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The protozoan parasites, which cause important diseases af-
fecting million of people worldwide especially in the tropical
and subtropical areas, are responsible for high mortality and
morbidity. Most of these parasites are transmitted by insect
vectors and invade a range of different tissues in their mam-
malian hosts. Prophylactic and therapeutic strategies are far
from satisfactory. Indeed, although significant progress has
been made in our understanding of the immune response
to parasites, no definitive step has yet been successfully done
in terms of operational vaccines against parasitic diseases.
Moreover, some drugs are available, but there are concerns
over their effectiveness, toxicity, and emergence of resistant
strains.

An acquired immune response is the expected outcome
of invasion by any living foreign organism, yet in many hosts
the parasites are able to survive for long periods and most of
the host-parasite systems explored demonstrated their own
peculiarities to reach this equilibrium.

In this issue of the Journal of Biomedicine and Biotech-
nology, functional lessons learned from a number of parasitic
models: (Malaria, leishmaniasis, Chagas’disease, and toxo-
plasmosis) have been gathered. Analysis of plasmodium fal-
ciparum parasitized red blood cells cytoadherence to host cell
receptors, a key step in the progression of parasitic infection,
revealed that in the case of pregnancy-associated malaria
(PAM), P. falciparum isolates from infected pregnant women
and children have distinct adhesive and antigenic proper-
ties from that of parasites causing cerebral malaria. This
strengthened the possibility that antigens expressed by par-
asites causing PAM could be potential targets for vaccine de-
velopment. Furthermore, recent advances in DNA vaccines
against protozoan parasites especially Leishmania and Try-
panosoma cruzi have been reviewed in this special issue. The
parasite and their released products elicit a complex series

of cellular interactions leading to the activation/inhibition of
the host immune system. This relies on ligand (s)-receptor
(s) association among which CD40/CD40L costimulatory
signaling, induction of immune cells such as dendritic cells,
macrophages and T and B lymphocytes producing them-
selves various cytokines: IL-10, IL-12, IL-23, IL-27, IL-17,
among others which create a microenvironment that may
promote the development of defined Th cells. The balance
between cytokine producing Th cells will determine the out-
come of parasitic infection. This up-to-date information has
been discussed in terms of physiological processes and ther-
apeutic implications. The contributors convey both the state
of the art and the direction of future studies in this particular
area of research.
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4 avenue de l’Observatoire, 75006 Paris, France

Received 29 December 2006; Accepted 21 March 2007

Recommended by Ali Ouaissi

Cytoadherence of Plasmodium-falciparum-parasitized red blood cells (PRBCs) to host receptors is the key phenomenon in the
pathological process of the malaria disease. Some of these interactions can originate poor outcomes responsible for 1 to 3 mil-
lion annual deaths mostly occurring among children in sub-Saharan Africa. Pregnancy-associated malaria (PAM) represents an
important exception of the disease occurring at adulthood in malaria endemic settings. Consequences of this are shared between
the mother (maternal anemia) and the baby (low birth weight and infant mortality). Demonstrating that parasites causing PAM
express specific variant surface antigens (VSAPAM), including the P. falciparum erythrocyte membrane protein 1 (P f EMP1) variant
VAR2CSA, that are targets for protective immunity has strengthened the possibility for the development of PAM-specific vaccine.
In this paper, we review the molecular basis of malaria pathogenesis attributable to the erythrocyte stages of the parasites, and
findings supporting potential anti-PAM vaccine components evidenced in PAM.

Copyright © 2007 N. T. Ndam and P. Deloron. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. THE IMPORTANCE OF CYTOADHERENCE IN
THE PATHOPHYSIOLOGY OF PLASMODIUM
FALCIPARUM MALARIA

P. falciparum infection encompasses a full range of clinical
presentations, from asymptomatic infection to severe dis-
ease, including cerebral malaria, severe anemia, acute res-
piratory failure, hypoglycemia, renal failure, and pulmonary
edema. Severe malaria, in particular cerebral malaria and se-
vere anemia, constitutes one of the main causes of hospital-
ization in nonimmune individual from malaria endemic ar-
eas [1]. Patients with cerebral malaria present with a loss of
consciousness and a coma, related to vascular obstruction by
aggregated parasitized red blood cells (PRBCs), rosettes, and
other fibrillous components. Parasite factors, such as GPI an-
chors elements (glycosylphosphatidylinositol), induce TNF-
α and INF-γ, production that in turn will induce overex-
pression and relocalization of endothelial receptors, such as
ICAM-1 and PECAM-1. In severe anemia, human and para-
site factors play major roles. Anemia for instance is the con-
sequence of PRBCs destruction, insufficient erythrocyte pro-
duction, and increased clearance of both infected and non-
infected RBCs by the spleen and the macrophages [2–5].

To survive, most microorganisms proceed to evolution-
ary adjustments in their virulence factors. In Plasmodium
spp, these changes allow the parasite to sustain a chronicity
inside its host by means of constant antigenic variations, al-
lowing its transmission to the mosquito. Two virulence fac-
tors have been described in P. falciparum. Firstly, the grow-
ing rate, as parasites isolated from patients presenting with
severe malaria express an in vitro multiplication rate higher
than that of parasites isolated from nonsevere malaria pa-
tients [2].

This suggests that parasites causing severe disease multi-
ply in their host faster than parasites associated with non-
severe disease. Factors controlling parasite multiplication
rate still are not identified. The other P. falciparum vir-
ulence factor is the cytoadherence phenomenon (for re-
view, see [6–8]). The nature of the P f EMP1 protein ex-
pressed on the surface of PRBCs plays a key role in this
process. Parasites unable to adhere to vascular endothelium
are eliminated from the blood stream by the spleen fil-
ter. Indeed, erythrocytes do lose their deformability when
parasitized, facilitating their clearance by the spleen. (for
review, see [9]). RBCs surface expression of variant anti-
gens constitutes an evasion strategy from the immune sys-
tem, used by all Plasmodium species studied, and this may
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probably represent a common feature within the Plasmod-
ium genus. The expression of antigens unknown from the
MHC would represent an excellent way to escape the im-
mune system, but would also constitute a threat for species
survival. The alternate expression of RBCs surface antigens
thus is one of the intrahost mechanisms used by parasites
for controlling their own population, while avoiding their
host’s death related to an excessive parasite multiplication
[10, 11].

In P. falciparum, at least two variable surface antigens
(VSAs), P f EMP1 and RIFINs, are expressed on the surface
of PRBCs [12]. Although members of the STEVORs family
have been identified in Maurer’s dots, a network of parasite
microtubules inside the cytoplasm of PRBCs, these proteins
may not be surface-exposed [13, 14]. All these three proteins
are encoded by multigene families, and most of the genes
composing each family are in a sub-telomeric location, an
area subjected to a high level of recombination. Variations af-
fecting VSAs suggest that they are necessary for the parasite
survival. Despite the changes needed for immune evasion,
the limited number of host receptors imposes the parasite to
maintain a minimum stability between structure and func-
tion of its surface proteins by maintaining selected amino
acids residues.

2. PARASITIZED RED BLOOD CELLS ADHERENCE

Adherence of PRBCs to endothelial receptors is a characteris-
tic of P. falciparum infections [15]. While PRBCs containing
young stages (ring) of the parasite do circulate in the blood
flow without concern, those RBCs infected by mature stages
(trophozoites and schizonts) of the parasite are sequestered
in the microvasculature of deep organs [16], thus avoiding
passage through the spleen. Parasite-encoded adhesines in-
volved in the RBCs cytoadherence have been associated to
protrusions (knobs) at the surface of erythrocytes (Figure 1).
Even though adherence under physiological conditions may
require knobs, it is now admitted that these knobs are not
essential, as knobless parasite lines have been observed in
vitro to bind endothelial cells [17, 18]. However Knobs are
the location where most parasite ligands are expressed [19].
Following the demonstration of the major role the P f EMP1
protein plays in the mechanisms of PBRCs binding to en-
dothelial cells in 1984 [20], distinct adhesive properties of
these parasite proteins to various receptors were also re-
ported. The variations in the P f EMP1 binding properties
originate different types of interactions, such as deep or-
gans tropism of PRBCs, agglutination with uninfected RBCs
(rosetting) [21] or with other PRBCs (auto-agglutination)
[22]. These various facets of PRBCs cytoadherence are in
close relation with malaria pathophysiology. The withdrawal
of mature forms from the blood flow, and their accumula-
tion in deep organ microvessels may represent a pathologic
event more or less well tolerated, according to the target or-
gan and the level of PRBCs accumulation. Sequestration may
be the key factor involved in vital organs failure, in particular
during cerebral malaria.

3. PREGNANCY-ASSOCIATED MALARIA

In areas endemic for malaria, the pregnant woman is at high
risk for malaria. Every year, twenty-five millions of preg-
nant women are exposed to malaria in sub-Saharan Africa,
and pregnancy-associated malaria (PAM) is of serious public
health concern [23]. In areas where malaria transmission is
intense, its main consequences are a low birth weight (LBW)
for the baby and a severe anemia for the mother. During
pregnancy, massive sequestration of P. falciparum parasites
in the placenta is likely to reduce maternofetal exchanges,
explaining the frequency of LBW babies born from infected
mothers. However, two recent studies have shown that preg-
nant women infected with Plasmodium vivax were also likely
to give birth to LBW babies, suggesting that local or systemic
production of selected inflammatory cytokines may also play
a role in the pathological process [24, 25].

Recent data show that P. falciparum parasites infecting
pregnant women express an antigenic profile different from
that of parasites involved in cerebral malaria, and more gen-
erally, from parasites encountered in nonpregnant hosts [26].
This characteristic of PAM parasites is related to placenta-
expressed receptors that participate in the selection of par-
asite phenotypes with a given specificity for these receptors.
Chondroitin-sulfate A (CSA) is the major receptor for pla-
centa sequestration [27, 28], and the number of parasite
ligands involved in placenta sequestration is consequently
highly restricted as compared to those implicated in cerebral
malaria where several endothelial receptors may be involved.
Although PAM parasites do preferentially bind to CSA, vari-
able abilities were described among different placental iso-
lates [29, 30]. Distinct subpopulations composed of strong
and weak binders have been observed in FCR3CSA (a sub-line
of FCR3 selected for its adhesion to CSA) using a model of
adhesion under flow conditions [31]. Demonstration of dif-
ferent binding abilities among placental isolates showed par-
ticular interest as high binders were associated with high risk
of LBW [30], and transcribed higher level of var2csa com-
pared to low binders [32], emphasizing the role of var2csa in
PAM.

4. CHONDROITIN-4-SULFATE (CSA) AND PLACENTAL
RECEPTORS FOR SEQUESTRATION

Although glycosaminoglycans (GAG) have previously been
shown to be involved in sporozoite adhesion to hepatocytes
by binding to heparin-like motifs of the heparan sulfate (HS)
[33], CSA is the first such receptor involved in RBCs se-
questration. GAGs polysaccharides chains are usually com-
posed of repeats of disaccharides units formed by one hex-
uronic acid and one hexosamine. At least one of the disaccha-
ride elements has a carboxyl or a sulfate negatively charged.
Among major GAGs are hyaluronic acid (HA), chondroitin
sulfate, keratin sulfate, heparan sulfate, and heparin. Heparin
is mostly a component of intracellular granules of mast cells
lining the arteries of the lungs, liver, and skin while heparan
sulfate is a component of the cell surface found in the base-
ment membrane. HS contains heparin-like motifs that are
enriched with N-sulfated glucosamine and 2-sulfated acids
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[34]. Classical structure of CSA is tandem repeats of glu-
curonic acid [1–3] and N-acetylgalactosamine-4-sulfate [1–
4]. Figure 2 illustrates structures of the different kinds of dis-
accharides composing GAGs of physiological significance. It
is more and more obvious that GAGs structure is much more
heterogeneous than previously thought [36, 37].

Chondroitin sulfates (CS) are mosaics formed by C4S
(CSA) or C6S (CSC) types of disaccharides. The belong-
ing to a CS type depends on the most abundant disac-
charide. In chondroitin sulfate B (CSB), glucuronic acid is
changed to iduronic acid, and in CSC, the N-galactosamine
sulfate group is in position 6, while CSD and CSE are usually
hyaluronate mix. CSB and CSC are not implicated in PBRC
adherence [38].

Other GAGs of physiological significance include Type
III TGF-β receptor, also called betaglycan, that contains both
heparan and chondroitin sulphate chains [39]. CD44 fam-
ily is composed of molecules that can exist in the proteo-
glycan and nonproteoglycan forms. CD44 is a cell surface
receptor for hyaluronan [40] and is synthesized by lympho-
cytes, epithelial cells, fibroblasts, glial cells, Kupfer cells, and

mesangial cells of the kidney. Like syndecans it has a short
intracellular C-terminal and highly-conserved domain and
a large extracellular domain [41]. Extracellular domain con-
tains three disulfide-bonded loops, and it has a high homol-
ogy with the hyaluronan binding region of aggrecan, link
protein, neurocan, and versican [42].

The nervous tissue well-characterized proteoglycans in-
clude phosphacan, NG2 proteoglycan, agrin, receptor-type
protein tyrosine phosphatase, and the aggregating proteo-
glycans neurocan and brevican. NG2 proteoglycan is a
cell membrane-associated chondroitin sulphate proteogly-
can present in nervous tissue cells that have not yet spe-
cialized into oligodendrocytes [43], but it has been found
also in developing mesenchyme and human melanoma cells.
The primary structure of NG2 proteoglycan consists of 2325
amino acids that code a 252 kd core protein [43].

In the vascular bed, thrombomodulin (TM) is a trans-
membrane glycoprotein containing high CSA levels [44].
CSA is involved in TM function, mainly by linking and
inactivating the circulating form of thrombin, a coagula-
tion factor [45]. TM is highly present in vascular endothelia
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Figure 2: Structure of different kinds of GAG disaccharides of physiological significance.

(∼100.000 molecules per cell), but also at the syncytiotro-
phoblast surface [46, 47], to which PRBCs bind in placenta
[26]. The specificity of CSA binding of PRBCs is demon-
strated by its full inhibition by either a minimum motif of
7 disaccharide units of the 4S type [48] or by chondroitinase
ABC treatment. CSA is also present in pulmonary and cere-
bral vascular endothelium, suggesting a possible role in other
severe forms of malaria [49].

Optimal binding of PRBCs in the placenta is observed in
the presence of ∼30% 4S disaccharides and ∼70% nonsul-
fated disaccharides with a minimal motif of 6 disaccharide
units [50]. This has been confirmed with a C4S/C6S bovine
copolymer, although the minimal motif included 4 C4S units
instead of 2 in the case of that from human origin [51].
Chondroitin sulfate proteoglycans (CSPG) isolated from hu-
man placenta are low sulfated, with around 8% of chains with
a sulfate in position 4 (C4S) and the most part being nonsul-
fated [37]. This apparent discrepancy is explained by the fact
that, in the CSPG structure, sulfated groups are concentrated
in domains formed with 6 to 14 disaccharides [52]. These

sulfate-rich domains include 20 to 28% of C4S, as opposed
to the other regions.

Other studies demonstrate that HA is also involved in
placenta sequestration of PRBCs, as most of P. falciparum
placental isolates exhibit affinity for this GAG [53, 54]. How-
ever, not all agree with this finding [55]. With a similar struc-
ture as CSA, N-acetylgalactosamin in HA is not sulfated.
Because HA is also present at the surface of syncytiotro-
phoblasts [56] and endothelial cells from microvessels [57],
further studies are required to determine if HA represents a
receptor in itself.

Despite the commonly admitted role of CSA in placen-
tal sequestration of P. falciparum infected RBCs, the over-
all process might be more complex involving multiple re-
ceptors such as (IgG, IgM, HA, CSA) rather than exclusive
interaction with CSA [58]. A P. falciparum line selected ac-
cording to the IgG-binding phenotype, was also shown to
bind strongly to placental syncytiotrophoblasts, with a sim-
ilar profile as wild isolates [59]. This binding is not inhib-
ited by glycosaminoglycans or by chondroitinase ABC and
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hyaluronidase treatment, but is inhibited by IgG-binding
proteins, suggesting that P f EMP1-containing domains that
are able to bind CSA may also harbor IgG and IgM binding
sites, offering another linking possibility between the PRBCs
surface and Fc receptors expressed in the placenta.

5. VAR GENES FAMILY AND ANTIGENIC VARIATION

In P. falciparum, variant antigens (P f EMP1) expressed at
PRBCs surface are encoded by a family of genes called var
composed of around 60 copies per haploid genome [60].
Members of this family are distributed among all chromo-
somes, most being localized in the subtelomeric regions and
few in the central region of the chromosomes. Subtelomeric
var genes are more vulnerable to the recombination phe-
nomenon that affects their structure. Gene duplication phe-
nomena are also frequent. These phenomena, known since
the ’30s [61], allow biological evolution and diversity. Se-
lected genes are mutated after duplication or recombined
with other members of the family, while transcription of the
others is repressed following mutation. In the genome of the
3D7 P. falciparum strain, the high number of truncated var
genes (pseudogenes) indicates the high frequency of gene
deletion events occurring in the genome.

As for primary sequences, the number of domains may
vary between var genes, as their size (from 3.9 to 13 kb).
P f EMP1 proteins encoded by these genes show differences
that originate major antigenic variations at the erythrocyte
surface. Each P f EMP1 is constituted by an arrangement of
distinct domains. The extracellular part is encoded by var
gene exon 1, and possesses a variable N-terminal segment
(NTS), several “Duffy-binding like” (DBL) domains (named
following the Duffy-binding protein, the first such domain
described, that allows P. vivax adherence to the Duffy anti-
gen), and cysteine interdomain rich regions (CIDR) [62].
Each DBL domain is approximately 300 Aa long. Depend-
ing on their Aa sequence, DBLs as well as CIDRs have been
classified into 5 types (α to ε). In selected P f EMP1s, there is a
small fragment after DBLβ originating a DBLβC2 structure.
At the end of exon 1, there is a sequence of variable length
(SVL) and a hydrophobic region with the characteristics of
a transmembrane domain (TM) [63]. The entire P f EMP1
molecule is anchored to the erythrocyte membrane by this
TM domain, followed by an acidic C-terminal intracellular
conserved segment (ATS), encoded by exon 2 (Figure 3).

Several studies have associated P f EMP1s family to
malaria pathogenesis, and the study of the function of the
various P f EMP1 molecules represents a research topic of
high interest for the development of prevention strategies.
The understanding of the mechanisms controlling var gene
expression is of utmost importance for the control of their
biological role. Var gene expression involves a set of regula-
tion mechanisms implicating activation, switching, and si-
lencing of localization sites. Studies of pre-erythrocytic mat-
uration stages showed that var gene expression operates in a
mutually exclusive fashion. Although several transcripts are
detectable in a given parasite, a single one is massively tran-
scribed as a full-length (untruncated) mRNA and expressed

at the PRBCs surface while the others are kept inactivated
(silencing) or give rise to truncated mRNA [64, 65]. Each var
gene is a single transcriptional unit that can be activated in
situ. The expression of the various members varies accord-
ing to the development stages [66], but only the expression
during the erythrocytic stages seems to play a major role in
the parasite development in relation to the immune system
escape. Although the expression profile may change in vitro
without immune pressure, the expression of the same var
gene during long periods of time has often been observed.
The phenomenon appears to be highly different in vivo. Re-
cent studies show a total change in the expression profile fol-
lowing passage of the parasite in the mosquito, suggesting a
much higher in vivo switching rate [67, 68]. Selected genes
with a physical colocalization show a tendency to be activated
and expressed during the same development stage [66, 69].

Considering differences in gene structure, chromoso-
mal organization, and sequences of untranslated regions,
subgroupings of the var gene family have been proposed
[60, 70, 71]. The analysis of gene upstream sequences al-
lowed to define 3 major types of sequences (promoter-like):
upsA, upsB, and upsC [60]. Two sequences belonging to the
var1 and var2 subfamilies formed independent groups cor-
responding to upsD and upsE, respectively [71]. These se-
quences are associated to the localization and the orienta-
tion of each var gene. Subtelomeric genes orientated towards
the telomere express promoter sequences of the upsA type,
those orientated around the centromere express promoter se-
quences of the upsB type, and those located in the central
part of the chromosome, upsC-type sequences. Differential
transcription of var genes from different localizations inside
chromosomes is likely to be a consequence of the differen-
tial expression of promoter-repressing elements. A silencing
mechanism associated to the intron has also been suggested
[72, 73]. Small size mRNA from some var gene introns, co-
operating with 5′-UTR sequences, is able to inhibit expres-
sion of these genes. The expression of a conserved var gene
lacking intron (varCOMMON) in 3D7 and 60 to 70% of wild
isolates strengthens this hypothesis [74]. The high level of
similarity in var genes intronic promoter motifs suggests this
phenomenon is able to regulate var genes expression. Nu-
merous queries are still remaining unanswered regarding the
overall process regulating var genes expression and associ-
ated mechanisms. Changes in the chromatin structure have
been associated with the switching phenomenon [75, 76]. A
recent report by Chookajorn et al. [77] shows that an epi-
genetic memory that includes histone modifications remi-
niscent of those associated with gene transcription memory
found in the homeotic genes of Drosophila melanogaster is
involved in the control of var gene transcription. Specific epi-
genetic mark consisting in methylation of histone H3 and ly-
sine K9 on chromatin seems to play a major role in transcrip-
tional memory that can provide advantages to the parasites
in pathogenesis and immune evasion.

In in vitro cultured P. falciparum strains, switch rate is
higher in some lines (as ITG) than in others (as FCR3) [22].
In in vivo conditions, several factors may play a role in a
given var gene type selection and expression. In children and
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Figure 3: Schematic diagram illustrating var gene and P f EMP1 organization. Domains with known binding properties are specified. NTS,
N-terminal sequence; DBL, Duffy-binding like; CIDR, cystein-rich interdomain; SVL, sequence of variable length; TM, transmembrane;
ATs, acidic terminal sequence.

malaria naive individuals, parasites tend to express selected
VSA (mainly P f EMP1) types at the surface of PRBCs (for re-
view see [78]). In the pregnant woman, the placenta allows to
select for parasite subpopulations expressing one (or several)
P f EMP1s able to bind receptors that are present on the syn-
cytiotrophoblast surface. Mechanisms for selecting the var
gene specifically expressed by parasites binding the placenta
is currently unknown. Motifs of nuclear receptor sequences
from hormones have been observed in the promoter regions
of some var genes, but their putative function remains un-
known [79], and the mechanism underlying var genes selec-
tion is unclear. Given its importance, there is an obvious need
of investigation.

6. PARASITE LIGANDS INVOLVED IN PLACENTAL
SEQUESTRATION

Studies of in vitro selected parasite lines evidenced three
P f EMP1 molecules that could be involved in placenta se-
questration, through interaction with C4S receptors or with
nonimmune Ig [59, 80, 81]. Although the CSA binding site
has been localized inside the DBLγ domain of P f EMP1
molecules encoded by the FCR3varCSA [81] and varCS2
[80] genes, the role of these DBLγ domains in placenta
binding is now questioned. Conversely to CS2var genes,
FCR3varCSA genes are much conserved in various isolates
and were named var1csa or varCOMMON. Transcription of
these genes is not restricted to placental isolates [74, 82, 83],
and analyses by Northern blot and real-time quantitative
RT-PCR failed to demonstrate any overexpression of the

var1csa or varCS2 transcripts in parasite lines selected for
CSA adhesion [84–86]. More recent works on laboratory-
adapted parasite lines [85, 86] suggested that another var
gene is involved in CSA adherence and placenta sequestra-
tion. This gene, termed var2csa, is localized on chromo-
some 12. Another gene with similar, but truncated, sequence
is located on chromosome 13. The P f EMP1 protein en-
coded by var2csa is constituted of 6 DBL domains, among
which 3 remain unclassified. The sequence differs phyloge-
netically from that of other members of the family, and the
DBLα and DBLγ are lacking [60]. Var2csa is structurally con-
served between isolates and its overexpression by placen-
tal isolates is now confirmed [32]. However, the inability to
find VAR2CSA P f EMP1 in PRBCs membranes by proteomic
approach was unexpected [87]. Moreover, a recent study
based on a strategy of cross-linking PRBCs with a radio-
iodinated photoactivable C4S dodecasaccharide (represent-
ing the minimum requirement for efficient PRBCs bind-
ing) rather identified an ∼ 22 kd protein but no protein
has been identified within the P f EMP1 molecular weight
range as a ligand for C4S [88]. This observation suggests
that a low molecular weight PRBCs surface protein is in-
volved in C4S binding. Even though these surprising find-
ings do not exclude the role of VAR2CSA in the binding
of PRBCs to C4S as possible technical insufficiencies in the
experimental procedures would explain the inability to de-
tect VAR2CSA, it likely appears that parasite binding to C4S
not only might involve multiple binding sites within the
VAR2CSA [89] but also might necessitate a multiprotein
complex possibly comprising VAR2CSA P f EMP1 and other
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proteins for which identification remains an important goal
to achieve.

