
Caspase inhibition reduces lymphocyte apoptosis and
improves host immune responses to Trypanosoma cruzi
infection

Elisabeth M. Silva*1, Landi V. C. Guillermo*1, Fl�via L. Ribeiro-Gomes1,
Juliana De Meis1, Marise P. Nunes1,2, Juliana F. V. Senra2,
Milena B. P. Soares2, George A. DosReis1 and Marcela F. Lopes1

1 Instituto de Biof�sica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, Rio
de Janeiro, Brazil

2 Instituto Oswaldo Cruz, Rio de Janeiro; Centro de Pesquisa Gon�alo Moniz, Salvador,
FIOCRUZ, Brazil

In experimental Chagas' disease, lymphocytes from mice infected with Trypanosoma
cruzi show increased apoptosis in vivo and in vitro. Treatment with a pan-caspase
blocker peptide inhibited expression of the active form of effector caspase-3 in vitro and
rescued both B and T cells from cell death. Injection of the caspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethyl ketone, but not a control peptide,
reduced parasitemia and lymphocyte apoptosis in T. cruzi-infected mice. Moreover,
treatment with caspase inhibitor throughout acute infection increased the absolute
numbers of B and Tcells in the spleen and lymph nodes, without affecting cell infiltrates
in the heart. Following treatment, we found increased accumulation of memory/
activated CD4 and CD8 T cells, and secretion of IFN-c by splenocytes stimulated with
T. cruzi antigens. Caspase inhibition in the course of infection reduced the intracellular
load of parasites in peritoneal macrophages, and increased the production of TNF-a and
nitric oxide upon activation in vitro. Our results indicate that inhibition of caspases with
a pan-caspase blocker peptide improves protective type-1 immune responses toT. cruzi
infection. We suggest that mechanisms of apoptosis are potential therapeutic targets in
Chagas' disease.

Introduction

Chagas' disease or American Trypanosomiasis due to
infection with Trypanosoma cruzi affects 16–18 million
people in Latin America. Concerted innate and adaptive
immune responses, effected bymacrophages, B cells [1],
T cells [2–4], and type 1 cytokines [5], control
parasitemia during acute infection, but T. cruzi remains
in host tissues throughout life. Chronic infection causes
an inflammatory condition, affecting the heart or the
autonomic nervous system in 25–30% of patients.
Although it is generally accepted that T cells play a
pathogenic role in chronic inflammation, whether
pathology results from T cell recognition of self or
parasite antigens is still controversial, and treatment
remains elusive [6].
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Cell death by apoptosis occurs in spleens [7], lymph
nodes [8], and hearts [9] in the course of infection in
experimental models of Chagas' disease, and in affected
hearts from chronic patients [10]. Both T and
B lymphocytes increase their rates of apoptosis in the
course of T. cruzi infection [7, 11]. There is evidence that
interactions between Fas ligand and Fas receptor [11,
12], as well as nitric oxide [13–15], are involved in
lymphocyte apoptosis during T. cruzi infection. We have
shown that stimulation with TCR:CD3 agonists triggers
activation-induced cell death (AICD) in T cell cultures
[7] and in T. cruzi-infected mice [16]. Previous in vitro
experiments also suggest that apoptosis plays a
pathogenic role in T. cruzi infection and that blocking
apoptosis is a potential therapeutic intervention [17,18].
Interactions between apoptotic lymphocytes and in-
fected macrophages exacerbate parasite growth in vitro
[17, 19], whereas the injection of apoptotic cells
increases parasitemia in infected mice [17]. Therefore,
it is important to investigate whether inhibition of
apoptosis induced by infection affects immune re-
sponses to T. cruzi.

Apoptosis occurs through a sequence of events
initiated by caspase activation, followed by the cleavage
of target substrates by effector caspases, leading to
nuclear condensation, DNA fragmentation, and cell
shrinkage [20, 21]. The pharmacological manipulation
of apoptosis and caspases may have clinical application
and is a new frontier in the development of novel
approaches to treat human diseases [22, 23].

We have previously shown increased apoptosis [7]
and caspase activation [24] in T cells during T. cruzi
infection, including caspase-8, the initiator caspase in
apoptosis mediated by death receptors, such as TNF
receptor I and Fas [25]. However, blockade of caspase-8
in vivo failed to inhibit apoptosis and negatively affected
T cell-mediated immunity, by reducing CD8 T cell
expansion and accumulation of memory/activated
T cells [24, 26]. Additionally, inhibition of caspase-8
by transgenic viral FLIP (v-FLIP) up-regulated Th2
cytokine responses and increased susceptibility to
T. cruzi infection [24].

