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Département de Biologie des Organismes, Faculté des Sciences, Université
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We have previously shown that infection by Trypanosoma cruzi, a parasitic protozoan, is reduced by injection
of CD40 ligand (CD40L)-transfected 3T3 fibroblasts (D. Chaussabel, F. Jacobs, J. de Jonge, M. de Veerman,
Y. Carlier, K. Thielemans, M. Goldman, and B. Vray, Infect. Immun. 67:1929–1934, 1999). This prompted us
to transfect T. cruzi with the murine CD40L gene and to study the consequences of this transfection on the
course of infection. For this, epimastigotes (Y strain) were electroporated with the pTEX vector alone or the
pTEX-CD40L construct, and transfected cells were selected for their resistance to Geneticin G418. Then strain
Y-, pTEX-, and pTEX-CD40L-transfected epimastigotes were transformed by metacyclogenesis into mamma-
lian infective forms called Y, YpTEX, and YpTEX-CD40L trypomastigotes. Transfection of the CD40L gene and
expression of the CD40L protein were assessed by reverse transcription-PCR and Western blot analysis. The
three strains of parasites were infective in vitro for mouse peritoneal macrophages. When organisms were
inoculated into mice, a very low level of parasitemia and no mortality were seen with the YpTEX-CD40L strain
compared to the Y and YpTEX strains. Furthermore, the proliferative capacity and the secretion of gamma
interferon were both preserved in spleen cells (SCs) from YpTEX-CD40L-infected mice but not with SCs from
Y- and YpTEX-infected mice. These results suggest that the CD40L produced by transfected T. cruzi is involved
in the modulation of an antiparasite immune response. Moreover, mice surviving YpTEX-CD40L infection
resisted a challenge infection with the wild-type strain. Taken together, our data demonstrate the feasibility of
generating a T. cruzi strain expressing a bioactive host costimulatory molecule that counteracts the immuno-
deficiency induced by the parasite during infection and enhances protective immunity against a challenge
infection.

CD40 is a cell surface receptor belonging to the tumor ne-
crosis factor (TNF) receptor family. It is expressed by various
endothelial and epithelial cells and by immunocompetent cells,
such as B lymphocytes, activated CD4� and CD8� T lympho-
cytes, dendritic cells (DCs), follicular DCs, monocytes, and
macrophages. On the other hand, its ligand, the CD40 ligand
(CD40L) (or CD154), is a costimulatory protein that belongs
to the TNF family. It is expressed by activated CD4� T lym-
phocytes, B lymphocytes, DCs, NK cells, monocytes, and mac-
rophages, among others (2, 51, 57).

The CD40/CD40L interaction has a potent immunomodu-
latory capacity that has been widely documented (13, 18, 20,
22, 40, 46, 58) and triggers a pleiotropic pathway involved in
both humoral and cellular immunity. By exerting potent bio-
logical activity for CD4� T cells and antigen-presenting cells,
such as DCs and macrophages, this pathway plays a major role
in anti-infective host defense. Indeed, CD40 ligation results in
the secretion of multiple cytokines, such as gamma interferon
(IFN-�), by immunocompetent cells. Furthermore, CD40 ex-

pression on CD8� T cells seems to be involved in CD8� T-cell
memory generation (6, 10–11, 23).

Trypanosoma cruzi, the etiological agent of Chagas’ disease,
is a hemoflagellate parasitic protozoan that infects humans as
well as domestic and wild mammals (43). Transmission of this
organism occurs after the bite of an infected blood-sucking bug
(family Reduvidae) which harbors epimastigotes in its gut and
which releases metacyclic (infective) trypomastigotes in its fe-
ces or urine. Infective trypomastigotes enter mammalian hosts
through skin abrasions or locally disrupted mucosal epithelia.
In the vertebrate host, trypomastigotes are the circulating
blood forms that infect several types of cells (macrophages,
fibroblasts, nerve cells, muscle cells), while amastigotes are
intracellular multiplication forms (49). Experimental infection
of BALB/c mice mimics the human disease. This model has an
acute phase with parasitemia and mortality, followed by a
chronic phase during which parasites become undetectable in
peripheral blood while persisting in tissues and inducing patho-
logical manifestations (8, 30).

We have shown previously that injection of CD40L-trans-
fected 3T3 fibroblasts at the time of T. cruzi inoculation dra-
matically reduces both the parasitemia and mortality rate of T.
cruzi-infected mice (13). Because of the critical role of the
CD40/CD40L pathway in the induction and effector phases of
immune responses, these data prompted us to investigate the
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feasibility of transfecting T. cruzi with the gene encoding
CD40L and to analyze the consequences of infecting mice
inoculated with the transfected parasite by monitoring para-
sitic and immunologic parameters.

MATERIALS AND METHODS

Epimastigote and trypomastigote forms of T. cruzi. T. cruzi epimastigotes (Y
strain), the vector form, was a kind gift from D. Le Ray, Tropical Medicine
Institute, Antwerp, Belgium. They were grown in liver infusion-tryptose (LIT)
medium at 28°C (9). T. cruzi trypomastigotes (Y strain) were maintained by
weekly intraperitoneal inoculation into male BALB/c mice (6 to 8 weeks old;
Bantin & Kingman Universal, Hull, Humberside, United Kingdom) with 100
blood form trypomastigotes in 0.2 ml of phosphate-buffered saline (PBS) on day
0. For challenge infections, the Tehuantepec strain of T. cruzi was maintained in
mice like the Y strain and used as previously described (13, 33, 52, 53, 56).

