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ASP-2/Trans-sialidase chimeric protein induces robust
protective immunity in experimental models of Chagas’ disease
Julia T. Castro1,2,3, Rory Brito 4, Natalia S. Hojo-Souza 1,2, Bárbara Azevedo2, Natalia Salazar1, Camila P. Ferreira5,
Caroline Junqueira 1,2, Ana Paula Fernandes1, Ronnie Vasconcellos5, Jamille M. Cardoso4, Rodrigo D. O. Aguiar-Soares4,
Paula M. A. Vieira4, Cláudia M. Carneiro4, Bruno Valiate1,2, Cristiane Toledo2, Andres M. Salazar6, Otávia Caballero7, Joseli Lannes-Vieira8,
Santuza R. Teixeira1, Alexandre B. Reis 4 and Ricardo T. Gazzinelli 1,2,3✉

Immunization with the Amastigote Surface Protein-2 (ASP-2) and Trans-sialidase (TS) antigens either in the form of recombinant
protein, encoded in plasmids or human adenovirus 5 (hAd5) confers robust protection against various lineages of Trypanosoma
cruzi. Herein we generated a chimeric protein containing the most immunogenic regions for T and B cells from TS and ASP-2
(TRASP) and evaluated its immunogenicity in comparison with our standard protocol of heterologous prime-boost using plasmids
and hAd5. Mice immunized with TRASP protein associated to Poly-ICLC (Hiltonol) were highly resistant to challenge with T. cruzi,
showing a large decrease in tissue parasitism, parasitemia and no lethality. This protection lasted for at least 3 months after the last
boost of immunization, being equivalent to the protection induced by DNA/hAd5 protocol. TRASP induced high levels of T. cruzi-
specific antibodies and IFNγ-producing T cells and protection was primarily mediated by CD8+ T cells and IFN-γ. We also evaluated
the toxicity, immunogenicity, and efficacy of TRASP and DNA/hAd5 formulations in dogs. Mild collateral effects were detected at
the site of vaccine inoculation. While the chimeric protein associated with Poly-ICLC induced high levels of antibodies and CD4+ T
cell responses, the DNA/hAd5 induced no antibodies, but a strong CD8+ T cell response. Immunization with either vaccine
protected dogs against challenge with T. cruzi. Despite the similar efficacy, we conclude that moving ahead with TRASP together
with Hiltonol is advantageous over the DNA/hAd5 vaccine due to pre-existing immunity to the adenovirus vector, as well as the
cost-benefit for development and large-scale production.
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INTRODUCTION
Chagas’ disease (CD) is caused by a long-lived infection with
Trypanosoma cruzi and affects approximately six to eight million
chronically infected individuals in Latin America1,2. Although
natural transmission is controlled in many countries of Latin
America, outbreaks secondary to contamination of food or
beverages by triatomine (kissing bug) feces containing infective
T. cruzi metacyclic trypomastigotes have often been reported3.
While natural transmission to humans is restricted to Latin
America, due to immigration, the US today has approximately
300,000 patients with CD4. In addition, the autochthonous CD has
been reported in southeastern Texas5. These alarming numbers
combined with the severity of the disease and risk of parasite
transmission by blood transfusion and organ transplantation, also
makes CD a highly relevant public health problem in this and
other countries outside of Latin America1,2. Unfortunately, this
disease is largely neglected by public health authorities and the
pharmaceutical industry6,7. This scenario is worsened by the lack
of a prophylactic vaccine; besides, while available effectives drugs,
the treatment can cause adverse effects and some T. cruzi strains
are naturally resistant to chemotherapy for CD8,9.
Our research group has focused on developing a preventive

and therapeutic vaccine against infection with T. cruzi. In these
studies, we used the members of the trans-sialidase family
amastigote surface protein-2 (ASP-2) and trans-sialidase (TS) as

vaccine candidates. We have used adjuvanted proteins, plasmids,
influenza PR8 vector, as well as the human Adenovirus 5 (hAd5)
encoding either ASP-2 or TS proteins (hAd-ASP-2 and hAd-TS,
respectively)10–27. The most effective protocol used in our lab
employs priming with a combination of plasmids encoding ASP-2
and TS followed by a boost with the hAd-ASP-2 and hAd-TS,
21 days apart. While the vaccination with each of the single
recombinant proteins was not as effective, the use of a vaccination
protocol that employs two different plasmid DNAs followed by
two distinct hAd5 is not cost-effective. Therefore, we thought of
developing a vaccine that uses a fusion protein containing both
ASP-2 and TS.
In this study, we first engineered a chimeric protein, called