In contrast, the pan-caspase blocker benzyloxycar-
bonyl-Val-Ala-Asp(OMe)-fluoromethyl ketone (zVAD)
inhibited lymphocyte apoptosis and prevented animal
death shortly after experimental induction of sepsis
[27]. Treatment with zVAD inhibited pathogenic effects
of apoptotic cells on the innate immune system [28]. On
the other hand, despite an effective delivery of
fluorescent zVAD to lymphocytes in vivo, zVAD did
not affect the life span of antigen-specific CD8 Tcells in a
model of viral infection [29]. Therefore, the effects of
caspase inhibition on specific immune responses are
largely unknown.

To investigate whether caspase inhibition affects
immune responses to chronic intracellular infection
caused by T. cruzi, experiments were conducted with the
pan-caspase inhibitor zVAD in vitro and in vivo. Our
results show that zVAD blocked caspase activation and
lymphocyte apoptosis, and increased resistance to
T. cruzi infection. These results suggest that mechanisms
of apoptosis are potential targets for therapeutic
intervention in Chagas' disease.

Results

A pan-caspase inhibitor prevented caspase
activation and lymphocyte apoptosis in vitro

In order to evaluate apoptosis in lymphocytes from
T. cruzi-infected mice, splenocytes were taken during
the acute phase of infection (21 days post infection
(dpi)) and stained with annexin V-FITC (Fig. 1A). A
higher percentage of annexin V-positive cells was
observed in lymphocytes from T. cruzi-infected mice,
compared with splenocytes from normal mice (Fig. 1A).
To study susceptibility to cell death in vitro, splenocytes
were first depleted of adherent cells to prevent
phagocytosis of apoptotic cells by macrophages. Then,
we let cells lay down on the wells and proceeded with
cell counts and flow cytometry after 1 and 24 h.
Compared to cells counted after 1 h, there was a drop of
50% in viable cells from infected mice in 24-h cultures
(Fig. 1B). By contrast, 75–80% of splenocytes from
normal mice were viable after 24 h (Fig. 1B). There was
a significant decrease in the recovery of viable B and
Tcells in cultures from infected mice (Fig. 1C). Addition
of the caspase inhibitor zVAD to cultures increased cell
viability, as assessed by flow cytometry with annexin V
and 7-amino actinomycin D (7-AAD) in splenocytes
from infected mice (Fig. 1D). Compared with spleno-
cytes treated with diluent alone, there was a significant
increase in the number of viable B cells in cultures that
received zVAD (Fig. 1E). We also recovered more viable
cells from T cell cultures in the presence of zVAD
(Fig. 1F). Next, we investigated the expression of active
caspase-3 in T cell cultures. We observed increased
expression of active caspase-3 in cultured CD4 (Fig. 2A)
and CD8 (Fig. 2B) T cells from T. cruzi-infected mice,
compared with T cells from normal mice, and the
treatment with zVAD significantly reduced expression of
active caspase-3 in T cells from infected mice (Fig. 2C).
Stimulation with anti-CD3 Ab further increased cas-
pase-3 activation in CD4 T cells from infected mice
(Fig. 2A) and increased caspase activation in T cells, as
assessed by flow cytometry upon staining with VAD-
FITC (Fig. 2D, E). Treatment with the irreversible
inhibitor zVAD (during overnight cultures) blocked
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VAD-FITC binding in both CD4 and CD8 T cells
(Fig. 2D, E) and increased recovery of viable cells in
stimulated T cell cultures (Fig. 2F). The positive effects
of zVAD (40 lM) on the viability of T cells from infected
mice were also observed after 3 days upon stimulation
with anti-CD3 Ab (increment of 53% in viable cell
counts, compared with Tcells stimulated in the presence
of DMSO only). Therefore, zVAD prevented cell death in
lymphocytes from T. cruzi-infected mice, by blocking
caspase activation.