Parasitemia of infected mice was monitored by counting the trypomastigotes in
blood samples collected by means of tail incisions every week. Survival rates were
determined daily. To monitor splenomegaly, a major feature of acute infection,
spleens were harvested from mice (two or three mice per group per week) and
weighed (14).

To obtain large quantities of parasites, trypomastigotes (2.5 � 105 parasites/
rat) were inoculated into irradiated (7 Gy) F344 Fischer rats (Iffa Credo, Brus-
sels, Belgium). Trypomastigotes were obtained from the blood (containing 10 U
heparin/ml) of infected rats by ion-exchange chromatography on DEAE cellu-
lose (Whatman DE 52) equilibrated with PBS-glucose at pH 7.4 (33). Trypo-
mastigotes were centrifuged (15 min, 1,800 � g, 4°C), resuspended in endotoxin-
free PBS-glucose, and lysed by six freeze-thaw cycles to obtain T. cruzi lysate that
served as an antigen. The protein concentration of the lysate was adjusted to 20
�g/ml.

The procedures used for maintenance and care of mice and rats complied with
the guidelines of the Free University of Brussels Ethics Committee for the
humane use of laboratory animals.

Construction of pTEX-CD40L vector and transfection of T. cruzi epimastig-
otes. The murine CD40L cDNA (2) was amplified by reverse transcription
(RT)-PCR using mRNA derived from activated EL4 cells as previously described
(13, 28). For cloning in the pTEX vector (2), the murine CD40L insert was
purified as an XbaI-SalI fragment from pBluescript-CD40L (a kind gift from K.
Thielemans, Laboratorium Fysiologie, Faculteit Geneeskunde, Vrije Universiteit
Brussel, Brussels, Belgium) and ligated into an SpeI-SalI-digested vector. The
resulting pTEX-CD40L plasmid was used as a shuttle vector for transfection of
CD40L in T. cruzi. Transfection experiments were performed as follows. Epi-
mastigotes were grown to the log phase in LIT medium and then washed once in
LIT medium, resuspended at a density of 108 cells/ml, and incubated on ice for
10 min. A cell suspension (350 �l) was mixed with 50 �l (1 mg/ml) of plasmid
DNA, and electroporation was performed at 350 V and 1,500 �F with two
successive pulses. Samples were then cooled on ice for 5 min, transferred to a
flask containing 5 ml of LIT medium containing 10% fetal bovine serum, and
incubated at 28°C for 24 h, and then Geneticin (G418 sulfate; Alexis Corpora-
tion, San Diego, Calif.) was added to a final concentration of 50 �g/ml. The
concentration of G418 was increased gradually to 200 �g/ml during 3 to 4 weeks
to allow identification of resistant epimastigotes.

Metacyclogenesis. Differentiation of epimastigotes to mammalian infective
metacyclic trypomastigotes was carried out in vitro by using a chemically defined
medium as previously described (5, 15). During the first step of the differentia-
tion process, the epimastigotes adhered to the culture flask, and 1 to 4 days later
metacyclic trypomastigotes were observed in the culture medium. The trans-
fected trypomastigotes were recovered from the supernatant and maintained in
culture using VN5 cells (Vero cells transfected with the neo gene coding for
neomycin phosphotransferase, which inhibits Geneticin).

Detection of CD40L gene and CD40L protein in transfected T. cruzi. Total
RNA was extracted from T. cruzi by using an RNeasy kit (QIAGEN Benelux,
Venlo, The Netherlands) according to the manufacturer’s instructions. For
cDNA synthesis, 5 �g of RNA was reverse transcribed using an oligo(dT) primer.
Amplification of CD40L cDNA was performed with the following primers: 5�A
TAGAAACATACAGCCAACCTTC 3� (reverse) and 5� AGTTTGAGTAAGC
CAAAAGATGAG 3� (forward).

For Western blot analysis, total-parasite extracts were solubilized in Laemmli
buffer, and 10 �l (corresponding to 2 � 106 parasites) was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to nitro-
cellulose. Specific anti-mCD40L goat polyclonal antibody (Santa Cruz Biotech-
nology, Inc., Heidelberg, Germany) was used at a final concentration of 1 �g/ml.

Horseradish peroxidase-labeled rabbit anti-goat antibody (Sigma Chemical Co.,
St. Louis, Mo.) was used as the secondary antibody, and proteins were visualized
by enhanced chemiluminescence (Pierce, Rockford, Ill.).

To detect the release of CD40L molecules by YpTEX-CD40L-transfected
parasites, trypomastigotes were isolated (150 � 106 cells/ml in Dulbecco modi-
fied Eagle medium) and incubated for 20 h at 37°C. The viability of trypomas-
tigotes was 100%, as shown by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) (Sigma) test (38). After centrifugation (10 min, 2,000
� g), the supernatants were harvested and frozen at �20°C until they were used.
Fifteen microliters was analyzed by Western blotting using the reagents de-
scribed above.