7. IMMUNITY TO PAM

Initially thought that PAM was due to pregnancy-related im-
munomodulation and humoral alteration, studies have now
established that PAM is caused by P. falciparum which express
unique variant surface antigens (VSAPAM) that allow the par-
asite sequestration in the placenta [90] by binding to CSPG
receptors on syncytiotrophoblast [30, 91]. A number of stud-
ies have indicated that parasite-encoded VSA in the surface
of PRBCs are important targets for acquired protective im-
munity that develops following exposure to P. falciparum
parasites [92–95]. In the case of pregnancy malaria, women
who have suffered from PAM develop VSAPAM-specific anti-
CSA adhesive antibodies which are associated with pro-
tection from malaria in subsequent pregnancies [96, 97].
The difference in susceptibility to PAM between primigravid
women and multigravid women is attributed to the lack by
primigravidae of antibodies against this particular VSAPAM.
These protective antibodies are thought to recognize reason-
ably conserved parasite antigens, because sera and parasites
from pregnant women from different malaria areas cross-
react [98]. This has raised hope for development of a vac-
cine to prevent PAM that should incorporate the PRBCs sur-
face proteins expressed by placental parasites. Recent studies
have shown that PAM parasites specifically transcribe high
level of var2csa, one of the most conserved subfamily of var
genes encoding a member of the P f EMP1 family [32, 99].
Antibodies to this particular VSAPAM was recently shown to
specifically label the surface of in vitro adapted CSA-selected
parasite [100]. Naturally acquired human monoclonal IgG1
antibodies were recently shown to react exclusively with in-
tact CSA-adhering PRBCs expressing VSAPAM [101]. Plasma
samples from individuals from malaria endemic areas recog-
nize VAR2CSA recombinant proteins in a sex- and parity-
dependent manner [100, 102] and a kinetic study demon-
strated that VAR2CSA-specific antibodies were acquired dur-
ing pregnancy as an antiparasite response [102]. High plasma
levels of anti-VAR2CSA antibodies early in pregnancy are
associated with lower risk of LBW [100] and long lasting
placental infections [102]. More recently it was shown that
mouse antibodies raised against VAR2CSA DBL domains can
inhibit adhesion of placental isolates to CSA as up to 60%
[103]. These observations demonstrate that the antibody-
mediated mechanism of protection against PAM can involve
both adhesion-blocking antibodies as well as cytophilic pro-
cess such as phagocytosis and complement activation. This
is consistent with the finding by Megnekou et al. [104] that
PAM IgG in Cameroonian women is predominantly com-
posed of IgG1 and IgG3 subclasses.

It was previously suggested that var gene expression is
hierarchically structured in field isolates, as the expression
of certain var genes was found to be associated with severe
malaria in young children [105]. An explanation would be
that the progeny of parasites expressing var gene products
that mediate the most effective sequestration outgrows the

progeny of parasites expressing a molecule mediating less ef-
fective binding [105–107]. A similar process was observed in
the expression of VAR2CSA molecules as some sequence mo-
tifs on DBL3X were more likely to occur distinctly in para-
sites isolated from primi- and multigravidae [108]. This se-
quence variation may have great consequence on the devel-
opment of protective antibodies as PAM severe consequences
are observed more among primigravidae.

The contribution of cell-mediated immunity in protec-
tion against PAM remains unclear. The maternofetal inter-
face is a complex network where numerous cytokines are se-
creted. Immunomodulation during pregnancy was first con-
sidered to result from a Th1/Th2 bias to facilitate the fetal
allograft development, and resulting in a decrease of Th1-
type cytokines (TFN-α and IFN-γ) [109] and an increase of
Th2-type cytokines (IL-4, IL-10, TGF-β) [110, 111]. Later, it
was thought to result from monocyte activation and relative
lymphocyte inhibition [112]. Placental cytokines modulate
the antigen-presenting cell function by inhibiting or increas-
ing the expression of various molecules on the monocyte
surface. The development of P. falciparum in the placenta
causes an immune imbalance with an increase of inflam-
matory cytokines, IFN-γ and TNF-α [113–115], explaining
that immunomodulation is more important in the placen-
tal blood than in the peripheral blood [116]. This inflamma-
tory response is responsible for functional damages in pla-
cental villi, and disturbances of the fetomaternal exchanges,
leading to low birth weight [113, 117]. IFN-γ secretion by
mononuclear cells of the intervillous blood is associated with
protection against PAM [118], demonstrating the implica-
tion of the cell response. High level of anti-inflammatory
cytokines is observed in multigravidae compared to primi-
gravidae, suggesting that involvement of cell-mediated im-
munity in the mechanism of protection would necessitate
a fine balance in timing and production of pro- and anti-
inflammatory cytokines [119, 120].

8. TREATMENT AND PREVENTION: PERSPECTIVES
FOR HUMAN APPLICATION

Initially the World Health Organization (WHO) recom-
mended that pregnant women living in malaria-endemic
areas receive chemoprophylaxis with a safe and effective
antimalarial drug as part of routine antenatal care. Al-
though this policy was widely adopted across sub-Saharan
Africa, program implementation was often poor or nonex-
istent, especially in East Africa. Due to a number of diffi-
culties encountered including the difficult deliverability of
this strategy (poor adherence with weekly drug dosing) and
rising rates of resistance to most chemoprophylaxis regi-
mens, including chloroquine [121], WHO had to change
its recommendations. In 2002, after studies conducted in
Malawi and Kenya demonstrated that two treatment doses
of sulfadoxine-pyrimethamine (SP) administered as inter-
mittent preventive treatment (IPTp) during routine ante-
natal care decreased maternal anemia and diminished the
frequency of low birthweight [122–124], WHO developed
a strategic framework for the control of malaria during
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pregnancy in Africa [23]. The document recommends that
pregnant women receive at least two doses of IPTp during
the second and third trimesters at routine antenatal care vis-
its. The prevention strategies of malaria during pregnancy in-
clude IPTp, insecticide-treated nets, and effective case man-
agement of clinical malaria. The new policy leading to the
adoption of IPTp is unique to pregnancy and is still un-
der evaluation. In contrast, insecticide-treated nets and case
management are strategies that are in use for all age and gen-
der strata.

A recent study using depolymerized heparin demon-
strated that these modified glycosaminoglycans (dGAGs) are
able to disrupt binding properties of P. falciparum that form
rosettes and employ heparan sulfate as a host receptor. Intra-
venous injection of these dGAGs could block up to 80% of
PRBCs from binding in the microvasculature and release al-
ready sequestered parasites into the circulation in an in vivo
model of severe malaria [125].

GAGs are structures contributing to host cell recognition
and invasion by various infectious agents, including viruses
(herpes simplex, viral hepatitis, HIV) and parasites (Babesia,
Leishmania, Plasmodium) (for review see [126]). Three types
of GAGs interact with P. falciparum endo-erythrocytic cycle:
heparane sulfates [127] involved in rosette formation, CSA
in PRBCs adherence, and heparine in RBCs invasion inhi-
bition. As regards PRBCs adherence, it was shown that sol-
uble CSA is involved both in vivo and in vitro. Intravenous
injections of soluble CSA to monkeys infected with a CSA-
binding Plasmodium strain are followed by the release of
mature stages of the parasite in the peripheral blood [128].
Moreover, PBRCs in vitro binding is inhibited by almost
90% by purified CSA. These observations originated works
related to the inhibitory capacity of CS. Hitherto, various
polysaccharides have been tested for their ability to inhibit
human erythrocyte invasion by P. falciparum merozoites, and
PBRCs binding to various receptors [129–132]. Numerous
sulfated polysaccharides, such as heparines, sulfate dextrans,
fucoidans, and hyaluronates all exhibit inhibitory properties,
but at different levels. Two carraghenate derivatives and cel-
lulose sulfate (CS10) inhibit PRBCs binding to CSA [133].
Chondroitin-4-sulfate, a molecule already marketed (Chon-
drosulf, Structum), was unable to inhibit PRBCs binding to
Saimiri endothelium [128], but this was probably related to
the oral administration of the drug. Intravenous administra-
tion of Structum was effective in Saimiri, but the drug of
bovine origin is not anymore available. Industrial synthe-
sis of glycosaminoglycans cannot be currently achieved. It
is necessary to conduct additional structural and toxicologic
studies of CS, for this to be considered as a potential candi-
date for treating PAM.
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LéPolard, and J. Gysin, “Modeling of Plasmodium falci-
parum-infected erythrocyte cytoadhesion in microvascu-
lar conditions: chondroitin-4-sulfate binding, a competitive
phenotype,” The Journal of Infectious Diseases, vol. 187, no. 2,
pp. 292–302, 2003.

[32] N. Tuikue Ndam, A. Salanti, G. Bertin, et al., “High level
of var2csa transcription by Plasmodium falciparum isolated

from the placenta,” The Journal of Infectious Diseases, vol. 192,
no. 2, pp. 331–335, 2005.

[33] S. J. Pancake, G. D. Holt, S. Mellouk, and S. L. Hoffman,
“Malaria sporozoites and circumsporozoite proteins bind
specifically to sulfated glycoconjugates,” The Journal of Cell
Biology, vol. 117, no. 6, pp. 1351–1357, 1992.

[34] C. Pinzon-Ortiz, J. Friedman, J. Esko, and P. Sinnis, “The
binding of the circumsporozoite protein to cell surface hep-
aran sulfate proteoglycans is required for plasmodium sporo-
zoite attachment to target cells,” The Journal of Biological
Chemistry, vol. 276, no. 29, pp. 26784–26791, 2001.

[35] G. Pradel, S. Garapaty, and U. Frevert, “Proteoglycans medi-
ate malaria sporozoite targeting to the liver,” Molecular Mi-
crobiology, vol. 45, no. 3, pp. 637–651, 2002.

[36] N. K. Karamanos, A. Syrokou, P. Vanky, M. Nurminen,
and A. Hjerpe, “Determination of 24 variously sulfated
galactosaminoglycan- and hyaluronan-derived disaccharides
by high-performance liquid chromatography,” Analytical
Biochemistry, vol. 221, no. 1, pp. 189–199, 1994.

[37] R. N. Achur, M. Valiyaveettil, A. Alkhalil, C. F. Ockenhouse,
and D. C. Gowda, “Characterization of proteoglycans of hu-
man placenta and identification of unique chondroitin sul-
fate proteoglycans of the intervillous spaces that mediate the
adherence of Plasmodium falciparum-infected erythrocytes
to the placenta,” The Journal of Biological Chemistry, vol. 275,
no. 51, pp. 40344–40356, 2000.

[38] J. Gysin, B. Pouvelle, M. Le Tonqueze, L. Edelman, and M.-
C. Boffa, “Chondroitin sulfate of thrombomodulin is an ad-
hesion receptor for Plasmodium falciparum-infected erythro-
cytes,” Molecular and Biochemical Parasitology, vol. 88, no. 1-
2, pp. 267–271, 1997.

[39] S. Cheifetz and J. Massague, “Transforming growth factor-β
(TGF-β) receptor proteoglycan. Cell surface expression and
ligand binding in the absence of glycosaminoglycan chains,”
The Journal of Biological Chemistry, vol. 264, no. 20, pp.
12025–12028, 1989.

[40] K. Miyake, C. B. Underhill, J. Lesley, and P. W. Kincade,
“Hyaluronate can function as a cell adhesion molecule and
CD44 participates in hyaluronate recognition,” Journal of Ex-
perimental Medicine, vol. 172, no. 1, pp. 69–75, 1990.

[41] S. Jalkanen, R. F. Bargatze, J. de los Toyos, and E. C. Butcher,
“Lymphocyte recognition of high endothelium: antibodies to
distinct epitopes of an 85-95-kD glycoprotein antigen dif-
ferentially inhibit lymphocyte binding to lymph node, mu-
cosal, or synovial endothelial cells,” The Journal of Cell Biol-
ogy, vol. 105, no. 2, pp. 983–990, 1987.

[42] L. A. Goldstein, D. F. H. Zhou, L. J. Picker, et al., “A human
lymphocyte homing receptor, the hermes antigen, is related
to cartilage proteoglycan core and link proteins,” Cell, vol. 56,
no. 6, pp. 1063–1072, 1989.

[43] A. Nishiyama, K. J. Dahlin, J. T. Prince, S. R. Johnstone,
and W. B. Stallcup, “The primary structure of NG2, a novel
membrane-spanning proteoglycan,” The Journal of Cell Biol-
ogy, vol. 114, no. 2, pp. 359–371, 1991.

[44] B. Gerlitz, T. Hassell, C. J. Vlahos, J. F. Parkinson, N. U.
Bang, and B. W. Grinnell, “Identification of the predominant
glycosaminoglycan-attachment site in soluble recombinant
human thrombomodulin: potential regulation of function-
ality by glycosyltransferase competition for serine474,” Bio-
chemical Journal, vol. 295, no. 1, pp. 131–140, 1993.

[45] M. C. Bourin, M. C. Boffa, I. Björk, and U. Lindahl, “Func-
tional domains of rabbit thrombomodulin,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 83, no. 16, pp. 5924–5928, 1986.



10 Journal of Biomedicine and Biotechnology

[46] I. Maruyama, C. E. Bell, and P. W. Majerus, “Thrombomod-
ulin is found on endothelium of arteries, veins, capillaries,
and lymphatics, and on syncytiotrophoblast of human pla-
centa,” The Journal of Cell Biology, vol. 101, no. 2, pp. 363–
371, 1985.

[47] B. Maubert, L. J. Guilbert, and P. Deloron, “Cytoadherence
of Plasmodium falciparum to intercellular adhesion molecule
1 and chondroitin-4-sulfate expressed by the syncytiotro-
phoblast in the human placenta,” Infection and Immunity,
vol. 65, no. 4, pp. 1251–1257, 1997.

[48] J. G. Beeson, W. Chai, S. J. Rogerson, A. M. Lawson, and G.
V. Brown, “Inhibition of binding of malaria-infected erythro-
cytes by a tetradecasaccharide fraction from chondroitin sul-
fate A,” Infection and Immunity, vol. 66, no. 7, pp. 3397–3402,
1998.

[49] J. G. Prudhomme, I. W. Sherman, K. M. Land, A. V. Moses,
S. Stenglein, and J. A. Nelson, “Studies of plasmodium falci-
parum cytoadherence using immortalized human brain cap-
illary endothelial cells,” International Journal for Parasitology,
vol. 26, no. 6, pp. 647–655, 1996.

[50] A. Alkhalil, R. N. Achur, M. Valiyaveettil, C. F. Ockenhouse,
and D. C. Gowda, “Structural requirements for the adherence
of Plasmodium falciparum-infected erythrocytes to chon-
droitin sulfate proteoglycans of human placenta,” The Jour-
nal of Biological Chemistry, vol. 275, no. 51, pp. 40357–40364,
2000.

[51] W. Chai, J. G. Beeson, and A. M. Lawson, “The structural mo-
tif in chondroitin sulfate for adhesion of Plasmodium falci-
parum-infected erythrocytes comprises disaccharide units of
4-O-sulfated and non-sulfated N-acetylgalactosamine linked
to glucuronic acid,” The Journal of Biological Chemistry,
vol. 277, no. 25, pp. 22438–22446, 2002.

[52] R. N. Achur, M. Valiyaveettil, and D. C. Gowda, “The low
sulfated chondroitin sulfate proteoglycans of human pla-
centa have sulfate group-clustered domains that can effi-
ciently bind Plasmodium falciparum-infected erythrocytes,”
The Journal of Biological Chemistry, vol. 278, no. 13, pp.
11705–11713, 2003.

[53] J. G. Beeson, S. J. Rogerson, B. M. Cooke, et al., “Adhesion of
Plasmodium falciparum-infected erythrocytes to hyaluronic
acid in placental malaria,” Nature Medicine, vol. 6, no. 1, pp.
86–90, 2000.

[54] W. Chai, J. G. Beeson, H. Kogelberg, G. V. Brown, and A. M.
Lawson, “Inhibition of adhesion of Plasmodium falciparum-
infected erythrocytes by structurally defined hyaluronic acid
dodecasaccharides,” Infection and Immunity, vol. 69, no. 1,
pp. 420–425, 2001.

[55] M. Valiyaveettil, R. N. Achur, A. Alkhalil, C. F. Ockenhouse,
and D. C. Gowda, “Plasmodium falciparum cytoadherence
to human placenta: evaluation of hyaluronic acid and chon-
droitin 4-sulfate for binding of infected erythrocytes,” Exper-
imental Parasitology, vol. 99, no. 2, pp. 57–65, 2001.

[56] C. A. Sunderland, J. N. Bulmer, M. Luscombe, C. W. G. Red-
man, and G. M. Stirrat, “Immunohistological and biochem-
ical evidence for a role for hyaluronic acid in growth and de-
velopment of the placenta,” Journal of Reproductive Immunol-
ogy, vol. 8, no. 2-3, pp. 197–212, 1985.

[57] M. Mohamadzadeh, H. DeGrendele, H. Arizpe, P. Estess,
and M. Siegelman, “Proinflammatory stimuli regulate en-
dothelial hyaluronan expression and CD44/HA-dependent
primary adhesion,” Journal of Clinical Investigation, vol. 101,
no. 1, pp. 97–108, 1998.

[58] N. Rasti, F. Namusoke, A. Chêne, et al., “Nonimmune im-
munoglobulin binding and multiple adhesion characterize

Plasmodium falciparum-infected erythrocytes of placental
origin,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 103, no. 37, pp. 13795–13800,
2006.

[59] K. Flick, C. Scholander, Q. Chen, et al., “Role of nonimmune
IgG bound to PfEMP1 in placental malaria,” Science, vol. 293,
no. 5537, pp. 2098–2100, 2001.

[60] M. J. Gardner, N. Hall, E. Fung, et al., “Genome sequence of
the human malaria parasite Plasmodium falciparum,” Nature,
vol. 419, no. 6906, pp. 498–511, 2002.

[61] J. Zhang, “Evolution by gene duplication: an update,” Trends
in Ecology and Evolution, vol. 18, no. 6, pp. 292–298, 2003.

[62] J. D. Smith, S. Kyes, A. G. Craig, et al., “Analysis of adhe-
sive domains from the A4VAR Plasmodium falciparum ery-
throcyte membrane protein-1 identifies a CD36 binding do-
main,” Molecular and Biochemical Parasitology, vol. 97, no. 1-
2, pp. 133–148, 1998.

[63] D. M. Engelman, T. A. Steitz, and A. Goldman, “Identify-
ing nonpolar transbilayer helices in amino acid sequences of
membrane proteins,” Annual Review of Biophysics and Bio-
physical Chemistry, vol. 15, pp. 321–353, 1986.

[64] Q. Chen, V. Fernandez, A. Sundström, et al., “Developmental
selection of var gene expression in Plasmodium falciparum,”
Nature, vol. 394, no. 6691, pp. 392–395, 1998.

[65] A. Scherf, R. Hernandez-Rivas, P. Buffet, et al., “Antigenic
variation in malaria: in situ switching, relaxed and mutually
exclusive transcription of var genes during intra-erythrocytic
development in Plasmodium falciparum,” The EMBO Journal,
vol. 17, no. 18, pp. 5418–5426, 1998.

[66] L. Florens, M. P. Washburn, J. D. Raine, et al., “A pro-
teomic view of the Plasmodium falciparum life cycle,” Nature,
vol. 419, no. 6906, pp. 520–526, 2002.

[67] J. Peters, E. Fowler, M. Gatton, N. Chen, A. Saul, and Q.
Cheng, “High diversity and rapid changeover of expressed
var genes during the acute phase of Plasmodium falciparum
infections in human volunteers,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 99,
no. 16, pp. 10689–10694, 2002.

[68] M. L. Gatton, J. M. Peters, E. V. Fowler, and Q. Cheng,
“Switching rates of Plasmodium falciparum var genes: faster
than we thought?” Trends in Parasitology, vol. 19, no. 5, pp.
202–208, 2003.

[69] K. W. Deitsch, A. del Pinal, and T. E. Wellems, “Intra-cluster
recombination and var transcription switches in the anti-
genic variation of Plasmodium falciparum,” Molecular and
Biochemical Parasitology, vol. 101, no. 1-2, pp. 107–116, 1999.

[70] S. M. Kraemer and J. D. Smith, “Evidence for the importance
of genetic structuring to the structural and functional spe-
cialization of the Plasmodium falciparum var gene family,”
Molecular Microbiology, vol. 50, no. 5, pp. 1527–1538, 2003.

[71] T. Lavstsen, A. Salanti, A. T. Jensen, D. E. Arnot, and T. G.
Theander, “Sub-grouping of Plasmodium falciparum 3D7 var
genes based on sequence analysis of coding and non-coding
regions,” Malaria Journal, vol. 2, no. 1, p. 27, 2003.

[72] M. S. Calderwood, L. Gannoun-Zaki, T. E. Wellems, and K.
W. Deitsch, “Plasmodium falciparum var genes are regulated
by two regions with separate promoters, one upstream of the
coding region and a second within the intron,” The Journal of
Biological Chemistry, vol. 278, no. 36, pp. 34125–34132, 2003.

[73] K. W. Deitsch, M. S. Calderwood, and T. E. Wellems,
“Malaria: cooperative silencing elements in var genes,” Na-
ture, vol. 412, no. 6850, pp. 875–876, 2001.

[74] G. Winter, Q. Chen, K. Flick, P. Kremsner, V. Fernandez, and
M. Wahlgren, “The 3D7var5.2 (varCOMMON) type var gene



N. T. Ndam and P. Deloron 11

family is commonly expressed in non-placental Plasmodium
falciparum malaria,” Molecular and Biochemical Parasitology,
vol. 127, no. 2, pp. 179–191, 2003.

[75] L. H. Freitas Jr., R. Hernandez-Rivas, S. A. Ralph, et al.,
“Telomeric heterochromatin propagation and histone acety-
lation control mutually exclusive expression of antigenic
variation genes in malaria parasites,” Cell, vol. 121, no. 1, pp.
25–36, 2005.

[76] M. T. Duraisingh, T. S. Voss, A. J. Marty, et al., “Heterochro-
matin silencing and locus repositioning linked to regulation
of virulence genes in Plasmodium falciparum,” Cell, vol. 121,
no. 1, pp. 13–24, 2005.

[77] T. Chookajorn, R. Dzikowski, M. Frank, et al., “Epigenetic
memory at malaria virulence genes,” Proceedings of the Na-
tional Academy of Sciences of the United States of America,
vol. 104, no. 3, pp. 899–902, 2007.

[78] L. Hviid and T. Staalsoe, “Malaria immunity in infants: a spe-
cial case of a general phenomenon?” Trends in Parasitology,
vol. 20, no. 2, pp. 66–72, 2004.

[79] T. S. Voss, M. Kaestli, D. Vogel, S. Bopp, and H.-P. Beck,
“Identification of nuclear proteins that interact differentially
with Plasmodium falciparum var gene promoters,” Molecular
Microbiology, vol. 48, no. 6, pp. 1593–1607, 2003.

[80] J. C. Reeder, A. F. Cowman, K. M. Davern, et al., “The
adhesion of Plasmodium falciparum-infected erythrocytes
to chondroitin sulfate A is mediated by P. falciparum ery-
throcyte membrane protein 1,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 96,
no. 9, pp. 5198–5202, 1999.

[81] P. A. Buffet, B. Gamain, C. Scheidig, et al., “Plasmodium falci-
parum domain mediating adhesion to chondroitin sulfate A:
a receptor for human placental infection,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 96, no. 22, pp. 12743–12748, 1999.

[82] J. A. Rowe, S. A. Kyes, S. J. Rogerson, H. A. Babiker, and A.
Raza, “Identification of a conserved Plasmodium falciparum
var gene implicated in malaria in pregnancy,” The Journal of
Infectious Diseases, vol. 185, no. 8, pp. 1207–1211, 2002.

[83] M. Fried and P. E. Duffy, “Two DBLγ subtypes are commonly
expressed by placental isolates of Plasmodium falciparum,”
Molecular and Biochemical Parasitology, vol. 122, no. 2, pp.
201–210, 2002.

[84] S. A. Kyes, Z. Christodoulou, A. Raza, et al., “A well-
conserved Plasmodium falciparum var gene shows an un-
usual stage-specific transcript pattern,” Molecular Microbiol-
ogy, vol. 48, no. 5, pp. 1339–1348, 2003.

[85] A. Salanti, T. Staalsoe, T. Lavstsen, et al., “Selective upreg-
ulation of a single distinctly structured var gene in chon-
droitin sulphate A-adhering Plasmodium falciparum involved
in pregnancy-associated malaria,” Molecular Microbiology,
vol. 49, no. 1, pp. 179–191, 2003.

[86] M. F. Duffy, T. J. Byrne, S. R. Elliott, et al., “Broad analysis
reveals a consistent pattern of var gene transcription in Plas-
modium falciparum repeatedly selected for a defined adhe-
sion phenotype,” Molecular Microbiology, vol. 56, no. 3, pp.
774–788, 2005.

[87] M. Fried, J. P. Wendler, T. K. Mutabingwa, and P. E. Duffy,
“Mass spectrometric analysis of Plasmodium falciparum ery-
throcyte membrane protein-1 variants expressed by placental
malaria parasites,” Proteomics, vol. 4, no. 4, pp. 1086–1093,
2004.

[88] A. S. Gowda, S. V. Madhunapantula, R. N. Achur, M.
Valiyaveettil, V. P. Bhavanandan, and D. C. Gowda, “Struc-
tural basis for the adherence of Plasmodium falciparum-

infected erythrocytes to chondroitin 4-sulfate and design of
novel photoactivable reagents for the identification of para-
site adhesive proteins,” The Journal of Biological Chemistry,
vol. 282, no. 2, pp. 916–928, 2007.

[89] B. Gamain, A. R. Trimnell, C. Scheidig, A. Schert, L. H.
Miller, and J. D. Smith, “Identification of multiple chon-
droitin sulfate A (CSA)-binding domains in the var2CSA
gene transcribed in CSA-binding parasites,” The Journal of
Infectious Diseases, vol. 191, no. 6, pp. 1010–1013, 2005.

[90] M. Fried and P. E. Duffy, “Adherence of Plasmodium falci-
parum to chondroitin sulfate A in the human placenta,” Sci-
ence, vol. 272, no. 5267, pp. 1502–1504, 1996.

[91] R. N. Achur, M. Valiyaveettil, A. Alkhalil, C. F. Ockenhouse,
and D. C. Gowda, “Characterization of proteoglycans of hu-
man placenta and identification of unique chondroitin sul-
fate proteoglycans of the intervillous spaces that mediate the
adherence of Plasmodium falciparum-infected erythrocytes
to the placenta,” The Journal of Biological Chemistry, vol. 275,
no. 51, pp. 40344–40356, 2000.

