosoma cruzi, is a tight-binding, high affinity inhibitor of papain-like cysteine peptidases that has
an Ig-like fold and inactivates target enzymes through a limited number of contacts mediated by a few conserved residues
on three exposed loops. Chagasin homologues in other protozoa and bacteria are mostly single genes named ICPs, and to-
gether with chagasin compose family 142 at MEROPS, the peptidase and peptidase inhibitors database
[http://merops.sanger.ac.uk/]. The biological function of chagasin/ICPs seems to vary depending on the organism, but
generally, the current studies point to a role in controlling the activity of endogenous parasite CPs, influencing parasite
differentiation, virulence and different aspects of the host response to infection. More recently, natural inhibitors of serine
peptidases that share similarity to bacterial ecotins were identified in trypanosomatids and named ISPs. Ecotins are spe-
cific to trypsin-fold serine peptidases, enzymes which are not present in trypanosomatids. ISPs are limited to Trypano-
somes and Leishmania and to date, only ISP2 proven to have an inhibitory function. In Leishmania, ISP2 seems to control
the activity of host SPs at the initial stages of infection in order to ensure subsequent parasite survival in macrophages.
The main aspects of chagasin/ICP biochemistry, structure and biological function and the recent findings on ISPs will be

covered in this review.
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INTRODUCTION

Peptidase inhibitors are widely distributed in nature and
are an important mechanism of control of proteolytic activ-
ity. Up to 2010, there are more than 19977 natural peptidase
inhibitors described in the MEROPS database, distributed in
67 families and the three dimensional structures of 160 have
been elucidated. In mammals and plants a great variety of
proteinaceous inhibitors, produced in a cell or tissue specific
manner, help to control the degree of proteolytic activity
during normal physiology processes such as hormone proc-
essing, coagulation, antigen-presentation and cellular remod-
eling and changes in their expression levels or modes of ac-
tion have been associated with pathologies such as cancer,
inflammation, neurodegenerative disorders and infection [1,
2]. Peptidase inhibitors generally exert their function via
specific and high affinity interactions with their target pepti-
dases, ultimately blocking the access of potential substrates
to the enzymes’ active sites. Most of the studies regarding
the biology of natural peptidase inhibitors were carried out in
multi-cellular organisms, or their cells, where the need for

*Address correspondence to this author at the Instituto de Biofisica Carlos
Chagas Filho, Centro de Ciencias da Saude, Bloco G, Universidade Federal
do Rio de Janeiro, Cidade Universitaria, llha do Fundao, Rio de Janeiro, RJ,
21949-900, Brazil; Tel: (+55) 21-2209-6591; Fax: (+55) 21-2280-8193;
E-mail: anapaula@biof.ufrj.br

1874-4214/10

tight control of proteolysis arose to prevent untimely cell
death or tissue damage. In contrast, the biological roles of
natural peptidase inhibitors in unicellular organisms remain
less clear and might reflect adaptions in their relationships
with peptidase-rich hosts or with the environment.

In the past years, solid evidence has shown that patho-
genic trypanosomatids rely largely on peptidases as viru-
lence factors [3,4] and these molecules have become attrac-
tive drug targets. In the genomes of Trypanosoma cruzi (the
etiological agent of Chagas Disease), Leishmania major (re-
sponsible for cutaneous leishmaniasis) and Trypanosoma
brucei (causative agent of sleeping sickness), more than 150
genes encoding peptidases distributed in all classes have
been identified. Members of the papain-family of cysteine
peptidases (CPs) were established as promising targets for
chemotherapy, and their functions have been associated with
parasite growth, differentiation and infection [3].However,
the existence of an endogenous control for the activity of
peptidases in these organisms remained elusive for a long
time. In the early 90's, a single biochemical study pointed to
the presence of heat-resistant activity in extracts of Leishma-
nia, that was capable of inhibiting papain [5] but it was not
until 2001 that a natural inhibitor of papain-like peptidases,
chagasin, was characterized in T. cruzi [6]. Presently, the
chagasin-family comprises several members, identified in
protozoa and bacteria, and a growing number of studies in
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pathogenic protozoa identify these molecules as potent regu-
lators of cysteine peptidases of both the parasite and the host,
contributing to the outcome of infection [7-13].