Intracellular multiplication of CD40L-transfected trypomastigotes of T. cruzi.
The capacity of CD40L-transfected trypomastigotes to multiply intracellularly
was evaluated by using mouse peritoneal macrophages (MPM). BALB/c mice
were killed by cervical dislocation, and MPM were harvested by washing the
peritoneal cavities twice with ice-cold Hanks’ balanced salt solution without
Ca2� and Mg2�. MPM were collected by centrifugation at 400 � g for 10 min at
4°C. Sterile distilled water (1 ml) was added to the pellet for 30 s to lyse the red
cells. MPM were immediately suspended in Hanks’ balanced salt solution with-
out Ca2� and Mg2� and centrifuged as described above. The resulting pellet was
suspended in culture medium (RPMI 1640 medium) supplemented with 25 mM
HEPES, 2 mM glutamine, 10% fetal calf serum, penicillin (100 IU/ml), and
streptomycin (100 �g/ml). All these reagents were obtained from GIBCO, Grand
Island, N.Y. MPM were then allowed to adhere (2 � 105 MPM/well) in 96-well
microplates (Nunc, Roskilde, Denmark) for 2 h at 37°C in a 5% CO2 water-
saturated atmosphere in culture medium. Nonadherent cells were removed by
washing with culture medium at 37°C before addition of appropriate solutions
diluted in culture medium. Trypomastigotes (Y-, pTEX-, or pTEX-CD40L-
transfected trypomastigotes) were added to MPM at a parasite-to-cell ratio of
10:1. After 16 h, the cultures were washed to remove all free parasites. After 48 h,
the cells were fixed with methanol and stained with Giemsa stain. At least 200
MPM were microscopically counted to determine the percentage of infected cells
and the mean number of amastigotes per infected MPM (54).

Measurement of cell proliferation by [3H]thymidine incorporation. Mice were
killed by cervical dislocation. Spleens were harvested and weighed. Suspensions
of spleen cells (SCs) were obtained by spleen dilaceration. After centrifugation
on a Ficoll gradient (Lymphoprep Axis-Shield), SCs were resuspended in RPMI
1640 medium (GIBCO) and counted. Some of these SCs were cultured in
microplates (2.5 � 105 SCs/well), and supernatants were harvested to measure
IFN-� production (see below). Proliferation of SCs from noninfected or infected
mice was measured using the remaining SCs. These cells were cultured in 96-well
plates (Nunc) at a final concentration of 2.5 � 105 SCs in 100 �l per well.
Stimulation was performed by adding 100 �l of T. cruzi lysate (20 �g/ml) to SCs,
and the microplates were incubated at 37°C in an humidified atmosphere con-
taining 5% CO2 for 72 h. Then cells were pulsed with 1 �l of [methyl-3H]thymi-
dine (1 mCi/ml; MP Biomedicals Irvine, Calif.). After 16 h, SCs were harvested
with a cell harvester on nitrocellulose filters (Packard Instrument Company Inc.,
Downers Grove, Ill.), and radioactivity was measured with an automated scin-
tillation counter (Packard microplate scintillation counter).

Determination of IFN-� by ELISA. IFN-� was measured in SC culture super-
natants (100 �l) by an enzyme-linked immunosorbent assay (ELISA) performed
according to the manufacturer’s instructions (CytoSets-Biosource International,
Camarillo, Calif.). Experiments were repeated three times, and assays were
performed in triplicate. Optical densities at 450 nm were measured with a
microplate reader (Packard Spectra Count). Cytokine levels were calculated by
reference to standard curves prepared with culture medium.

Levels of anti-T. cruzi antibodies. Blood samples from noninfected and in-
fected mice were harvested by cardiac puncture, and, after clotting at room
temperature and centrifugation, serum was frozen at �20°C until it was used.
Levels of anti-T. cruzi antibodies were measured by an ELISA using 96-well
microplates (Maxisorp; Nunc) precoated overnight at 4°C with T. cruzi lysate (50
�g/ml). After washing, serum samples (dilution, 1/1,000) were added, and the
microplates were incubated for 2 h at room temperature. After washing, biotin-
conjugated anti-mouse immunoglobulin antibody (dilution, 1/1,000; Dako A/S,
Glostrup, Denmark) was added, and the microplates were incubated at 37°C for
1 h; this was followed by addition of streptavidin-horseradish peroxidase (dilu-
tion, 1/1,000; Dako) and additional incubation at 37°C for 1 h. After addition of
hydrogen peroxide (10 �l; 30%; Merck) and 2,2-azino-bis(3-ethylbenz-thiazo-
line-6-sulfonic acid) (ABTS) (100 mg/ml; Sigma), the optical density at 405 nm
was measured with an ELISA reader (Packard Spectra Count).

Statistical analysis. Statistical comparisons of the data were carried out by
using the Mann-Whitney U test. The survival analyses were carried out by means
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of Kaplan-Meier curves and Gehan’s generalized Wilcoxon test. The statistical
analyses were carried out using Statistica (Statsoft, Tulsa, Okla.).

RESULTS

Construction of pTEX-CD40L expression vector and gener-
ation of CD40L-transfected epimastigotes. The murine CD40L
cDNA was amplified by RT-PCR from mRNA derived from
murine thymoma line EL4 (2, 28). The full-length CD40L was
then cloned as an XbaI-SalI fragment at SpeI-SalI sites in the
multiple-cloning site of the pTEX vector that was flanked by
the untranslated 5� and 3� regions of the T. cruzi glyceralde-
hyde-3-phosphate dehydrogenase gene and the neomycin
phosphotransferase gene (neo) as a selectable marker (24).
This shuttle vector, which replicates in Escherichia coli and T.
cruzi, was used as a vehicle for expression of CD40L in T. cruzi.

