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Abstract
Background: Previous studies showed that a naturally attenuated strain from Trypanosoma cruzi triggers an immune
response mainly related to a Th2-type profile. Albeit this, a strong protection against virulent challenge was
obtained after priming mice with this attenuated strain. However, this protection is not enough to completely
clear parasites from the host. In T. cruzi infection, early Interferon-gamma (IFN-γ) is critical to lead type 1
responses able to control intracellular parasites. Therefore we evaluated whether the co-administration of a
plasmid encoding murine IFN-γ could modify the immune response induced by infection with attenuated
parasites and improve protection against further infections.
Methods: C57BL/6J mice were infected intraperitoneally with three doses of live attenuated parasites in
combination with plasmid pVXVR-mIFN-γ. Before each infection dose, sera samples were collected for
parasite specific antibodies determination and cytokine quantification. To evaluate the recall response to T.
cruzi, mice were challenged with virulent parasites 30 days after the last dose and parasite load in
peripheral blood and heart was evaluated.
Results: As determined by ELISA, significantly increase in T. cruzi specific antibodies response was detected in the group
in which pVXVR-mIFN-γ was incorporated, with a higher predominance of IgG2a subtype in comparison to the group of
mice only inoculated with attenuated parasites. At our limit of detection, serum levels of IFN-γ were not
detected, however a slight decrease in IL-10 concentrations was observed in groups in which pVXVR-mIFN-γ
was supplemented. To analyze if the administration of pVXVR-mIFN-γ has any beneficial effect in protection
against subsequent infections, all experimental groups were submitted to a lethal challenge with virulent
bloodstream trypomastigotes. Similar levels of challenge parasites were detected in peripheral blood and
heart of mice primed with attenuated parasites alone or combined with plasmid DNA. Expansion of IgG
antibodies was not significant in TCC+ pVXVR-mIFN-γ; however, the overall tendency to sustain a Th2
profile was maintained.
Conclusions: Overall, these results suggest that administration of plasmid pVXVR-mIFN-γ could have beneficial effects
on host specific antibody production in response to T. cruzi attenuated infection; however, this outcome is not reflected
in an improved protection against further virulent infections.
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Background
Trypanosoma cruzi is a kinetoplastid parasite capable of
infecting mammalian hosts leading in humans to the development of a number of clinical manifestations known
as Chagas disease. This endemic disorder is of great importance in Central and South America since several
million people are infected [1]. However, in recent years
the increasing percentage of infected people in nonendemic areas due to migration influx has been a major
focus of attention [2]. Chagas disease presents broad
immunopathological profiles, ranging from asympthomatic cases; single digestive forms with megaesophagus
and megacolon; single cardiac forms with intense
myocarditis; or digestive and cardiac forms appearing together [3, 4]. Several years after infection, 30–40% of the
infected persons develop progressive irreversible tissue
damage. Currently, chemotherapy for Chagas disease patients is limited to the administration of benznidazole or
nifurtimox. These drugs are highly effective in the acute
phase, in congenital cases and in children with chronic
infection, however; recent studies indicate a limitation in
the efficacy of these drugs in chronic adults [5]. In most
of the cases, people receiving drug therapy interrupt the
treatment as a result of the severity of the side effects associated to nitro compounds [6]. Additionally, restriction
of people living in endemic areas to the closer health
centers deprives them from receiving a prompt diagnosis
and the adequate treatment [7]. For many parasitic
diseases, vaccines had the potential to overcome these
misfortunes. Several immunoprophylactic as well as
immunotherapeutic attempts have been made in order
to prevent T. cruzi establishment and persistence in the
host [8–12]. Still, to date, there is no vaccine licensed for
Chagas disease, neither for humans nor for veterinary
use.
In T. cruzi infection, the innate and adaptive immune
responses play a crucial role in parasite control. These
responses involve macrophages, natural killer (NK) cells,
T and B lymphocytes, and the production of proinflammatory Th1 cytokines such as Interferon gamma
(IFN-γ), Tumor Necrosis Factor Alpha (TNF-α) and
interleukin 12 (IL-12) [13]. Also, the recognition of
pathogen-associated molecular patterns (PAMP) by Toll
Like receptors (TLRs), guides for activation of B and T
cells, highlighting the important role of TLRs in connecting innate and acquired immunity [14]. IFN-γ is a
key cytokine, secreted by NK cells and other cell types
upon IL-12 generation, which has been shown to be crucial in guiding the development of naïve CD4+ T cells towards a Th1 phenotype as well as activating
macrophages for the production of nitric oxide which is
responsible for parasite clearance [15–17]. CD8+ T cells
also secrete IFN-γ and their importance on parasite control has been well documented [18–20]. Still, it was
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recently shown that Th17 cells, another subset of CD4+
T cells, confer significantly stronger protection against
T. cruzi than even Th1 cells [21]. In any event, the role
of IFN-γ in controlling intracellular parasite infections is
crucial. Despite the response orchestrated, T. cruzi can
induce IL-10 production by dendritic cells and persist
indefinitely in the host [22, 23].
It has been described that the naturally attenuated
TCC strain from T. cruzi triggers a Th2-type immune
profile in contraposition to virulent strains which are
mainly related to a Th1-type one [24]. Albeit the Th2type outline triggered by TCC infection, this attenuated
strain has been extensively used by our group in prime/
boost/challenge experiments [25–31]. This evaluation
was also extended to genetically modified mutant clones
from this same strain [32, 33]. Even though protection
against further infections is strong enough to control
parasite replication, is not sufficient to completely clear
the parasites from the host. With this in mind we wondered if the addition of an external source of IFN-γ
could change or improve the immunological and protective effect of attenuated TCC parasites. In this work,
we describe the enhancement in the specific antibody responses of mice after infection with TCC attenuated parasites co-administered with plasmid DNA encoding
murine IFN-γ. However, this upgrade in the particular
humoral response elicited did not correlate with a significant reduction in parasite burden after challenge with
virulent parasites.