STRUCTURAL AND BIOCHEMICAL FEATURES
Chagasin Family (ICPs)

Chagasin is a 110 amino acid polypeptide first identified
in lysates of T. cruzi epimastigotes by biochemical assays
indicating the presence of a heat-resistant, low molecular
mass molecule capable of high affinity inhibition of several
papain-like cysteine peptidases [6]. Classic biochemical ap-
proaches led to the identification of a protein with a novel N-
terminal sequence, which matched a parallel genetic screen
of T. cruzi expression libraries using papain as bait. These
studies revealed the presence of a single gene in T. cruzi,
bearing a unique predicted amino-acid sequence that showed
no significant similarity to known peptidase inhibitors at the
time [6]. Natural and recombinant chagasin share physical-
chemical properties with cystatins, and are tight, reversible,
high affinity inhibitors of papain-like enzymes, forming 1:1
complexes. It soon became clear that other protozoa and bac-
teria carried genes sharing similarity (<25%) with chagasin.
This was limited to small regions, mainly a short stretch of 5
residues close to the N-terminal region (NPTTG) and a tri-
peptidade close to the C-terminus (RPW), considered the
motifs of chagasin-like inhibitors [7]. The recombinant pro-
teins derived from such genes of L. mexicana, T. brucei and
Pseudomonas aeruginosa were high affinity inhibitors of
papain, and were named ICP (Inhibitors of Cysteine Pepti-
dases) [8], being grouped with chagasin in a new family of
cysteine peptidase inhibitors, classified as family IX in
MEROPS. Its limited distribution in protozoa and bacteria
led to the proposal of horizontal gene transfer, possibly dur-
ing the co-existence of the parasite and bacteria in the gut of
the insect vector [8]. Later, the chagasin-like genes of Plas-
modium and Entamoeba [10-12] were also proven to be
functional inhibitors, adding to the growing list of the unique
chagasin family. Early in silico studies suggested that the
evolutionary conserved residues of chagasin were exposed in
loops to one side of the molecule, forming interactions with
the target peptidases [7]. The solution structures of chagasin
and L. mexicana ICP revealed that these proteins exhibit an
Ig-like fold, a feature which had not been found before in
other peptidase inhibitors, and confirmed that the conserved
residues were arranged in loops to one side of the molecule,
L2, L4 and L6 [14, 15]. These key three loops contain re-
spectively: (i) the NPTTG motif, (ii) a conserved region
comprised by two hydrophobic residues followed by GXGG
and (iii) the RPW/F motif. Interestingly, both studies re-
vealed that L4 is highly mobile in solution, a feature most
probably attributable to the presence of multiple glycine
residues. Analyses of chemical shift perturbations of cha-
gasin during contact with cruzipain (the papain-like protease
of T. cruzi) [16] suggested that L2 and L6 would make con-
tact with the enzyme [14]. Later, computational analyses of
docking of the chagasin crystal to the crystal of cruzain [17],
the recombinant form of cruzipain truncated at the C-
terminal extension, and the determination of the complex
structures of chagasin-falcipain2 and chagasin-cathepsin L,
confirmed that the conserved residues in L2 are inserted into
the peptidases’ active sites [18, 19]. The main conclusions
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derived from the earlier structural data suggested that the
interactions between residues Thr-31 and Thr-32 (L2) of
chagasin with the catalytic triad of the peptidases through
water mediated hydrogen bonds and hydrophobic interac-
tions of residues in L6 with the peptidase would ultimately
contribute to high affinity inhibition. In Reis et al., joint
studies between my group and the group of Mottram evalu-
ated the relative contribution of conserved residues in cha-
gasin to inhibitor function by mutagenesis, revealing a more
complex scenario [20]. We found that the structural basis for
high affinity inhibition of papain-like enzymes by chagasin
varies according to the target enzyme [20]. Strikingly, substi-
tutions in Thr-31 or Thr-32 (L2) of chagasin affected dra-
matically the affinity for cruzipain, the main parasite cys-
teine protease, while it had a negligible effect on the inhibi-
tion of cathepsin L, a host derived peptidase. In contrast, a
mutation of the hydrophobic Trp-93 residue (L6), lowered
the affinity of chagasin for cathepsin L by 100-fold, with
minimal effect on the affinity for cruzipain [20]. Further-
more, we found that shortening of L2 by removal of Thr-31
and Thr-32 caused a substantial reduction in the inhibitory
potential of chagasin, regardless of the target peptidase
tested.