Epimastigotes were electroporated with the pTEX-CD40L
construct or the pTEX vector alone, and transfected cells were
selected for their resistance to Geneticin G418. Wild-type par-
asites cultured in the presence of G418 (50 �g/ml) died 10 to
15 days later, whereas parasites transfected with either pTEX
or pTEX-CD40L survived, indicating that resistance to G418
was conferred by the neo gene product. To generate stable
transfectants, parasites were grown in the presence of gradu-
ally increasing concentrations of G418 ranging from 0.1 to 1
mg/ml. Under this antibiotic pressure, no detectable differ-
ences in the growth rates of parasites were observed between
epimastigotes transfected with pTEX and epimastigotes trans-
fected with the pTEX-CD40L construct (data not shown).

The CD40L transcript and protein were then analyzed in
stable transfected epimastigotes using RT-PCR and Western
blotting. Total RNA was extracted from wild-type epimastig-
otes (strain Y) or epimastigotes transfected with pTEX or with
pTEX-CD40L, and reverse transcription was performed using
the oligo(dT) primer. The cDNA obtained was used as a tem-
plate for PCR amplification with a different set of specific
primers. As shown in Fig. 1A, a specific fragment of the ex-
pected size (780 bp) corresponding to CD40L cDNA was de-
tected only in CD40L-transfected epimastigotes. As a control,
the neo cDNA (820 bp) was detected in epimastigotes trans-
fected with either pTEX or pTEX-CD40L, whereas cDNA
corresponding to the chromosome-encoded TcRGG gene
(1,030 bp) was detected in all epimastigotes tested (39).

For CD40L protein analysis, a whole-cell extract from epi-
mastigotes grown to the log phase was analyzed by Western
blotting using specific anti-CD40L antibodies (Fig. 1B). Two
bands at approximately 30 kDa and 14 kDa corresponding to
CD40L were detected in the protein extracts from the pTEX-
CD40L-transfected cell line but not in protein extracts from
the wild-type- or pTEX-transfected cell line. As a control,
anti-TcRGG antibody revealed a specific band in all protein
extracts tested.

Metacyclogenesis and characterization of CD40L-trans-
fected trypomastigotes. Transformation by metacyclogenesis
of wild-type-, pTEX-, and pTEX-CD40L-transfected epimas-
tigotes to mammalian infective metacyclic trypomastigotes was
carried out in vitro using a defined medium (5, 15). We main-
tained transfected metacyclic forms in culture using VN5 cells
expressing neomycin phosphotransferase. This process allowed
us to achieve intracellular multiplication of amastigotes under

selective drug pressure and consequently to ensure that
CD40L was expressed in the derived trypomastigotes. To verify
this, transfected trypomastigotes were analyzed by RT-PCR
and Western blotting using different probes (Fig. 1C and D).
CD40L cDNA was specifically amplified by RT-PCR from
pTEX-CD40L-transfected trypomastigotes (designated YpTEX-
CD40L) but not from wild-type-transfected trypomastigotes
(designated Y) or pTEX-transfected trypomastigotes (desig-
nated YpTEX), whereas neo cDNA was detected in both trans-
fected parasites (Fig. 1C). Western blot analysis performed
with whole-cell lysates revealed two specific bands correspond-
ing to 30 kDa and 14 kDa in only the pTEX-CD40L-trans-
fected trypomastigotes (Fig. 1D). Anti-TcRGG antibody used
as a control revealed a specific band in all protein extracts
tested. To determine whether CD40L is expressed even in the
absence of drug selection, first CD40L-transfected trypomas-
tigotes were cultured with MPM without G418. One week

FIG. 1. RT-PCR and Western blot analysis. RNA and whole-cell
extracts from wild-type strain Y-transfected, pTEX-transfected
(YpTEX), or YpTEX-CD40L-transfected (YpTEX-CD40L) epimas-
tigotes were used for RT-PCR (A) and Western blot analysis (B).
Trypomastigotes derived from these epimastigotes were used for
RT-PCR (C) and Western blot analysis (D). Specific primers were
used to amplify the cDNA indicated (neo, neomycin phosphotransfer-
ase). Whole-cell extracts (WE) or supernatants (S) from YpTEX- and
YpTEX-CD40L-transfected trypomastigotes were analyzed by West-
ern blotting (E). For protein analysis, CD40L was detected using a
specific antibody, and an anti-TcRGG polyclonal antibody was used as
a control.
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later, trypomastigotes in the culture supernatant were har-
vested and then tested by Western blotting. The data con-
firmed that there was expression of CD40L compared to
YpTEX-transfected trypomastigotes (referred to hereafter as
YpTEX trypomastigotes) maintained under the same condi-
tions. Second, similar results were obtained for YpTEX-
CD40L-transfected trypomastigotes harvested after three or
four successive passages in mice.

Immunolocalization of CD40L in transfected trypomastig-
otes. To localize the CD40L molecule expressed by YpTEX-
CD40L-transfected trypomastigotes (referred to hereafter as
YpTEX CD40L trypomastigotes) immunofluorescence and a
flow cytometry analysis were performed using the anti-CD40L
antibody used in the Western blot test and then fluorescein
isothiocyanate-conjugated rabbit anti-goat antibody. No signif-
icant staining was observed at the surface of the transfected
parasites (data not shown). However, when YpTEX-CD40L
trypomastigotes were permeabilized by treatment with Triton
X-100 (1%) to allow penetration of the antibody probes into
the cytoplasm, not surprisingly, a significant signal was de-
tected by flow cytometry analysis compared to the signal for
the YpTEX trypomastigotes (data not shown). The lack of
detection of CD40L at the surface of the transfected parasites
could be attributed to the rapid turnover of the molecule at the
cell surface, leading to its release into the medium. To test this
possibility, purified transfected parasites were incubated for
20 h in Dulbecco modified Eagle medium. At the end of this
incubation, 100% of the parasites were still alive, as shown by
the MTT test (38). Supernatants harvested from YpTEX and
YpTEX-CD40L trypomastigotes were then tested by Western
blotting for CD40L reactivity (Fig. 1E). Surprisingly, CD40L
(30 kDa) was found in the supernatant of the YpTEX-CD40L
trypomastigotes. As a control, no reactivity was detected in the
supernatant of YpTEX trypomastigotes, while a positive reac-
tion was observed in whole-cell extract of YpTEX-CD40L try-
pomastigotes, as shown in Fig. 1D. Another control using an-
tibody directed against TcRGG, a cytoplasmic molecule with a
potential nuclear sequence (39), revealed an expected positive
signal in the whole-cell extract but not in the supernatant.
These data indicate that CD40L can be secreted by transfected
parasites.