Treatment with zVAD reduced parasitemia and
lymphocyte apoptosis in vivo

To test whether zVAD treatment prevents lymphocyte
apoptosis and affects immune responses in vivo, mice
were infectedwith T. cruzi and treatedwith zVAD 7 days
later, and throughout infection. Parasitemia was fol-
lowed during acute infection. Treatment with zVAD
resulted in lower parasitemias, in contrast to treatment
with benzyl-oxycarbonyl-Phe-Ala(OMe)-fluoromethyl
ketone (zFA) control peptide, which did not differ from
treatment with vehicle (DMSO) alone (Fig. 3A). In
addition to reduction of parasite loads in the acute
phase, treatment with zVAD improved the general aspect
of mice, which did not show the ruffled fur observed in
infected mice. Treatment with zVAD during infection
decreased splenocyte apoptosis in vivo (Fig. 3B), without
affecting the number of cells infiltrating the hearts

(Fig. 3C). To evaluate whether caspase inhibition was
affecting CD8 T cell expansion or T cell activation,
kinetic studies were conducted throughout infection.
The expression of CD4, CD8, and CD44 (as a marker for
T cell activation) was followed in blood samples from
infected mice previously treated with DMSO or zVAD
(Fig. 3D–F). Normal and infected mice were included as
negative and positive controls, respectively. The propor-
tion of CD8, but not CD4, Tcells increased in the blood in
the course of infection (Fig. 3D, E), independent of
treatment. CD4/CD8 ratios in the blood dropped from
3.4 to 1.3 upon 14 dpi, as previously observed in spleens
from infected mice [30]. We detected increased
proportions of CD44hi CD8 T cells (not shown), peaking
at 19 dpi (59%), and CD44hi CD4 T cells (Fig. 3F),
peaking at 25 dpi (37%), in the blood. These results
suggest that treatment with zVAD did not affect the ratio
of T cell activation in infected mice. Nonetheless,
inhibition of caspases increased the numbers of B and
T cells in the spleens of treated mice (Fig. 4A–D).
Activated CD4 (Fig. 4E) and CD8 (Fig. 4F) T cells also
accumulated earlier (21 dpi) in the spleens of mice
treated with zVAD. In this case, down-modulation of
CD62L (Fig. 4E, F) and up-regulation of CD44 (not
shown) expression were used as markers for T cell
activation.

Figure 1. zVAD prevents apoptosis of lymphocytes from mice infected with T. cruzi. (A) Splenocytes from normal (gray line) and
T. cruzi-infected (21 dpi; dark line) mice were stained with annexin V-FITC and analyzed by flow cytometry. (B, C) 1-h- and 24-h-
cultured splenocytes from normal (B) and infected (B, C) mice were counted and stained with anti-CD19, anti-CD4, and anti-CD8
Ab for flow cytometry. Cell recovery was expressed as absolute number of cells/well. Significant differences between 1-h- and
24-h-cultured splenocytes are indicated (*) for p <0.05. (D, E) Splenocytes from infected micewere cultured for 24 h with zVAD or
with vehicle only, counted and stained with annexin V and 7-AAD (D) or with anti-CD19 Ab (E) for flow cytometry. In (D),
annexin Vneg, 7-AADneg cellswere considered as viable cells. (F) T cell cultures from infectedmicewere treatedwith zVAD or with
DMSO for 24 h before viable-cell counts. Significant differences between cells cultured with zVAD and with DMSO only are
indicated (*) for p <0.05.
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Treatment with zVAD increased type 1 immune
responses to T. cruzi infection

Next, we investigated how zVAD treatment altered
immune responses in affected tissues. In our model,
both infection and zVAD treatment were set through the
i.p. route. There was an increase in the number of
memory/effector (CD62Llow) CD8 Tcells infiltrating the
peritoneum in infected mice treated with zVAD
(Fig. 5A). In addition, we detected an increased number
of peritoneal macrophages (Fig. 5B). Compared to
controls, macrophages from treated mice were larger,
more spread out upon adherence (Fig. 5D–F) and
showed reduced intracellular parasite loads (Fig. 5C).

These results suggest that, by blocking apoptosis, zVAD
may affect immune responses to T. cruzi in vivo. In
agreement with this conclusion, macrophages frommice
treated with zVAD released higher amounts of TNF-a
(Fig. 6A) and nitric oxide (Fig. 6B) in response to IFN-c
and LPS in vitro. There was also an increased production
of IL-12 (Fig. 6C), but not IL-10 (not shown), by
macrophages from mice treated with zVAD. Further-
more, splenocytes from treated mice secreted increased
amounts of the type 1 cytokine IFN-c in a recall response
toT. cruzi antigens (Fig. 6D). Even after the interruption
of treatment on day 24, parasitemia remained con-
trolled (Fig. 3A), the numbers of activated CD8 T cells
remained elevated in the spleens of treated mice, and
the numbers of B cells, CD4, and CD8 T cells were
increased in subcutaneous lymph nodes by day 31 of
infection (not shown).