[92] P. C. Bull, B. S. Lowe, M. Kortok, and K. Marsh, “Antibody
recognition of Plasmodium falciparum erythrocyte surface
antigens in Kenya: evidence for rare and prevalent variants,”
Infection and Immunity, vol. 67, no. 2, pp. 733–739, 1999.

[93] M. Fried, F. Nosten, A. Brockman, B. J. Brabin, and P. E.
Duffy, “Maternal antibodies block malaria,” Nature, vol. 395,
no. 6705, pp. 851–852, 1998.

[94] K. Marsh, L. Otoo, R. J. Hayes, D. C. Carson, and B. M.
Greenwood, “Antibodies to blood stage antigens of Plasmod-
ium falciparum in rural Gambians and their relation to pro-
tection against infection,” Transactions of the Royal Society of
Tropical Medicine and Hygiene, vol. 83, no. 3, pp. 293–303,
1989.

[95] M. A. Nielsen, L. S. Vestergaard, J. Lusingu, et al., “Geograph-
ical and temporal conservation of antibody recognition of
Plasmodium falciparum variant surface antigens,” Infection
and Immunity, vol. 72, no. 6, pp. 3531–3535, 2004.

[96] T. Staalsoe, C. E. Shulman, J. N. Bulmer, K. Kawuondo, K.
Marsh, and L. Hviid, “Variant surface antigen-specific IgG
and protection against clinical consequences of pregnancy-
associated Plasmodium falciparum malaria,” The Lancet,
vol. 363, no. 9405, pp. 283–289, 2004.

[97] P. E. Duffy and M. Fried, “Antibodies that inhibit Plasmod-
ium falciparum adhesion to chondroitin sulfate A are asso-
ciated with increased birth weight and the gestational age of
newborns,” Infection and Immunity, vol. 71, no. 11, pp. 6620–
6623, 2003.

[98] M. Fried and P. E. Duffy, “Maternal malaria and parasite ad-
hesion,” Journal of Molecular Medicine, vol. 76, no. 3-4, pp.
162–171, 1998.

[99] M. F. Duffy, A. Caragounis, R. Noviyanti, et al., “Transcribed
var genes associated with placental malaria in Malawian
women,” Infection and Immunity, vol. 74, no. 8, pp. 4875–
4883, 2006.

[100] A. Salanti, M. Dahlbäck, L. Turner, et al., “Evidence for the
involvement of VAR2CSA in pregnancy-associated malaria,”
Journal of Experimental Medicine, vol. 200, no. 9, pp. 1197–
1203, 2004.

[101] L. Barfod, N. L. Bernasconi, M. Dahlbäck, et al., “Human
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and T cell inhibition in Plasmodium falciparum-infected pla-
centa,” The Journal of Infectious Diseases, vol. 189, no. 12, pp.
2235–2242, 2004.

[117] J. Ordi, M. R. Ismail, P. J. Ventura, et al., “Massive chronic
intervillositis of the placenta associated with malaria infec-
tion,” American Journal of Surgical Pathology, vol. 22, no. 8,
pp. 1006–1011, 1998.

[118] J. M. Moore, B. L. Nahlen, A. Misore, A. A. Lal, and V. Ud-
hayakumar, “Immunity to placental malaria. I. Elevated pro-
duction of interferon-γ by placental blood mononuclear cells
is associated with protection in an area with high transmis-
sion of malaria,” The Journal of Infectious Diseases, vol. 179,
no. 5, pp. 1218–1225, 1999.

[119] J. G. Beeson, S. J. Rogerson, S. R. Elliott, and M. F. Duffy,
“Targets of protective antibodies to malaria during preg-
nancy,” The Journal of Infectious Diseases, vol. 192, no. 9, pp.
1647–1650, 2005.

[120] S. Chaisavaneeyakorn, N. Lucchi, C. Abramowsky, et al.,
“Immunohistological characterization of macrophage mi-
gration inhibitory factor expression in Plasmodium falci-
parum-infected placentas,” Infection and Immunity, vol. 73,
no. 6, pp. 3287–3293, 2005.

[121] G. Bertin, N. Tuikue Ndam, S. Jafari-Guemouri, et al., “High
prevalence of Plasmodium falciparum pfcrt K76T mutation
in pregnant women taking chloroquine prophylaxis in Sene-
gal,” Journal of Antimicrobial Chemotherapy, vol. 55, no. 5, pp.
788–791, 2005.

[122] L. J. Schultz, R. W. Steketee, L. Chitsulo, A. Macheso, Y.
Nyasulu, and M. Ettling, “Malaria and childbearing women
in Malawi: knowledge, attitudes and practices,” Tropical
Medicine and Parasitology, vol. 45, no. 1, pp. 65–69, 1994.

[123] M. E. Parise, J. G. Ayisi, B. L. Nahlen, et al., “Efficacy
of sulfadoxine-pyrimethamine for prevention of placental
malaria in an area of Kenya with a high prevalence of malaria
and human immunodeficiency virus infection,” American
Journal of Tropical Medicine and Hygiene, vol. 59, no. 5, pp.
813–822, 1998.

[124] C. E. Shulman, E. K. Dorman, F. Cutts, et al., “Intermit-
tent sulphadoxine-pyrimethamine to prevent severe anaemia
secondary to malaria in pregnancy: a randomised placebo-
controlled trial,” The Lancet, vol. 353, no. 9153, pp. 632–636,
1999.

[125] A. M. Vogt, F. Pettersson, K. Moll, et al., “Release of se-
questered malaria parasites upon injection of a glycosamino-
glycan,” PLoS Pathogens, vol. 2, no. 9, p. e100, 2006.

[126] D. Spillmann, “Carbohydrates in cellular recognition: from
leucine-zipper to sugar-zipper?” Glycoconjugate Journal,
vol. 11, no. 3, pp. 169–171, 1994.

[127] A. Barragan, D. Spillmann, J. Carlson, and M. Wahlgren,
“Role of glycans in Plasmodium falciparum infection,” Bio-
chemical Society Transactions, vol. 27, no. 4, pp. 487–493,
1999.

[128] B. Pouvelle, P. Meyer, C. Robert, L. Bardel, and J. Gysin,
“Chondroitin-4-sulfate impairs in vitro and in vivo cytoad-
herence of Plasmodium falciparum infected erythrocytes,”
Molecular Medicine, vol. 3, no. 8, pp. 508–518, 1997.

[129] J. Carlson and M. Wahlgren, “Plasmodium falciparum ery-
throcyte rosetting is mediated by promiscuous lectin-like in-
teractions,” Journal of Experimental Medicine, vol. 176, no. 5,
pp. 1311–1317, 1992.

[130] D. L. Clark, S. Su, and E. A. Davidson, “Saccharide anions
as inhibitors of the malaria parasite,” Glycoconjugate Journal,
vol. 14, no. 4, pp. 473–479, 1997.

[131] A. Rowe, A. R. Berendt, K. Marsh, and C. I. Newbold,
“Plasmodium falciparum: a family of sulphated glycoconju-
gates disrupts erythrocyte rosettes,” Experimental Parasitol-
ogy, vol. 79, no. 4, pp. 506–516, 1994.



N. T. Ndam and P. Deloron 13

[132] L. Xiao, C. Yang, P. S. Patterson, V. Udhayakumar, and A. A.
Lal, “Sulfated polyanions inhibit invasion of erythrocytes by
plasmodial merozoites and cytoadherence of endothelial cells
to parasitized erythrocytes,” Infection and Immunity, vol. 64,
no. 4, pp. 1373–1378, 1996.

[133] K. T. Andrews, N. Klatt, Y. Adams, P. Mischnick, and
R. Schwartz-Albiez, “Inhibition of chondroitin-4-sulfate-
specific adhesion of Plasmodium falciparum-infected ery-
throcytes by sulfated polysaccharides,” Infection and Immu-
nity, vol. 73, no. 7, pp. 4288–4294, 2005.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2007, Article ID 90520, 11 pages
doi:10.1155/2007/90520

Review Article
DNA Vaccines against Protozoan Parasites:
Advances and Challenges

Eric Dumonteil
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1. INTRODUCTION

In spite of the success of vaccines in public health, there are
still numerous pathogens, and in particular protozoan par-
asites such as Plasmodium falciparum, Trypanosoma sp., or
Leishmania sp. against which there are still no effective vac-
cine. However, the discovery that the direct injection of plas-
mid DNA encoding foreign proteins could lead to endoge-
nous protein biosynthesis and a specific immune response
against it opened new perspectives in vaccine development.
Over 15 years later, DNA vaccines have gone from a scien-
tific curiosity to one of the most dynamic fields of research
and may offer new alternatives for the control of infectious
diseases [1]. Indeed, the first two DNA vaccines have been li-
cenced, in recent years, to protect horses from west nile virus
and salmons from infectious hematopoietic necrosis virus,
confirming the usefulness of this biotechnology. We review
here some of the advances and challenges for the develop-
ment of DNA vaccines against two well-studied protozoan
parasites, Leishmania sp. and Trypanosoma cruzi. Both be-
long to the trypanosomatidae family and are ranked among
the three major protozoan parasites affecting humans. Leish-
maniasis is a complex disease caused by at least 18 species
of parasites from the Leishmania genus and transmitted to
humans by hematophagous sandflies. With an estimated 12
million cases, it has a major public health impact in several
regions, and in particular in India, Sudan, and Brazil [2].

Clinical manifestations range from self-healing cutaneous le-
sion to fatal visceral form, and this variety can be attributed
in part to the respective parasite species, and each presents
specific relationships with the host and diverse mechanisms
of pathogenesis [3, 4], which represents an additional diffi-
culty for the development of treatments and vaccines. On the
other hand, T. cruzi is the agent of Chagas disease, which is
present from southern Argentina to the southern USA. An
estimated 16–18 million persons are infected in the Ameri-
cas and close to 100 million people are at risk of infection.
After a short benign acute phase (a few weeks) and a very
long (several years) asymtomatic phase, about 30–40% of in-
fected patients develop chronic chagasic cardiomyopathy and
eventualy die of heart failure. Current chemotherapy relies
on nitrofurans (Nifurtimox), or nitroimidazoles (Benznida-
zole). However, the usefulness of these drugs is limited by
their reduced efficacy (mostly during the early stages of the
infection), serious side effects, and the emergence of drug-
resistant strains of parasites, and new treatments are slow to
develop [5].

2. WHY DNA VACCINES?

DNA vaccines induce a complete immune response against
the encoded antigen. The exact mechanisms involved in this
proccess are still poorly understood, and particularly the type
of CD4+ and CD8+ effector and memory cells activated, and
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some of these aspects have been reviewed in detail elsewhere
[1]. Apart from their immunogenicity and efficacy that will
be discussed below, there are several features of DNA vac-
cines that make them very advantageous against tropical dis-
eases. First, they are extremely safe as they do not contain any
pathogenic organism that may revert in virulence. The ma-
jor concern of genomic integration of the plasmid DNA has
also extensively been studied in safety studies and found to
be rather unlikely [6]. Additional safety issues such as anti-
DNA antibodies or autoimmunity have also been addressed
in a growing number of preclinical and clinical studies [7],
which confirmed the high safety of these vaccines. With re-
spect to manufacturing, storage, and distribution, they also
present major benefits in that the production process is the
same for any DNA vaccine, which is not the case for other
types of biologicals and vaccines, for which a specific proto-
col has to be developed for each. This makes production easy
and costs will likely go down as this type of vaccines become
mainstream and future technological improvements are im-
plemented. Also, plasmid DNA is a very stable molecule,
specially compared to recombinant or live attenuated vac-
cines, which would greatly facilitate storage and distribution
of DNA vaccine in tropical settings with limited health in-
frastructure as the huge costs associated with the cold chain
may be offset. Administration is also easy as simple IM or
ID injections can be sufficient, and multiple plasmids can
be combined for the elaboration of multivalent vaccines [1].
Overall, DNA vaccines may thus represent an ideally afford-
able alternative for disease control, which explains in part the
growing interest in their development for the control of trop-
ical parasitic diseases such as malaria, leishmaniasis, or Cha-
gas disease.

3. DNA VACCINES AGAINST LEISHMANIA

3.1. Correlates for protection

As mentioned above, leishmaniasis is caused by at least
18 species of parasites with diverse relationships with the
host and mechanisms of pathogenesis [3, 4]. Early stud-
ies of cross-protection between Leishmania species clearly
showed that it is a complex problem, with infection by one
species protecting or not from subsequent infection by an-
other species, depending on the species and the order of in-
fections. Most vaccine studies have thus been focusing on ho-
mologous protection, although a single vaccine able to pro-
tect against all pathogenic species would be ideal.

The correlates for protection have been extensively stud-
ied in the case of L. major, and contributed considerably to
the development of the Th1/Th2 paradigm [8]. Thus, there
is a general agreement that a Th1-type immune response,
characterized by a high IFNγ and low IL-4 and IL-10 pro-
duction, leads to control of L. major infection, while a Th2-
type immune response does not [8]. Antibodies may have
an exacerbatory role [9], but may also contribute to T cell
responses [10, 11]. Both IFNγ producing CD4+and CD8+T
cells seem to contribute to protective immunity, and induc-
tion of NO production by macrophages is central to parasite

elimiation [12, 13]. While it was assumed for a long time that
this Th1/Th2 paradigm was applied to all Leishmania species,
it has become clear in recent years that each species has a
distinct relationship with the host, different mechanisms of
pathogenesis, and possibly different correlates for protection
[3, 4]. Nonetheless, IFNγ production seems to be a general
requirement, although not necessarily sufficient, for protec-
tion against most if not all Leishmania species.

3.2. Single antigen DNA vaccines

The earliest DNA vaccine experiments against Leishmania
used L. major GP63 antigen, which has been extensively used
as a recombinant or peptide vaccine. Immunization with a
plasmid encoding GP63 was able to induce a Th1-type cy-
tokine profile and a significant reduction of lesion size after
challenge of the immunized mice with L. major [14–17]. Sub-
sequent studies investigated DNA vaccines encoding a large
variety of Leishmania proteins (Table 1) and showed that
many different DNA vaccines were able to induce a Th1 im-
mune response, and confer variable degrees of protection as
assessed by reduction in skin lesion size and/or parasite bur-
dens in mouse models. However, given the large variety in ex-
perimental models and designs, it is difficult to compare the
effectiveness of the different vaccines to induce a protective
immune response. Nonetheless, it is clear from studies com-
paring different DNA vaccines that the nature of the antigen
encoded by the vaccine is a key parameter for efficacy.

Also, a few studies provided interesting comparisons of
the same antigens administered as recombinant protein or
DNA vaccines and showed that the latter were overall more
effective than their recombinant protein counterparts. In-
deed, DNA vaccines were able to induce a stronger Th1 bias
in the immune response, a longer-lasting immunity, and/or a
better protection against disease progression [19, 31, 32, 35,
40, 44]. While most of these studies have used a rather artifi-
cial infectious challenge based on the injection via nonnatu-
ral routes of high parasite doses, an experimental system crit-
icized by some authors, the superior efficacy of DNA vaccines
was also observed using a low-dose intradermal challenge in
the ear, which was proposed to more closely mimick natural
infection [45]. In these studies, both DNA and protein vacci-
nation were able to induce very similar level of short-term (2
weeks postvaccination) protection against infection with L.
major, but only DNA vaccine was able to induce long-term
(12 weeks postvaccination) protection [45].

These results thus confirmed the strong potential of DNA
vaccines against Leishmania, but also indicated that in most
cases only partial protection was achieved. Prime-boost im-
munization protocols have been tested with various anti-
gens to increase vaccine potency (Table 1). They are based
on priming the immune response with a DNA vaccine and
boosting with the corresponding recombinant vaccine based
on recombinant virus or protein (Table 1). In some studies,
such immunization protocol resulted in increased immuno-
genicity of the vaccines and better protection levels [26, 27],
but in others, DNA only remained the best formulation for
optimum efficacy [32]. Nonetheless, a major drawback of
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Table 1: DNA vaccines tested against murine leishmaniasis.

Antigen Dose Challenge Immune response Protection Reference

GP63 2× 100 μg IM L. major Th1 +++ [14–17]

LACK 2× 100 μg IM L. major Th1, IFNγ +++ [18–21]

LACK 2× 30 μg IN L. amazonensis +++ [22]

LACK 2× 100 μg IM L. mexicana − [23]

LACK 2× 100 μg IM or SC L. chagasi Th1, IFNγ − [24]

LACK 2× 100 μg ID or SC L. chagasi Th1 − [25]

LACK Prime/boost L. major Th1 +++ [26]

LACK Prime/boost L. major Th1 +++ [27]

LACK Prime/boost L. major Th1, IFNγ +++ [28]

LACK Prime/boost L. infantum IFNγ +++ [29]

TRYP Prime/boost L. major IFNγ +++ [30]

LiP0 2× 100 μg im L. major Th1 ++ [31]

SP1 2× 100 μg SC or prime/boost L. major IFNγ ++ [32]

Histones mix: H2A, H2B,
H3, H4

3× 200 μg IM L. major Th1, IFNγ +++ [22]

LmSTI1,TSA 3× 100 μg IM L. major Th1 +++ [33]

LACK, LmSTI1, TSA 1× 300 μg SC L. major Th1 +++ [13]

CPb/CPa 2× 100 μg IM L. major Th1 +++ [34]

PSA-2 2× 20–50 μg IM L. major Th1 +++ [35]

LACK, PSA2, Gp63, LeIF,
p20 Ribosomal like protein

1× 50 μg IM L. major − to +++ [36]

Meta 1 3× 100 μg IM L. major Th2 − [37]

P4 3× 100 μg various sites L. amazonensis Th1 +++ [38]

CPb, GP63, GP46 2× 100 μg IM L. mexicana + to +++ [23, 39]

NH36 2× 100 μg IM L. domovani +++ [40]

L. mexicana ++

NH36, GP63 2× 20 μg IM L. mexicana IFNγ +++ [41]

CPa/CPb Prime/Boost L. infantum Th1, IFNγ +++ [42]

ORFF 3× 100 μg IM L. donovani +++ [43]

IM: intramuscular; IN: intranasal; SC: subcutaneous; −: no protection; +: little protection; ++: fair protection; +++: very good protection.

such vaccine formulation remains its complexity, which may
limit their practical use.

3.3. Multiple antigen DNA vaccines

An alternative way to broaden vaccine immunogenicity and
increase its efficacy has been to use combination of plas-
mids encoding various antigens. For examples, cysteine pro-
teinase (CP) a and b DNA vaccines are not protective when
used individually, but immunization with a combination of
both plasmids induces long-term protective immunity [34].
Alternatively, gene fusion has also been successively used to
achieve expression of an antigenic fusion protein from a sin-
gle plasmid construct [33]. Overall, expression of several
antigens mostly resulted in increased efficacy, but this also
depended on the antigen combination [13, 22, 23, 41, 45].

Most authors thus argue that a successful Leishmania vaccine
is likely to be based on multiple antigens.

3.4. Antigen discovery

Immunization with large number of plasmids is also the basis
for expression library immunization, a powerful but labor-
intensive strategy for vaccine discovery [46], which has been
used with Leishmania. Immunization of mice with L. ma-
jor genomic expression library fractions was able to induce
significant protection, but these authors did not pursue li-
brary fractionation further [47]. In another study, the iden-
tification of protective library subsets from an L. donovani
amastigote cDNA library and their successive fractionation
into smaller protective libraries lead to the identification of
novel protective antigens [48]. Interestingly, most of the anti-
gens identified would not have been predicted to be good
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vaccine candidates. Indeed, they were not surface or secreted
proteins, neither stage-specific, but were intracellular and
some very conserved such as histones, or ribosomal proteins
[48]. Vaccine discovery is also the next logical step following
the recent completion of the L. major genome sequencing
[49]. In one approach, the random screening of 100 genes
upregulated in amastigotes tested as DNA vaccine allowed
the identification of 14 novel protective and 7 exacerbating
antigens [50, 51]. Again, function and cellular localization
would have been poor predictors of the protective efficacy
of these antigens, as most were not predicted to be localized
on the surface, but shared similarity with ribosomal proteins,
cytoskeleton, or metabolic enzymes [51]. It is thus becoming
increasingly clear that there is little rationale to limit Leish-
mania vaccine discovery searches to surface or secreted anti-
gens. Rather, new criteria need to be considered for the ratio-
nal identification of vaccine candidates as strategies based on
such random screening cannot be applied to large genomes
such as that of Leishmania, with over 8000 annotated genes.

3.5. Therapeutic vaccines

An additional advantage of DNA vaccines is their potential
as therapeutic vaccines, aimed at reinforcing or redirecting
the immune response of an infected host to control disease
progression [58]. The major advantage of this strategy in ad-
dition to its efficacy is that it relies on short treatment regi-
mens, and it is thus an attractive alternative to chemotherapy,
particularly in the case of Leishmania with so few chemother-
apeutic options. Thus, administration of as little as two doses
of a DNA vaccine encoding PSA-2 can control an ongoing in-
fection with L. major in mice [59]. The therapeutic effect is
due to a shift of the immune response towards a Th1 im-
mune response [59]. Similarly, a DNA vaccine encoding L.
donovani nucleoside hydrolase NH36 has therapeutic activ-
ity against murine visceral leishmaniasis caused by L. chagasi
[60]. The simplicity of such treatment makes them very ad-
vantageous compared to chemotherapy. In addition, the fact
that the same DNA vaccine can be effective for both the pro-
phylaxis [40] and the therapy of Leishmania infection is thus
very promising as this would provide a versatile tool for the
control of this parasite.

3.6. Cross-protection against multiple
Leishmania species

As mentioned above, an added challenge to Leishmania vac-
cine development is the large number of species, as well as
the variability within species. Indeed, studies on the poly-
morphism of leading antigens such as GP63 quickly revealed
that it was a very polymorphic [61, 62]. Such polymorphism
has important implication for vaccine development as it may
limit their efficacy against variant strains of parasites or novel
escape mutants, and thus restrict vaccine protection to a sin-
gle species [63, 64]. Antigen polymorphism between mul-
tiple strains and species is thus becoming a major issue in
many vaccine development studies [65, 66]. In the case of
Leishmania, few DNA vaccines have been tested against mul-

tiple species. LACK antigen, initially identified in L. major,
and found to be very conserved between Leishmania species,
can protect mice against L. major [20] and L. amazonensis
[67], but not against L. mexicana [23], L. donovani [25], or
L. chagasi [24]. On the other hand, L. amazonensis nucle-
ase protein P4 can protect against both L. amazonensis and
L. major, but cross-protection requires a different formula-
tion (IL-12 or HSP70 as adjuvant, resp.) [38]. In other stud-
ies, antigens from one species were used to induce protec-
tion against another species [31], but the extent of cross-
protection against various species was not investigated. More
recently, a single formulation of L. donovani NH36 DNA vac-
cine was found to induce a very good protection against both
L. chagasi and L. mexicana, suggesting that this DNA vac-
cine may be able to provide broad protection against various
Leishmania species [40]. Importantly, no DNA vaccine has
yet been tested against L. braziliensis, in spite of this species
being responsible of most cases of cutaneous leishmaniasis in
South America.

3.7. Non-Leishmania antigens as vaccines

While all the above DNA vaccines were based on Leishmania
antigens, an alternative approach has used antigens derived
from sand-fly saliva. Indeed, it has been shown that sand-fly
saliva can exacerbate Leishmania infection [68, 69], and pre-
exposure of mice to saliva components may be sufficient to
induce protection against infection [70]. Thus, a number of
salivary antigens have been tested as vaccines against Leish-
mania. Maxadilan is a potent vasodilator from sand-fly saliva
and was found to be responsible of most of the exacerbatory
effects of whole saliva on Leishmania infection [71]. Immu-
nization with this antigen (as a recombinant vaccine) pro-
tected mice against L. major infection [71]. Other salivary
components, such as Phlebotomus papatasi SP15, have been
tested as DNA vaccines and found to protect mice against
L. major and while the vaccine induced both humoral and
DTH responses, protection seemed to be mostly accounted
for by the latter, as B-cell deficient mice remain protected
[72]. Thus, characterization of sand-fly salivary proteins may
lead to the identification of new vaccine candidates [73, 74].
However, as for Leishmania antigens, salivary protein poly-
morphism remains an important issue and may limit the use-
fulness of such antigens as vaccine candidates [75, 76].

3.8. DNA vaccines against nonmurine leishmaniasis

Based on the success of many of these DNA vaccine studies
in mice, a few vaccine candidates have been tested in addi-
tional animal models, possibly more relevants for the devel-
opment of a veterinary or human vaccine (Table 2). PFR-2
and KMP11 antigens were tested as DNA vaccines in ham-
sters, a highly susceptible animal model. PFR-2 was tested as
protein, DNA, or DNA-protein immunization, and protec-
tion levels against L. mexicana varied greatly depending on
vaccine formulation, route of immunization, and sex of the
animals [52]. Also, contrary to mouse studies, protein vacci-
nation seemed more protective than DNA only vaccination.
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Table 2: Preclinical studies Leishmania DNA vaccines in nonmurine models.

Antigen Dose Challenge Host Immune response Protection Reference

PFR-2 Variable L. mexicana Hamster − to +++ [52]

L. panamensis

KMP11 2× 100 μg IM L. donovani Hamster Th1-Th2 +++ [53]

PapLe22 1× 100 μg IM L. infantum Hamster +++ [54]

LACK 2× 100 μg IM or Prime/boost L. infantum Dog Th1/Th2 Th1 + to +++ [55]

10 antigens mix 2× 500 μg IM L. donovani Dog Th1 [56]

CPa/b Prime/boost L. infantum Dog IFNγ +++ [57]

−: no protection; +: little protection; ++: fair protection; +++: very good protection.