Methods
Parasites and plasmid preparation

For the infection assays, metacyclic trypomastigotes
from the naturally attenuated TCC strain from T. cruzi
were used [34]. Briefly, epimastigotes were grown at 28 °
C in liver digested neutralized tryptose medium (LDNT),
supplemented with 10% fetal bovine serum (FBS) until
they reached log-phase. Metacyclics trypomastigotes
were then obtained by epimastigotes differentiation
under chemically defined conditions (TAU 3AAG
medium). Complement resistant forms were purified
using normal non decomplemented serum, quantified in
a Neubauer chamber and further used to inoculate experimental animals. Virulent blood trypomastigotes
forms from the Tulahuen strain were prepared by routinely biweekly passage through BALB/c mice. The
eukaryotic expression plasmid pVXVR-mIFN-γ was gently donated by Dr. Gomez Hernandez from Brazil. Concisely, mIFN-γ was amplified from splenocytes cDNA
previously stimulated with lipopolysaccharides (LPS) and
then cloned in pVXVR plasmid, a fusion between plasmids pCDNA3 and VR1012. Final construction,
pVXVR-mIFN-γ was transformed into Escherichia coli
DH5α competent cells, grown in LB media containing
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100 μg/ml ampicillin, and purified by anion-exchange
chromatography using the Endo-free Qiagen maxiprep
kit (Qiagen) as per manufacturer recommendations and
then quantified using Nanodrop 2000 (Thermo
Scientific).
Infection in mice

Six to 8 week old male C57BL/6 J mice were used
throughout these studies. Parasites and plasmid DNA
were administered intraperitoneally (IP). For this, 105
purified metacyclic trypomastigotes/mouse from the
TCC strain were used and/or 50 μg/mouse of plasmid
pVXVR-mIFN-γ according to the particular experiment.
Three doses were delivered at 4-week intervals. Control
groups consisting of empty plasmid and non-infected
animals were included in the experiment.
T. cruzi-specific IgGs ELISA