The determination of the X-ray structures of additional
chagasin: peptidase complexes revealed a clearer picture of
the mode of interaction of this novel inhibitor [21, 22]. The
main conclusions drawn from those studies are that: (i) the
overall conformation of chagasin in complex with enzymes
is very similar to that of free chagasin; and (ii) it maintains a
very conserved mode of interaction with target peptidases,
with all three loops located in the catalytic groove, the tip of
L2 inserted directly into the active site, and loops L4 and L6
embracing the enzyme from each side. The nature of interac-
tions with L6 is mainly hydrophobic stacking of the con-
served Trp-93 residue with a hydrophobic patch conserved in
most C1 peptidases and serving as an important anchor.
These studies elegantly showed that chagasin approaches the
target peptidases at different angles, adjusting to a final rigid
and similar conformation in all the complexes, even though
enzyme-specific interactions can be mapped. A common
feature in all the complex structures available is that while
the interactions with L2 are somewhat limited, despite its
insertion inside the catalytic groove, the more extensive and
very strong interactions with loops L4 and L6 likely enable a
tight grip of the enzymes, conferring chagasin its property as
a high affinity inhibitor. Can we extrapolate these conclu-
sions to the interaction between chagasin and its endogenous
target, cruzipain? Although it can be predicted with reason-
able confidence that the overall mode of binding will be con-
served, our mutagenesis data points to an important contribu-
tion of residues in L2 for the inhibition of cruzipain. The
determination of the structure of the chagasin: cruzipain
complex will allow us to define additional and/or specific
interactions that could ultimately help in the confection of
more potent and selective drugs to the parasite’s peptidase.

Chagasin makes very few direct contacts with the active
sites of the peptidases it inhibits, utilizing a few conserved
residues of the target enzymes to become a broad-reactive
inhibitor with comparable affinity for C1 peptidases. A dem-
onstration of its potential as a broad inhibitor is the inactiva-
tion of Cathepsin B, albeit with lower affinity as compared
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to the inhibition of cathepsin L, papain and cruzipain [21].
Cathepsin B is characterized by the presence of an occluding
loop that blocks part of the active site, and confers its
exopeptidase activity [23]. At first, it was hard to imagine
how chagasin could overcome this obstacle in order to cause
enzyme inhibition. It was then shown that chagasin can dis-
place the occluding loop of cathepsin B, pushing it out of the
active site through interactions with L6, which results in an
enlargement of the enzyme-inhibitor interface [21]. Impor-
tantly, the comparison of the chagasin: papain complex with
the stefin B (a type 1 cystatin):papain complex led to the
striking conclusion that although cystatins and chagasin have
a completely different fold, the epitopes they present to the
enzymes are arranged very similarly [22]. In this sense, the
L4-L2-L6 wedge of chagasin overlaps with the wedge of
cystatin, formed by the N-terminal segment and the two a-
hairpin loops, a similarity that does not extend to the rest of
the molecules. This is a good example of how convergent
evolution resulted in two structurally different inhibitors
displaying similar tight-binding, high affinity inhibition of
C1 family peptidases.

Inhibitors of Serine Peptidases (ISPs)