CD40L-transfected T. cruzi trypomastigotes: infectious ca-
pacity in vitro, kinetics of parasitemia, and cumulative mor-
tality in vivo. We first tested the infectious capacity of trans-
fected parasites in vitro using MPM. The three strains of
trypomastigotes (Y, YpTEX, and YpTEX-CD40L) were
added to MPM at a parasite-to-cell ratio of 10:1 and incubated
for 48 h at 37°C. The percentages of infected MPM were 87.0
� 2.1, 75.5 � 3.8, and 78.3 � 2.1% for the Y, YpTEX, and
YpTEX-CD40L strains, respectively. Compared to the Y
strain, no significant difference was seen with YpTEX (P �
0.05) or with YpTEX-CD40L (P � 0.05). However, the mean
number of amastigotes per infected MPM was significantly
higher for Y (6.9 � 0.4) than for YpTEX (3.8 � 0.1) and
YpTEX-CD40L (3.2 � 0.1) (P 	 0.0001). These data are
means � standard errors of the means of two independent
experiments (n 	 11). It is important that no significant dif-
ference was observed with parasites transfected with either the
pTEX or pTEX-CD40L vector (P � 0.05). These data con-

firmed the infectious capacity of transfected parasites previ-
ously shown with VN5 cells.

We then investigated parasitic parameters of the three
strains during the course of experimental infections in mice.
Three groups of 38 mice were inoculated with Y, YpTEX, and
YpTEX-CD40L (1 � 103 trypomastigotes per mouse). Para-
sitemia was monitored every week. Mice that were infected
with the YpTEX-CD40L strain exhibited very low levels of
parasitemia, while mice that were infected with the Y strain
had the usual pattern of parasitemia. Interestingly, an inter-
mediate level of parasitemia was observed for the group of
YpTEX-infected mice (Fig. 2A). The surviving mice were
counted every day. In each group of infected mice, 18 mice
were sacrificed to harvest the spleens. The sacrificed mice were
excluded from calculation of the survival rate. These experi-
ments showed that all 20 mice infected with the YpTEX-
CD40L strain survived. In contrast, 11 and 7 mice died in the
groups infected with the Y and YpTEX strains, respectively
(Fig. 2B). Multiple-group analysis of the survival curves con-
firmed that there were significant differences, as follows: for
YpTEX-CD40L versus Y, P 	 0.0002; for YpTEX-CD40L
versus YpTEX, P 	 0.004; and for YpTEX versus Y, P 	 0.62
(not significant).

The kinetics of mouse weight may be considered represen-
tative of the state of health. In two independent experiments,
mice (15 mice per group) were infected with the Y, YpTEX, or
YpTEX-CD40L strain. The levels of parasitemia and mortality
were similar to those observed in previous experiments (data
not shown). In addition, mice were weighed every week. As
expected, a sharp decrease in weight was observed for Y-
infected mice. A slower decrease in weight was observed for
the YpTEX-infected mice. For the YpTEX-CD40L-infected
mice, the weight increased until day 21 postinfection, as it did
in the control group of noninfected mice, in which the weight
increased regularly. Then it decreased slightly until it was 26.0
� 0.7 g, while the weights were 19.9 � 1.2 g and 31.2 � 0.3 g
for the YpTEX-infected mice and the noninfected mice at day
35 postinfection. In summary, the weight kinetics of the in-
fected mice corroborated the infection pattern.

Taken together, these data indicate that mice infected with
the YpTEX-CD40L strain were able to control the parasitemia
and to survive the acute phase of the T. cruzi infection with a
minimal lost of weight.

The spleens harvested from the sacrificed mice were
weighed, and the peak weight was reached at day 21 postin-
fection. There were no statistically significant differences be-
tween the three groups of mice; the weights were 654.8 � 102.8
mg, 680.4 � 106.4 mg, and 627.4 � 101.7 mg for spleens from
mice infected with Y, YpTEX, and YpTEX-CD40L, respec-
tively. These data are means � standard deviations from two
independent experiments (n 	 5). They corresponded to the
usual splenomegaly observed in the course of infection (14).

Proliferation of SCs activated with T. cruzi lysate. To further
investigate the immunological parameters, spleens were har-
vested, and SCs were isolated and incubated with T. cruzi
lysates (Fig. 3A). At day 14 postinfection, a high level of pro-
liferation was observed with SCs from mice infected with the
three strains. Then the indexes decreased sharply at day 21
postinfection. These data reflect the well-known immunosup-
pressive effect of infection upon SC proliferation (50). The
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proliferation was close to that of the control (day 0) for SCs
from Y-infected mice at days 28 and 35 postinfection. For
YpTEX-infected mice, the SC proliferation was stable at days
21, 28, 35, and 49 postinfection and remained as low as it was

at day 7 postinfection. In contrast, the proliferation was par-
tially inhibited in the case of the YpTEX-CD40L-infected
mice, particularly at days 28, 35, and 49 postinfection. Taken
together, these data suggest that SC proliferation, which is a
marker of immunosuppression usually observed during the
acute phase of the infection, was less inhibited in the course of
the YpTEX-CD40L infection.