During the infection period with attenuated parasites
and plasmid DNA, serum samples were collected and aliquots were maintained at −80 °C until use for IgGs determination. Total immunoglobulin G antibodies (1:2500
dilution-SIGMA-ALDRICH) against T. cruzi were measured by the enzyme-linked immunosorbent assay
(ELISA) using T. cruzi epimastigote homogenate as antigen (1 μg/100 μl-Coating Buffer/well). To identify the
antibody subtypes, plates were coated as above, blocked
with Phosphate Buffer Solution (PBS) 5% non-fat dry
milk, and then incubated with serum samples (1∶100
dilution, 100-μl/well) for 1 h, biotin-conjugated goat
anti-mouse Ig subtypes (IgG1 or IgG2a-1:3500 dilutionBD Pharmigen) for 1 h, and streptavidin-horseradish
peroxidase conjugate (BD-Pharmigen) for 1 h at 37 °C.
Color was developed with TMB Substrate Reagent Set
(BD-Pharmigen) and monitored at 450 nm using a
Tecan Infinite Pro microplate reader.
Spleen cells culture supernatant

Spleens were removed from euthanized infected mice,
macerated on a sterile mesh, and cells were resuspended
in RPMI 1640 medium. Following centrifugation at
160×g for 10 min at 4 °C, the cells were resuspended in
a lysis solution (0.17 M Tris pH 7.2, 0.16 M NH4Cl) to
remove erythrocytes. The remaining splenocytes were
washed three times with RPMI and resuspended in
RPMI supplemented with 20 mM glutamine, 10%
NaHCO3 and 10% fetal bovine serum. Viability of cells
was assessed by Trypan blue exclusion and cell number
was determined in a Neubauer chamber. Splenocytes
(106cells/well in triplicate) were cultured for 48 h at 37 °
C and 5% CO2, with or without stimulation with 25 μg/
mL of T. cruzi epimastigote homogenate or with 50 μg/
mL of Phytohaemagglutinin (PHA). Cell culture medium
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was then collected and aliquots stored at −80 °C until
use for cytokines determination.
Cytokine response

Sera samples as well as splenocytes culture supernatant
were used for cytokines’ measurement (IL-10, TNF-α
and IFN-γ) using optEIA enzyme-linked immunosorbent
assay (ELISA) kits (BD-Pharmingen), according to the
manufacturer’s specifications.
Survival rate and parasitemia

To evaluate the recall response to T. cruzi, mice were
challenged with T. cruzi Tulahuen strain (500 blood trypomastigotes/mouse, IP). Biweekly, blood (10 μl) was
drawn from the tail tip of mice under slight anesthesia,
and the number of parasites per 100 fields (parasitemia)
was recorded from fresh blood mounts under microscope (×400). Mortality was checked daily until 30 days
post challenge and expressed as percentage of survival.
Tissue parasite burden

Thirty days post virulent challenge mice were sacrificed
by carbon dioxide (CO2) overexposure. At this point
serum samples were taken for determining IgGs expansion and cytokines responses. Heart samples were taken
for parasite DNA quantification. Total DNA from heart
tissue (50 mg) was isolated using the ADN-Puriprep
Highway nucleic acid kit (InbioHighway), according to
instructions provided by the manufacturer. Total DNA
(10 ng) was used as a template, and real-time PCR performed on a LineGene 9640 Sequence Detection System
(BIOER) with SYBR Green Supermix (Biosystems) and
Tc18SrDNA-specific oligonucleotides (SAT_F 5’GCAG
TCGGCKGATCGTTTTCG-3′ and SAT_R 5’TTCAG
RGTTGTTTGGTGTCCAGTG-3′). Data were normalized to murine TNF-α (TNF_F 5′-TCCCTCTCATCA
GTTCTATGGCCCA-3′ and TNF_R 5’CAGCAAGCATCTATGCACTTAGACCCC-3′).
Statistical analysis

Continuous variables, such as antibody levels and
parasite concentrations in blood samples, were analyzed with the two-tailed Wilcoxon signed-rank test
for time course plots and with the Mann-Whitney or
Kruskal-Wallis test for single-day measurements with
Dunn’s Multiple Comparison Test. Values are
expressed as mean with standard errors of the mean
(SEM) from at least three independent experiments.
Differences between two groups were considered significant and are shown by *p 0.05, **p 0.01,
***p 0.001.
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Results
IFN-γ production alters the specific immune response
elicited by attenuated parasites