The discovery of chagasin prompted the search for addi-
tional natural peptidase inhibitors in the TriTryp genomes.
Interestingly, the only other putative genes for natural pepti-
dase inhibitors encountered showed similarity to a natural
inhibitor of serine peptidases limited to a few genera of bac-
teria, ecotin [24]. Ecotin was first described as a periplasmic
low molecular mass protein in E. coli, and homologues are
distributed over 15 genera of bacteria that, with two excep-
tions, are found in association with mammals [25, Compre-
hensive ~ Microbial  Resource: http://cmr.jevi.org/cgi-
bin/CMR/CmrHomePage.cgi]. Ecotins function as dimeric
inhibitors and are highly selective for trypsin-fold serine
peptidases belonging to the S1A family. A vast number of
studies have evaluated the structural features of ecotin, re-
vealing that each monomer contains a primary binding site
that interacts directly with the enzyme’s active site while two
additional secondary binding sites are formed as surface
loops in the dimers, and are important for defining inhibitor
affinity for different target peptidases [26-30]. The dimer is a
tight-binding high affinity inhibitor that binds two enzyme
molecules, creating a stable tetramer. A single study of the
possible biological role of ecotin points to a function in pro-
tecting E. coli from the deleterious effect of neutrophil elas-
tase (NE), secreted by neutrophils [31].

The three ecotin-like genes identified in L. major were
named ISP1, ISP2 and ISP3 (Inhibitors of Serine Peptidases)
and are also present in other Leishmania species [24]. While
ISP3 is exclusive to Leishmania, ISP1 and ISP2 are present
in T. brucei while only ISP2 was found in T. cruzi. ISP3 is
predicted to encode a protein formed with an N-terminal
ecotin-like domain followed by a unique C-terminal exten-
sion with no similarity to known domains however the ex-
pression of ISP3 cannot be detected in L. major. Importantly,
trypanosomatids apparently lack genes encoding S1A pepti-
dases, suggesting that the targets of ISPs are serine pepti-
dases from their hosts. Differently from ICPs, that are pre-
sent in a number of protozoa (Table 1), ISPs are found only
in trypanosomes and Leishmania and show a significant de-
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gree of similarity to each other and to ecotin (~30%). As
expected, the conserved domains are concentrated in the
primary and secondary binding sites, but differently from
ecotins, there is no predicted signal peptide in ISPs. The L.
major ISP2 gene encodes a heat-resistant, ~16 KDa func-
tional inhibitor that inactivates trypsin, chymotrypsin and
neutrophil elastase, albeit showing 100-fold less affinity for
those peptidases than ecotin does [24]. Likewise, T. cruzi
ISP2 is a functional inhibitor, presenting properties similar to
those of L. major ISP2 (Abreu MF, Reis FCG, Mottram JC,
Lima APCA, unpublished). The inhibitory potential of ISP1
is not clear, but our initial studies suggest that it inactivates
neutrophil elastase, while its inhibitory activity against tryp-
sin and chymotrypsin is less evident (Lima APCA, Mottram
JC, unpublished). The three dimensional structure of the
ISPs is unknown and it is still to be determined whether they
function as homodimers. However, based on the initial bio-
chemical characterization of the ISPs and on substitutions
encountered in their predicted primary binding sites, in com-
parison to ecotin, we can anticipate that the resolution of the
ISP: peptidase complex structures will reveal particular fea-
tures of the mode of interaction between the parasites’ in-
hibitors and target enzymes.

DISTRIBUTION, EXPRESSION AND ROLES IN
PARASITE BIOLOGY AND INFECTION

Chagasin (ICPs)