IFN-� production by SCs. IFN-� production was measured
in the supernatant of SCs stimulated with T. cruzi lysate. As
shown in Fig. 3B, the production of IFN-� increased first at day
14 postinfection for SCs from mice infected with the three
strains. Then it decreased at day 21 postinfection for SCs from
Y- and YpTEX- infected mice, and it remained at a very low level
until day 49 postinfection. In contrast, for SCs from YpTEX-
CD40L-infected mice, the production of IFN-� was enhanced,
particularly at days 28, 35, and 49 postinfection. This significant
IFN-� production fits well with the elevated cell proliferation
observed at the same time with the YpTEX-CD40L strain (Fig.
3 A).

FIG. 2. Parasitemia and cumulative mortality of mice infected with
the Y, YpTEX, and YpTEX-CD40L strains. (A) Three groups (38
mice per group) were infected on day 0 with the Y (■ ), YpTEX (F),
or YpTEX-CD40L (Œ) strain. Parasitemia was recorded every week.
The data are means � standard errors of the means of two indepen-
dent experiments in which 15 and 23 mice per group were used.
Because some mice died in the course of infection or were sacrificed to
harvest the spleens, 36, 30, 28, 26, 20, and 10 mice were in the group
infected with strain Y on days 7, 14, 21, 28, 35, and 42 postinfection,
respectively; 36, 30, 28, 26, 18, and 15 mice were in the group infected
with YpTEX on days 7, 14, 21, 28, 35, and 42 postinfection, respec-
tively; and 36, 30, 28, 26, 24, and 22 mice were in the group infected
with YpTEX-CD40L on days 7, 14, 21, 28, 35, and 42 postinfection,
respectively. For comparisons of YpTEX-CD40L and YpTEX, one
asterisk indicates that the P value is 
0.05, two asterisks indicate that
the P value is 
0.01, and three asterisks indicate that the P value is

0.001 (as determined by the Mann-Whitney U test). (B) Three
groups (38 mice per group) were infected on day 0 with the Y (■ ),
YpTEX (F), or YpTEX-CD40L (Œ) strain. The number of surviving
mice was recorded every day. Sacrificed mice were excluded from
calculation of the survival rate. The data are from two independent
experiments. The results are expressed as the number of mice that died
(cumulative mortality) during the course of infection. For YpTEX-
CD40L versus Y, P 	 0.0002; for YpTEX-CD40L versus YpTEX, P 	
0.004; for YpTEX versus Y, P 	 0.62 (not significant) (as determined
by Gehan’s Wilcoxon test).

FIG. 3. Proliferation SCs activated with T. cruzi lysates and pro-
duction of IFN-� by SCs from mice infected with the Y, YpTEX, and
YpTEX-CD40L strains. Three groups of mice (66 mice per group)
were infected on day 0 with the Y (solid bars), YpTEX (diagonally
cross-hatched bars), and YpTEX-CD40L (open bars) strains. One
group of five mice (horizontally cross-hatched bar) was not infected
and served as a control (day 0 postinfection). Every week, five mice
were sacrificed. (A) SCs were harvested and incubated with T. cruzi
lysate. (B) IFN-� was measured by ELISA in the culture supernatants
of SCs stimulated with T. cruzi lysates. The data are means and stan-
dard errors of the means of three independent experiments. For co-
marisons of YpTEX-CD40L and YpTEX, one asterisk indicates that
the P value is 
0.05 and two asterisks indicate that the P value is 
0.01
(as determined by the Mann-Whitney U test).
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Kinetics of anti-T. cruzi antibody levels. Samples of serum
were harvested by cardiac puncture from Y-, YpTEX-, or
YpTEX-CD40L infected mice and tested at a 1/1,000 dilution
by an ELISA against T. cruzi antigen extract. The optical den-
sities corresponding to the specific anti-T. cruzi antibody levels
are shown in Fig. 4. As expected, the anti-T. cruzi antibody
levels increased progressively during the course of infection.
However, despite the very low level of parasitemia observed
previously (Fig. 2A), the levels of anti-T. cruzi antibodies were
similar in the sera of YpTEX- and YpTEX-CD40L-infected
mice.

Protective capacity of YpTEX-CD40L-transfected trypomas-
tigotes. To determine the potential of the vaccine approach
based on YpTEX-CD40L-transfected parasites, mice were in-
fected with YpTEX-CD40L-transfected T. cruzi (day 0). When
parasitemia was undetectable in circulating blood (starting on
day 39 postinfection), the mice were intraperitoneally chal-
lenged at day 55 postinfection (day 0 of the challenge infec-
tion) with a different strain of T. cruzi trypomastigotes (Tehu-
antepec strain; 100 trypomastigotes). As shown in Fig. 5A, no
parasites were detected in three mice, and a very low-level,

transient parasitemia (not exceeding 0.051 � 106 trypomastig-
otes/ml) was seen in three other mice in the 4 weeks following
this challenge infection. This indicates that mice were effec-
tively immunized. Control mice infected at the same time with
the same inoculum exhibited the usual high level of para-
sitemia, confirming that the inoculum was effectively infec-
tious. Only one mouse died in the group of YpTEX-CD40L-
infected mice, while all the control mice died before day 26
postinfection (Fig. 5B).