TRASP, that contains the segments of TS and ASP-2 with most of
the potential CD8+ T cell epitopes and the C-terminal repeats of
the TS (SAPA), which is a potent B cell epitope. Then we tested
TRASP associated to the Toll-Like Receptor 3 and MDA5 ligand,
namely polyinosinic-polycytidylic (Poly-IC) stabilized with poly-
lysine and carboxymethylcellulose (Poly-ICLC). Also named Hilto-
nol, Poly-ICLC is an adjuvant that has been used in multiple clinical
trials as an immune-stimulatory agent to treat cancer28–41. Our
results show that this formulation is highly efficient for inducing
both TRASP-specific antibodies and IFN-γ production by CD4+ T
and CD8+ T cells. Importantly, it provides strong protection
against T. cruzi challenge in mice, up to 90 days post-
immunization. Finally, this formulation is highly immunogenic,
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presents limited side effects and protects dogs against experi-
mental challenges with T. cruzi. Thus, we consider that this vaccine
prototype should be moved toward the development of a vaccine
for CD.

RESULTS
Engineering the chimeric recombinant protein named TRASP
The amino acid sequences of TS and ASP-2 proteins were defined
by screening human leukocyte antigen (HLA)-ABC-binding epi-
topes using the programs SYFPEITHI, Bimas, and IEDB. The
epitopes that received the best scores for each HLA allele were
selected. In order to find immunodominant epitopes, the
frequency in which the same peptide appeared in the top score
for different HLA-ABC alleles was analyzed. Because T. cruzi has a
high genetic diversity between strains, especially in the TS
multigene family42, we also looked for conserved immunogenic
epitopes among different discrete typing units (DTUs) (Supple-
mentary Tables 1, 2). Using these strategies, it was possible to
detect potentially immunogenic regions in both proteins. The
selected segments of ASP-2 and TS also included dog’s MHC (DLA)
(Supplementary Tables 3, 4) and mice H2-Kb and H2-Kd-binding
epitopes18,23. These regions from TS associated with three SAPA-
repeats and ASP-2 were joined into a single sequence, giving rise
to the chimeric protein named TRASP (Fig. 1a). For comparison
purposes, the selected regions from TS and ASP-2 (named rTS and
rASP-2) were used to evaluate antibody and T cell responses. The
relative molecular mass predicted for the recombinant proteins
were TRASP (≅ 62), rTS (≅ 32), and rASP-2 (≅ 30) (Fig. 1b and
Supplementary Fig. 1).

Immunization protocols
In order to investigate the potential of TRASP as a vaccine, C57BL/
6 mice and dogs were immunized with this protein supplemented
with Hiltonol® [Poly-ICLC] (TRASP-pICLC). CpG associated with
Alum was used as our control adjuvant in the mouse experiments.
The experimental schedule is illustrated in Fig. 1c. First, the
animals were administered with three doses 21 days apart. Thirty
or ninety days after the last immunization, a group of mice was
euthanized and another group was challenged with T. cruzi Y
strain. In some experiments, we included a group of mice
receiving a prime dose with plasmids (DNA TS/ASP) and a boost
of Ad5 containing TS and ASP-2 sequences (Ad TS/ASP),
30 days apart.
We also evaluated this potential vaccine in the canine model,

which is considered the best model to study Chagas’ disease by
the World Health Organization (1984). Infected dogs develop a
cardiac disease very similar to humans in both acute and chronic
stages43, and also present a similar profile of IgM and IgG
production44. As in humans, CD8+ T cells and IFN-γ are increased
in infected dogs45, whereas an unbalanced proinflammatory
response correlates with cardiomyopathy severity46. The animals
were immunized with three doses of TRASP-pICLC or with a prime
of DNA TS/ASP and one boost of Ad TS/ASP, as shown in Fig. 1d.
Dogs had their blood collected between the doses (T1–T3) and
they were challenged with T. cruzi Berenice-78 strain thirty days
after the last administration. There were also blood-collection
points after the challenge (T4–T6). Finally, the animals were
euthanized 180 days after the challenge.