Chagasin is expressed in all life stages of T. cruzi, being
more abundant in the mammalian infective trypomastigote
stage. Immunocytochemistry analyses showed a complex
sub-cellular distribution, being evident at the surface and
flagellar pocket of tissue culture trypomastigotes and trypo-
mastigote-amastigote intermediate forms, while in epimas-
tigotes it is mainly intracellular [6]. In later studies, chagasin
was detected in the Golgi apparatus, in reservosomes (a late
endocytic compartment of T. cruzi), and in cytoplasmic vesi-
cles containing cruzipain or devoid of the enzyme [32]. The
presence of chagasin in reservosomes was recently con-
firmed in a proteomic study [33]. Reservosomes are the main
deposits of active cruzipain [34], and the presence of cha-
gasin therein strongly suggested that inhibitor: peptidase
complexes could be naturally present in T. cruzi. Indeed, we
showed the existence of such complexes in epimastigotes,
both intracellularly and in the medium [32]. Considering that
cruzipain zymogens are activated in the Golgi, it is possible
that association with chagasin occurs early in the secretory
pathway and is further accomplished when vesicles trans-
porting free chagasin fuse with reservosomes containing
active enzyme. Even though some mature cruzipain seems to
be kept inactive in tight complexes with chagasin, the pepti-
dase levels are approximately in 50-fold excess in relation to
chagasin, demonstrating that the vast majority of cruzipain is
free. The low level expression of chagasin enabled us to use
chagasin-overexpressing parasites as a genetic tool to ad-
dress inhibitor function. In T. cruzi lines expressing 5-fold
more chagasin than wild type, there was an 85% reduction in
the amounts of active cruzipain, and significant effects on
metacyclogenesis and in parasite resistance to the deleterious
effect of synthetic irreversible inhibitors to cruzipain [32].
Moreover, chagasin-overexpressing trypomastigotes were
less infective in vitro, and this was overcome by the addition
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Table 1. Peptidase Inhibitors of Protozoa. The table summarizes the main characteristics of the cysteine peptidase inhibitors and serine
peptidase inhibitors described in protozoa. The sub-cellular distribution is described for the different life cycle stages (letters in
brackets), according to the abbreviations found in the “expression” column. The three-dimensional structures of chagasin com-
plexed with cysteine peptidase are listed in the “structure” column.

Inhibitor Species Target Expression Distribution Structure Assigned Roles References
Cysteine Peptidase Inhibitors
Chagasin T. cruzi Cruzipain Epimastigotes Golgi (E), Intracellular (Free) [6,7,14]
E vesicles (E), Reservosomes . .
® ) ® ©® NMR Parasite resistance to [17-22,32]
Trypomastig- ' X-ray synthetic CP inhibi-
otes (T Flagellar pocket (T), Sur-
_( ) g fgce (T)( ) Complexed tors
Amastigotes -Falcipain Metacyclogenesis
-CatL Host cell invasion
-CatB Host cell signaling
:Papain
LmexICP L. mexicana Host CPs ER, Golgi, NMR Infection in mice [8-9],[15]
(L.sp) Intracellular vesicles
TbICP T. b. brucei Brucipain Procyclic nd nd Growth of BSF [8, 36]
T.b. rhode- BSF BSF to PCF differen- [Costa,
siense tiation Mottram,
Degradation of anti- Lima, un-
Infection in mice
Interaction with brain
endothelium
Falstatin P. falciparum | Falcipains | Schizonts (Sz) Cell Periphery (Early Sz, nd Erythrocyte Invasion [11]
(P. vivax) Host CPs Merozoites R),
(M) Diffuse (Late S, M)
Rings (R)
PbICP P. berghei nd Sporozoites Micronemes, Secreted nd Sporozoite invasion [42]
(Sp) (Sp), Blocks Hepatocyte
Throphozoites Parasitophorous vacuole death
Schizonts (Sz) (Sp. Sz, ),
Cytomere (C) Host cell cytoplasm (M)
Merozoites Parasite cytoplasm (C)
(M)
EhICP1 E. hystolytica | CP1,CP2 | Throphozoites Cytoplasm nd Endogenous CP [10,12]
EhICP2 (E. dispar) CP1, CP2, Lysosome, secretion
CP5 Phagosomes after erythro- Parasite virulence
phagocytosis
Toxostatinl T. gondii TgCPB Tachyzoites nd nd Control of endoge- [13]
Toxostatin2 TgCPL nous CPs
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(Table 1). Contd.....

Inhibitor Species Target Expression Distribution Structure Assigned Roles References
Serine Peptidase Inhibitors
ISP1 L. major nd Promastigotes, nd nd Macrophage inva- [24]
Host SPs Metacyclics sion,
ISP2 nd Promastigotes, Parasite intracellular
. survival
Metacyclics,
Amastigotes
ISP3 Not detected
ISP1 T. b. brucei nd Procyclic nd nd nd Genedb
1SP2 T.b. rhode- BSF Th927.5.173
siense 0
Th927.5.188
0
I1SP2 T. cruzi nd Epimastigotes nd nd nd Genedb
Trypomastigotes Tc00.104705
Amastigotes 3508533.40

Nd, not determined; CP, cysteine peptidases (C1 family); CatL, cathepsin L; CatB, cathepsin B; ER, endoplasmic reticulum; BSF, bloodstream form, SP, serine peptidase (S1A fam-

ily).

of exogenous cruzipain [32]. These data support the notion
that subtle variations in the levels of chagasin expression
affected important biological parameters associated with CP
activity, establishing that chagasin plays a role in regulating
endogenous CPs in T. cruzi.