DISCUSSION

In the present study, we generated a clone of T. cruzi
(YpTEX-CD40L) that synthesizes murine CD40L molecules
by using the pTEX shuttle vector that is widely used to express
heterologous DNA sequences in the trypanosome genetic en-
vironment (24). Because CD40L participates in the triggering
of the immune response via its interaction with its cognate
CD40 receptor expressed on various immunocompetent cells,
we also investigated the immunomodulation induced by this

FIG. 4. Kinetics of anti-T. cruzi antibody levels. Samples of serum were harvested by cardiac puncture from mice used in three independent
experiments and infected with the Y (■ ), YpTEX (F), and YpTEX-CD40L (Œ) strains. Using an ELISA, the optical densities corresponding to
the anti-T. cruzi antibody levels were measured. Seven samples of serum from uninfected mice served as a control (optical density, 0.107). The data
are means and standard errors of the means (n 	 5). There was no statistically significant difference between YpTEX-CD40L and YpTEX (as
determined by a Mann-Whitney U test).
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CD40L-transfected parasite during the course of infection in
mice.

To our knowledge, this is the first report about a transfected
protozoan parasite producing a biologically active host-co-
stimulatory molecule (CD40L). The production of CD40L by
transfected parasites was assessed by RT-PCR and Western
blotting both in epimastigotes and in the derived trypomastig-
otes obtained by in vitro metacyclogenesis. Moreover, the sta-
bility of CD40L production in transfected parasites was con-
firmed after several passages in mice, indicating that plasmid
DNA was stably established even in the absence of drug selec-
tion. The stability of such a transfection is in line with the
results of other studies in which shuttle vector pTEX was used
to transfect different molecules in T. cruzi (8, 35, 37).

Western blot analysis showed that, besides the 30-kDa frag-
ment corresponding to the expected molecular size of CD40L,
a lower band at 14 kDa was also present for both epimastigotes
and trypomastigotes. This band could have been due to a
degradation product or to an internal ATG start (Met 147),
resulting in the carboxy-terminal part of CD40L. This was
suggested by the presence of a Shine-Dalgarno-like sequence
close to Met-147, 5�-AAA GGA TAT TAT ACC ATG. A
fragment that had a similar molecular size was reported in
another study of recombinant soluble CD40L produced in E.
coli (32). This soluble extracellular carboxy-terminal region of
CD40L encompassing TNF homology sequences and contain-
ing receptor-binding domains can be expressed as a soluble
molecule with biological activity (17, 36).

Our data showed that mice inoculated with the YpTEX-
CD40L strain of T. cruzi exhibited reduced parasitemia and no
mortality, reflecting the biological activity of CD40L produced
by transfected parasites. This feature suggests that the mole-
cule was properly processed and presented to trigger immuno-
competent cells.

Attempts have been made to localize the CD40L molecule

in different parasite extracts by Western blotting, and we have
detected the molecule in the nonsoluble membrane-enriched
fraction (data not shown). This suggests that the parasite can
effectively recognize a higher eukaryotic peptide signal that
allows export of the host molecule to the membrane. No sig-
nificant signal has been observed at the surface of the trans-
fected parasite using the same specific anti-CD40L antibody in
immunofluorescence and flow cytometry analyses. However,
CD40L was detected by Western blotting in culture superna-
tant, supporting the possibility that the transfected CD40L
molecule undergoes rapid turnover at the cell surface that
leads to secretion of the molecule. Other studies have shown
that host cytokines, such as IFN-�, can be properly processed
and secreted into media across the parasite membrane in
Leishmania major (48) and Plasmodium knowlesi (41).

Although CD40L exists in nature predominantly as a mem-
brane-anchored molecule, the soluble form of CD40L may be
biologically active (2, 17, 32, 36). It is likely that CD40L can be
released from the parasites in the course of infection, activates
immunocompetent cells, and promotes an effective and pro-
tective immune response against T. cruzi infection. It is also
possible that CD40L can be released following lysis of part of
the parasite population during infection and could contribute
to such enhanced immunity. The infective capacity of the
YpTEX and YpTEX-CD40L trypomastigotes was tested by
incubating them with MPM, which are usual host cells for T.
cruzi (55). Like the Y strain, these two strains were able to
infect more than 70% of MPM. The mean number of YpTEX
amastigotes per infected cell was similar to the number ob-
tained with YpTEX-CD40L parasites, suggesting that CD40L
does not interfere with the multiplication rate of the trans-
fected parasite. However, the mean numbers of amastigotes
for the transfected parasites remained lower than the number
of amastigotes for wild-type strain Y. This suggests that the

FIG. 5. Protective capacity of YpTEX-CD40L-transfected trypomastigotes. A group of six mice (Œ) that survived after YpTEX-CD40L
infection were challenged intraperitoneally at day 55 postinfection (day 0 of reinfection) with a different strain of T. cruzi trypomastigotes
(Tehuantepec strain; 100 trypomastigotes). Five mice (control group) (■ ) were infected at the same time with the same inoculum. (A) Parasitemia.
(B) Cumulative mortality. The data are representative of one of two experiments.
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presence of the plasmid DNA in the parasite might slow the
multiplication of the amastigotes.