Fig. 1 Construction of the chimeric protein TRASP and immunization schedule. a The immunogenic regions of TS, ASP-2 and three SAPA-
repeats were joined into a single sequence, giving rise to a chimeric protein named TRASP. b TRASP and the isolated fragments rTS and rASP-2
were expressed in E. coli and purified. Proteins’ purification was confirmed by SDS-PAGE. After that, the potential of TRASP as a vaccine was
tested in murine (c) and canine (d) models.
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Immunization with TRASP adjuvanted with Poly-ICLC elicits a
robust immune response and protects mice against T. cruzi
infection
Thirty days after the last boost, splenocytes were collected and
stimulated with rTS, rASP-2, or TRASP. As expected, splenocytes
derived from mice immunized with TRASP secreted high levels of
IFN-γ, in comparison to the control groups (received adjuvant only
and non-immunized) (Supplementary Fig. 2a). It is important to
highlight that rTS and rASP-2 stimulated the IFN-γ production by
splenocytes with the same intensity. On the other hand, IL-10
production was low in all immunized groups under specific stimuli
(Supplementary Fig. 2b).
When compared with mice that received TRASP + CpG + Alum,

splenocytes from animals immunized with TRASP-pICLC produced
similar levels of IFN-γ after stimulation with rASP-2, rTS, or TRASP.
Moreover, there was no statistically significant difference between
the secretion of IL-10 in both groups (Supplementary Fig. 2b). The
same was observed in the humoral response, and Poly-ICLC
showed to be as good as CpG + Alum to induce the production of
TS- and ASP-2-specific IgGs, when administered with TRASP
(Supplementary Fig. 2c).
Regarding the ability to protect against T. cruzi infection, it was

observed that TRASP adjuvanted with Poly-ICLC was as efficient as
TRASP+ CpG+ Alum, as demonstrated by the lower parasite load
in the blood. On the seventh-day post-infection, there was a 96.7%
reduction in parasitemia of TRASP-immunized mice compared to
the non-immunized group (PBS group) (Supplementary Fig. 2d).
Both groups immunized with TRASP showed a 100% survival rate.
PBS control groups presented 66%, the adjuvant controls Poly-
ICLC 80%, and CpG+ Alum 83% of survival (Supplementary Fig.
2e). Because Poly-ICLC has shown to be a good adjuvant and has
been successfully tested in various clinical trials for cancer therapy
and HIV vaccines28–41, we decided to maintain it in our
formulation for the next assays.
Because it is known that SAPA is a highly immunogenic region

that can drive humoral response leading to decreased levels of
antibodies against the catalytic domain of TS and immune
evasion47 we measured the levels of IgG anti-SAPA and anti-TS
without SAPA. As depicted in Supplementary Fig. 2f, g, mice
immunized with TRASP adjuvanted with Poly ICLC produce high
levels of IgG antibodies against both regions; showing that the
SAPA-repeats included in TRASP are not preventing the humoral
response against TS catalytic domain. Although the main targets
of lytic antibodies from humans are related to T. cruzi mucins48,
we investigated whether immunization with TRASP-pICLC could
induce lytic antibodies in mice. In contrast to antibodies from
naïve mice that were infected with T. cruzi at 15 days post-
infection (DPI), antibodies present in the sera of TRASP-
immunized animals did not show trypanolytic activity (Supple-
mentary Fig. 2h).

Immunization with TRASP-pICLC confers protection against
different T. cruzi strains
Due to the extensive genetic diversity among T. cruzi strains, it is
important that a vaccine against CD can elicit cross-protection
against different isolates. To assess this issue, we challenged
TRASP-immunized mice with CL-Brener (TcVI) or Be-78 (TcII)
strains. As shown in Supplementary Fig. 3, immunization with
TRASP-pICLC provided protection against both strains, demon-
strated by significantly lower parasitemia in immunized mice in
comparison with the control group. This data supports our in silico
findings that the TRASP sequence has highly conserved immuno-
genic epitopes among different DTUs (Supplementary Tables 1, 2).