A more detailed characterization of trypomastigotes
overexpressing chagasin revealed an even greater impact on
the content of active endogenous cruzipain, with increased
levels of secreted enzyme: inhibitor complexes (Santos CC,
Lima APCA, unpublished). The nature of the signaling
pathways triggered by the parasite overexpressing chagasin
upon invasion of the host cell were altered, suggesting that
chagasin may play a further role in controlling the ways
through which the parasite interacts with the host. It has been
described that cruzipain inactivated by pharmacological in-
hibitors protects mouse cardyomyocytes from apoptosis in
culture, mimicking the protective effect caused by parasite
infection [35]. Recently, a thorough study of these properties
revealed that active cruzipain was unable to protect cardiac
cells from apoptosis, but this was fully reversed upon com-
plexation with chagasin (Aoki MP, Lima APCA, Gea S, un-
published). The protective effect of inactive cruzipain corre-
lated with the production of cytokines by the cardiac cells,
establishing an association between cruzipain inactivated by
chagasin, innate responses and potential protection of tissue
damage. These observations suggested that cruzipain: cha-
gasin complexes secreted by the parasite might influence the
degree of preservation of the heart during infection, contrib-
uting to the outcome of pathology.

In T. brucei, ICP seems to be expressed at much lower
levels than its counterparts in Leishmania and T. cruzi, and
its sub-cellular location remains inconclusive [36]. Neverthe-
less, in the T. brucei bloodstream form (BSF) ICP seems to
regulate the function of the endogenous CPs that plays a part
in surface protein turnover, at least so in the removal of the

variant surface glycoprotein (VSG) during differentiation
and in the degradation of anti-VSG 1gGs [36]. We found that
T. brucei lines lacking ICP have increased levels of active
CPs, leading to a more efficient intracellular degradation of
antibodies to VSG, after endocytosis [36]. Moreover, the
differentiation of T. brucei BSF to the procyclic form in vitro
was accelerated in ICP-deficient lines, implicating CP activ-
ity in parasite differentiation [36]. ICP-deficient BSF were
also more virulent to mice, reaching 10-fold higher para-
sitemia in the blood and leading to premature death of the
infected animals [36]. Based on these observations, we might
predict that naturally occurring alterations in the expression
levels of ICP would ultimately affect parasite virulence. In T.
brucei rhodesiense, parasite CPs have been implicated in the
traversal of the blood brain barrier (BBB), in endothelial cell
signaling and more recently, in the regulation of endothelial
cell gene expression [37, 38]. In this sense, the levels of ICP
may additionally influence this aspect of the parasite interac-
tion with its mammalian host, ultimately controlling the par-
ticipation of parasite CPs in BBB activation and in the pa-
thology of the central nervous system during infection.

A different picture emerged when the role of ICP was
investigated in Leishmania. Unlike chagasin in T. cruzi, in L.
mexicana only a small proportion of ICP was found co-
localizing with CPs in the endoplasmic reticulum and Golgi
and the majority of ICP resides in vesicles that are appar-
ently distinct from endosomes and the multivesicular tubule
(MVT)-lysosome [9]. Furthermore, L. mexicana mutant lines
lacking ICP grew normally in vitro, were as infective to
macrophages as wild-type parasites, but had reduced infec-
tivity to mice. These data led to the proposal that ICP has a
role other than modulation of the activity of the parasite’s
own CPs and their normal trafficking to the MV T-lysosome
via the flagellar pocket [9]. These findings indicate that natu-
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ral targets and the biological roles of ICPs might vary among
trypanosomatids.