Despite the similar size of the inoculum (1 � 103 trypomas-
tigotes), reduced parasitemia and no mortality were observed
in YpTEX-CD40L-infected mice. This is in line with previous
results showing that CD40L-transfected fibroblasts have a pro-
tective effect when they are injected together with T. cruzi
trypomastigotes (13). Our results suggest that synthesis of
CD40L molecules occurred effectively in the transfected YpTEX-
CD40L strain in vivo. It is likely that immunocompetent cells
were overstimulated by the parasite itself expressing and re-
leasing CD40L as early as the inoculation occurred and then
during its tremendous expansion in blood and various organs
and tissues (8, 59), so that many of the escape mechanisms
usually induced by the nontransfected parasites were bypassed.

The YpTEX strain induced a level of parasitemia lower than
that induced by the Y strain. This was probably due to the
genetic transfection that attenuated its virulence, as observed
for in vitro infection of MPM. This suggests that the presence
of foreign plasmid DNA in the parasite might interfere with
the multiplication of the amastigotes in vivo. Because the
YpTEX-CD40L strain induced a level of parasitemia lower
than that induced by the YpTEX strain, expression of CD40L
is likely to be involved in the reduction of the infectivity of the
YpTEX-CD40L strain.

As is the case for many other pathogens, the evolutionary
adaptation of T. cruzi allows the parasite to evade the immune
system and to induce dramatic immunodeficiency by using
various molecular strategies (1, 12, 29, 47, 52, 53, 56). CD40L-
transfected parasites exhibited less pronounced suppression of
SC proliferation than the wild-type Y and YpTEX strains.
Indeed, the sharply reduced SC proliferation observed with the
Y, YpTEX, and YpTEX-CD40L strains at day 21 postinfection
was very similar to the results described previously (50). How-
ever, the proliferation of SCs from YpTEX-CD40L-infected
mice was greater than that observed with the Y and YpTEX
strains at days 28, 35, and 49 postinfection. It is likely that the
expression of CD40L molecules by the parasite itself accounts
for sustained T-cell activation and therefore counteracts the
immunodeficiency induced by parasite-derived molecules, such
as glycoinositolphospholipids (7, 19, 25, 34, 52, 53). In relation
to the higher SC proliferation, the production of IFN-�, a
cardinal cytokine in the anti-infective immune response, was
clearly enhanced in supernatants of SCs from YpTEX-CD40L-
infected mice from day 21 to day 49 postinfection. IFN-� pro-
duction was shown to be related to CD40/CD40L ligation (10).
This suggests that parasites expressing CD40L are able to
stimulate a more efficient type 1 immune response.

Various immunocompetent cells expressing CD40 are prob-
ably activated by the YpTEX-CD40L trypomastigotes. Al-
though the expression of CD40 molecules seems to be reduced
in infected DCs and macrophages (7, 42, 52), it should be
considered that their activation could be overstimulated by
YpTEX-CD40L-transfected parasites and therefore their im-
munological function might be partially restored.

CD8� lymphocytes seem to be of prime importance in the
control of infection by destroying major histocompatibility
complex class I-positive infected cells (16) and by producing a
large amount of IFN-� (31). In addition, CD8� T-cell memory
can be generated with the “help” of CD4 via the CD40 mole-

cule (6). Therefore, the CD40/CD40L pathway plays a central
role in the immune response mediated by both CD4� and
CD8� T cells (21). Further investigations are required to de-
termine the immunocompetent cells involved in the reduced
infection induced by the YpTEX-CD40L strain. Preliminary
experiments indicated that the percentage of CD8� SCs in-
creased during the course of infection, particularly in mice
inoculated with the YpTEX-CD40L strain. Moreover, the flow
cytometry analysis showed that the high level of production of
IFN-� was mainly due to CD8� cells (data not shown). Ongo-
ing investigations should clarify the role of these cells in the
control of CD40L-transfected parasite infection.

In the course of T. cruzi murine infection, protective anti-
bodies specific for T. cruzi are produced (26, 27). This produc-
tion is correlated with the level of parasitemia reached during
the acute phase of infection (30). Our results show that, de-
spite a very low level of parasitemia, a significant level of T.
cruzi-specific antibodies was induced by the YpTEX-CD40L
strain. CD40L is indeed involved in the stimulation of the
humoral response through T-cell-dependent B-cell activation,
cytokine-mediated B-cell activation, and immunoglobulin iso-
type switching (3, 4). Future investigations will be concerned
with analysis of such a humoral response generated against
YpTEX-CD40L-transfected parasites and the potential in-
volvement of these antibodies in protective immunity.

A successful experimental vaccine based on live modified
parasites should lead to 100% survival in the preinfection stage
and to stimulation of a protective immune response. Preinfec-
tion of mice with the YpTEX-CD40L-transfected parasites
clearly resulted in a very low level of parasitemia and an ab-
sence of mortality. Furthermore, the mice developed sustained
immunity against the parasite.

Further investigations related to functional activities of de-
livered host costimulatory CD40L have shown that surviving
mice infected with YpTEX-CD40L-transfected parasites resist
a challenge infection. This indicates that the YpTEX-CD40L-
transfected parasites strongly stimulate a protective immune
response. Such data open new perspectives for a novel vaccine
approach based on a CD40L-transfected pathogen. Future
work will focus on characterization of the immunological
mechanisms involved in such protection and on comparing
these mechanisms to those described with other known atten-
uated parasites (44, 45).

In conclusion, we generated T. cruzi expressing a host co-
stimulatory molecule and demonstrated that CD40L-trans-
fected parasites can counteract the immunodeficiency induced
by the parasite itself. These data open new perspectives for
immunomodulation regarding the control of parasite infection.
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