TRASP associated with Poly-ICLC provides protection in mice
after 90 days of immunization
In order to evaluate whether this immunization protocol affords
prolonged protection, mice were immunized according to the
same schedule (Fig. 1c), but the groups were challenged at two
different time points: 30 or 90 days after the last boost. For
comparison, a group immunized with our gold standard vaccina-
tion protocol DNA TS/ASP+ Ad TS/ASP was included in this
experiment. As observed in Fig. 2, mice immunized with our
formulation TRASP-pICLC achieved similar levels of protection to
the mice that received the genetic vaccination, as shown by the
lower parasitemia compared with control groups (Fig. 2a, b).
Importantly, both immunizations were efficient even when the
challenge was performed at 90 days post-vaccine administration
(Fig. 2b). Besides that, 100% of immunized animals have survived
at both time points (Fig. 2c, d). These data suggest that TRASP-
pICLC is able to induce prolonged protection.
Next, mice splenocytes were collected at 30 or 90 days after the

last boost and were analyzed for IFN-γ / IL-10 production, and
antibody isotypes in the sera were also evaluated (Fig. 2e–j). The
results presented in Fig. 2e, f demonstrate that splenocytes from
immunized mice are able to produce high levels of IFN-γ under
specific stimuli (rTS, rASP-2, or TRASP) at 30 days as well as after
90 days of vaccination, and there was no difference between
either immunization protocols. The production of IL-10 (Fig. 2g, h)
was low and similar in all groups, vaccinated or not. We also
evaluated antigen-specific antibodies in mice sera, and surpris-
ingly, only TRASP-immunized mice showed high levels of total IgG,
IgG1, and IgG2c, while animals that received DNA TS/ASP + Ad TS/
ASP showed no antibody production in each time point (Fig. 2i, j).
To understand which cells are being activated by each

immunization protocol, we analyzed the immune response by
flow cytometry of TRASP-stimulated splenocytes after 90 days of
vaccination. A Uniform Manifold Approximation and Projection
(UMAP) was generated to analyze IFN-γ production by CD8+

T cells (Supplementary Fig. 4). As shown in Fig. 3a–c, mice
administered with TRASP-pICLC showed an increase in IFN-γ+

CD8+ T effector/effector memory and central memory cells after
stimulation with TRASP. The DNA TS/ASP+ Ad TS/ASP group
presented a robust expansion of IFN-γ−producing effector/
effector memory CD8+ T cells only.
We also looked at the frequency of Th1 cells (CD4+ CXCR3+ IFN-

γ+) in response to in vitro stimulation with TRASP (Supplementary
Fig. 5a and Fig. 4a, b), and it was detected a raise of this
population in TRASP-immunized mice, but not in animals
administered with DNA TS/ASP+ Ad TS/ASP. The same was
observed for Tfh (CD4+ ICOS+ PD-1+ Bcl6+) and class-switched
memory B cells (CD19+ IgD− CD27+), which were induced to
proliferate after incubation with TRASP only in mice that received
TRASP-pICLC (Supplementary Fig. 5b, c and Fig. 4c, d).

Role of CD8+ T cells as well as IFN-γ on TRASP+ Poly ICLC-
induced protective immunity
Given these results, we decided to evaluate if the protection
elicited by TRASP-pICLC is dependent on CD8+ T cells. To assess
this, we immunized β-2m−/− mice, which lacks CD8+ T cells, and
challenged them with T. cruzi. The animals were not protected
against the infection, despite they presented a lower parasitemia
than the PBS group at 5 DPI, there was no difference when
compared to the group that received Poly-ICLC only. After 14 days
of challenge, we observed a significant decrease in the parasite
load of TRASP-immunized mice, but all β-2m−/− mice succumbed
to infection within 20 DPI (Fig. 5a, b).
To confirm that the vaccination with TRASP-pICLC elicits,