Direct effects of zVAD on parasite infection

We also investigated the effects of zVAD on intracellular
infection. For that, macrophages were infected with
metacyclic trypomastigotes, washed and then treated
with zVAD. Under these conditions, the release of
trypomastigote forms (� 104 /mL) was not significantly
affected (33.33 � 0.72 for DMSO and 29.33 � 1.78 for
zVAD). These results suggest that zVAD treatment does
not affect directly the release of parasites by infected
macrophages.

Discussion

Previously, in the experimental model of sepsis,
treatment with zVAD and other caspase inhibitors
helped to control bacteremia and improved survival,
presumably by preventing lymphocyte apoptosis [27,
31]. Here, we showed that treatment in vivo with the
general caspase inhibitor zVAD modified host-parasite
interplay in the experimental model of Chagas' disease.

Despite an intense polyclonal lymphocyte activation,
T. cruzi infection induced defective T cell responses,
associated with low IL-2 production [32] or signaling
[33], CTLA-4 expression [34, 35], T cell apoptosis [7,
16], and NO production [13, 14]. This apparent paradox
may be related to unbalanced ratios of proliferation and
death upon T cell activation by T. cruzi antigens,
affecting specific rather than polyclonal immune
responses.

According to previous observations [7, 11], spleno-
cytes from mice infected with T. cruzi were highly
susceptible to undergo apoptosis in vitro. We observed
increased expression of the active form of effector
caspase-3 in T cells from infected mice. The peptide
zVAD blocked the activation of caspase-3 in T cells and

Figure 2. zVADblocks caspase activation inT cells from T. cruzi-
infected mice. (A–C) T cells from normal and T. cruzi-infected
mice were cultured with medium or anti-CD3 Ab for 24 h,
counted and stained for flow cytometry. (A, B) T cells were
stained with anti-CD4 (A), anti-CD8 (B) and anti-active cas-
pase-3 mAb. (C) T cells from infected mice were cultured with
orwithout zVAD (80 lM) and stainedwith anti-active caspase-3
mAb. Significant differences between T cells cultured with
zVAD and with medium only are indicated (*) for p <0.05.
(D–F) T cells from infected mice were cultured with medium
only or were stimulated with anti-CD3 Ab in the presence of
zVAD (40 lM) or the control peptide zFA for 24 h, before viable-
cell counts (F) and staining with anti-CD4 (D), anti-CD8 Ab (E),
and peptide VAD-FITC (D, E). Significant differences between
stimulated T cells cultured with zVAD and with anti-CD3 Ab
only are indicated (*) for p <0.05.
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increased the recovery of viable B and T cells in vitro.
Upon stimulation with anti-CD3 Ab, zVAD also pre-
vented AICD in T cell cultures. Furthermore, treatment
with zVAD decreased apoptosis and parasitemia in vivo,
compared with mice that received either diluent only or
the control peptide zFA.

The treatment with zVAD could affect immune
responses to T. cruzi at multiple levels. First, by
increasing the life span of lymphocytes, zVAD improves
protective immune responses: while lymphocytes delay
to die, they can act as effector cells. In agreement with
this hypothesis, we found increased accumulation of
both B and T cells in the spleens and lymph nodes, as
well as activated CD4 and CD8 T cells in infected mice
treated with zVAD. We detected increased production of

IFN-c against T. cruzi antigens in splenocyte cultures.
Furthermore, we found increased numbers of memory/
effector CD8 T cells and activated macrophages in the
peritoneum of treated mice. Macrophages were also
more responsive to treatment with LPS and IFN-c in
vitro, producing TNF-a and nitric oxide, and had lower
intracellular parasite loads.