Inhibitors of Serine Peptidases (ISPs)

The investigation of the biological role of ISPs has been
only recently initiated in L. major and little is known about
their function in trypanosomatids [24]. The expression of
these inhibitors is stage-regulated: ISP2 is found in three life
cycle stages of L. major, being higher in amastigotes and
metacyclic promastigotes, while ISP1 was detected only in
promastigotes and metacyclic promastigotes. As previously
mentioned, the expression of ISP3 was not detected, suggest-
ing that it might be a pseudo-gene or that its expression is
tightly regulated and initiated at specific points of the para-
site’s life cycle or during interaction with the host(s). In T.
cruzi, we detected ISP2 in the three life stages, being higher
in epimastigotes (Abreu MF, Reis FCG, Mottram JC, Lima
APCA, unpublished). Although the sub-cellular distribution
of ISPs remains unclear, they are most likely intracellular
and no secretion of 1SPs has been detected so far. Although
ISPs seem to reside intracellularly, they could be released
from dying parasites during infection, then becoming avail-
able to act on host proteins, as discussed below.

Host serine peptidases (SPs) are the probable targets of
ISPs, and candidate SPs include chymotrypsin-like enzymes
in the gut of the insect vectors [39, 40], or a variety of
mammalian SPs involved in inflammation [41]. Postulated
targets include SPs expressed by cells of the innate immune
system (i.e., neutrophils, mast cells, macrophages), such as
neutrophil elastase (NE), proteinase 3, tryptase and cathepsin
G (CG), as well as enzymes participating in the coagulation
cascades, such as factor Xa. Recombinant ISP2 of T. cruzi or
Leishmania inactivate NE and CG with moderate affinity
(Kis in the nanomolar range), having the potential to influ-
ence the outcome of the innate immune response during
parasite infection. The premise that ISPs target host pepti-
dases was first evaluated by analyzing the interaction be-
tween L. major mutant lines lacking ISP2 and ISP3 and
macrophages [24]. We found that ISP-deficient parasites are
phagocytosed by mouse macrophages more efficiently than
wild type, via engagement of the complement type-3 recep-
tor (CR3). Interestingly, the greater parasite uptake was due
to the upregulation of the phagocytic activity of macro-
phages, regardless the nature of the internalized particle.
Since the expression of ISP3 is apparently missing from wild
type Leishmania, the phenotypes displayed by the mutants
are most likely associated to the loss of 1SP2 function. Im-
portantly, the upregulation of phagocytosis and conse-
quently, higher parasite infection, was strictly dependent on
host cell SP activity, being fully reversed by inhibitors to
S1A enzymes [24]. The involvement of S1A peptidases in
macrophage phagocytosis or in Leishmania infection has not
been elucidated, raising important questions on how ISPs
may have evolved to control crucial steps of the host-parasite
interaction. Further, our studies with T. cruzi lines overex-
pressing ISP2 also point to a possible role of this inhibitor in
the infection of a variety of cell types (Abreu, MF, Reis,
FCG, Mottram, JC, Lima, AP, unpublished), suggesting a
similar function for ISPs in different trypanosomatids.

Intriguingly, the intracellular ISP2:3-deficient L. major
were partially eliminated within 24 h of infection, and the
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remaining parasites slowly recovered growth after 48 h, sug-
gesting that 1SP2 is required for the efficient establishment
of infection in macrophages [24]. We found that the activity
of host SPs triggered during parasite contact is responsible
for the subsequent defect in the intracellular development
and proposed that ISPs play an important role in inactivating
host SPs at the initial stages of infection in order to guaran-
tee successful survival of the parasite. The potential role of
ISPs in modulating the interaction of Leishmania and neu-
trophils is currently under investigation, as well as the identi-
fication of the main enzymes which are regulated by ISPs
during infection. This shall provided valuable information on
how natural serine peptidase inhibitors produced by trypano-
somatids contribute to their adaptation for survival in their
hosts.
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ABBREVIATIONS

CcP = Cysteine peptidases

ICP = Inhibitor of cysteine peptidases
ISP = Inhibitor of Serine Peptidases
VSG = Variant Surface Glycoprotein
BSF = T. brucei bloodstream form
BBB = Blood brain barrier

MVT = Multivesicular tubule

NE = Neutrophil elastase

CG = Cathepsin G

CR3 = Complement type-3 receptor
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