To determine the levels of T. cruzi-specific IgGs after infection with attenuated parasites, serum samples were
collected 30 days after each dose. As determined by
ELISA, parasite specific antibodies levels increased after
each boost and were significantly elevated in the group
in which pVXVR-mIFN-γ was co-administered in combination with attenuated parasites when compared to
the TCC infected group (Fig. 1a, *p < 0.05). To indirectly
evaluate the impact of pVXVR-mIFN-γ administration
on the effector cytokine pattern during infection with attenuated parasites, the levels of parasite specific IgG
subtypes were determined by ELISA. IgG1 antibodies
were primarily detected in TCC-infected animals with
significantly low predominance of IgG2a (Fig. 1b); however when pVXVR-mIFN-γ plasmid was administered, a
balance between IgG1 and IgG2a was observed with a
significantly increase in anti-T. cruzi IgG2a antibodies
when compared to TCC-infected animals (Fig. 1b, *p <
0.05, TCC vs TCC+ pVXVR-mIFN-γ). Because the
switch towards a different subtype could be promoted

a

b

c

d

by various cytokines, serum concentrations of regulatory
(IL-10) and pro-inflammatory (IFN-γ) cytokines were
measured. We observed that sustained boosts with TCC
parasites combined with plasmid DNA resulted in increased production of IL-10. However, when pVXVRmIFN-γ is added, the concentration of IL-10 at different
time points tended to be slightly lower (Fig. 1c, *p <
0.05). IFN-γ levels were found below the detection limit
of the technique in all of the tested samples. Spleen cells
from TCC and TCC + pVXVR-mIFN-γ infected animals
were also analyzed. Cells were stimulated for 48hs with
T. cruzi antigen and the levels of IFN-γ and IL-10 were
determined in culture supernatant (Fig. 1d). As in serum
samples, IFN-γ was not detected at significant levels. IL10 production by splenocytes was similar in TCC and in
TCC + pVXVR-mIFN-γ infected animals but different
from pVXVR-mIFN-γ administered animals or naïve
ones. Interesting to note is that naïve animals exhibited
a lower level of IL-10 compared to animals receiving
pVXVR-mIFN-γ possibly indicating that the presence of
the IFN-γ plasmid could be rendering for a lower production of IL-10 by spleen cells. From these results is
evident to conclude that the addition of pVXVR-mIFN-γ

Fig. 1 pVXVR-mIFN-γ administration alters the parasite-specific immune response elicited by infection with attenuated parasites. Mice (n = 4) were
infected (4 weeks apart) with 3 doses of 105 metacyclic trypomatigotes of the attenuated TCC strain, 50 μg of plasmid pVXVR-mIFN-γ or a combination of both. After each infection dose, serum samples were collected for IgG and cytokines determination. a T. cruzi specific total IgGs levels;
b serum levels of parasite specific IgG subtypes, c IL-10 measurement determined by ELISA and (d) IL-10 and IFN-γ levels in supernatant from T.
cruzi stimulated spleen cells. Data are representative of three independent experiments. * p < 0.05 Kruskal-Wallis test for single-day measurements
with Dunn’s Multiple Comparison Test
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may favor the expansion of the specific IgG response
mounted by the prime infection with TCC attenuated
parasites. Even more, a tendency in altering the IgG subtype levels (increased in IgG2a profile) and IL-10 production was observed after plasmid addition, indicating
that it would be possible to redirect the Th2-type phenotype obtained by the infection with TCC attenuated parasites towards a mixed Th1/Th2 profile.
TCC + pVXVR-mIFN-γ elicited protection against in vivo
lethal challenge and parasite replication in heart

To analyze if the immune response elicited by the administration of plasmid pVXVR-mIFN-γ in conjunction with live attenuated parasites was protective, all
experimental groups were submitted to a lethal challenge with virulent bloodstream trypomastigotes. Animals were infected 30 days after the last dose with
attenuated parasites alone or in combination with
plasmid pVXVR-mIFN-γ and parasites level recorded
every week during the acute phase. Survival was monitored daily and all mice from control groups succumbed to death after day 30 post challenge (Fig. 2a).
Meanwhile, TCC and TCC + pVXVR-mIFN-γ groups
showed 100% survival until the end of follow-up. The
level of circulating parasites in peripheral blood from
TCC or TCC + pVXVR-mIFN-γ infected animals was
scarcely detectable (Fig. 2b). In this model and with
this technique, the advantage of administrating
pVXVR-mIFN-γ or not was not evident since no statistically significant differences were found between
both groups. However, parasitemia from these groups
was significantly different from the control groups
(Fig. 2b, **p < 0.01). Real time PCR outcome verified
the above mentioned results, since a significant reduction in parasite-specific Tc18SrDNA signal in
heart of TCC and TCC + pVXVR-mIFN-γ infected