A second hypothesis to explain the effects of zVAD
involves interactions of apoptotic cells and macro-
phages. We have previously shown that the phagocytosis
of apoptotic cells drives T. cruzi growth in infected
macrophages [17]. Apoptotic cells also induce TGF-b
release and decrease the production of nitric oxide by
macrophages responding to IFN-c + LPS [17]. In vivo,
injection of apoptotic cells increases parasitemia in

Figure 3. Blockade of apoptosis by zVAD during T. cruzi infection. Infected mice were injected twice a week, during 3 wk post
infection, with 0.4 mg zVAD (n = 5), zFA (n = 6) or control vehicle (DMSO, n = 6). (A) Parasitemia was followed during the acute
phase. For statistical analysis, data were transformed to ln and kinetic points, with significant differences between zVAD and
control groups indicated (*) for p <0.05. Results represent two independent experiments. (B) Annexin V-FITC binding in spleen
cells from normal and infected (18 dpi) mice treated with zVAD or DMSO (n = 2–3 mice/group). (C) Inflammatory infiltrates in the
hearts from normal and infected mice expressed as number of cells/mm2 (n = 4–6 mice/group). Significant differences between
infected mice treated with zVAD and control groups are indicated (*) for p <0.05. (D–F) Flow cytometry in blood samples stained
with anti-CD8 (D), anti-CD4 (E, F), and anti-CD44 Ab (F). CD44hiCD4+ cells were considered as activated CD4 T cells. Results
obtained from individual mice were plotted for normal or infected mice without treatment (open squares) and for infected mice
treated with DMSO (open circles) or zVAD (closed squares).
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T. cruzi-infected mice [17] and decreases IFN-c produc-
tion in experimental sepsis [36]. Therefore, by blocking
caspase activation and apoptosis, zVAD may inhibit
direct negative effects of apoptotic cells on immune
responses.

It should be noted that zVAD could affect other
aspects of immune responses controlled by caspases.
Treatment with zVAD could inhibit the killing of T. cruzi-
infected cells by cytotoxic lymphocytes. However, this
hypothesis was not directly assessed and is not
supported by our findings showing reduced parasite
loads upon treatment with zVAD. zVAD could also affect
non-apoptotic effects of caspases. For example, cas-
pase-8 deficiency results in defective immune responses
both in humans and in experimental models [26, 37, 38].
Besides the established role of caspase-8 in death

receptor-mediated death, recent studies demonstrate
that caspase-8 plays a role in signaling cascades initiated
by other receptors essential for immunity, such as
antigen receptors and Toll-like receptors [39]. Accord-
ingly, mice rendered defective in caspase-8 activity,
either by transgenic viral-FLIP (v-FLIP) expression or by
treatment with the peptide benzyl-oxycarbonyl-Ile-
Glu(OMe)-Thr-Asp(OMe)-fluoromethyl ketone (zIETD),
aremore susceptible toT. cruzi infection [24]. Moreover,
we found defective T cell expansion and increased Th2
responses upon caspase-8 blockade in T. cruzi-infected
mice [24]. These results contrast with our findings in

Figure 4. Treatment with zVAD increased lymphocyte life span
during T. cruzi infection. Splenocytes from normal or infected
(21 dpi) mice treated with zVAD or vehicle only were counted
(A–F) and analyzed by flow cytometry (B–F). Splenocytes were
stained with anti-CD19 (B), anti-CD4 (C, E), anti-CD8 (D, F) and
anti-CD62L Ab (E, F). CD62LlowCD4+ or CD8+ cells were
considered as activated T cells. Significant differences between
infectedmice treatedwith zVADandDMSO are indicated (*) for
p <0.05, n = 3 mice/group.

Figure 5. Activated CD8 T cells and macrophages in the
peritoneum of infected mice treated with zVAD. Peritoneal
washes from normal or infected (21 dpi) mice treated with
zVAD or vehicle only were counted and stained with anti-CD8
and anti-CD62L Ab (A) or with anti-Mac-1 Ab (B) and analyzed
by flow cytometry. Significant differences between infected
mice treated with zVAD and normal mice are indicated (*) for
p <0.05, n = 2–3 mice/group. (C–F) Peritoneal cells from mice
treatedwith DMSO, zFA or zVADwere cultured for 2 h, washed
to remove nonadherent cells and stained with H&E.
Amastigotes (C) and activated macrophages (D) were counted
in H&E-stained slides. Significant differences between infected
mice treatedwith zVAD and control groups are indicated (*) for
p <0.05, n = 4–6 slides/group. (E, F) Representative fields in
H&E-stained slides from infected mice treated with DMSO (E)
and zVAD (F). Arrow indicates a large, spread out macrophage.
Magnification: 100 �.
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mice treated with zVAD, as we did not find evidences of
increased Th2 responses (not shown) or defective
establishment of T cell memory. It is possible that zVAD
is not as effective in blocking T cell responses compared
to specific caspase-8 inhibitors such as zIETD [40]. In
agreement with this idea, quantitative differences in
caspase-8 inhibition generate distinct T cell phenotypes
in v-FLIP-transgenic mice [26, 41].