especially a Th1 immune response, dependent on IFN-γ secretion,
IFN-γ−/− mice were immunized and challenged with T. cruzi. As
expected, all animals showed extremely high levels of parasitemia
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and were dead at 15 DPI, regardless they were immunized or not
(Fig. 5c, d). Therefore, it is suggested that the immune response
induced by TRASP-pICLC is highly dependent on IFN-γ. On the
other hand, immunized B cell-deficient mice (μMT) with TRASP-
pICLC showed a prolonged parasitemia when compared to the
vaccinated wild type, but surprisingly, circulating parasites were
controlled by 9 DPI (Fig. 5e), in comparison with 7 DPI in C57BL/6
mice (Fig. 4f). No mortality was observed in μMT mice challenged

with T. cruzi. These data indicate that despite eliciting a great
production of antibodies, the protective response induced by
TRASP-pICLC is primarily dependent on T cell-mediated immunity.
In conclusion, our data indicate that immunization with TRASP-

pICLC induces IFN-γ production by CD8+ T and CD4+ T cells.
Although immunization also stimulates the proliferation of Tfh
and memory B cells, protective immunity seems to be mostly
dependent on CD8+ T cells and IFN-γ. While immunization with
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Fig. 2 Analysis of prolonged protection. a, b Immunized mice were challenged with 104 blood trypomastigotes of T. cruzi Y strain at 30 (a) or
90 (b) days after the last vaccine dose, and parasitemia was followed by 15 days post-infection (DPI), mean ± SEM. Mice survival was evaluated
until 25 DPI in both time points (c, d). e–h The levels of IFN-γ (e, f) and IL-10 (g, h) produced by splenocytes were evaluated after culture with
specific stimuli at 30 (e, g) and 90 (f, h) days post-immunization. Additionally, anti-TRASP IgG isotypes were evaluated in mice sera at 30 (i) and
90 (j) days post-immunization. The statistical analysis of parasitemia and cytokine levels was carried out using two-way ANOVA and Tukey’s
multiple comparisons test. The statistical analysis of survival was performed using the log-rank test. Data were representative of two
independent experiments (n= 4–6 mice per group). *p < 0.05; ***p < 0.001; ****p < 0.0001.
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DNA TS/ASP+ Ad TS/ASP induced a stronger response of effector/
effector memory CD8+ T cells compared to mice immunized with
TRASP, the level of protection was similar between mice
immunized with TRASP+ Poly ICLC versus genetic vaccination.

Immunization with TRASP associated with Poly-ICLC has low
toxicity and side effects in dogs
Because we obtained promising results in the murine model, we
decided to test our formulation in dogs, which are considered an
appropriate model to study human Chagas’ disease [74,75]. The
animals were immunized according to the schedule presented in
Fig. 1d. First, we analyzed whether the vaccine administration
would cause toxicity, and therefore several parameters were
evaluated 24–72 h after each dose, such as weight loss, fever,
edema, local pain, rash, and skin peeling (Supplementary Table 5).
No local or systemic alterations on the animals were detected after
the first dose, in any of the groups. However, after the second
dose, it was noticed the emergence of edema in animals that
received Poly-ICLC (1/6), DNA TS/ASP+ Ad TS/ASP (4/9), and
TRASP-pICLC (6/9). No other symptoms were observed. After the

third dose, there was an appearance of local edema in dogs from
those same groups, and also local pain in one animal administered
with DNA TS/ASP+ Ad TS/ASP and two with TRASP-pICLC (2/9).
Nevertheless, all of these were mild alterations disappeared after
24 h. According to these results, both immunizations present low
toxicity and, consequently are safe.