a

b
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animals was detected when compared to control
groups (Fig. 2c, *p < 0.05 in TCC and TCC+ pVXVRmIFN-γ vs pVXVR-mIFN-γ). Also with this technique
the advantages of introducing pVXVR-mIFN-γ were
not evident since no significant differences with TCC
primed animals were detected.

Parasite specific immune response is expanded in reply
to T. cruzi virulent infection

In order to evaluate the antibody response elicited in
primed animals after challenge with virulent parasites,
serum samples were collected 30 days post infection.
TCC infected animals exhibited a significant expansion of parasite specific IgG in response to T. cruzi
virulent infection (Fig. 3a, *p < 0.05). However, in the
case in which pVXVR-mIFN-γ was co-administered
together with attenuated parasites, expansion was significantly diminished. Although not significant, the
IgG1 response in TCC + pVXVR-mIFN-γ primed/challenged animals was lower than in TCC primed/challenged group. IgG2a was to some extent expanded in
the case in which pVXVR-mIFN-γ was added, and diminished in TCC-primed mice (Fig. 3b). These data
suggested that TCC-primed elicited a parasite-specific
IgG response upon challenge infection and that
addition of plasmid pVXVR-mIFN-γ, even not contributing to this expansion, may favor the guidance
towards a Th1 phenotype. Serum concentrations of
IL-10, TNF-α and IFN-γ cytokines were also measured after virulent challenge. The levels of IFN-γ
and TNF-α were similar in TCC or TCC + pVXVRIFN-γ primed/challenged animals in comparison to
non-primed animals (Fig. 4a-c). However, unchanged
values for IL-10 production were detected among all
experimental groups (Fig. 4b).

c

Fig. 2 Control of parasite replication in animals primed with TCC+ pVXVR-mIFN-γ after lethal challenge. Thirty days after the last dose with attenuated parasites and plasmid DNA, animals were challenged with 500 blood trypomastigotes from the Tulahuen strain (n = 4). a Survival rate during
the challenge period; b parasite load in peripheral blood as determined by fresh blood mount and (c) parasite load in heart as determined by
Real Time PCR 30 days post challenge. Data are representative of three independent experiments. * p < 0.05 and ** p < 0.01 Kruskal-Wallis test for
single-day measurements with Dunn’s Multiple Comparison Test

Pérez Brandán et al. BMC Infectious Diseases (2017) 17:732

a

Page 6 of 9

b

Fig. 3 Expansion of immune specific antibodies in response to T. cruzi infection. Thirty days after challenge serum samples from animals primed
with TCC, TCC+ pVXVR-IFN-γ, pVXVR-IFN-γ and PBS were collected for (a) parasite specific IgG antibodies and (b) IgG subtypes by ELISA. Data are
representative of three independent experiments. * p < 0.05 Kruskal-Wallis test for single-day measurements with Dunn’s Multiple
Comparison Test

Discussion
It is known that during the course of many infections,
initial IFN-γ production is fundamental and may be important in the development of resistance to many intracellular infections such as the one produced by T. cruzi.
Also, the activation of the specific cells responsible for
the production of this cytokine requires the presence of
live parasites [35]. In an attempt to elucidate if parasite
specific immune response could be modified or improved, we decided to co-administer, together with
highly attenuated parasites, a eukaryotic expression plasmid encoding the murine sequence of the cytokine IFNγ. Our principal observation is that the addition of the
plasmid containing IFN-γ significantly improves the generation of parasite specific antibodies in response to
prime infection. It is well known that early secreted
IFN-γ by NK cells activates plasma B cells to produce
antibodies in order to lyse extracellular trypomastigotes
or to facilitate the opsonization process. Therefore the
effect of early introducing a source of IFN-γ fostering
the natural generation of parasite specific antibodies
upon infection is beneficial as demonstrated by our results. The importance of IFN-γ in the generation of a