Here, we show that zVAD is effective in blocking
effector caspases and apoptosis upon infection. Our data
indicate that treatment with zVAD increases resistance
to T. cruzi infection, due to inhibition of lymphocyte
apoptosis and exacerbation of type-1 immune re-
sponses. Therefore, we suggest that treatment with
caspase inhibitors may be a potential therapeutic tool to
control pathogenic effects of apoptosis and down-
regulation of immune responses to infection.

Materials and methods

Mice and T. cruzi infection

Male BALB/c mice, aging 6–8 wk, were infected i.p. with
2 � 105 T. cruzi (clone Dm28c) trypomastigotes obtained by
chemically induced metacyclogenesis [30]. Groups of infected
mice were injected i.p. at 7, 10, 14, 17, 21 and 24 days after
infection with 0.4 mg/mouse of caspase inhibitor zVAD
(Enzyme systems Products), the control peptide zFA, or were
treated with diluent only (0.7 mL 15% DMSO/PBS). Para-
sitemia was detected in blood from tails, by counting
trypomastigote forms. Mice in all groups remained alive upon
infection and treatment. For experiments, normal or infected
mice were killed during the acute phase, at 21 dpi or at the end
of the acute phase (31 dpi). All experiments and animal
handling were conducted according to approved institutional
protocols.

Cell suspensions and cultures

Splenocytes were depleted of RBC by treatment with Tris-
buffered ammonium chloride. T cell-enriched suspensions
were obtained by nylon wool filtration of splenocytes.
Unfractionated splenocytes or nylon wool-enriched T cells
were resuspended in DMEM (Invitrogen Life Technologies),
supplemented with 2 mM glutamine, 50 lM 2-ME, 10 lg/mL
gentamicin, 1 mM sodium pyruvate, and 100 lM MEM
nonessential amino acids (culture medium) + 10% FBS
(Invitrogen Life Technologies). Splenic cells (3 � 106/mL,
0.6 mL/well) were depleted of adherent cells by 2–3 h of
culture in plastic plates, followed by transfer of nonadherent
cells (0.5 mL) to 48-well vessels. Cultures were set at 37�C and
7%CO2 in a humid atmosphere for 24 h. For 30 min before the
setting of cultures, splenocytes or T cells were incubated with
80 lM zVAD, or with DMSO (0.4%) as a stock diluent control.
We chose to use 80 lM of zVAD as an intermediate dose
(50–100 lM) [40, 42] to prevent the cleavage of caspases and
caspase substrates in T cells. Cell recovery was determined by
viable cell counts in a hemacytometer chamber and by flow
cytometry to estimate B and T cell subpopulations. T cells
(4 � 106/mL) were cultured in duplicate in medium only or
stimulated with 10 lg/mL plate-bound anti-CD3 Ab (mAb
2C11; BD Pharmingen) for 24 h. For apoptosis and caspase
activation, cells were washed, stained, and evaluated by flow
cytometry, as described below. For inhibition of caspase
activation, zVAD and zFA were used at 40 lM.

Flow cytometry

Cells were washed in sorting buffer (containing 2% FBS) and
incubated with anti-CD16/CD32 Ab for Fc blocking, followed
by addition of allophycocyanin-labeled anti-CD8, anti-CD4, or
anti-CD19 Ab for 30 min at 4�C. For markers of T cell
activation, cells were also stained with PE-labeled anti-CD62L
and FITC-labeled anti-CD44 Ab (all mAb from BD Pharmin-
gen). Cells were acquired on a FACSCalibur system, by using
CellQuest software (BD Biosciences). For apoptosis detection,
splenocytes were stained with FITC-annexin V (apoptosis
detection kit; R&D Systems) for 20 min at room temperature in