However, as in mouse studies, heterologous prime-boost
vaccination with DNA and protein seemed better than DNA
only [52]. Another DNA vaccine encoding PapLe22 was
found to be immunogenic in hamsters and decreased par-
asitemia after infection with L. infantum, but further assess-
ment of disease was not performed [54]. Immunization with
KPM11 DNA induced a mixed Th1/Th2 response, but was
able to protect hamsters against visceral leishmaniasis caused
by L. donovani [53]. In dogs, while several protein vaccines
have been tested and a purified protein vaccine has now been
licenced for veterinary use [77], very few DNA vaccine stud-
ies have been performed. A heterologous prime-boost strat-
egy using CPa and CPb DNA and protein was reported as
immunogenic and protective [57], but the study was of lim-
ited power given the reduced number of animals. In another
study, dogs were immunized with a mixture of DNA vaccines
encoding 10 different antigens previously tested in mouse
models, and this immunization induced a very good immune
response, with a high production of IFNγ [56]. However,
evaluation of protection was limited to an acute in vitro assay
[56] and further studies will be required to assess the poten-
tial of this vaccine in dogs. In spite of their limitations, these
studies clearly showed that several DNA vaccines can induce
a potent immune response in nonmurine animal models,
and it is likely that a good level of protection can be achieved
in these as well, provided the correct antigens and vaccine
formulation are used.

4. DNA VACCINES AGAINST TRYPANOSOMA CRUZI

4.1. Correlates for protection

Vaccine development against Chagas disease has been dra-
matically limited because of extensive debate on the mecha-
nisms involved in this pathology [78, 79]. Indeed, some stud-
ies suggested that tissue damage was associated with the pres-
ence and replication of intracellular amastigotes, while others
proposed that autoimmunity induced by parasite antigens
mimicking host proteins was responsible for it. It was thus
unclear if the immune response needed to be inhibited, to re-
duce autoimmunity, or stimulated, to eliminate the parasite.
It is now accepted that the presence of parasites in cardiac
tissue is necessary to initiate and maintain the inflammatory
response, and that therapeutic treatments or vaccines aimed
at eliminating T. cruzi would limit or prevent the progression

towards chronic chagasic cardiomyopathy [80, 81]. There is a
growing consensus that protection against T. cruzi relies on a
Th1 immune response and the activation of cytotoxic CD8+T
cells [82–85].

4.2. Single antigen DNA vaccines

The first DNA vaccines to be tested against T. cruzi encoded
an antigen from the well characterized trans-sialidase fam-
ily of proteins. There are over 1400 members in this fam-
ily, making it one of the largest protein families of the par-
asite, and they are very abundant surface proteins. Several
studies have used different members of this family, such as
TS or TSA-1 (Table 3) [84, 86–88]. Immunization with TS
was found to induce significant antibody titers able to in-
hibit trans-sialidase enzyme activity, a strong DTH, and lym-
phoproliferative response [86]. This immune response was
protective as determined by an increase in survival and a de-
crease in parasitemia. Immunization with TSA-1 DNA was
found to induce a specific CTL response which also lead to a
lower parasitemia and increased survival in both BALB/c and
C57BL/6 mice [88].

As in Leishmania vaccine studies, a few authors addressed
the question of comparing protein and DNA vaccines encod-
ing the same antigen [90, 98]. In A/Sn mice, immunization
with recombinant TS induced a higher antibody titer than TS
DNA, but a comparable decrease in parasitemia. However,
the DNA vaccine was unable to increase survival, which the
author attributed to the strain of the mice used, since this
DNA vaccine was protective in BALB/c mice [90]. On the
other hand, immunization with recombinant CRP or CRP
DNA induced a comparable Th1 immune response, but only
the DNA vaccine was protective against infection [98].

A number of other studies showed that DNA vaccines en-
coding various antigens could induce significant protection
against T. cruzi infection, as evidenced by decreased para-
sitemia and improved survival of vaccinated mice (Table 3).
In addition, a few studies also presented evidence of a re-
duction in cardiac tissue damage and inflammation at the
histopathologic level [87, 97]. Furthermore, T cell analysis
confirmed that protection relied on CD8+T cells [84, 91] and
recent studies showed that these cells were very rapidly acti-
vated following infection of mice immunized with DNA vac-
cines [101]. DNA vaccines based on defined T cell epitopes
from TS antigen have also been tested and it was found that
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Table 3: DNA vaccines tested against Trypanosoma cruzi.

Antigen Type of antigen Dose Mouse strain Immune response Protection Reference

TS 154 TS family BALB/c Th1, CTL +++ [84, 89, 90]

A/Sn −

TSA-1 TS family 2× 100 μg IM C57BL/6
BALB/c

CTL +++ [87, 91]

ASP-1 TS family 2× 100 μg IM C57BL/6 CTL +++ [87]

ASP-2 TS family 2× 100 μg IM C57BL/6 CTL +++ [87]

Tc13 TS family 5× 50 μg IM BALB/c − [92]

ASP-clone9 TS family 4× 100 μg IM BALB/c IFNγ +++ [93]

TSSA TS family 2 to 4× 100 μg IM
BALB/c,
C57BL/6
C3H/Hej

CTL − to +++ [94, 95]

TS (7 members mix) TS family 2× 25 μg IM C57BL/6 +++ [96]

ASP-clone9, TS TS family 4× 200 μg IM BALB/c IFNγ +++ [97]

CRP 2× 100 μg IM BALB/c +++ [98]

cruzipain BALB/c CTL [99]

DHOD 2 to 4× 100 μg IM
BALB/c,
C57BL/6
C3H/Hej

− [94]

LYT1 2× 25 μg C57BL/6 IFNγ, CTL +++ [96]

FCaBP/Tc24 2× 25 μg C57BL/6 IFNγ, CTL − [96]

Tcβ3 2× 25 μg C57BL/6 IFNγ, CTL ++ [96]

Mucin (6 members) 2× 25 μg C57BL/6 − [96]

KMP11 4 doses IM BALB/c CTL − to ++ [100]

IM: intramuscular; CTL: cytolytic activity; −: no protection; +: little protection; ++: fair protection; +++: very good protection.

both CD4+and CD8+T cell epitopes were necessary and suf-
ficient to induce a protective immune response [102].

Taken together, these data clearly demonstrated that vac-
cination did not result in increased pathology, as initially
feared, but allowed at least partial control of disease progres-
sion, thus confirming the central role of parasite persistence
for Chagas disease pathogenesis and opening the way to fur-
ther assessment of DNA vaccines against T. cruzi. However, it
has to be noted that many of the antigens tested belonged to
the trans-sialidase family of protein, so that there is still little
diversity in terms of the antigens tested as vaccines against T.
cruzi (Table 3).

4.3. Strategies for potentiating T. cruzi DNA vaccines

Because protection induced by single antigen DNA vaccine
remained partial, a number of studies have evaluated strate-
gies to increase vaccine efficacy. These include the use of
cytokine/chemokine encoding plasmids to potentiate the im-
mune response induced by the vaccine, and two of the most
studied molecules have been IL-12 and GM-CSF, which both
were generally able to potentiate protection (Table 2). Al-
ternatively, mixtures of plasmids encoding distinct antigens
were used for immunization, and as mentioned above for
Leishmania vaccines. For example, immunization of mice

with plasmids encoding TS and ASP-2 proteins resulted in
a specific immune response against both antigens and an in-
creased protection against infection [97]. On the other hand,
an immunization with a mixture of DNA vaccines encod-
ing up to 6 proteins from the mucin family resulted poorly
protective, while a mixture of up to 7 proteins from the TS
family was protective, but not as much as a single antigen
vaccine encoding the TS-like antigen ASP-2 [96]. Similarly, a
mixture of DNA vaccines encoding ASP-1, ASP-2, and TSA-1
had a similar protective activity as TSA-1 alone [87]. The lack
of efficacy of these multivalent vaccines may be attributed to
the presence of shared or immunodominant epitopes since
they have significant sequence similarity that may not have
resulted in a broader immune reponse.

Heterologous prime-boost approach has also been eval-
uated and immunization with some combinations of DNA
and recombinant TS was found to enhance Th1 immune
response, but protection was not significantly different from
that obtained with DNA alone [103]. Taken together, these
studies suggest that additional strategies need to be investi-
gated to potentiate DNA vaccine efficacy against T. cruzi.

4.4. Therapeutic DNA vaccines

Therapeutic administration of DNA vaccines to control an
ongoing infection with T. cruzi may represent an additional
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alternative for Chagas disease control. The concept was
demonstrated in mice acutely or chronically infected, and
in both cases the administration of only two doses of DNA
vaccine encoding TSA-1 or Tc24 antigens was sufficient to
limit disease progression, as treated mice presented increased
survival and reduced cardiac tissue damage, as assessed by
histopathologic analysis [104]. A comparative study of differ-
ent DNA vaccines identified Tc52 antigen as another thera-
peutic vaccine candidate, while DNA vaccines encoding anti-
gens from the TS family previously found to be protective
had no signifiacnt therapeutic effect [105]. It was found that
therapeutic vaccination rapidly induced spleen cell prolif-
eration, including IFNγ-producing CD4+ and CD8+T cells,
while the effects on cardiac tissue inflammation and para-
site burden take longer to be detectable [106]. Importantly, in
all these studies, therapeutic vaccination of T. cruzi infected
mice did not result in an increased inflammatory reaction in
the heart, confirming that it is safe to stimulate the immune
response of T. cruzi infected mice and that attacking the par-
asite can lead to a reduction of pathology. These studies thus
open very attractive perspectives for the control of T. cruzi in-
fection, and further studies on the efficacy of DNA vaccines
encoding other antigens and on the immune mechanisms
underlying their therapeutic effect should provide clues for
the optimization of this strategy.

4.5. Antigen discovery

As for any vaccine, the nature of the antigen used remains
a key factor for vaccine efficacy, and there is still little va-
riety in terms of antigens evaluated as DNA vaccine candi-
dates against T. cruzi. Thus, a number of studies have aimed
at identifying novel antigens through various strategies. The
most classical approach has been the screening of cDNA
libraries using antibodies and screening an amastigote li-
brary allowed the identification of a novel antigen Tcβ3, and
two previously characterized ones, LYT1 and FcaBP/Tc24
[96]. DNA vaccines encoding these antigens induced vari-
able levels of protection, the best one being LYT [96]. Alter-
natively, expression-library immunization, described above
for Leishmania, was also tested with T. cruzi, and found to
be immunogenic, but there was no attempt at fractionating
the library or identifying protective antigens [107]. A likely
reason is that such strategy may be too labor-intensive for
large genomes/libraries, and its usefulness may be limited to
pathogens with small genomes. The availability of T. cruzi
genome sequence also opens new possibilities for antigen
discovery. In one of the first studies using such resource, a
combination of bioinformatics analysis were used to identify
GPI-anchored or secreted proteins, and most of the identi-
fied clones were immunogenic as DNA vaccines [108]. Fur-
ther studies may confirm the usefulness of these new vac-
cines to protect against T. cruzi infection. Nonetheless, as dis-
cussed above for Leishmania, the rationale for limiting anti-
gen searches to surface proteins may not be totally relevant,
and additional strategies should also be used to include un-
biaised genome-wide surveys for antigen discovery.

5. FUTURE DIRECTIONS

As detailed in this review, there have been considerable ad-
vances in DNA vaccines against Leishmania and T. cruzi in re-
cent years. Taken together, these studies clearly validated the
concept of using DNA vaccines for both protection and ther-
apy against these protozoan parasites in a variety of mouse
models. While sterile immunity seems to be an irrealistic
goal for either Leishmania or T. cruzi, a reduction in dis-
ease severity and in the development of the pathology seems
clearly within the reach of DNA vaccines. Nonetheless, the
relevance of such mouse models for the development of vet-
erinary or human vaccines against these parasites has been
challenged by some authors. The few DNA vaccine studies
in nonmurine models of leishmaniasis suggest that some ex-
trapolation may be feasible, but certainly not completely. Ad-
ditional advanced preclinical studies of DNA vaccine candi-
dates in nonmurine animal models such as rats, hamsters,
dogs, or monkeys are thus warranted in the next few years, to
further explore the immunology and efficacy of DNA vac-
cines against these parasites. As already observed in such
studies for other pathogens, this will lead to the challenge of
achieving in these species an immunogenicity of comparable
level and protective efficacy as that obtained in murine mod-
els. However, advances in adjuvants, DNA vaccine formula-
tion, and delivery systems are likely to contribute to such re-
sults [1, 109].

Another major issue is that of antigen discovery, and
while a number of DNA vacines tested so far against Leish-
mania or T. cruzi have shown promise, we are still unsure if
these are the best possible antigens, particularly since these
parasites have relatively large genomes, and only a limited
variety of antigens have been tested. The availability of the
genome sequences of these parasites will without doubt be
a key resource for genome-wide screenings for new protec-
tive antigens. A key lesson from the initial studies reviewed
here [48, 51, 108], together with other similar antigen discov-
ery studies, seems to be that cellular localization and protein
function are poor predictors of the antigenicity and protec-
tive efficacy of a protein. Alternative criteria should thus be
used so that potent vaccine candidates are not missed, and
the important development of genome-mining and bioinfor-
matic tools is providing new tools for a more rational search
of vaccine candidates [110].

To conclude, those DNA vaccines represent a promising
approach for the control of Leishmania sp. and T. cruzi, and
such vaccines would have a major impact in developing en-
demic countries. Thus the question does not seem to be if
DNA vaccines can control these parasites, since many studies
have clearly showed that this is the case, but how to translate
what has been achieved in mouse models into veterinary or
human vaccines of comparable efficacy.
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Leishmania infection consists in two sequential events, the host cell colonization followed by the proliferation/dissemination of the
parasite. In this review, we discuss the importance of two distinct sets of molecules, the secreted and/or surface and the nonsecreted
antigens. The importance of the immune response against secreted and surface antigens is noted in the establishment of the infec-
tion and we dissect the contribution of the nonsecreted antigens in the immunopathology associated with leishmaniasis, showing
the importance of these panantigens during the course of the infection. As a further example of proteins belonging to these two
different groups, we include several laboratorial observations on Leishmania Sir2 and LicTXNPx as excreted/secreted proteins and
LmS3arp and LimTXNPx as nonsecreted/panantigens. The role of these two groups of antigens in the immune response observed
during the infection is discussed.
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1. INTRODUCTION

Leishmaniasis are parasitic diseases, caused by protozoan
parasites of the Leishmania genus, associated with significant
morbidity and mortality in tropical and subtropical regions
and in the Mediterranean basin. The disease has a wide range
of clinical manifestations that depend not only on the infect-
ing Leishmania species but also on the immune status of the
host [1]. The most extensively studied leishmanial disease is
the cutaneous form caused by L. major or L. tropica in the old
world and L. braziliensis in the new world. It usually appears
as a skin ulcer or dermal granuloma, which may take up to
several months or years to heal [2]. With L. braziliensis, the
infection may also spread to other cutaneous sites, like mu-
cosal membranes giving origin to the mucocutaneous form
of the disease. The most serious form of the disease is the vis-
ceral one that, if untreated, gives rise to a high mortality rate.
It is characterized by fever, cachexia, hepatosplenomegaly,
and hypergamaglobulinemia and is caused by members of
the L. donovani complex (L. donovani in the old world, L. in-
fantum in the Mediterranean basin and L. infantum chagasi
in the New World) [3].

Leishmania is a digenetic protozoan that is transmitted
to the mammalian host by sandflies of the genus Phleboto-

mus in the old world and Lutzomyia in the new world. In the
alimentary tract of the insect vector, the parasite exists ex-
tracellularly as a flagellated motile form, the promastigote.
During the insect blood meal, the infectious developmental
form, metacyclic promastigotes, is injected into the dermis
and phagocyted by resident macrophages within which the
parasite differentiates into the nonmotile amastigote form
and multiplies. Moreover, other cells such as fibroblasts and
dendritic cells may also harbour parasites [4]. The cycle is
completed when the sandfly takes another blood meal recov-
ering free amastigotes or infected macrophages.

During an infection, the parasites have a remarkable
adaptative capacity as they are able to survive inside phago-
cytic cells. These cells are responsible for the microbicidal
and antigen-presenting functions however they serve as a
safe habitat for the parasite. The existence of inbred mice,
which are either susceptible (Balb/c) or resistant to infection
(C57BL/6, CBA, C3H.HeJ) has helped to elucidate the pro-
tective or nonprotective role of cytokine and T-helper cell
subsets and also the role of different leishmanial antigens
in the immune evasion mechanism. Thus, it became gen-
erally accepted that resistance against leishmaniasis is asso-
ciated with the production of IL-12 by antigen presenting
cells (APC) macrophages and dendritic cells, leading to the
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differentiation and proliferation of the Th1-subset of CD4+

T-cells producers of IFN-γ. This will ultimately lead to the ac-
tivation of parasite-infected macrophages that, through the
induction of effector molecules as nitrogen and oxygen re-
active species, will kill the intracellular parasites [5]. In con-
trast, failure to control the infection has been associated with
the production of anti-inflammatory cytokines as IL-4, IL-
10, IL-13 and TGF-β [6]. Given the ancient evolutionary di-
vergence in Leishmania species, it is not surprising that the
control of the different Leishmania driven diseases is related
to different immunological properties. Hence, while in cuta-
neous leishmaniasis, IL-4 has been implicated in disease pro-
gression, in visceral leishmaniasis its importance has been
ruled out [7]. In the latter, IL-10 has been shown to be
the major immunosuppressive cytokine along with TGF-β.
Overall, it suggests that it is the overshadowing of the Th2
response by a Th1 cell associated response that leads to the
control of the infection [8]. Moreover, the real contribution
of the humoral response is still under debate, however stud-
ies in different intracellular pathogens have shown that an-
tibodies can also have a function in restricting the infection
when the parasite is exposed to the extracellular milieu [9].
Consequently, in leishmaniasis, the induction of specific hu-
moral responses to parasite antigens would, theoretically, be
able to neutralize the parasite whether as free promastigotes,
after the inoculum, or as amastigotes, when released from
the infected macrophages, contributing to develop a protec-
tive response [10]. However, until now, no effective vaccine
against human leishmaniasis is available for clinical use [3].

Leishmania parasites inside their hosts do not behave
inertly. Rather, the virulence related to their pathology seems
to be linked to an induced lack of immune response control.
The parasite actively secretes proteases and other molecules
that affect host immune system (cells and cytokines) facil-
itating the infection process. In addition, the parasite pos-
sesses intracellular nonsecreted antigens, members of con-
served protein families, which are believed to contribute
to the chronic immunopathology, observed in leishmania-
sis. Here, we review these two groups of relevant parasite
molecules, illustrated with laboratory observations of pro-
teins belonging to the secreted and nonsecreted groups of
antigens. Finally, we discuss their differential role in Leish-
mania infection and persistence as well in the development
of a protective immune response.

1.1. The importance of the secreted versus
nonsecreted antigens

Leishmania virulence has been explained using two different
groups of parasite molecules, the secreted and surface and the
intracellular molecules [11]. This model proposes that the
secreted and surface molecules will be mostly important for
the establishment of infection, protecting the parasite from
the early action of the host immune system, acting as inva-
sive/evasive determinants. According to this model, the in-
tracellular molecules will be ultimately responsible for the
disease phenotype [11].

1.2. Surface and secreted molecules

The secreted proteins have distinct functions during Leish-
mania infection. First, they play a role in the establishment
of the infection [12] in conjunction with important elements
existent in the saliva of the sandfly vector [13, 14]. In a second
phase, they contribute to the maintenance of the infection
by interfering with the macrophagic microbicidal functions,
cytokine production, antigen presentation, and effector cells
activation. This is achieved by repression of gene expression,
post-translation protein modification or degradation, and by
activation of suppressive pathways and molecules [15]. This
macrophagic anergy enables the continuous multiplication
of the amastigote form. The bulk of the knowledge on sur-
face and secreted molecules of Leishmania is focused on ly-
pophosphoglycan (LPG), on the promastigote surface pro-
tease named glycoprotein 63 (gp63), glycosylinositol phos-
pholipids (GIPLs), cysteine peptidases and on a few oth-
ers like β-mercaptoethanol activated proteases, acid phos-
phatases and chitinases. The importance of some of these
molecules in the establishment of the infection is well doc-
umented [15, 16], but the real contribution of the secreted
molecules remains elusive due to the difficulty of the intra-
macrophagic studies.

After entrance into a susceptible mammalian host, the
Leishmania promastigotes are targeted by the host immune
system. Serum components, like the complement system rep-
resent the first challenge following entrance into the blood-
stream. Procyclic promastigotes are highly susceptible to
complement action, unlike the metacyclic that can avoid
complement mediated lysis [17]. This remarkable difference
is mostly due to the surface molecule in Leishmania, the LPG.
Composed mainly of repetitive units of a disaccharide and
a phosphate, LPG is linked to the membrane by a glyco-
sylphosphatidylinositol anchor [18]. The LPG is longer in
metacyclic promastigotes preventing the attachment of C5b-
C9 subunits of the complement complex avoiding its lytic
action [17]. The relevance of LPG is not limited to com-
plement resistance. Its importance is stated by several stud-
ies using either purified LPG or mutant strains. The LPG
is implicated in several processes including the binding to
the epithelial cells of the sandfly midgut [19], receptor me-
diated phagocytosis of macrophages through the CR3/CR1
ligand or the manose-fucose receptor (in conjunction with
gp63) [20, 21], toll-like receptor 2 signalling [22], stimula-
tion of NK cells [23], inhibition of phagosome-endosome fu-
sion [24–26], and inhibition of phagosome-derived superox-
ide [27]. Several attempts to use LPG to confer protection
were unproductive [28, 29]. Constitutively shed by several
Leishmania species, the LPG is the paradigm molecule re-
ferred to as evasive and invasive. After the initial steps of
infection, LPG is downregulated being almost absent from
amastigotes [30].

Another molecule implicated in the invasive and eva-
sive mechanisms is gp63. This protein is the most abun-
dant in the parasite surface, although 10 fold less abundant
than LPG [30]. In the promastigote form, gp63 is in the
surface of the parasite under the LPG coat and is involved
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Figure 1: The LicTXNPx and LiTXN1 are excreted/secreted pro-
teins. Autoradiography of [35S] methionine labelled L. infantum
promastigotes lysate (PL) and excreted/secreted antigens (ES), af-
ter 3 hours of incubation experiments, immunoprecipitated in the
presence of immune anti-LicTXNPx or anti-LiTXN1 sera or with a
preimmune serum.

in L. donovani promastigote multiplication [31]. Like LPG,
gp63 was shown to be implicated in complement resistance,
in L. major and L. amazonensis, by mediating the intercon-
vertion of C3b to C3bi [32]. This interconvertion favours
the internalization via CR3 avoiding the oxidative burst. The
binding of gp63 to fibronectin receptors favours the parasite
uptake into the macrophage [33]. Furthermore, gp63 is an
endopeptidase with the potential to degrade immunoglobu-
lins, complement factors, and lysosomal proteins [34]. The
optimal proteolitic activity of gp63 is at pH 4 that may indi-
cate some active proteolitic function in the amastigote stage
[34, 35]. Despite this, gp63 expression is downregulated in
amastigotes [36]. In spite of being a virulence factor in most
Leishmania species, immunization trials with gp63 were un-
able to protect mice from infectious challenge [37]. More-
over, gp63 mutation in L. major did not impair in vitro in-
tramacrophagic survival [38]. So the importance of gp63 in
the course of the infection remains elusive. The GIPLs are
molecules 10 times more abundant than LPG on the para-
site surface, although like gp63 they are physically under the
LPG coat [39]. The GIPLs were described in L. major as hav-
ing a protective role at the parasite surface by modulating the
expression of nitric oxide synthetase in murine macrophages
[40, 41]. Another interesting group of proteins are the cys-
teine proteases. In L. mexicana, this family of proteins seems
to be associated with disease progression [42]. Cysteine pro-
tease activity can be found at the parasite surface or inside

the macrophage endoplasmatic reticulum, probably associ-
ated with proteases released in the phagolysosome by Leish-
mania. The inhibition of major histocompatibility complex
class II molecules in macrophages seems to involve, in L.
amazonensis, the direct sequestering of these molecules fol-
lowing cysteine-peptidase-dependent degradation [43, 44].
Also, cysteine peptidase activity was demonstrated in L. mex-
icana to induce IL-12 repression and degradation of NF-kB
[45]. It is still worthy to mention some other secreted pro-
teins described as virulence factors, like the L. mexicana chiti-
nase [46] and the L. donovani acid phosphatases [47–50]. An
in depth study of the Leishmania secretome is missing. The
most remarkable effort was done by Chenik and colleagues
that were able to screen 33 different proteins using an L. ma-
jor cDNA library and a rabbit immune sera raised against the
secreted proteins [51]. Nine of them were already described
as excreted/secreted proteins in Leishmania or other species,
11 corresponded to known proteins but not characterized as
secreted and the other 13 were completely new and unchar-
acterized proteins [51]. This shows how little is known about
the Leishmania secretome since only a few proteins are exten-
sively characterized [52–56]. It is already known that total L.
major secreted molecules, described as highly immunogenic
[54, 57–59], can confer protection from infectious challenge
[57, 59]. So it is obvious that somewhere among the Leish-
mania secreted proteins exist future candidates for vaccine
design and drug targets. Nonetheless, one of the problems in
vaccine design using surface or secreted/excreted proteins is
the fact that these proteins are naturally exposed to the im-
mune system. Chang et al suggest that these secreted/excreted
proteins were evolutionarily selected becoming immunolog-
ically “silent” [60]. This fact implies that secreted proteins
that have a specific function in the establishment of the in-
fection will be “silent,” allowing them to perform their vital
functions unchecked by the host immune system [11, 12].
This will be more significant for the proteins involved in the
first steps of infection, while the parasite is still exposed to
the extracellular environment. As an example of this fact,
we present three distinct proteins: a cytosolic tryparedoxin
peroxidase of L. infantum (LicTXNPx) [61], the Leishma-
nia silent information regulator 2 (Sir2) [52], and a try-

paredoxin of L. infantum (LiTXN1) [62]. All are Leishma-
nia secreted proteins (Figure 1) [52], that show distinct im-
munological properties. A high antibody titre against the
LicTXNPx was detected in children [63]. This antibody titre
is maintained during the Leishmania infection and decreases
after its resolution [63]. Despite its high immunogenicity
when tested in vitro or in vivo using the Balb/c model, this
excreted/secreted protein did not show immunomodulatory
properties (Figures 4, 5, and Table 1) and provided no pro-
tection against the infectious challenge (data not shown).
On the other hand, the Leishmania Sir2 is a typical poorly
immunogenic secreted antigen (Figure 2) characterized as a
virulence factor [64]. Infectious challenge after Leishmania
Sir2 immunization results in a decreased infectivity in the
acute phase (Figure 3). This could be partially due to the
production of lytic and neutralizing antibodies [65]. The
immunization leads to a significant decrease of the spleen
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Figure 2: Antibodies against Leishmania SIR2 protein in the sera of
chronically L. infantum infected Balb/c mice. Sera from 108 intraperi-
toneal (i.p.) L. infantum promastigotes infected Balb/c mice after 2,
8, 11, 15, 17, and 19 weeks, were used in a western blot against 1 μg
of rLiSIR2 at two different dilutions, 1 : 200 and 1 : 50 (left and
right lanes, respectively, for each different serum). A 0 weeks serum
was obtained from noninfected mice.

and liver parasite load at two weeks post infection (Figure 3)
[65]. However, it is incapable by itself of resolving the in-
fection, as seen six weeks after infection, where there is no
significant difference between the immunized infected group
and the infected control group (Figure 3). Certain secreted
proteins seem to function as immunomodulatory compo-
nents, acting as host immune evasive proteins. As an exam-
ple, another excreted/secreted Leishmania protein, LiTXN1
(Figure 1), is capable to increase IL-10 splenocyte secretion
(Table 1), a major immunosuppressive cytokine (manuscript
in preparation). LiTXN1 can be among the proteins respon-
sible for a transient immunosuppressive state that can favour
the parasite internalization and colonization of the host cells.
These examples show that among the secreted proteins we
can find proteins naturally immunogenic, albeit nonprotec-
tive, like LicTXNPx while others less immunogenic show in-
teresting properties in terms of protection probably due to
the disruption of their in vivo functions, Leishmania Sir2, or
by their immunomodulatory properties, LiTXN1. Unfortu-
nately, the reduced immunogenicity of the most interesting
secreted proteins probably will prevent their identification by
serological based approaches [51].