a

b

Th1 response and in the formation of IFN-γ-dependent
IgG2a antibodies has been demonstrated since parasite
specific antibody response of infected IFN-γ-KO mice
was restricted to IgG1 antibodies, being parasite specific
IgG2a antibodies absent [36]. TCC-primed animals presented a larger predominance of IgG1 rather than IgG2a
antibodies; however, with IFN-γ plasmid administration,
this phenotype could be slightly biased towards a Th1/
Th2 balance with reduced values of IgG1a and enlarged
levels of IgG2a. This switch of Ig-isotype to cytophilic
and complement-fixing IgG2a antibodies has also been
demonstrated to be induced by IFN-γ [37]. Even more,
these same results were observed in other infections assays following the same experimental design, in which
attenuated parasites and plasmid DNA were administered oral or intramuscularly, indicating that the administration route, especially for plasmid DNA, does not
modify the results herein presented (Additional file 1:
Figure S1).
When a host has been immunized, either by infection
or vaccination, one of the most important parameters to
be measured is its capacity to respond against a subsequent infection. All immunized animals were protected

c

Fig. 4 Cytokines levels in response to virulent T. cruzi infection. Cytokine concentration in serum of TCC and TCC+ pVXVR-IFN-γ primed animals
challenged with virulent parasites. Samples were collected 30 days post challenge and cytokines level measured by ELISA for (a) IFN-γ, (b) IL-10
and (c) TNF-α. Data are representative of three independent experiments. * p < 0.05 Kruskal-Wallis test for single-day measurements with Dunn’s
Multiple Comparison Test
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against death, with 100% of these mice surviving the lethal challenge. Virulent infection of primed animals with
a lethal dose of bloodstream trypomastigotes led to significantly decreased parasitemias and parasite load in
heart samples in all the groups infected with attenuated
parasites, regardless administration or not of plasmid
coding for IFN-γ. Interesting to note is that previous additions of pVXVR-mIFN-γ solely and later infection with
virulent parasites resulted, in some extent, in exacerbated parasite load in blood as well as in heart samples,
suggesting that unregulated IFN-γ inner production
could be unfavorable for the host. These results are supported by the observation that parasite load in mice inoculated with naked plasmid and later infected with
virulent parasites resulted in values similar or lower than
the control group inoculated with PBS and challenged
later (data not shown). All together, these results indicate that infection with attenuated parasites per se is efficient in regulating parasite burden in target organs and
peripheral blood and, that the combined administration
of pVXVR-mIFN-γ has no significant role in helping
controlling parasite replication at this time point.
Challenged infection resulted in a rapid and potent expansion of parasite specific antibody response in TCCinfected animals; however this expansion is not favored
by pVXVR-mIFN-γ addition. One possible explanation
for this observation maybe that upregulation of FcR by
IFN-γ activated macrophages [38] is augmented by an
additional source of IFN-γ, increasing the captured of
opsonized parasites, therefore requiring the availability
of a larger amount of parasite specific antibodies. Nevertheless, a considerable level of T. cruzi specific antibodies was detected in the group of animals primed with
pVXVR-mIFN-γ plasmid alone, indicating that mice
which have never seen T. cruzi antigen before but were
stimulated with plasmid carrying IFN-γ posses the capacity to better respond, at least at the humoral level, to a
subsequent virulent infection. This last result is also supported by the fact that animals primed with empty plasmid and later challenged with virulent parasites
presented antibodies levels similar to control group inoculated with PBS. The predominance of a Th1 phenotype in expanded specific IgGs is maintained by pVXVRmIFN-γ supply during infection with attenuated parasites, as well as after challenge infection. Since it was reported that IgG2a antibodies efficiently mediates
clearance of blood trypomastigotes [39], the increase in
anti–T. cruzi IgG2a subtype antibodies after challenge of
primed animal could be important to reduce parasite
proliferation. Additionally, the assessment of the cytokines profile also showed differences among groups. At
30 days post challenge, the levels of IFN-γ and TNF-α in
primed animals were lower in comparison to nonprimed animals (pVXVR and PBS group). This finding
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was in concordance with the level of circulating parasites
in peripheral blood at this time point, suggesting that
IFN-γ and TNF-α production in TCC and TCC +
pVXVR- IFN-γ primed-animals was not longer necessary
since parasite clearance already occurred. The elevated
levels of TNF-α found within the non-primed groups
could have a harmful effect in the host, exacerbating the
existing inflammatory response. It has been demonstrated that TNF-α increased during early T. cruzi infection is associated to the induction of trypanomicide
mechanisms and tissue injury [40]. In this regard, we
suggest that a modulated amount of IFN-γ and TNF-α
secreted after a virulent challenge could be related to a
controlled response against the antigen, meanwhile, an
exacerbation of this response with elevated levels of both
cytokines, as we have shown in the control groups could
be responsible for inflammation and consequent tissue
damage. Interestingly, in our experiments, IL-10 production did not differ among groups. Similar results were
observed by others, in which chronically infected/challenged mice only showed IL-10 production after day 7
post challenge, reaching later, to levels similar to those
found in non infected/challenged mice. These authors
suggest that IL-10 production, as IFN-γ production of
chronically infected mice depends on intense proinflammatory signals induced by parasites [41].
Besides stimulating B cells, perhaps the most noticeable effect that IFN-γ exerts is the enhancement of microbicidal activity by stimulating macrophages to
produce Nitric Oxide (NO) and kill intracellular amastigotes. This evidence has recently been confirmed by
means of “Macrophage Insensitive to Interferon
Gamma” KO mice, since macrophages from these animals were unable to produce NO and kill intracellular
parasites upon challenge and after priming with IFN-γ
[42]. On the other hand, the impact of IFN-γ in the
modulation of chemokine expression in vivo has awakened attention [43]. Therefore, it is quite obvious to postulate that other immune mechanisms, beyond the ones
herein studied, might had taken place during this
immunization process leading to an improved activation
and priming of immune specific cells capable of controlling parasite spread.