Figure 6. Increased protective immune responses to T. cruzi in
mice treatedwith zVAD. Infectedmicewere treatedwith zVAD,
DMSO or control peptide zFA. (A–C) Macrophages from normal
or (21 dpi) infected mice were cultured with LPS and IFN-c for
48 h and supernatants were tested for TNF-a (A), nitrites (B),
and IL-12 (C). Significant differences between infected mice
treated with zVAD and zFA are indicated (*) for p <0.05, n = 3
mice/group. (D) Splenocytes from normal and infected (31 dpi)
mice were cultured with antigens from trypomastigotes or
medium only for 72 h. IFN-c was detected in culture super-
natants by ELISA. Significant differences between infected
mice treatedwith zVAD and control groups are indicated (*) for
p <0.05, n = 4 mice/group.
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annexin buffer; 7-AAD was added just prior to flow cytometry.
For staining with PE-labeled anti-active caspase-3 mAb (BD
Pharmingen), cells were first stained with FITC-anti-CD4 and
allophycocyanin-labeled anti-CD8 Ab, permeabilized and then
stained according to the manufacturer's instructions. For
detection of caspase activation, cells were treated with 5 lM
FITC-VAD-fluoromethyl ketone (Promega) for 20 min,
washed, stained with allophycocyanin-labeled anti-CD8 and
PE-labeled anti-CD4 Ab, and fixed with 0.5% paraformalde-
hyde for 30 min. For analysis, FlowJo software was used
(TreeStar).

Peritoneal macrophages

Cells were washed from the peritoneum, counted and analyzed
by flow cytometry, as above. Macrophages were stained with
PE-labeled anti-Mac-1 Ab. Macrophages were added to slides
(2 � 105/slide) and plates (3 � 105/well), and incubated for
2 h before removal of nonadherent cells. Cells were cultured
on slides for a further 3 h, before staining with H&E for
detection of intracellular parasites. Images were digitalized
using a color digital video camera (Coolpix 995; Nikon)
adapted to an Eclipse E200 microscope (Nikon). Larger and
spread out macrophages were considered as activated for
quantification purposes. Cultures were stimulated with 2 ng/
mL IFN-c (BD Pharmingen) and 10 ng/mL LPS (Sigma) for
48 h, for cytokine and nitric oxide production. Supernatants
were collected and mixed with an equal volume of Griess
reagent to determine nitrite content as described [43].

ELISA

Splenocytes from each animal were cultured in triplicate
(3 � 105/well) in round-bottom 96-well vessels for 72 h with
T. cruzi antigens (metacyclic trypomastigote lysates equivalent
to 3 � 105 parasites/well) or with medium alone. The
presence of the cytokines IFN-c, IL-4 and IL-10 was determined
in culture supernatants. Supernatants from macrophage
cultures were tested for TNF-a, IL-12 and IL-10 production.
Cytokines were measured in a sandwich ELISA using pairs of
specific mAb, one of which was biotinylated, and developed
with avidin-HRP and substrate according to the manufacturer's
instructions (BD Pharmingen).

In vitro infection

Peritoneal macrophages (3 � 105/well) added to 48-well
vessels were infected overnight with metacyclic trypomasti-
gotes (5 � 105/well), washed and treated with zVAD (60 lM)
or DMSO (0.3%). Trypomastigotes released frommacrophages
were counted after 7 days in triplicate cultures.

Cell infiltrates in the hearts

For histopathological analysis, hearts, collected at 21 and
31 dpi, were fixed in buffered 10% formalin, dehydrated and
embedded in paraffin. Sections were stained with H&E for
microscopic analysis of cell infiltrates. Images were digitalized
using a color digital video camera (CoolSnap cf) adapted to a
BX41 microscope (Olympus, Japan). The images were

analyzed using the Image Pro Program version 5.0 (Media
Cybernetics) to integrate the number of inflammatory cells
counted by area. The analysis was performed in ten randomly
selected fields per heart from every mouse of each group.

Statistical analyses

The number (n) of animals per group is indicated in the figure
legends and the symbol (*) denotes significant differences
with a p value <0.05. Results are expressed as mean and SEM
error bars in the figures. Data were analyzed by Student's t-test
for independent samples using a SigmaPlot for Windows
(version 4.01) package. For parasitemia, data were trans-
formed to ln parasites/mL for statistical analyses. For in vitro
experiments, data are expressed as average of two to three
determinations per treatment, in each of at least three repeat
experiments, and significant differences are indicated for
p <0.05 (*).
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