The reduction of the secreted/excreted proteins to the
given examples is an oversimplification. However, it is ob-
vious that much more work is needed in this area, especially
in the huge black hole of knowledge that concerns the inter-
action between host cell and Leishmania at a molecular level.
Since most of the studies have been done using infection-
phenotype approaches, little is known about the true agents
involved in macrophagic disruption [16, 58, 68, 69]. We sug-
gest that amastigote secreted proteins will be more immuno-
genic and can have interesting immunomodulatory proper-
ties since they have not been under the selective pressure as
the promastigote secreted proteins. The selective pressure of
the host immune system is a powerful driving force in evolu-
tion, as demonstrated in the case of Schistosoma mansoni that
has the ability to completely evade the host immune system
rendering itself “invisible” [70].

1.3. Panantigens—nonsecreted proteins

Human visceral leishmaniasis, unlike cutaneous leishmani-
asis is characterized by high anti-Leishmania antibody titres
[71, 72]. The role of these antibodies is still unclear as there
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Figure 3: The recombinant Leishmania SIR2 immunization reduces
the parasite load in an acute phase of L. infantum Balb/c mice infec-
tion. The immunized mice (�) received 3 i.p. injections of recom-
binant Leishmania SIR2 (50 μg) once a week and infected 2 weeks
after the last immunization with 108 L. infantum stationary phase
promastigotes. The nonimmunized mice (�) were subjected to the
same protocol but received PBS instead of recombinant Leishmania
SIR2. The mice were sacrificed after 2 and 6 weeks of infection and
the parasite load in the spleen and liver determined by the organ
limiting dilution method [66]. The data represent means and stan-
dard deviations for three mice and are representative of two inde-
pendent experiments. Statistical analysis was performed using Stu-
dent t-test. Statistically, significant differences between immunized
and nonimmunized mice are indicated. ∗P < .05.

seems to be no relation with the progression or resolution
of the infection[58, 73, 74]. This exuberant humoral re-
sponse against promastigote and amastigote antigens (frac-
tions or total protein extract or specific Leishmania proteins)
has been exploited for serodiagnosis with different degrees
of success [58, 63, 74, 75]. Interestingly, one of the most
sensitive techniques using recombinant Leishmania proteins
does not involve surface molecules like LPG or gp63 but
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Table 1: Immunomodulatory properties of several Leishmania proteins

Protein Properties References

Leishmania Sir2 Secreted, B-cell activator, induces lytic, and neutralizing antibodies [64, 65]

LicTXNPx Secreted, elicits strong humoral response and has no influence on
cytokine production

[63]

LimTXNPx Nonsecreted, decreases IL-4 secretion both in vitro and in vivo Figure 3

LiTXN1 Secreted, poorly immunogenic, induces IL-10 secretion both in vitro
and in vivo

(Manuscript in
preparation)

LmS3arp Nonsecreted, B-cell polyclonal activator, inhibits T-cell proliferation,
and downregulate IL-2, 12 and IFN-γ in splenocytes

[67]
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Figure 4: No effect of rLicTXNPx and rLimTXNPx (a) on spleen cell
proliferation. Spleen cells from normal Balb/c mice were cultured
for 48 hours (2.5 × 105 cells/well) in the presence or absence of
concanavalin A (ConA) (5 μg/ml) with or without rLicTXNPx and
rLimTXNPx (b) (10 μg/ml). The cells were pulsed with [methyl-3H]
thymidine in the last 8 hours of culture, and cpm (scintillations per
minute) were determined. The data represent mean cpm and stan-
dard deviations from triplicate cultures of spleen cells from three
mice analyzed individually. One of three independent experiments
is depicted.

intracellular proteins like histones [75]. The screening of
Leishmania expression libraries or total protein extract with
serum from infected patients has unveiled several major im-
munogens [76–79]. Among these immunogens, nonsecreted
proteins like heat shock proteins, ribosomal proteins and hi-
stones were described [76, 77, 80]. These highly-conserved
proteins that elicit strong immune responses are generally
designated as panantigens [81]. The elevated antibody titre
against conserved proteins can be the direct result of B-
lymphocytes polyclonal activation similar to what is found
in Chagas disease [82, 83] or in autoimmune diseases [84].
Furthermore, in the Balb/c mouse model, an L. major pro-
tein homologue to the mammalian ribosomal protein S3a,
LmS3arp, (Table 1) is able to elicit an unspecific activation
of B-lymphocytes with the production of autoreactive anti-
bodies [67]. Despite this, in natural infections, the humoral
and cellular responses are highly specific with no significant
autoantibody production [80, 81, 85]. Moreover, the epi-
tope mapping of several Leishmania panantigens tends to re-
veal Leishmania unique epitopes that elicit strong immune
responses [79–81, 86, 87]. There is practically no response
to the homologous regions in these proteins, which argues
against the nonspecific polyclonal activation as the source
of reactivity against Leishmania panantigens [11, 81]. So, it
is expected that these proteins are presented to the immune
system during the natural course of the infection. Unlike se-
creted and surface proteins that are exposed and can be pro-
cessed by the host immune system, the intracellular proteins
are not. One must expect that the contact between the im-
mune system and these proteins happens only upon the par-
asite destruction. Subsequently, one obvious source of in-
tracellular proteins is the parasites from the initial inocu-
lum some of which are destroyed. Furthermore, it was re-
cently demonstrated that the presence of apoptotic parasites
in the initial inoculum is a requisite for disease development
[88]. Albeit the small number of parasites in the initial in-
oculum is not sufficient to explain the physical expansion of
cell populations and immune mediators during the course of
infection, it is a fact that panantigens are exposed long be-
fore the onset of any visible symptoms [88]. This initial re-
lease of panantigens may function in conjugation with the
secreted and surface proteins acting as a transient “smoke
screen” that enables the onset of the initial infection by vi-
able parasites. The immune response developed against the
panantigens may contribute to hide the parasite molecules
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Figure 5: Levels of IL-4 in the supernatants of spleen cells from
rLicTXNPx or rLimTXNPx treated and untreated Balb/c mice. The
spleen cells from untreated (a) and treated (b) Balb/c mice (50 μg
of rLicTXNPx or rLimTXNPx i.p. injected once a week for 3 weeks
followed by 2 weeks before the spleen cells were recovered) were in-
cubated with rLicTXNPx or rLimTXNPx (10 μg/ml) in the presence
or absence of ConA (5 μg/ml) for 48 hours. The levels of IL-4 were
determined by ELISA in comparison with a standard curve using
the recombinant IL-4. The data represent means and standard de-
viations for triplicate cultures of spleen cells from three mice. The
results are from a representative experiment of three carried out
independently. Statistical analysis was performed using Student t-
test. Statistically, significant differences is indicated. ∗P < .05 and
∗∗P < .01.

involved in the invasion of the phagocytic cells. Moreover,
the humoral profile suggests a steady release of panantigens
during the infection [58, 73, 74]. It is also [81] suggested
that panantigens originate from the residing parasite pop-
ulation either by the destruction of intracellular amastig-
otes by active macrophages or by the destruction of amastig-
otes that burst from macrophages or even by the sponta-
neous cytolysis of amastigotes inside the infected cells [11].
In active leishmaniasis, there seems to be a general anergy
in infected macrophages that leads to impaired functioning

[16, 89–92]. So, in this case, it is not expected that pananti-
gens may result from the macrophage mediated elimination
of Leishmania, as it will lead to the resolution of the infec-
tion. Although free amastigotes can infect macrophages di-
rectly, they are almost undetectable even in heavily infected
hosts. Thus, their contribution to the pool of panantigens
should be diminished [11]. The low speed of intracellular
amastigotes multiplication and their capacity to delay apop-
tosis in heavily infected phagocytes [60] enables a lasting co-
existence in infected macrophages. The most viable theory
for the phased release of panantigens would be the sponta-
neous cytolysis (described as apoptosis by some authors) of
intracellular amastigotes [93]. The effect of the panantigen
release is gradual and more significant as the infection devel-
ops and the parasite burden augments explaining the increas-
ing intense immunopathology associated with Leishmania
infection [11]. This increase in panantigen release can be ex-
trapolated in correlation with panantigen antibody titres and
parasite burden as seen for the Leishmania kinesin like pro-
tein, k39 [81, 94]. Another protein that shows similar charac-
teristics to k39 is the LicTXNPx which has also the ability to
induce a high quantity of nonprotective antibodies both in
natural or experimentally infected dogs (unpublished data)
and in infected humans [63]. This induction can be done
by direct activation on B-cell populations with clonal expan-
sion as described for Leishmania Sir2 [65], which seems not
to be the case since little or no antibodies for LicTXNPx are
seen in HIV patients with leishmaniasis (unpublished data),
as was observed for k39 [95]. This suggests the existence of
specific T-cell epitopes in LicTXNPx. The nature of these
epitopes will not be similar to those of k39, because the lat-
ter contain repetitive motifs that will contribute significantly
to the clonal expansion of B-cells. For LicTXNPx, the strong
immune response observed should be due to the formation
of highly stable multimeric structures characteristic of this
protein [96]. The nonprotective antibody titres induced by
LicTXNPx seem to be transient and associated only with the
immunopathology as they disappear after a period of time,
unlike other Leishmania specific antibodies simultaneously
in circulation [63]. These antibodies may contribute to the
impairment of bone marrow and spleen [11].

The capacity of panantigens to modulate the immune
system can be related to the fact that these intracellular
proteins were not selected by the immune pressure, unlike
the secreted and surface proteins. Hence, in the right con-
ditions, they can provide the immunomodulatory proper-
ties needed for vaccine design. The most prominent intra-
cellular proteins used in vaccine design are still LACK and
LmSTI1 that are able to induce protective responses with
a parasite-specific Th1 immune response (high IFN-γ but
not IL-4 secretion) [87, 97]. Among the Leishmania pro-
teins studied by our group, a mitocondrial tryparedoxin per-
oxidase (LimTXNPx; Table 1), homologous to LicTXNPx,
is able to induce down regulation of IL-4, a Th2 cytokine,
in splenocytes both in vitro and in vivo (Figure 5) though
unable to induce significant protection (data not shown).
It is noteworthy that similar proteins such as LicTXNPx
and LimTXNPx are able to elicit distinct immune responses.



Nuno Santarém et al. 7

LicTXNPx is secreted inducing only the production of non-
protective antibodies, while its related intracellular counter-
part LimTXNPx has immunomodulatory properties inter-
fering with cytokine production (Figure 5). This can be a
good example of the type of evolutionary pressure induced
by the immune system, in which two related proteins have
distinct immunomodulatory properties (Figures 4, 5). It sug-
gests that the host immune system selects characteristics in
the exposed proteins that are either innocuous or nondelete-
rious to the parasite. Since this does not occur in the intra-
cellular proteins they can retain distinct immunoregulatory
properties that could be useful in vaccine design.

2. CONCLUDING REMARKS

Taken altogether, these observations support the idea that se-
creted and surface proteins tend to be poor or nonprotec-
tive immune modulators, like LicTXNPx. Nonetheless, their
use in vaccine could induce short-lived protection probably
due to the disruption of their biological activity or by pro-
duction of lytic antibodies, as seen with Leishmania Sir2. In-
tracellular components like LmS3arp and LimTXNPx tend
to have defined immunomodulatory properties. LmS3arp is
able to induce polyclonal activation of B lymphocytes while
LiLimTXNPxTXNPx confers a nonprotective dowregulation
of IL-4 secretion by splenocytes.

Using the basic knowledge acquired in the study of the
immune response against Leishmania in different murine
models, one can look for proteins that induce the immuno-
logical phenotype needed for protection. Therefore, our data
suggests that in vaccine development, the conjugation of se-
creted and surface proteins with intracellular components
should provide a more efficient protection. Hence, the im-
pairment of the parasite entrance in the host cells, either
by lytic antibodies or by the disruption of protein function,
will delay the onset of the immune suppression associated
with Leishmania. The parasite elimination could be achieved
through a protective cellular response, induced by the intra-
cellular parasite components present in the vaccine.
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1. INTRODUCTION

A rational design of new approaches aiming to control proto-
zoan infections depends not only on advances in our knowl-
edge of virulent factors, molecular pathogenesis, and im-
mune responses involved in the host defence, but also on our
understanding of finely tuned co-stimulatory signallings that
play a key role in immunity against infections. CD40-CD40L
interaction has emerged in the last decade as an essential
system that regulates host immune defence against infec-
tious and noninfectious diseases. CD40, a surface glycopro-
tein receptor belonging to TNF receptor family is expressed
by a number of cells including immunocompetent cells such
as professional APCs, B lymphocytes, activated CD4+ and
CD8+ T lymphocytes as well as nonhematopoetic cells [1–5].
Its ligand, CD40L, is a co-stimultory molecule that can be
expressed on various cells such as CD4+ T lymphocytes, B
lymphocytes, natural killer (NK) cells, dendritic cells (DCs),
monocytes and macrophages [6–9]. CD40-CD40L interac-
tions play an important role in the regulation of thymus-
dependant humoral immune responses through cognate in-

teraction of B and T cells which promotes B cell prolifer-
ation, Ig class switching, and generation of B cell memory
[10, 11]. On the other hand, CD40-CD40L interactions drive
also cell-mediated immune responses. Engagement of CD40
present on APCs with CD40L on T cells is crucial for the
priming and expansion of antigen-specific CD4+ T cells and
for the induction of costimulatory molecules on APCs [12].
It is well known that triggering of CD40 on the surface of
APCs leads to the production of cytokines, particularly IL-
12 which plays a central role in the activation of T cells to
produce IFN-γ, thereby directing cell-mediated immunity
towards Th1 subset that is required for effective immunity
against intracellular pathogens [13–15]. Naturally occurring
mutation in human CD40L gene results in a defect in CD40
signalling and leads to hyper IgM syndrome. Theses patients
not only are defective in humoral immunity but also ex-
hibit impaired T cell-mediated immunity and therefore are
susceptible to infections [16, 17]. In this review, we focus
on insights provided by different studies arguing that cell-
mediated immunity against intracellular parasites depends
upon CD40-CD40L interactions.
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2. CD40/CD40L INTERACTION PROMOTES
CELL-MEDIATED IMMUNITY AGAINST
PROTOZOAN INFECTIONS

2.1. Leishmania

Major insights gained into paradigms of Th-subset came
from studies on immunity to Leishmania infection. Resis-
tance to Leishmania which multiplies as an amastigote within
macrophages depends on polarization of the immune re-
sponse towards Th1 type in which IL-12 and IFN-γ play a
pivotal role, while disease progression is linked to develop-
ment of Th2 type response [18]. Since CD40-CD40L inter-
action is crucial for promoting Th1 immune response, var-
ious studies were focused on the impact of such interac-
tion on the outcome of experimental infection. The first ev-
idence for a direct role of these molecule pairs in promoting
immune responses against protozoan infections came from
studies showing that CD40- and CD40L-deficient mice are
susceptible to Leishmania infections [19–21]. T cells from
these mice fail to produce IFN-γ suggesting a defect in Th1
response. Conversely, administration of IL-12 in these defi-
cient mice prevents disease progression. These deficient mice
were unable to mount an effective immunity against par-
asite infection due to a defect in T cell mediated activa-
tion of macrophages. Beside their role in Th1 immune re-
sponse, CD40-CD40L interactions were shown also to stim-
ulate macrophages to produce number of cytokines and
inflammatory mediators among which Nitric Oxide (NO)
plays a key role in parasite killing [22]. Theses basic stud-
ies on Leishmania infections clearly pointed towards a ma-
jor role of CD40-CD40L interactions in skewing immune re-
sponse to Th1 type that is required for antiparasite host de-
fence.

2.2. Trypanosoma cruzi

T. cruzi is an obligate intracellular parasite that invades sev-
eral types of cells in vertebrate hosts. Development of a Th1-
like immune response was sown to be associated with the
control of infection in mice [23]. In particular, IL-12, IFN-
γ, and TNFα play a crucial role in the development of cell-
mediated immunity against the parasite [24]. Indeed, treat-
ment of T. cruzi-infected mice with anti-IL-12 MAb increases
parasitemia and mortality while an exogenous supply of IL-
12 confers protection against infection [25, 26]. In view of the
important role of IL-12, it seemed likely that CD40 ligation
is important for induction of effector phases of immune re-
sponse. The potent effect of the CD40-CD40L pathway in T.
cruzi infection was first assessed by using CD40L-transfected
3T3 fibroblasts to monitor parasitological and immunolog-
ical parameters in infected mice [27]. This study indicated
that supernatants of murine spleen cells stimulated with
CD40L-transfected cells prevent infection of macrophages
in vitro and this phenomenon depends on de novo pro-
duction of nitric oxide (NO). Anti-IL-12, anti-IFN-γ, and
anti-TNFα MAb neutralize the effect of supernatants sug-
gesting the importance of these cytokines in the preven-
tion of macrophage infection. This in vitro data were further

supported by in vivo experiments showing that coinocula-
tion of CD40L-transfected 3T3 fibroblasts and T. cruzi into
mice leads to reduced parasitemia and mortality and this ef-
fect is abolished by injection of anti-IL-12 MAb. Recently,
we examined further the role of CD40 ligation in T. cruzi
infection by using a new approach based on generation of
CD40L-transfected parasite strain [28]. Mice inoculated with
this recombinant strain exhibit a very low parasitemia and
no mortality associated with preserved production of IFN-γ
by spleen cells compared to wild-type strain. These findings
highlight the potent role of CD40-CD40L interaction in the
stimulation of an effective immunity against T. cruzi.

2.3. Toxoplasma gondii

Tachyzoites of T. gondii can disseminate in the host because
of its ability to infect many nucleated cells. Since IFN-γ is the
major cytokine required for the activation of a cell-mediated
immunity against T. gondii [29], and giving the importance
of IL-12 in the stimulation of early IFN-γ synthesis [30], one
may suspect a critical role of CD40-CD40L interaction in the
control of Toxoplasma infections. Studies performed in hu-
man with hyper IgM syndrome due to a natural CD40L mu-
tation revealed that these patients exhibited a defect in IFN-
γ secretion in response to T. gondii [31]. The lack of IFN-γ
production was linked to impaired IL-12 secretion, indicat-
ing that CD40-CD40L signalling was required for an opti-
mal T cell activation and production of IFN-γ. On the other
hand, Toxoplasma infection was also investigated in CD40L-
deficient mice [32]. This study showed that these mice pro-
duced less IL-12 than wild type when infected with T. gondii.
Moreover, CD40L-deficient mice succumbed to toxoplasmic
encephalitis indicating that these mice were not able to con-
trol parasite replication in the brain and suggesting an im-
portant role of the CD40-CD40L interaction in this process.
Furthermore, CD40 signalling was shown to regulate IFN-
γ-independent host protection against Toxoplasma infection
through TNF-α-dependant induction of macrophage an-
timicrobial activity [33]. Susceptibility of both patients with
hyper IgM syndrome and CD40L-deficient mice to Toxo-
plasma infection argues for the requirement of CD40/CD40L
signalling for resistance to parasite infection.

3. MANIPULATION OF CD40 SIGNALLING AS A
POTENTIAL TOOL TO IMPROVE CONTROL
OF PROTOZOAN INFECTIONS

As reported above, CD40-CD40L interaction is crucial for
the outcome of infection in a number of intracellular par-
asite models. Stimulation of CD40 on APCs has proved to
be useful for amplification of Th1-type response in which
IL-12 and IFN-γ play a cardinal role (Figure 1). The first
approach used to modulate CD40 signalling was based on
agonistic anti-CD40 Ab. Injection of these Ab in mice in-
fected with Leishmania stimulates IL-12 and IFN-γ produc-
tion and induces killing of the parasites within macrophages
[34, 35]. Similarly, administration of anti-CD40L MAb in
mice infected with T. cruzi results in a stimulation of IFN-γ-
activated macrophages to produce NO and tocontrol parasite
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Figure 1: Schematical representation of enhanced cell-mediated im-
munity against protozoan parasites through CD40-CD40L interac-
tion. Following the first signal (1) illustrated by the recognition
of parasite peptides combined with major histocompatibility com-
plex II (MHC II) on antigen presenting cells (APC), such as den-
dritic cells, by T cell receptor (TCR) on naı̈ve T helper cells (Th0),
and the second signal (2) which is attributed mainly to binding of
CD28/B7 molecule pairs, interaction of CD40-CD40L (3) activates
APC to produce IL-12 which promotes Th1 cell differentiation and
secretion of IFN-γ. This leads to stimulation of macrophages to
control parasite replication. This activation process can be ampli-
fied by agonistic anti-CD40 antiboy, by soluble CD40L (sCD40L)
or by CD40L peptide mimetics (pep-CD40L). Transgenic para-
sites expressing CD40L can also activate CD40 signalling through
membrane-bound or secreted CD40L.

infection [27]. Although CD40L exists in nature predom-
inantly as a membrane-anchored molecule, the molecular
characterization of CD40L molecule indicated that the extra-
cellular carboxy-terminal region can be soluble and biolog-
ically active [6, 36]. Therefore, a variety of reports were fo-
cused on this agonistic molecule with the aim to assess its
stimulatory role in the control of parasite infection as it is
the case for other infectious diseases [14, 37]. Studies in pa-
tients with hyper IgM syndrome that exhibit deficient secre-
tion of IL-12 showed that in vitro incubation of peripheral

blood mononuclear cells (PBMC) with a soluble CD40L re-
sulted in enhanced IL-12-dependant production of IFN-γ in
response to Toxoplasma gondii [31]. Soluble CD40L was also
shown to activate murine macrophages in vitro to control the
replication of T. gondii [32].

As for many adjuvant proteins, the major obstacles re-
lated to stability and issues of in vivo delivery of CD40L had
to be faced. In this regard, host cells transfected with CD40L
gene were developed as a way of delivery in different para-
sitic models [27, 38]. Interestingly, Chen et al. described a
strategy based on directing CD40L to macrophages by co-
expressing the molecule on the surface of a cell line along
with gp63 recombinant Leishmania antigen and showed that
mice treated with these cotransfected cells produce higher
amounts of IL-12 and control the disease progression [38].
Delivery of CD40L expressed by transfected 3T3 fibroblasts
was shown to reduce parasitemia in T. cruzi-infected mice
[27]. Recently, we developed a new concept based on the
use of the pathogenic organism as a vehicle for CD40L de-
livery [28]. Following transfection of T. cruzi with CD40L
gene, the encoded molecule was found properly processed
and secreted across the parasite membrane. Notably, CD40L
recombinant strain exhibited lower virulence and induced
higher INF-γ production when injected into mice. Moreover,
surviving mice resisted a challenge infection with wild-type
strain, thereby confirming the vaccine adjuvant capacity of
CD40L.

The molecular characterization of CD40L and the analy-
sis of its binding domains were determinant steps towards the
manipulation of CD40 signalling [39]. As for TNF receptors
family, the signalling through CD40 depends upon the for-
mation of a CD40L trimer complex that can each bind three
CD40 molecules [40]. Incorporation of an isoleucine zipper
motif that improves trimerization of the CD40L was shown
to enhance its biological activity [41]. Advances in the molec-
ular structures of CD40L binding domains allowed a concep-
tion of small CD40L mimetic molecules that could compete
with the binding of CD40L homotrimers and induce IL-12
secretion by DCs [42]. Interestingly, recent findings indicate
that when these mini-CD40L synthetic peptides were coin-
jected with T. cruzi into mice, a low parasitemia associated
with enhanced CD8+ T cells producing IFN-γ was observed
[43]. These recent reports further support the importance
of CD40L delivery as an adjuvant that can be used to drive
type 1 immune response against intracellular parasite infec-
tion (Figure 1).