Conclusions
In summary we conclude that TCC + pVXVR-mIFN-γ
infection successfully primed B cells and induced high
parasite specific antibody response with a Th1/Th2
phenotype able to protect against a virulent challenge.
However, this increase in the specific antibody response,
due to pVXVR-mIFN-γ addition, is not enough to improve the control of parasite replication and persistence
in the host. Basic immunological studies indicate that
antibodies solely are not enough to manage T. cruzi
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infection and that parasite control relies mostly on a cellular immune response with predominance of activation
of CD8+ T cells [18, 19, 44]. In a previous work we
showed that CD8+ T cells were induced by infection
with TCC attenuated parasites [32] thus we supposed
that this response could be very likely strengthened by
endogenous IFN-γ production and expanded after virulent challenge. Licensed vaccines against many pathogens confer protection by stimulating B cells to produce
a wide repertoire of pathogen-specific antibodies. Our
most striking observation herein presented, that T.
cruzi–specific humoral responses elicited by attenuated
parasites can be optimized and presumably switch towards a Th1/Th2 balance by plasmid encoding IFNγ
supplementation, addresses the possibility that other
immune-boosting strategies, for therapeutic or immuneprophylactic vaccines approaches, should be deeper inquired into. The results herein presented emphasized
the fact that a T. cruzi vaccine should be addressed from
a multicomponent point of view, properly activating the
humoral and cellular responses needed for protection.

Additional file
Additional file 1: Figure S1. pVXVR-mIFN-γ administration alters the
parasite-specific immune response elicited by infection with attenuated
parasites by the intramuscular and oral route. Mice (n = 4) were infected
(4 weeks apart) with 3 doses of 105 metacyclic trypomatigotes of the
attenuated TCC strain, 50 μg of plasmid pVXVR-mIFN-γ or a combination
of both by the intramuscular (A-C) or oral (B-D) route. After each infection
dose, serum samples were collected for (A-B) T. cruzi specific total IgGs
levels and (C-D) serum levels of parasite specific IgG subtypes. (PDF
48 kb)
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