Protozoan parasites have a remarkable ability to adapt
to different host microenvironments. To make the host “as
safe as possible” for them, they have evolved many devises
among which the immunosuppression is considered as a
powerful mechanism to subvert the host’s immune response
[44]. Interfering with CD40 presentation or signalling can
be one of the powerful arms used by the parasite. Indeed,
CD40 molecules were found to be reduced in the surface
of macrophages and DCs following their infection by T.
cruzi [45, 46]. Recently, the CD40 was defined as a central
molecule through which counteractive immune responses
can be triggered [47]. Based on the cross-linking experiments



4 Journal of Biomedicine and Biotechnology

High IL-10 High IL-12

CD40

Anti-CD40
Lower Higher

ERK 1/2 p38MAP Kinase

Macrophage

(a)

IL-10
(disease progression)

IL-12
(control of infection)

Intermediate

ERK 1/2 p38MAP Kinase

Macrophage

Leishmania
amastigotes

+ −

(b)

Figure 2: Strength of CD40-CD40L interaction can influence the out-
come of parasite infection. (a) Cross-linking of CD40 with lower
doses of agonistic anti-CD40 antibody (< 3 μg/mL) on noninfected
macrophages increases phosphorylation of extracellular stress-
related kinase 1/2 (ERK 1/2) and consequently stimulates high
production of IL-10, whereas cross-linking with higher doses (>
3 μg/mL) increases phosphorylation of p38-mitogen activated pro-
tein kinase (p38MAPK) and therefore stimulates high production of
IL-12. (b) Cross-linking of Leishmania-infected macrophages with
intermediate dose of anti-CD40 antibody (3 μg/mL) leads to pro-
duction of more IL-10 and less IL-12 than uninfected macrophages.
This suggests the potential involvement of parasite factors in disease
progression through stimulation of IL-10 production.

with anti-CD40 Ab on macrophages, this study indicated
that the strength of CD40 signalling activates p38-mitogen
activated protein kinase (p38MAPK) or extracellular stress-
related kinase 1/2 (ERK-1/2) signalling molecules leading
to a differential expression of IL-12 or IL-10. CD40 cross-
linking at lower doses induces activation of ERK-1/2 and
production of IL-10, a cytokine which promotes immuno-
suppression, whereas at higher doses it induces activation of
p38MAPK and secretion of IL-12 (Figure 2(a)). How such
strength of CD40 signalling is operating through interac-

tion of the immunocompetent cells and whether it can in-
fluence the Th1 and Th2 immunoregulatory processes are
still unclear. Interestingly, Leishmania-infected macrophages
treated with an intermediate dose of anti-CD40 Ab produced
more IL-10 and less IL-12 than uninfected macrophages
(Figure 2(b)), suggesting that Leishmania infection promotes
IL-10 production that would favour disease progression [47].
This study is in line with a previous report indicating that
p38MAPK-dependant CD40 signalling is impaired in Leish-
mania-infected macrophages [35]. Overall, the involvement
of CD40 signalling in the host-parasite interaction further
exemplifies the refined nature of the host-pathogen cross-
talk.

4. CONCLUDING REMARKS

Increasing evidence points towards the crucial role of CD40-
CD40L for the development of a cellular host protective im-
mune response against intracellular parasites. Although the
role of CD40-CD40L signalling in B cell maturation and
isotype switching is well documented, little is known about
the potent stimulation of CD40 signalling that can promote
humoral immune response against extracellular parasites. A
study on African Trypanoma infection in a model of SCID
mice reconstituted with a bovine immune system indicated
that administration of an agonistic antibody against CD40
enhanced mice survival to infection with Trypanosoma con-
golense, and was associated with increased production of
specific IgG [48]. Further studies aiming to depict accu-
rately the CD40 signalling-dependant protective Th2 immu-
nity against protozoan parasites are yet to be investigated.
The stimulation of CD40 signalling by CD40L and its deriva-
tives can be considered as a useful adjunct in a vaccine strat-
egy against protozoan infections. Current knowledge in host-
parasite interaction includes a breakthrough in the modu-
lation of CD40 signalling brought about by using soluble
CD40L, CD40L-transgenic microorganisms or small peptide
mimetics of the CD40L. However, recent findings outlined
the possible regulation of CD40 signalling by the parasite and
therefore stressed the need of a further understanding of the
host-pathogen crosstalk that could lead to novel approaches
for disease control.
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M. C. López, “Differential CD86 and CD40 co-stimulatory
molecules and cytokine expression pattern induced by Try-
panosoma cruzi in APCs from resistant or susceptible mice,”
Clinical and Experimental Immunology, vol. 131, no. 1, pp. 41–
47, 2003.

[47] R. K. Mathur, A. Awasthi, P. Wadhone, B. Ramanamurthy,
and B. Saha, “Reciprocal CD40 signals through p38MAPK
and ERK-1/2 induce counteracting immune responses,” Na-
ture Medicine, vol. 10, no. 5, pp. 540–544, 2004.

[48] K. M. Haas, K. A. Taylor, N. D. MacHugh, J. M. Kreeger, and
D. M. Estes, “Enhancing effects of anti-CD40 treatment on the
immune response of SCID-bovine mice to Trypanosoma con-
golense infection,” Journal of Leukocyte Biology, vol. 70, no. 6,
pp. 931–940, 2001.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2007, Article ID 94971, 10 pages
doi:10.1155/2007/94971

Review Article
Regulatory Cells and Immunosuppressive Cytokines:
Parasite-Derived Factors Induce Immune Polarization

Ali Ouaissi

INSERM, IRD UR008 “Pathogénie des Trypanosomatidés”, Centre IRD de Montpellier, 911 Avenue Agropolis, BP 65401,
34394 Montpellier, France

Received 27 November 2006; Accepted 19 March 2007

Recommended by Abdelali Haoudi

Parasitic infections are prevalent in both tropical and subtropical areas. Most of the affected and/or exposed populations are living
in developing countries where control measures are lacking or inadequately applied. Although significant progress has been made
in our understanding of the immune response to parasites, no definitive step has yet been successfully done in terms of operational
vaccines against parasitic diseases. Evidence accumulated during the past few years suggests that the pathology observed during
parasitic infections is in part due to deregulation of normal components of the immune system, mainly cytokines, antibodies, and
immune effector cell populations. A large number of studies that illustrate how parasites can modify the host immune system for
their own benefit have been reported in both metazoan and protozoan parasites. The first line of defense against foreign organisms
is barrier tissue such as skin, humoral factors, for instance the complement system and pentraxin, which upon activation of
the complement cascade facilitate pathogen recognition by cells of innate immunity such as macrophages and DC. However,
all the major groups of parasites studied have been shown to contain and/or to release factors, which interfere with both arms
of the host immune system. Even some astonishing observations relate to the production by some parasites of orthologues of
mammalian cytokines. Furthermore, chronic parasitic infections have led to the immunosuppressive environment that correlates
with increased levels of myeloid and T suppressor cells that may limit the success of immunotherapeutic strategies based on
vaccination. This minireview briefly analyzes some of the current data related to the regulatory cells and molecules derived from
parasites that affect cellular function and contribute to the polarization of the immune response of the host. Special attention is
given to some of the data from our laboratory illustrating the role of immunomodulatory factors released by protozoan parasites,
in the induction and perpetuation of chronic disease.

Copyright © 2007 Ali Ouaissi. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

There is increasing evidence that immune mechanisms are
involved in the pathogenesis of many parasitic infections.
The initial stages of the disease are generally characterized
by the induction of a nonspecific lymphoproliferation, which
is believed to disrupt antigen recognition and interfere with
protective immune responses. Paradoxically, in most cases a
state of immunosuppression can be evidenced. This hypore-
sponsiveness to antigen-specific and polyclonal stimuli in
chronic parasitic infections could be related to immunosup-
pressive cytokines (i.e., IL-10 and TGF-β) secreted by antigen
presenting cells and regulatory T cells (Treg cells). A growing
list of parasite-derived molecules able to exert immunomod-
ulatory activities on the cells of the innate immunity leading
to such polarized cytokine secretion has been reported [1, 2].
Interestingly, these immunosuppressive regulatory responses

resulting from repeated exposure to pathogens and/or their
released products have been postulated to be responsible for
protection against inflammatory diseases such as allergy or
autoimmunity leading to the germless theory of allergic dis-
eases and the hygiene hypothesis [3, 4]. This has led investi-
gators to search for parasite molecules which could be used
as a new therapy for immunological disorders [5].

In fact, complex feedback loops could explain the prop-
erties of a suppressor activity seen in parasitic infections.
For instance, the parasites cannot only induce the pro-
duction of host immunomodulatory lipids, the best char-
acterized being the endogenous eicosanoids, but are also
able to synthesize/secrete their own glycoproteins and lipids,
which in turn activate cells of innate immunity towards the
anti-inflammatory cytokine response. This physiological mi-
croenvironment may favor the development of Treg cells. A
number of excellent reviews were devoted to the Treg cells
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and their physiological role at the level of peripheral self-
tolerance, avoidance of autoimmune diseases, tumor, and in-
fectious disease immunology [6–13].

The purpose of this minireview is to analyze some of
the current data related to the regulatory components or
processes originating from the parasite (protozoa and some
helminth pathogens) that affect host cellular functions lead-
ing to an immunosuppressive state that counteract proin-
flammatory cytokine production which may lead to excessive
host tissue damage. The outcome of a parasitic infection will
depend on the final balance of the protective and pathologi-
cal properties of the cytokine network.

2. INDUCTION OF SUPPRESSOR CELLS

Immunosuppression involves an act that reduces the activa-
tion or efficacy of the immune system. Some components
of the immune system itself have immunosuppressive ef-
fects on other parts of the immune system, and immunosup-
pression may occur as an adverse reaction to treatment or
other conditions like infection processes. The ability of par-
asites to survive in the immune hosts depends on a variety
of escape mechanisms. One of these is the inhibition or the
suppression of the immune responses of their hosts. Several
possible explanations have been put forward, such as anti-
genic competition, acquired tolerance, as well as the possible
blocking role of soluble antigens or circulating immune com-
plexes. The release by the parasites themselves of excretory-
secretory products, which have potent immunosuppressive
activity, represents another possible explanation. Moreover, a
large number of reports have described the presence of sup-
pressor cells (T lymphocytes and macrophages) in humans
and animals infected with various parasites.

For instance, during onchocerciasis due to a pathogenic
human filarial worm, Onchocerca volvulus, a state of cellu-
lar immune unresponsiveness develops in patients with the
generalized form of the disease [14]. Moreover, it has been
reported that parasite antigens are present in breast milk of
O. volvulus-infected women which activated cells that sup-
pressed the proliferative response of autologous lymphocytes
to mitogens and antigens, suggesting therefore that this may
induce tolerance and/or suppression in infants born of in-
fected mothers [15].

A number of years ago, we have shown that total antigens
from O. volvulus (OVA) markedly inhibited the proliferation
of normal human lymphocytes stimulated with polyclonal
activators such as phytohaemagglutinin (PHA). The inhibi-
tion was not due to a cytotoxic effect of OVA and was not ab-
rogated by removal of the adherent cell population. Interest-
ingly, we showed that the in vitro response of normal human
lymphocytes was suppressed by coculture with allogeneic or
syngeneic lymphocytes, which had previously been exposed
to OVA. A significant reduction of the suppression was how-
ever observed when OVA pretreated cells were depleted of T
cells by centrifugation of E rosettes. Moreover, the passage
of OVA through an immunoadsorbant column containing a
monoclonal antibody to OVA epitope abrogated its immuno-
suppressive effect. These observations allowed us to postulate

that a parasite antigen(s) was responsible for the induction of
T suppressor cells [16]. Since the molecular mechanisms of
suppressor cells were difficult to characterize, interest in such
cells was lost.

Recent progress in the identification of CD4+ T cell pop-
ulations, together with the use of genetically modified an-
imal models have led to significant advances in the under-
standing of the immunosuppression phenomenon at the cel-
lular and molecular levels. The concept of T regulatory cells
(Treg) suppressing immune responses via cell-cell interac-
tions and/or the production of suppressor cytokines are cur-
rently well documented [6–9]. At least two main Treg cell
populations were defined: “naturally” occurring regulatory
T cells (Foxp3+ CD4+ CD25+) and the “adaptive” regula-
tory T cells (e.g., TR1 or TH3) [10–12]. Although some con-
troversy has been reported in the literature, evidence which
accumulated over the years has undoubtedly shed light on
the importance of Treg cells in health and disease. Thus, in
the case of onchocerciasis, a series of reports has shown that
the hyporesponsiveness in individuals with the generalized
form of the disease is not due to a shift towards a TH2 re-
sponse. Rather, it results from O. volvulus antigen-specific T
cells having a cytokine profile with no IL-2 and high IL-10
and TGF-β production similar to the adaptive Treg cells also
known as TR1 and TH3 which suppress ongoing inflamma-
tion [17, 18]. Cloning procedures allowed obtaining T cell
clones bearing TR1 suppressor cytokine profile producing
significant amounts of IL-10 but no IL-2 or IL-4 and express-
ing high levels of cytotoxic T lymphocyte antigen (CTLA-4)
after stimulation.

Although the examination of T cell lines or clones de-
rived from the peripheral blood mononuclear cells of in-
fected individuals has the great advantage that the cells pro-
ducing the cytokines can be accurately defined, in this case
the cytokines derived from “neighboring” cells in vivo are no
longer represented in the system. Nevertheless, the genera-
tion of T cell clones has provided valuable information on
human responses in general and to infections in particular.

However, when considering a wide range of autoimmune
and inflammatory manifestations, the mechanisms by which
regulatory Treg cells exert their activity remain unclear. For
instance, studies in vivo have demonstrated that regulation
is dependent on cytokines such as IL-10 and TGF-β as well
as the expression of CTLA-4 molecule [19, 20]. However, in
vitro studies have shown that neither soluble cytokines nor
CTLA-4 is required for the suppressive effects of Treg [21–
23]. Moreover, it has been shown that regulation of the ileal
inflammatory process resulting from Toxoplasma gondii in
murine model is dependent on TGF-β producing intraep-
ithelial lymphocytes suggesting therefore that these cells rep-
resent an essential component in gut homeostasis after oral
infection with this parasite [24]. Furthermore, in the sus-
ceptible BALB/c mouse experimental model of filarial in-
fection with Litomosoides sigmodontis, a parasite closely re-
lated to Brugia and Wuchereria species causing human lym-
phatic filariasis, the Treg cells have been shown to be re-
sponsible for susceptibility to parasite. However, although
treatment of infected mice with antibodies to CD25 and
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glucocorticoid-induced TNF receptor family-related gene re-
duced Treg activity and led to increased antigen-specific im-
mune responses, this results in the significant reduction of
parasite numbers, in vivo neutralization of IL-10 receptor,
but did not restore the ability of the immune system to kill
parasites, supporting the notion that Treg cells act in an IL-
10-independent manner [25].

Nevertheless, a recent study has shown that in a murine
model of coinfection with a gastrointestinal nematode para-
site Heligmosomoides polygyrus and the blood-stage malaria
parasite Plasmodium chabaudi increased levels of IL-10. This
occurred in concurrent infections, whereas high levels of
TGF-β were seen during P. chabaudi single infections [26].
Interestingly, anthelminthic drug treatment of mice before
P. chabaudi infection reduced TGF-β levels and restored an-
timalarial immunity. Thus, induction/expansion of the sup-
pressor function is a complex process depending on multiple
factors, among which concurrent infections are highly preva-
lent in many endemic tropical and subtropical regions of the
world.

Hyporesponsiveness also occurs during human schisto-
somiasis. In fact, the infection downregulates both TH1 and
TH2 cytokines [27]. In more recent studies, it has been shown
that in a mouse schistosomiasis, Treg cells and IL-10 inhib-
ited TH1 development [28] and egg-induced pathology [29].
However, a number of studies have pointed to the role of
IL-10 and TGF-β (two cytokines being released by adaptive
Treg cells) as immunomodulatory cytokines in helminth in-
fections. Parasite-specific activation of natural Treg cells has
been reported in mice Leishmania major infection [30]. The
cells were positive for Foxp3, produce IL-10 in response to
Leishmania-infected dendritic cells, and exerted strong sup-
pressive activity in vitro. In fact, previous observations have
shown that in the case of L. major infection of genetically
resistant C57BL/6 mice which spontaneously heal their der-
mal lesions with persistence of latent parasites, CD4+ T cells
are the main producers of IFN-γ and IL-10 in the dermis,
although CD8+ T cells were also able to produce either cy-
tokine with appropriate stimuli [31]. Similar to TR1 cells, the
majority of CD4+ T cells in the dermis and a proportion of
CD4+ T cells in the draining lymph nodes were able to pro-
duce both IL-10 and IFN-γ. Thus, in the chronic sites of in-
fection, the release of IL-10 and IFN-γ by T cells led to the
establishment of a latency with persistence of low number of
viable parasites within lymphoid tissue and skin lesion after
self-cure.

Although the T cell network seems to play a key role
in the immunosuppression process, the existence of other
T-cell-independent mechanisms has been clearly demon-
strated. Indeed, recent investigations have shown that
helminth and protozan infections can elicit a myeloid popu-
lation characterized as Gr-1+/CD11b+ cells that substantially
impaired antigen-specific T cell responses [32–34].

The myeloid suppressor cell-induced immunosuppres-
sion is mediated by nitric oxide production (NO), a mes-
senger known to be involved in diverse signaling pathways
including smooth muscle relaxation, platelet inhibition, neu-
rotransmission, immune regulation, and destruction of mi-

crobes and tumor cells [35]. The participation of NO in the
suppression of T cell activation has been reported in a num-
ber of biological systems (reviewed in [36]). In fact, NO pro-
duction during toxoplasmosis in C57BL/6 mice has two op-
posite effects being protective against Toxoplasma gondii and
downregulating the immune response, suggesting its possi-
ble contribution in the establishment of chronic infections
[37]. In the case of Trypanosoma cruzi, previous studies have
shown that IFN-γ and nonoxidative molecules (TNF-α and
NO) could play a role in the control of T. cruzi infection
in mice [36]. Furthermore, a series of experiments supports
the notion that IFN-γ and TNF-α mediated activation of
macrophages which leads to increased production of NO,
and in turn suppresses T cell activation [38]. The involve-
ment of NO in apoptosis of thymocytes and macrophages
has also been documented [39, 40] and NO markedly in-
hibits the induction of IL-2 promoter, which can account
for most of the reduction in IL-2 production, and weakly
increases the activation of IL-4 promoter [41]. This mech-
anism could be involved in the downregulation of IL-2 gene
expression observed during T. cruzi infection [42]. Therefore,
it is likely that NO production during the initial phase of
acute infections might participate in the clearance of para-
sites by macrophages, whereas its overproduction during the
late phase of acute infection would account for the immuno-
suppression observed.

Although significant advances have being made regard-
ing the Treg subsets, a recent exiting review pointed to the
importance of B cells possessing regulatory functions and
suggested these be called Breg cells (reviewed in [43]). In-
deed, in addition to the pathogenic role of B cells, which
produce autoantibodies that contribute to the development
of autoimmune diseases, the existence of regulatory B cells
capable of inhibiting inflammatory responses through the
production of regulatory cytokines IL-10 and TGF-β has
been demonstrated in a number of experimental models of
chronic inflammation [43].

In the case of parasitic infections, a number of studies
have reported several alterations in B cell functions. For in-
stance, in the mouse model of Schistosoma mansoni infection,
splenic B cells have been shown to proliferate in response to
an oligosaccharidic antigen (see also the next section) and
were triggered to secrete high levels of IL-10 [44]. Further-
more, spleen B cells from mice infected with the L3 larval
stage of filarial nematode Brugia pahangi contributed sub-
stantially to IL-10 production that in turn downregulated the
expression of B7 molecules on the B cell surface [45]. This
led to the decrease of their efficiency as antigen presenting
cells to CD4+ T cells and restricting their expansion, suggest-
ing therefore that B-cell-derived IL-10 could participate in
the regulation of proinflammatory CD4 responses as in other
various models of autoimmune diseases [46].

2.1. Induction of apoptosis in the host immune cells

Another mechanism leading to the homeostasis disorder
in the host is the fact that the invading parasites can re-
lease factors which kill the cells of the immune system by
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activating the cellular death machinery, thus inducing apop-
tosis. Therefore, apoptosis seems to represent a fundamen-
tal feature with particular relevance in the maintenance of
protozoan infections [47]. Indeed, studies in experimental
mouse T. cruzi infections have shown that apoptosis of T cells
play an important role in the immunossupression that oc-
curs during the acute phase of Chagas’ disease [48]. In a ca-
nine model of acute Chagas myocarditis, Zhang et al. [49]
have reported that programmed cell death (PCD) occurs in
cardiac myocytes, endothelial cells, macrophages, interstitial
dendritic cells, and lymphocytes, suggesting that parasite-
derived factors could be responsible of the apoptosis ob-
served in the immune cells. In the same way, a correlation
between the extent of PCD and the level of suppression of
CD4+ T-cell proliferative responses was observed [50]. More-
over, it has been suggested that the upregulation of Fas and
Fas ligand play an important role in the induction of CD4+ T
cell death. This pathway is able to control and modulate the
immune response against T. cruzi [51].

Parasite-derived substances are believed to be key factors
in the immunossupression phenomena observed by exerting
a proapoptotic activity against some immune cells. Thus, it
has been reported that the T. cruzi-secreted trans-sialidase
(TS) was able to induce apoptosis features in cells of the im-
mune system in vivo [52]. Furthermore, evidences reported
support that TS is a virulence factor responsible for thymic
alterations via apoptosis of “nurse cell complex” [53]. More-
over, the glycoinositolphospholipid (GIPL) from T. cruzi, in
the presence of IFN-γ, induced murine macrophage apopto-
sis leading to increased parasite release from these cells [54].
Surprisingly, internalization of apoptotic T lymphocytes by
macrophages increased the replication of T. cruzi amastig-
otes inside macrophages [55]. Another additional mecha-
nism that may amplify the immune suppression process is
the fact that apoptotic cells release their TGF-β during their
suicidal act. They flip intracellular phosphatidylserine onto
the outer leaflet of their membranes rendering them target
of phagocytic cells signaling the macrophages to release sig-
nificant amounts of TGF-β which in conjunction with IL-10
and PGE-2 may act as a feedback amplification loop mediat-
ing immune suppression.

2.2. PD-1 as active suppressor of T regulatory cells

Programmed death-1 (PD-1) [56], a member of the CD28
family, is an immunoreceptor tyrosine-based inhibitory-
motif- (ITIM-) containing receptor induced on T, B, and
myeloid cells upon activation in vitro [57]. Interaction of
PD-1 ligands (PD-L1 and PD-L2, members of the B7 fam-
ily) with PD-1 may lead to the inhibition of proliferation and
cell division of activated T cells expressing PD-1. Thus, the
absence of PD-1 induced proliferation of effector T cells in
the adenovirus-infected liver and resulted in rapid clearance
of the virus. The blockage of the PD-1 pathway can augment
antiviral immunity [58]. Recent investigations have reported
that PD-1/PD-L systems may play a role during parasitic in-
fections. Indeed, it has been shown that PD-L1 and PD-L2
have distinct roles in regulating host immunity to cutaneous

leishmaniasis [59]. In fact when compared to wilt-type mice
(WT), the PD-L1−/− and PD-L2−/− exhibited distinct disease
outcomes following infection with L. mexicana.

PD-L−/−mice developed resistance, whereas PD-L2−/−

showed exacerbated disease. Although both PD-L1−/− and
PD-L2−/− produced similar levels of IFN-γ as the WT mice,
the development of IL-4 producing cells was reduced in PD-
L1−/− mice suggesting that impairment of TH2 response due
to PD-L1 deficiency could be related to increased resistance
to L. mexicana infection. Furthermore, in the case of CBA/J
mouse Schisitosoma mansoni chronic infection, the para-
sites can induce increased expression of PD-L2 on splenic
CD11c+/B220− dendritic cells leading to moderate morbid-
ity [60]. Taken together, these observations suggest that PD-
1/PD-L systems may play a role in negative regulation of im-
mune responses during parasitic infections.

2.3. Parasite released molecules as
immunoregulatory factors

2.3.1. Lipids

A number of reviews pointed to the importance of endoge-
nous as well as parasite-derived lipids as immunoregulatory
factors [2, 62, 63]. It is well known that eicosanoids such
as prostaglandins PGE2, PGD2, and LipoxinA4 can act not
only on antigen-presenting cells through defined or puta-
tive surface receptors and strongly modify their pattern of
cytokine synthesis (IL-1, TNF-α, IL-12, and IL-10), but also
on T cells at the level of IL-2 synthesis, IL-2 receptor ex-
pression, and cellular proliferation [2]. Glycoinositolphos-
pholipids (GIPLs) are some of the major glycoconjugates
present on the cellular surface of Leishmania [63] and dif-
ferent strains of T. cruzi [64]. T. cruzi GIPL blocks T cell re-
sponses induced by different polyclonal activators, the sup-
pressive domain being assigned to the ceramide portion of
the molecule. Indeed, purified GIPLs from T. cruzi inhibit in
vitro CD4+ and CD8+ T cell proliferation induced by bacte-
rial superantigen and anti-TCR;CD3 antibodies. The inhibi-
tion leads to loss of IL-2 responsiveness, with inhibition of
CD25 expression on both CD4+ and CD8+ subsets [65].

Dendritic cells (DCs) are crucial in the initiation of the
immune response and are distinguishable from the other
antigen presenting cells by their highly efficient antigen pre-
sentation. DCs are specialized to acquire and process antigen
in peripheral nonlymphoid sites, and to transport the anti-
gen to the secondary lymphoid organs where the stimulation
of naı̈ve lymphocytes occurs. During their migration, DCs
enter a process of maturation that determines whether adap-
tive immune response occurs and the nature of that immune
response. Studies with the glycoinositolphospholipid (GIPL)
from T. cruzi have demonstrated that this molecule led to
a downregulation of human DC surface antigens, such as
CD80, CD86, HLA-DR, CD40, and CD57 that are important
for T cell activation [66]. These observations allowed investi-
gators to propose a novel efficient mechanism leading to the
alteration of DC function and maturation that may be used
by T. cruzi to escape the host immune response. However,
although these investigations are interesting, it is important
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to remember that the GPI anchors express biological activi-
ties similar to those of lipopolysaccharides (LPS). Given the
fact that LPS induces the maturation of dendritic cells, one
would expect that T. cruzi -derived LPS-like substances could
activate rather than inhibit DC maturation [67]. Therefore,
the observations showing DC inhibition await further expla-
nation. In this regard, it is noteworthy that GPI anchors and
GIPLs from T. cruzi are potent activators of the human and
mouse macrophage toll-like receptor 2 (TLR2) [68].

2.3.2. Polysaccharides

A number of saccharides (from oligosaccharides to complex
polysaccharides) derived from parasites have been identified
and were shown to be implicated in host cell signaling sys-
tems. Complex polysaccharides for example which are not
digested by the macrophage lysosomal enzymes can be re-
tained intracellularly for a long period of time, interfering
therefore with the presentation of peptide antigens to T cells
[69]. Moreover, these molecules can act directly on the cell
of the immune system. For instance, lacto-N-fucopentaose
III (LNFP-III) and lacto-N-neotetraose (LNnT), sugars of
egg antigens of S. mansoni, also found in human milk were
shown to participate in the TH2 polarization and immune
suppression. Indeed, intraperitoneal injection of LNnT-Dex
into mice expanded a cell population, phenotypically defined
as Gr1+/CD11b+/F4/80+ producing high levels of IL-10 and
TGF-β ex vivo [32].

Gr1+ cells suppressed naı̈ve CD4+ T cell proliferation
in vitro in response to anti-CD3/CD28 antibody stimula-
tion. Suppression involved cell contact and was dependent on
IFN-γ and NO, with a discrete role played by IL-10 [32]. Fur-
thermore, LNFP-III stimulated splenic B cells from parasite-
infected mice to proliferate and produce IL-10 and PGE2,
two molecules known to downregulate TH1 cells [44]. The
major source of IL-10 was the B-1 subset (CD5+ B220+) [70].

Oligosaccharide structures from other parasites have
been shown to modulate B cell activity. Indeed, the T. cruzi
GIPL was found to be a stimulatory factor for B cells, induc-
ing the production of IgG3 in the absence of any costimuli,
the active portion being present in the oligosaccharide frac-
tion [71].

In the case of Leishmania parasites, the major cell sur-
face molecule, phosphoglycan (PG), has been shown to selec-
tively inhibit the synthesis of IL-12 (p. 40, p. 70) by activated
murine macrophages. The inhibition was dependent on the
galactose (beta1-4) mannose (alpha1)-PO4 repeating units
and not the GPI lipid anchor of lipophosphoglycan [72].

2.3.3. Polypeptides

In addition to lipids and polysaccharides, parasite-derived
proteins and even small RNA molecules could interfere with
the cell of the immune system. Thus, the glutathione-S-
transferases (GSTs), which are ubiquitous housekeeping en-
zymes found in nearly all animals and some parasites, ap-
peared to have immunomodulatory functions [73]. Indeed,
the dimeric form of GST present in the excretory-secretory

products of Fasciola hepatica exerted a significant inhibi-
tion of rat T cell proliferation in vitro and a downregula-
tion of NO production by normal peritoneal macrophages.
Furthermore, in O. volvulus, a novel type of GST possess-
ing the characteristic of secreted protein has been identified.
In fact, the parasite has two GSTs (ovGST1 and ovGST2),
the ovGST2 functions as an intracellular cytosolic house-
keeping enzyme, whereas the ovGST1 is found in the media
surrounding adult worms maintained in culture, suggesting
therefore that the enzyme is released from the parasite. Re-
cent investigations have shown that O. volvulus extracellular
GST produces PGD2, a known anti-inflammatory molecule
[74].

In accordance with these findings, we have also demon-
strated the ability of a T. cruzi released protein, Tc52, con-
taining a tandemly repeated structure characteristic of glu-
tathione S-transferases (GSTs) to induce nonspecific sup-
pression of T lymphocyte activation [75]. Furthermore, our
studies have provided evidence demonstrating that puri-
fied Tc52 acted directly on macrophages to increase IL-10
gene expression [76]. In addition, experiments carried out
with murine macrophages harboring a eukaryotic plasmid
carrying Tc52 gene showed increased IL-10 mRNA levels
[77]. Moreover, using synthetic peptides spanning the amino
terminal or carboxy-terminal domain of Tc52 protein, we
found that the sequence encapsing the carboxy-terminal
residues 432–445 when coupled to a carrier protein, ovalbu-
min, exhibited increased inhibitory activity on T lymphocyte
activation and significantly downregulated IFN-γ and IL-2
secretions [78].

The in vivo immunomodulatory effect of Tc52 has been
investigated in mice. Given that we have already estab-
lished by genetic manipulation T. cruzi clones lacking a Tc52
protein-encoding allele (Tc52+/−) [79], we decided to exam-
ine the disease phenotype in Tc52+/−-infected BALB/c mice,
during the acute and chronic phases of the disease. The re-
sults obtained are in agreement with the observations made
when using in vitro experimental models. Indeed, these stud-
ies showed a reversion of the suppressive phenotype in vivo
during the infection with mutant parasites lacking one Tc52
gene allele. Moreover, a lack of increased secretion of IL-
10 correlates with decreased in vivo Tc52 production [80].
Therefore, it is reasonable to suggest that this reduction by
gene targeting which in turn downregulates the IL-10 synthe-
sis could be among the immunregulatory mechanisms oper-
ating during T. cruzi infection. It is tempting to speculate that
Tc52-inducing increased IL-10 secretion might participate in
the downregulation of IL-2 production. This is in agreement
with previous studies showing that murine IL-10 can down-
regulate the host immune response by decreasing the pro-
duction of IL-2 and inhibiting mitogen-driven T cell prolifer-
ation [81, 82]. Furthermore, the effect of Tc52 on the allergic
airway inflammation induced by OVA in the BALB/c strain
of mouse was evaluated. While the OVA challenge induced
increased cellular infiltrates in the bronchoalveolar lavage
fluid, simultaneous injection of Tc52 with OVA significantly
reduced inflammation (Lamkhioued, personal communica-
tion).
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Figure 1: A model for parasite-derived factors-host cell interaction and signaling pathways.

In view of the fact that increased NO production by
splenic macrophages has been involved in the suppression of
lymphocytes proliferation in mice infected with T.cruzi [38],
we have investigated whether Tc52 modified macrophage
NO production. We first showed that Tc52 could be bound
to the macrophage surface as evidenced by FACS analy-
sis. Moreover, while Tc52 alone had no effect, addition of
IFN-γ induced the production of high amounts of NO by
macrophages correlating with increased levels of iNOS tran-
scripts [76]. It is known that IFN-γ by itself is a relatively
poor stimulator of NO production by macrophages and
the addition of a second signal can significantly enhance
NO production [83]. Since high levels of IFN-γ have been
recorded during acute phase mouse T.cruzi infection, and
that Tc52 could be detected in the blood of infected mice,
it is reasonable to suggest that Tc52 may act as a “secondary
signal” for NO secretion by macrophages in vivo, which in
turn could modulate T cell function. This kind of mecha-
nism also occurred in T. brucei infection. Indeed, it has been
reported that NO-mediated suppression of T cells during T.
brucei infection could result from a synergistic effect of sol-
uble trypanosome products and IFN-γ on iNOS expression
[84].

Modulation of iNOS gene and NO production by solu-
ble proteins has also been reported in the case of Entamoeba
histolytica [85].

Although Tc52 could induce the secretion of the sup-
pressive cytokine IL-10 by macrophages, recent investiga-
tions have shown that the protein could trigger human and

mouse DC maturation as evidenced by an upregulation of
costimulatory surface antigens such as CD54, CD86, and
HLA-DR molecules. Moreover, incubation of DC with Tc52
led to increased inflammatory chemokine synthesis (IL-
8, monocyte chemoattractant protein-1, and macrophage-
inflammatory protein-1α). Interestingly, binding experi-
ments showed complex molecular Tc52-DC interactions that
involved toll-like receptor 2 and Tc52 glutathione-binding
site which mediated intracellular signaling, whereas another
unidentified portion of the Tc52 molecule is involved in its
binding to DC [86]. In fact, the Tc52 is made of two homolo-
gous domains comprising a glutathione binding site (G-site)
and a hydrophobic C-terminal region (H-site). The molecule
may act as a dimeric-like complex where the two “pseudo-
subunits” areas are arranged in an antiparallel fashion sep-
arated by a strong β-turn motif (Ala225-Pro-Gly-Tyr228).
The Tc52 G-site binds to TLR2, the other portion of the
molecule, likely the H-site, interacts with a putative DC sur-
face structure. Binding to the TLR2 activates the signaling
cascade leading to NF-κB nuclear translocation and regula-
tion of nuclear gene expression. It might be that the H-site
interacts first with the still unknown DC surface structure,
the membrane-bound receptor-Tc52 complex, then moves
to reach the TLR2 and binds to it through the Tc52 G-site
resulting in the activation of intracellular signaling cascades
leading to NF- κB nuclear translocation and regulation of DC
gene expression.

On first examination, the fact that Tc52 activity resulted
in the induction of gene encoding both anti-inflammatory
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(IL-10) and proinflammatory (IL-6, IL-8) mediators may ap-
pear paradoxical. Yet, in common with other physiological
systems, it is apparent that a counter-regulatory mechanism
is essential to provide the balance and regulation that are nec-
essary to control the inflammation cascade. Within the site
of an inflammation reaction, IL-10 produced locally would
act to counter the stimulatory effects of IL-8 and IL-6, and
thereby enable the balance to be established.

Other parasite-derived molecules which subvert im-
mune regulation have been described: the T. cruzi antigen
molecule SAPA (shed acute phase antigen) which exhib-
ited a neuraminidase-transsialidase activity downregulated
T lymphocyte proliferation as a consequence of T suppres-
sor/cytotoxic cell activation and secretion of PGE2 [87]. A T.
cruzi membrane glycoprotein inhibited the expression of IL-
2 receptor chains and secretion of cytokines by subpopula-
tions of activated human T lymphocytes [88] among others.

Moreover, parasite-derived polypeptides could act di-
rectly on B cells either as specific or nonspecific activators.
Indeed, we have shown that in vivo treatment of mice with a
flagellar Ca+-binding protein, Tc24 from T. cruzi, induced a
quick increase in the number of B cell secreted immunoglob-
ulins of IgM isotype, suggestive of a mitogenic activity of
Tc24 on B cells that is T cell independent [89]. Moreover, we
have identified an L. major gene encoding a protein sharing
significant homology to mammalian ribosomal protein S3a
named LmS3a exhibiting dual activity being stimulatory and
inhibitory towards T and B cells, respectively [90]. Analysis of
cytokine production revealed a significant downregulation of
IFN-γ, IL-2, and IL-12 secretion by LmS3a. These results are
compatible with mitogenic induction of the immune system
accompanied by a state of immunosuppression.

Another intriguing aspect in the parasite relationship is
the fact that parasites could release factors that mimic host
cytokines. For instance, (1) hydatid fluid fractions mimicked
IL-1, IL-2, and IL-6 [91]; (2) an IFN-γ homolog that binds
to the IFN-γ receptor and induced change in lymphoid cells
has been identified in an intestinal nematode [92]; (3) two
homologs of the human macrophage migration inhibitory
factor (MIF) have been characterized in the human para-
sitic nematode Brugia malayi and termed Bm-MIF-1 and
Bm-MIF-2, both having functional properties similar to the
MIF human counterpart [93]; (4) Toxoplasma gondii releases
cyclophilin-18 (C-18) that signals through the chemokine re-
ceptor CCR5 leading to the IL-12 synthesis by dendritic cells
and a strong protective response [94]; (5) the tapeworm Hy-
menolepis diminuta has been shown to express an IL-12-like
peptide, one of the suggested hypothesis being that the pep-
tide could act as a competitive antagonist for the IL-12 re-
ceptor, thus contributing to the general immunosuppression
[95].

Taken together, these examples raise the distinct possibil-
ity that the production of parasite factors that interact with
cell surface receptors may be one mechanism whereby the
parasite is able to interfere with the regulation of the induc-
tion/initiation phase of the host immune response that may
protect the host from excessive inflammation and may po-
tentiate the parasite’s own survival.

2.4. Concluding remarks

The soluble parasite factors can elicit a complex series of
cellular interactions leading to an immunosuppression state
(Figure 1). The fact that immunoregulatory parasite-derived
substances may have additional roles in driving early im-
munological events towards TH2-type or anti-inflammatory
responses has opened new areas of investigation looking for
molecules that may represent novel potential therapeutic
agents for the treatment of TH1-mediated inflammatory and
autoimmune diseases.
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1. INTRODUCTION

Immune responses against pathogens determine the course
of infection as well as the pathogenesis of diseases caused by
the pathogens. During the responses, immune cells, such as
dendritic cells, macrophages, and T and B lymphocytes, are
orchestrated by various cytokines produced by the immune
cells themselves. For instance, during infections with some
protozoa, such as Leishmania major or Trypanosoma cruzi,
the importance of IFN-γ has been proven not only experi-
mentally but also clinically [1, 2]. IFN-γ is produced mainly
by helper T cell (Th) 1-differentiated CD4+ T cells, a popu-
lation induced by IL-12, although other types of cells, such
as NK/NKT cells and CD8+ T cells are also known to pro-
duce IFN-γ. While being critically important for the defense
against pathogens, cytokines are sometimes notorious as
causative agents for the development of immunopathology
and inflammation, which may result in organ/tissue dam-
age. TNF-α, a cytokine produced by Th1-type CD4+ T cells
and activated macrophages for defense against intracellular
pathogens, may induce cell apoptosis or necrosis depend-
ing on situation. Therefore, it is essential that one should
mount proper immune responses against pathogens, making
sure the response is not too weak to eliminate pathogens or
too strong to damage the host. Recently, two new cytokines,

IL-23 and IL-27 have been identified as members of the IL-
12 cytokine family. With IL-12, a cytokine known as the most
potent Th1-inducing cytokine, the IL-12 cytokine family has
been shown to be involved in various diseases such as infec-
tion, autoimmune diseases, and inflammations. This review
will focus on the complicated roles of IL-27, as well as those
of related cytokines, and their potential importance during
some protozoan infections.

2. Th1 DIFFERENTIATION AND IL-12
CYTOKINE FAMILY

When stimulated through T-cell receptors, CD4+ T cells pro-
liferate and differentiate into either Th1 or Th2 cells, two
functionally distinct subsets that produce characteristic cy-
tokines, respectively [3]. Th1 cytokines, especially IFN-γ,
are critical for the macrophage activation and nitric oxide
production required for eliminating intracellular pathogens
such as L. major [4]. In contrast, Th2 cytokines such as IL-
4, IL-5, and IL-13 are important for inducing humoral im-
munity required to expel helminth from the digestive canal
[5]. Th1 and Th2 cells develop from the same Th precur-
sor (Thp or Th0) cells, but which subset differentiates in a
given situation is driven by factors, particularly cytokines, in
the surrounding microenvironment. IL-12 promotes IFN-γ
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Figure 1: Th1, Th2, and Th17 differentiation. (Left) A tradi-
tional Th1 and Th2 differentiation model. Th1 population pro-
ducing IFN-γ versus Th2 population producing IL-4 differentiate
in a mutually exclusive manner. (Right) A new Th differentiation
model. Additional population producing IL-17 (but producing nei-
ther IFN-γ nor IL-4) also differentiates from the same precursor
cells.

production and Th1 development, whereas IL-4 binding to
the IL-4 receptor promotes IL-4 production and Th2 devel-
opment [6]. Developments of Th1 and Th2 are mutually ex-
clusive and differentiation of one suppresses that of the other
by various mechanisms. In addition to these two subsets, re-
cent lines of evidence have shown that there is another Th
subset, called Th17 or ThIL-17 [7–9] (Figure 1). Th17 cells
produce IL-17 for induction of various inflammatory re-
sponses and for defense against some pathogens [10, 11].
The differentiation of Th17 cells requires IL-6 plus TGF-β
for commitment and IL-23 for development, while other cy-
tokines such as IL-1 and TNF-α also support the develop-
ment of Th17 [12–14].

IL-12 was originally identified as a potent inducer of IFN-
γ production by T, NK, and other types of lymphocytes and
was shown later to be a potent inducer of Th1 differenti-
ation of CD4+ T cells [15]. Until recently, IL-12 has been
the only known heterodimeric cytokine, composed of two
subunits, p35 and p40. The p35 subunit is homologous to
IL-6 and G-CSF with a four-α-helix bundle structure, while
the p40 subunit is homologous to the extracellular portion
of IL-6Rα and related cytokine receptors. Thus, it was pro-
posed that IL-12 evolved from a cytokine of the IL-6 family,
which is covalently bound to the extracellular portion of its
primordial α chain receptor [15]. Recently, IL-23 and IL-27
were identified as heterodimeric cytokines functionally and
structurally related to IL-12 [16, 17] (see [18, 19] for review).
Now along with two other cytokines, CLC/soluble CNTFR
and CLC/CLF-1, IL-12, IL-23, and IL-27 compose a family of
heterodimeric cytokines [18, 20]. IL-23, a heterodimeric cy-
tokine composed of the IL-12p40 subunit and the IL-12p35-
related molecule p19, preferentially acts on memory Th1
CD4+ T cells for their proliferation [17], although IL-23 has
recently been shown to promote Th17 differentiation. IL-27,
another heterodimeric cytokine composed of the IL-12p40-
related protein EBI-3 [21] plus the IL-12p35-related pro-
tein p28, acts on naı̈ve CD4+ T cells to induce the expres-
sion of the IL-12Rβ2 gene and make the cells responsive to
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Figure 2: Differential roles and differential requirement of IL-12
family members during the time course of Th1 development (APC,
antigen presenting cells; Th1eff, effector Th1 cells; Th1mem, mem-
ory Th1 cells).

IL-12. While IL-12 is the most potent inducer of Th1 differ-
entiation and IFN-γ production acting on effector Th1 cells,
chronologically differential roles and differential usage of IL-
12, IL-23, and IL-27 have been proposed. First, IL-27 com-
mits naı̈ve CD4+ T cells to differentiate into Th1 cells by in-
ducing IL-12Rβ2, then IL-12 acts on committed effector Th1
cells for IFN-γ production, followed by IL-23 mediating the
proliferation of memory Th1 cells [17] (Figure 2). While the
Th1 immune response is pivotal for the host defense against
pathogens including some bacteria and parasites such as Lis-
teria monocytogenes, Mycobacterium tuberculosis, and L. ma-
jor (reviewed by Romani et al. in [22]), as well as against tu-
mors [23], excess of Th1 responses may cause some autoim-
mune diseases including rheumatoid arthritis and multiple
sclerosis [24, 25]. It is of note that recent lines of evidence
have shown that some of these “Th1-mediated” autoimmune
diseases are actually mediated by IL-23-driven Th17 cell pop-
ulations but not by IL-12-driven Th1 cell populations, as has
been shown for experimental autoimmune encephalomyeli-
tis, an experimental model for multiple sclerosis [7, 8] (see
also [26, 27] for review). Nonetheless, proper initiation, re-
inforcement, and maintenance of the Th1 response seems to
be ensured, and at the same time tightly regulated by related,
but distinct, cytokines [28].

3. IL-27 AND ITS RECEPTOR, WSX-1, FOR
Th1 DIFFERENTIATION

Sprecher et al. cloned an orphan cytokine receptor and
named it WSX-1 (what is now called IL-27R α chain; also
known as TCCR) after the WSXWS motif, a characteristic
feature of cytokine receptors, in its extracytoplasmic portion
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Table 1: Responses of IL-27/IL-27R-deficient mice to parasitic infection.

Mouse genotype Pathogen Helper T cell response Outcome Reference

WSX-1−/− Leishmania major Initial Th1 impaired
Susceptibility to infection,
normal Th1 at later phase [33]

WSX-1−/− Trypanosoma cruzi
Th1, Th2, and
Th17 enhanced

Increased hepatic immunopathology
due to cytokine production [45]

WSX-1−/− Toxoplasma gondii (acute)
IFN-γ high
Proliferation high

Increased hepatic immunopathology [46]

WSX-1−/−(a) Leishmania donovani Th1 enhanced Increased hepatic immunopathology [47]

WSX-1−/− Toxoplasma gondii (chronic) Th17 enhanced Exacerbated encephalitis [63]

EBI-3−/− Leishmania major Initial Th1 impaired
Susceptibility to infection,
enhanced Th1 at later phase [34]

WSX-1−/− Trichuris muris Th2 enhanced Enhanced clearance [35, 36]

(a)TCCR (another name for WSX-1)-deficient mice generated by Chen et al. [32].

[29]. WSX-1 binds to the gp130 (of IL-6R) to conform to
a fully functional IL-27 receptor complex, downstream of
which, STAT1 and STAT3 are activated by ligand binding
[30, 31]. Although the function of WSX-1 was not clear in
the original cloning paper, two groups including ours inde-
pendently generated strains of mice with WSX-1 (or TCCR)
gene disruption and demonstrated that WSX-1 is critical for
induction of Th1 responses and IFN-γ production. Chen et
al. [32] demonstrated that WSX-1−/− mice showed impaired
IFN-γ production and remarkable susceptibility to L. mono-
cytogenes. In the report by Yoshida et al. [33], an impair-
ment of Th1 development and IFN-γ production was also
demonstrated in WSX-1−/− mice infected with L. major. In-
terestingly, impaired production of IFN-γ as only observed
at early phases of L. major infection, and the IFN-γ produc-
tion in WSX-1−/− mice was restored to the wild-type level at
later phases of infection. In accordance with this “in vivo”
observation, T cells from WSX-1−/− mice produced much
less IFN-γ than wild-type cells during primary stimulation in
the presence of IL-12 for Th1 differentiation, while fully dif-
ferentiated WSX-1−/− Th1 cells produced a comparable level
of IFN-γ upon secondary stimulation. These data, both “in
vivo” and “in vitro,” indicated that WSX-1 is required for the
initial mounting of the Th1 response by naı̈ve CD4+ T cells,
but its role is later mitigated presumably by the IL-12 system
in fully activated and differentiated Th1 cells. The impor-
tance of WSX-1 in Th1 differentiation was further substanti-
ated by the discovery of IL-27, a ligand for WSX-1, as another
Th1-inducing composite cytokine [16]. Early expression of
p28, a component of IL-27, prior to that of IL-12 compo-
nents, by activated dendritic cells also supported the idea that
IL-27 was involved in the early phase of Th1 differentiation
[16]. A report on the role of EBI-3, a subunit of IL-27, in
which EBI-3-deficient mice showed susceptibility to L. ma-
jor infection with impaired Th1 response also supported the
importance of IL-27/WSX-1 in Th1 differentiation [34]. (See
Table 1 for comparison.)

While resistance against L. major exclusively depends on
proper Th1 responses, expulsion of Trichuris muris, a gas-
trointestinal nematode from digestive canals largely depends
on Th2 responses. In our recent T. muris infection exper-
iments [35, 36], WSX-1−/− mice successfully expelled the
worm and failed to harbor chronic infection in contrast to
wild-type mice. WSX-1−/− lymphocytes produced signifi-
cantly less IFN-γ and much more IL-4 and IL-13 than wild-
type cells in response to the worm antigen, reiterating that
WSX-1 is important for the initial mounting of proper Th1
responses during infection. Another interpretation of the re-
sults, however, is also possible for the impairment of Th1 re-
sponses against L. major and T. muris infection. (See below
in the following section.)

The molecular basis for the Th1-initiating property of
IL-27/WSX-1 was then elucidated [37]. STAT1 was shown
to bind to the cytoplasmic portion of WSX-1 in a tyrosine
phosphorylation-dependent manner and following STAT1
activation by IL-27 stimulation, T-bet was activated to pro-
mote Th1 differentiation. The binding of STAT1 to WSX-1
is reasonable, since WSX-1 has pYEKHF motif at the con-
served tyrosine residue, which shares amino acid similarities
to the STAT1 docking site of the IFN-γR, pYDKPH [38, 39].
STAT1 activation per se by IL-27 stimulation has no direct
effect on IFN-γ production but STAT1-mediated T-bet acti-
vation followed by IL-12Rβ2 expression was one of the crit-
ical events for Th1 differentiation. Other mechanisms, such
as MHC class I augmentation, ICAM-1 expression, and sup-
pression of the expression of GATA-3, a transcription factor
pivotal for Th2 differentiation, were also involved for IL-27-
mediated Th1 differentiation [40–42]. It is now clear that the
molecular basis of IL-27/WSX-1-mediated Th1 initiation is
the induction of T-bet, which is reminiscent of the finding
that the IFN-γ stimulation of cells induces T-bet in a STAT-1-
dependent fashion [43, 44]. Interestingly, even in the absence
of WSX-1, T-bet was induced at later time points after T
cell stimulation (our unpublished observation), presumably
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due to the small amount of IFN-γ produced or a STAT1-
independent mechanism yet to be determined [40]. This de-
layed induction of T-bet may explain the restoration of IFN-γ
production and IL-12 responsiveness of WSX-1−/− T cells at
later time points [45].

4. SUPPRESSION OF INFLAMMATORY
RESPONSES BY IL-27

In sharp contrast to the finding that IL-27 is important
for Th1 promotion, recent reports also demonstrated that
IL-27 plays a regulatory role in immune responses. WSX-
1−/− mice, when infected with T. cruzi or Toxoplasma gondii,
showed remarkable sensitivity to the infection [45, 46].
This high sensitivity to infection was not due to impaired
Th1 differentiation or IFN-γ production. Unexpectedly, over
production of various proinflammatory cytokines including
INF-γ, TNF-α, and IL-6 was observed in infected WSX-1−/−

mice, followed by lethal liver necrosis. Rosas et al. also re-
ported severe liver immunopathology in TCCR- (another
name for WSX-1) deficient mice infected with Leishmania
donovani [47]. Sources of the cytokines were not limited to
T cells, but other types of cells such as NK/NKT cells and
macrophages also produced various cytokines. In addition,
WSX-1−/− CD4+ T cells were more activated than wild-type
cells in terms of cell cycle progression and expression of sur-
face activation makers [46]. Similarly, WSX-1−/− NKT cells
produced more of the proinflammatory cytokines, inducing
lethal liver damages in Con A-induced liver damage exper-
iment, which is an experimental model of viral or autoim-
mune hepatitis [48]. Although the development of NKT cells
were normal in WSX-1−/− mice, these WSX-1−/− NKT cells
produced more IFN-γ and IL-4 than wild-type NKT cells in
response to Con A or α-galactosyl ceramide stimulation in
vitro. When infected with M. tuberculosis, WSX-1−/− mice
also suffered from liver damages and cachexia due to over
production of inflammatory cytokines, such as TNF-α [49].
Interestingly, WSX-1−/− mice harbored significantly lower
bacterial loads over wild-type mice due to higher amounts
of TNF-α and IFN-γ. These results remind us of the fact that
immunity against pathogens is a double-edged sword; it kills
the pathogens in one way but may hurt the host in another
way. Beside the observations described above, IL-27 actu-
ally suppressed cytokine production-activated CD4+ T cells
[31] in vitro. IL-27 also suppressed cytokine production such
as TNF-α and IL-12 by macrophages [49, 50]. In these re-
ports, IL-27 stimulation induced STAT3 activation and con-
currently suppressed cytokine production by LPS-stimulated
macrophages. Interestingly, IL-27 stimulation appeared less
effective in macrophage suppression than IL-4 or IL-10.
Stimulation of macrophages with IL-4, IL-10, or IL-27 re-
sulted in differential gene induction, suggesting distinct sup-
pression mechanisms by respective cytokines [50]. Wirtz et
al. also reported the suppressive effect of IL-27 on monocytes
and granulocytes reactive oxygen intermediate (ROI) pro-
duction [51]. Administration of recombinant IL-27 to mice
in the septic peritonitis model resulted in higher mortality
than untreated mice due to reduced bacterial clearance by the

down regulation of granulocyte/monocyte function. Collec-
tively, these data revealed the novel role of IL-27/WSX-1 as
an attenuator of proinflammatory cytokine production and
cell activation of T cells as well as macrophages, to suppress
excess of inflammation and/or to cease immune responses.

In this regard, a distinct (but not mutually exclusive) hy-
pothesis on the impairment of Th1 responses in the WSX-
1−/− mice should be described. Artis et al. reported an over-
production of IL-4 in L. major-infected WSX-1−/− mice and
suggested that the overproduction of Th2 cytokines at early
phases of infection reciprocally suppressed the following
IFN-γ production and Th1 development [52]. Similarly, Ar-
tis et al. also reported that upregulation of Th2 responses
is independent from Th1 impairment in T. muris-infected
WSX-1−/− mice, claiming that primary role of IL-27 is the
suppression of immune responses (including Th2 responses)
but may not be the induction of Th1 differentiation (see [36]
and see review by Hunter et al. [53]). Although reconciliation
of the two seemingly conflicting ideas awaits further analyses
of the role of IL-27 in various settings, a recent report by our
group sheds light on this issue [31]. In this report, Yoshimura
et al. demonstrated that IL-27 acts on naı̈ve T cells for IFN-γ
production while the same cytokine suppresses cytokine pro-
duction by affecting fully activated cells. Therefore, the acti-
vation status of the cells may be the key determinant for the
effects of IL-27.

The underlying mechanisms for this immune/inflam-
mation suppression by IL-27 are not fully elucidated. It has
been reported that IL-27 inhibited IL-2 production by CD4+

T cells thereby regulating an excess of cell activation [54, 55].
In WSX-1−/− mice (or cells), however, not only IL-2 produc-
tion but also the production of various types of cytokines
were augmented [45]. Additionally, the source of cytokine
production was not limited to CD4+ T cells, but other types
of cells were also affected by WSX-1 deficiency. IL-10 produc-
tion was unexpectedly augmented similarly by WSX-1 de-
ficiency [45, 46] and the so-called regulatory T cells (Treg)
did not appear to be affected by the receptor deficiency [56].
A mechanism that collectively regulates cytokine production
and/or cell activation should be taken into consideration.

5. Th17 AND IL-23 VERSUS IL-27

IL-23, another IL-12 cytokine family member, has recently
been described to induce the differentiation of a new sub-
set of Th cells, namely, Th17 [7, 8, 57]. Th17 cells differ-
entiate from the same precursor cells as Th1 or Th2 cells,
during which IL-6 and TGF-β plus IL-23 are required. Th17
cells exclusively produce IL-17, an inflammatogenic cytokine
[58], but not IFN-γ or IL-4. IL-17 plays a pivotal role in
the induction of some inflammatory diseases such as ex-
perimental autoimmune encephalomyelitis [7, 59], inflam-
matory bowel diseases [60], and rheumatoid arthritis [61].
It has also been reported that IL-17 is critically involved in
some forms of infection, either by induction of inflamma-
tory cytokines such as TNF-α or by recruiting neutrophils
[10, 11], although not much is known about the role of IL-
17 on the defense against parasite infection at this moment



Hiroki Yoshida et al. 5

Th17

Anti-inflammation

Inflammation

Naı̈ve T cells Th2

IL-4IL-23

IL-12
IL-27

Th1

Figure 3: Multidimensional regulation of Th cell differentiation by
IL-12 family members plus IL-4. Solid arrows show Th1, Th2, and
Th17 differentiation axes induced by IL-12, IL-4, and IL-23, respec-
tively, plus anti-inflammatory axis by IL-27. Dashed arrows show
roles of IL-27 and IL-23 for Th1 induction. IL-12 cytokine family
members are underlined.

[62]. A recent report by Stumhofer et al. revealed an in-
triguing function of IL-27 in view of its immune suppression
[63]. In their report, Stumhofer et al. revealed that WSX-1-
deficient mice chronically infected with T. gondii developed
severe neuroinflammation with a prominent IL-17 response.
We also reported that IL-27 receptor-deficient mice infected
with T. cruzi produced more IL-17 in the sera than wild-type
mice [31]. Although the precise role of IL-17 in pathogen-
esis of encephalomyelitis and infection-induced inflamma-
tion has yet to be elucidated, therefore, IL-17 produced in
response to pathogens appears at least partially responsible
for tissue damages induced by inflammation. In both reports
and one by Batten et al. [56], IL-27 suppressed the develop-
ment of Th17. It is interesting that IL-23, a member of IL-
12 cytokine family, induces the development of Th17 for the
induction of inflammatory responses while IL-27, another
member of the family, inhibits the Th17 differentiation to
suppress inflammation (Figure 3). Availability of IL-12 fam-
ily cytokines plus other cytokines, such as IL-6 and TGF-β in
the surrounding milieu, may determine the direction of im-
mune responses toward either augmentation or regression.
IL-27 thus may be a potential target for treating inflamma-
tory diseases of infection and autoimmune origin mediated
by IL-17. The molecular basis for the inhibition of Th17 dif-
ferentiation is still unclear. While Stumhofer et al. and Batten
et al. showed that the IL-27-meidated Th17 inhibition is de-
pendent on STAT1 by taking advantage of STAT1-deficient
mice, we demonstrated the requirement of STAT3 for this
inhibition by using STAT3-deficient T cells. Although fur-
ther elucidation of the molecular mechanisms for the IL-27-
mediated Th17 inhibition is required, it would be reasonable
to assume that appropriate balance of STAT1 and STAT3 ac-
tivation downstream of the receptor determines the function
of IL-27 signaling, as implicated by a transgenic mice study
[64] or by examination of surface WSX-1 expression on naı̈ve
and activated T cells [65].

6. FUTURE PROSPECT

Since its discovery, IL-12 has been the only Th1-promoting
cytokine for more than 10 years. It has been well recognized
that the balance between IL-12-induced Th1 responses ver-
sus IL-4-mediated Th2 responses determines the immune re-
sponses against pathogens. Discoveries of two other IL-12-
related cytokines along with the new Th cell population have
been challenging and changing the paradigm. As discussed in
this review, the IL-12 family members play differential roles
in induction and maintenance of Th1 responses during the
time course of infection/immune responses. IL-27 is critical
in the commitment of Th precursor cells towards Th1 differ-
entiation and IL-27 receptor deficiency resulted in impaired
Th1 responses with high susceptibility to L. major infection.
While having some overlapping functions, the members of
the family also have distinct roles during immune responses.
IL-23, one of the new comers to the family, augments in-
flammation by induction of Th17 cells, while IL-27, the other
new comer, attenuates inflammation by suppressing cytokine
production. These findings remind us of the intriguing fact
that immune responses are elaborately regulated along the
time course of infection to fight the dangerous pathogens and
to simultaneously avoid hazardous damage to oneself. In this
view, the multifaceted role of IL-27 is particularly notable.
Although the induction of Th1 differentiation and suppres-
sion of cytokine production are seemingly conflicting, these
distinct functions are quite reasonable when different tar-
get cells (naı̈ve versus activated) and/or different time points
(early versus late phase of activation) are taken into consid-
eration. It would be premature to discuss the possibility of
using IL-27 for treatment of disease because of the complex-
ity of its role. However, further elucidation of the molecu-
lar mechanisms underlying the two distinct functions of IL-
27 signaling as well as clarification of the situations where
the two roles are differentially used will ensure that it will
eventually be possible to use IL-27 either to reinforce de-
fense against infectious agents or to treat infection-induced
immunopathology and inflammatory diseases.
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[50] D. Rückerl, M. Heßmann, T. Yoshimoto, S. Ehlers, and C.
Hölscher, “Alternatively activated macrophages express the IL-
27 receptor alpha chain WSX-1,” Immunobiology, vol. 211,
no. 6–8, pp. 427–436, 2006.

[51] S. Wirtz, I. Tubbe, P. R. Galle, et al., “Protection from lethal
septic peritonitis by neutralizing the biological function of in-
terleukin 27,” Journal of Experimental Medicine, vol. 203, no. 8,
pp. 1875–1881, 2006.

[52] D. Artis, L. M. Johnson, K. Joyce, et al., “Cutting edge: early
IL-4 production governs the requirement for IL-27-WSX-1
signaling in the development of protective Th1 cytokine re-
sponses following Leishmania major Infection,” Journal of Im-
munology, vol. 172, no. 8, pp. 4672–4675, 2004.

[53] C. A. Hunter, A. Villarino, D. Artis, and P. Scott, “The role of
IL-27 in the development of T-cell responses during parasitic
infections,” Immunological Reviews, vol. 202, no. 1, pp. 106–
114, 2004.

[54] T. Owaki, M. Asakawa, S. Kamiya, et al., “IL-27 suppresses
CD28-medicated IL-2 production through suppressor of cy-
tokine signaling 3,” Journal of Immunology, vol. 176, no. 5, pp.
2773–2780, 2006.

[55] A. V. Villarino, J. S. Stumhofer, C. J. M. Saris, R. A. Kastelein, F.
J. de Sauvage, and C. A. Hunter, “IL-27 limits IL-2 production
during Th1 differentiation,” Journal of Immunology, vol. 176,
no. 1, pp. 237–247, 2006.

[56] M. Batten, J. Li, S. Yi, et al., “Interleukin 27 limits autoim-
mune encephalomyelitis by suppressing the development of
interleukin 17-producing T cells,” Nature Immunology, vol. 7,
no. 9, pp. 929–936, 2006.

[57] S. Aggarwal, N. Ghilardi, M.-H. Xie, F. J. de Sauvage, and A. L.
Gurney, “Interleukin-23 promotes a distinct CD4 T cell activa-
tion state characterized by the production of interleukin-17,”
Journal of Biological Chemistry, vol. 278, no. 3, pp. 1910–1914,
2003.

[58] J. K. Kolls and A. Lindén, “Interleukin-17 family members and
inflammation,” Immunity, vol. 21, no. 4, pp. 467–476, 2004.

[59] Y. Komiyama, S. Nakae, T. Matsuki, et al., “IL-17 plays an im-
portant role in the development of experimental autoimmune
encephalomyelitis,” Journal of Immunology, vol. 177, no. 1, pp.
566–573, 2006.

[60] D. Yen, J. Cheung, H. Scheerens, et al., “IL-23 is essential for
T cell-mediated colitis and promotes inflammation via IL-17
and IL-6,” Journal of Clinical Investigation, vol. 116, no. 5, pp.
1310–1316, 2006.

[61] K. Sato, A. Suematsu, K. Okamoto, et al., “Th17 functions as
an osteoclastogenic helper T cell subset that links T cell activa-
tion and bone destruction,” Journal of Experimental Medicine,
vol. 203, no. 12, pp. 2673–2682, 2006.

[62] M. N. Kelly, J. K. Kolls, K. Happel, et al., “Interteukin-
17/interleukin-17 receptor-mediated signaling is important
for generation of an optimal polymorphonuclear response
against Toxoplasma gondii infection,” Infection and Immunity,
vol. 73, no. 1, pp. 617–621, 2005.

[63] J. S. Stumhofer, A. Laurence, E. H. Wilson, et al., “Interleukin
27 negatively regulates the development of interleukin 17-
producing T helper cells during chronic inflammation of the
central nervous system,” Nature Immunology, vol. 7, no. 9, pp.
937–945, 2006.

[64] A. Takeda, S. Hamano, H. Shiraishi, et al., “WSX-1 over-
expression in CD4+ T cells leads to hyperproliferation and cy-
tokine hyperproduction in response to TCR stimulation,” In-
ternational Immunology, vol. 17, no. 7, pp. 889–897, 2005.

[65] A. V. Villarino, J. Larkin III, C. J. M. Saris, et al., “Positive and
negative regulation of the IL-27 receptor during lymphoid cell
activation,” Journal of Immunology, vol. 174, no. 12, pp. 7684–
7691, 2005.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2007, Article ID 96410, 4 pages
doi:10.1155/2007/96410

Research Article
Enhancement of a TH1 Immune Response in Amphotericin
B-Treated Mucocutaneous Leishmaniasis

Washington R. Cuna, Rianed Velasquez, Janeth Riva, Ingrid Guachalla, and Celeste Rodrı́guez

Department of Pathology, Faculty of Medicine, University Mayor de San Andrés, Avenue Saavedra 2246, La Paz, Bolivia

Received 6 December 2006; Revised 2 February 2007; Accepted 7 March 2007

Recommended by Ali Ouaissi

In an attempt to investigate the effects of treatment of human leishmaniasis, the cytokines produced by peripheral blood mononu-
clear cells (PBMCs) of patients with cutaneous leishmaniasis (CL) and mucocutaneous leishmaniasis (MCL) under treatment with
amphotericin B were determined during the active disease from cocultures of cells and Leishmania (Viannia) braziliensis antigens.
PBMC of these patients exhibited a nonsignificant marginal increased production of TNF-α upon antigen stimulation. However,
under the same antigenic stimulus, patients with active MCL presented higher IFN-γ production compared to patients with CL.
This increased IFN-γ production was accompanied by a drastically augmented IL-12 synthesis from cells of MCL patients. The
highlighted T cell responses could be relevant for sound control measures of protozoan infections with emphasis on the combined
usage of immunoenhancing agents and antiprotozoal drugs.
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1. INTRODUCTION

Leishmaniasis is a vector-borne disease caused by obligate in-
tramacrophage protozoan parasites of the genus Leishmania
[1, 2]. The infecting Leishmania species determines the clin-
ical presentation of disease, of which there are three dom-
inant clinical forms: cutaneous leishmaniasis (CL), muco-
cutaneous leishmaniasis (MCL), and visceral leishmaniasis
[1, 2]. In Bolivia, the etiological agent of both, CL and MCL
is Leishmania (Viannia) braziliensis, formerly known as the
L. braziliensis complex [3]. While CL is characterized by sin-
gle or multiple ulcerated dermal lesions, MCL which devel-
ops as a complication of L. (V.) braziliensis CL in 5%–20%
of patients [4] from parasite dissemination to the upper res-
piratory tract mucosa, involving the nasal, pharyngeal, and
laryngeal mucosa, leads to extensive tissue destruction [5, 6].
CL either heals spontaneously or promptly responds to an-
timonial therapy but MCL usually evolves chronically and is
difficult to treat [7]. Then, amphotericin B (amB) is an alter-
native for patients who fail to respond to pentavalent anti-
monial therapy.

It has been known that amB potentiates the antimicro-
bial and tumoricidal activities of macrophages [8], either di-
rectly [9] or via induction of cytokines such as tumor necro-
sis factor-α (TNF-α) and interleukin-1β (IL-1β), as well as
generation of a respiratory burst [10, 11]. Apart from these

effects, little is known about the mechanisms associated with
the efficacy of this compound in the treatment of MCL.
Therefore, it was of interest to determine the participation
of other soluble factors, apart from TNF-α, in amB-treated
mucocutaneous leishmaniasis, keeping in mind that activa-
tion of the infected macrophages to kill intracellular para-
sites is carried out through a cell-mediated response that re-
quires the classic features of antigen presentation and pro-
duction of IL-12 by macrophages and activation of TH1 lym-
phocytes with production of interferon-γ (IFN-γ) to acti-
vate the macrophages. The present study was aimed at elu-
cidating the participation of critical soluble factors associ-
ated with amB treatment that could alleviate, in future, the
collateral effects of this arduous treatment by combining im-
munochemotherapy with lower doses of drug.

In the present investigation, we present evidence for an
exacerbated TH1 immune response in MCL treated with
amB, manifested by an elevated synthesis of IFN-γ which di-
rectly relates to a great increase in IL-12 production.

2. MATERIALS AND METHODS

Patients

Twenty four leishmaniasis patients were included in this
study, 12 with CL and 12 with MCL, including male and
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female, average age 30 years old. All of them acquired the
disease in the Yungas Valley of La Paz Department, an en-
demic area for L (V.) braziliensis infection. Patients included
in the study presented clinical features compatible with CL
or MCL, were positive in both the Montenegro skin test and
the serology for L. (V.) braziliensis antibodies (indirect im-
munofluorescence). At the moment of taking the blood sam-
ples, MCL patients were being treated with amphotericin B,
at a dose of 1 mg/kg/day by infusion till a total dose of 1 to
3 grams, and had received mean doses of 7.5 (5–10 doses).
CL patients were not receiving treatment when blood sam-
ples were taken. Informed consent was obtained from each
participating donor before taking blood samples.

Antigens

The parasite lysate (ALb) utilized for cytokine produc-
tion was obtained from an L. (V.) braziliensis strain
(MHOM/BR/75/2903). The promastigotes were resuspended
in phosphate-buffered saline (PBS) pH 7.2, at a concentra-
tion of 1 × 108 parasites per mL, and soluble antigens were
prepared through seven cycles of freezing (−70◦C) and thaw-
ing (37◦C) the parasite suspension. This material was assayed
for protein content, aliquoted, and stored at −70◦C until
used.

Culture of PBMC

PBMCs were purified by centrifugation (400 g, 20◦C,
45 minute) over a mixture of Ficoll Hypaque at a den-
sity of 1.077 (Sigma, St. Louis, Mo, USA). After washings
with serum free medium, the cells were resuspended at the
desired concentration in RPMI medium containing 10%
heat-inactivated human AB serum (Sigma), 100 IU of peni-
cillin per mL, and 100μg of streptomycin per mL (complete
medium). Fresh PBMCs were cultured in duplicate in 24
well plates at a final concentration of 1.25 × 106 cells/mL in
2 mL complete medium for 3days (37◦C, 5% CO2), in the ab-
sence or presence of ALb, at a final protein concentration of
15μg/mL.

Cytokine assays

Aliquots of cell-free supernatants from ALb in vitro-
stimulated PBMC cultures were assayed for TNF-α, IFN-γ,
and IL-12 by means of solid phase sandwich enzyme linked
immunosorbent assays (ELISAs) (BioSource Europe, Bel-
gium). All samples were tested in duplicate and cytokine
concentrations were determined by comparison to standard
curves. The sensitivity of each assay was as follows: TNF-α,
3 pg/mL; IFN-γ, 0.03 IU/mL; and IL-12, 1.5 pg/mL.

Statistical analysis

Statistical analysis was performed by the Wilcoxon nonpara-
metric test using the Systat software, version 10.2 (Systat
Software Inc., Richmond, Calif, USA). The level of signifi-
cance was set at P < .05.
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Figure 1: TNF-α production in cell-free supernatants of CL and
MCL patients’ PBMCs measured by ELISA upon ALb stimulation.

3. RESULTS AND DISCUSSION

The course of MCL has been associated with an unmod-
ulated high production of the proinflammatory cytokines
IFN-γ and TNF-α [12]. Considering the high activity of amB
in the treatment of MCL, we decided to compare specific cy-
tokine production between PBMC from CL and MCL pa-
tients, through an in vitro cell culture approach with ALb,
that would recreate the status of patients’ immune response.

Cytokine production by PBMCs from CL and MCL patients

The response of PBMC induced by ALb stimulation was eval-
uated in terms of TNF-α, IFN-γ, and IL-12 production, at 3
days of culture. While a 72-hour culture period has proven
sufficient to stimulate production of TNF-α and IFN-γ in pa-
tients’ PBMCs stimulated with leishmanial antigens [12], IL-
12 production is specifically stimulated as early as 24 hours
of PBMC culture from MCL patients [13].

Whatever the patient group, TNF-α, IFN-γ, and IL-12
were released at similar background levels. Therefore, in this
study, the levels of cytokine released in unstimulated PBMC
cultures did not reflect an activated state from contact in
vivo with parasite antigens. Figure 1 reveals a nonsignifi-
cant slight increase in the production of TNF-α in MCL
(1104± 732 pg/mL), comparing with CL (760± 307 pg/mL)
patients (P = .1).

The reduced liberation of TNF-α in the supernatants of
MCL patients is surprising considering that amB has been as-
sociated with its production [14] but it also reflects the ben-
eficial effect of this drug in MCL as it has been reported that
refractory mucosal leishmaniasis can be successfully treated
through a combination of pentavalent antimony plus pen-
toxifylline, an inhibitor of TNF-α production [15]. Alterna-
tively to the activation of macrophage microbicidal capacity
through the induction of proinflammatory cytokines, amB
can also exert its effect intracellularly. Intracellular accumu-
lation of the drug in monocytes augmented the capacity of
the cells to kill ingested Candida albicans [16]. However,
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Figure 2: IFN-γ production in cell-free supernatants of CL and
MCL patients’ PBMCs measured by ELISA upon ALb stimulation.

whether this mechanism of action is in fact operating in MCL
treatment remains to be confirmed.

Contrary to the production of TNF-α, samples from
MCL patients had the capacity to significantly augment syn-
thesis of IFN-γ with regard patients with CL (17.1±11.5 ver-
sus 4.2 ± 3.2 IU/m) [P < .05] (Figure 2). Furthermore, the
observation of background levels of IL-4 despite stimulation
with ALb (not shown) evokes a TH1-type immune response.

Additionally, and in direct correlation to the increased
production of IFN-γ, there was a much higher concentration
of IL-12 when comparing MCL (175.7 ± 164.8 pg/mL) and
CL (26.8± 28.2 pg/mL) patient cytokine responses (P < .05)
(Figure 3). Future studies in vitro with amB will seek to verify
the cellular source of IL-12 considering that, in human, pe-
ripheral blood monocyte/macrophages are the main produc-
ers of IL-12 [17]. A previous study [18] reporting suppres-
sion of IL-12 production by murine macrophages infected
with L. mexicana amastigotes on interaction with TH1 cells
is of particular interest in the context of this study as it adds
incentive to unveil through the present experimental system
(ALb stimulation) the intracellular signals, likely set in mo-
tion by amB treatment, to increase production of IL-12, one
of the two cytokines most clearly needed for protection in
leishmaniasis.

In general, the present results are reminiscent of a pre-
vious investigation on the use of a recombinant leishma-
nial antigen from Leishmania braziliensis [13]. Apart from
the production of IL-2, this antigen elicited also the pro-
duction of IFN-γ dependent on IL-12, from PBMCs of pa-
tients with mucosal and cutaneous leishmaniasis. By analogy
to our observations, it could be postulated that amB treat-
ment would favor, preferentially, processing of antigens in-
ducing TH1-type immune responses, whereby stimulation of
antigen-presenting cells by IFN-γ leads to IL-12 production,
potentiating in this manner, a positive feedback loop. Even
though amB killing of Leishmania parasites does not require
a host immune response [19], we reason that similar target-
ing of the TH1-cell mechanism might increase its efficacy and
permit lower doses to be used with compatible activities.
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Figure 3: IL-12 production in cell-free supernatants of CL and
MCL patients’ PBMCs measured by ELISA upon ALb stimulation.

An important aspect to consider in the present study is
that cytokines are being compared in two patients groups dif-
fering by two parameters, MCL versus CL and treated versus
untreated patients. Hence, there would be the possibility that
the increase in IFN-γ and IL-12 relates to the different clinical
forms rather than to amB treatment. However, it is interest-
ing to note that samples from three MCL patients, not un-
der treatment and excluded from this study, had the capac-
ity to produce lower levels of IFN-γ compared with treated
patients, and this production was not associated with an in-
creased release of IL-12.

Therefore, manipulation of the host’s immune response
in favor of the TH1-cell-associated mechanism may provide
the opportunity to use amB-sparing regimens with lower
doses of drug, fewer injections, and/or a shorter treatment
duration, avoiding toxicity associated with the cumulative
dose. Future studies will seek to improve understanding on
the mechanisms of action of amB at the cellular level, partic-
ularly those associated with increased IL-12 production.
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