Vaccination with TRASP associated with Poly-ICLC is highly
immunogenic in dogs
To evaluate the humoral immune response induced by vaccina-
tion, IgM and IgG antibodies were measured in dogs’ sera. On early
time points (T1–T3), we identified an increase of specific IgM anti-
ASP-2, anti-TS, and anti-TRASP in animals immunized with TRASP-
pICLC, compared with the genetic vaccination and control groups
(Supplementary Fig. 6). Total IgG and IgG1/2 isotypes anti-ASP-2
and anti-TS were detected at remarkable levels in the animals
vaccinated with TRASP associated with Poly-ICLC (Fig. 6a–f).
Importantly, high rates of IgG isotypes persisted in these animals
after the challenge. Surprisingly, before the challenge, dogs
immunized with DNA TS/ASP+ Ad TS/ASP did not induce
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Fig. 3 Immunophenotyping of CD8+ T lymphocytes in immunized mice. After 90 days of immunization, mice splenocytes were stimulated
with TRASP for 18 h or left unstimulated (RPMI only) and were then characterized by flow cytometry. a UMAP projection of IFN-γ production by
CD8+ T lymphocytes compartments, separated in Naïve (CD8+ CD44− CD62L−), effector/effector memory (CD8+ CD44+ CD62L−), and central
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significant.
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detectable levels of antigen-specific IgGs. After the challenge, we
noticed that, similar to the non-vaccinated groups, it was detected
high levels of IgGs anti-TS, but not anti-ASP-2, suggesting that the
TS-specific antibodies were induced by T. cruzi infection.
Regarding the cellular immune response, it was observed that

PBMCs from all dogs immunized with TRASP-pICLC were strongly
induced to secrete IFN-γ under stimulation with TRASP after 21
days of vaccination. In contrast, not all dogs immunized with DNA
TS/ASP+ Ad TS/ASP have PBMCs that produced this cytokine
(Fig. 6g). Thirty days post-challenge with T. cruzi (T4), IFN-γ
production by PBMCs stimulated with TRASP was elevated in all
dogs. Still, the levels were higher in TRASP-immunized animals
compared to genetically immunized dogs (Fig. 6h). In contrast,
after 180 days of infection (T6), all animals responded to TRASP
stimulus, regardless of the immunization (Fig. 6i).
We also assessed the ability of T lymphocytes to proliferate after

stimulation with the recall antigens ASP-2, TS, or TRASP. As
depicted in Fig. 6j, k, ASP-2 induced the expansion of CD4+ and
CD8+ T cells from immunized dogs at 30 days post-vaccination
(T3). Thirty days after the challenge (T4), CD4+ T cells maintained
the ability to proliferate under ASP-2 stimulus in both immunized

groups, while the proliferation of CD8+ T cells persisted only in
TRASP-immunized animals. Stimulation with TS elicited a slight
expansion of CD4+ T cells from dogs vaccinated with TRASP-pICLC
at T3 (Fig. 6l). On the other hand, it was detected a significant
increase of CD8+ T cells derived from both immunized groups,
compared to controls (Fig. 6m). Thirty days post-challenge, the
proliferation was observed on CD4+ and CD8+ populations from
animals vaccinated with TRASP-pICLC and DNA TS/ASP+ Ad TS/
ASP (Fig. 6l, m). In turn, TRASP stimulation has led to a significant
expansion of CD4+ T lymphocytes, especially at T4, but only in
TRASP-immunized dogs (Fig. 6n). Otherwise, TRASP-stimulated
CD8+ T cells were augmented in both vaccinated groups at T3 and
T4 (Fig. 6o). Interestingly, TRASP stimulus elicited a greater
proliferation of CD8+ T lymphocytes than ASP-2 and TS. In dogs
administered with TRASP-pICLC, the frequency of these cells were
approximately four times higher under TRASP stimulation than the
other antigens. Additionally, we assessed the production of IFN-γ
on CD4+ and CD8+ T lymphocytes by flow cytometry (Fig. 6p, q).
Substantial differences were observed after 30 days of infection,
when there was an elevation of CD4+ IFN-γ+ T cells in the animals
vaccinated with DNA TS/ASP+ Ad TS/ASP, and a robust increase

IFN-CD4+ CD4+ CXCR3+

RPMI 

TRASP 

PBS +  
Ad Gal 

Poly ICLC 
TRASP  

+ 
 Poly ICLC 

DNA TS/ASP  
+ 

Ad TS/ASP 

a 

PBS DNA  + Ad Gal Poly ICLC DNA TS/ASP + Ad TS/ASP 

CD4+ Th1 
b 

 N
S

TRASP NS

TRASP NS

TRASP NS

TRASP NS

TRASP
0.0

0.2

0.4

0.6

%
 C

D
4+  

C
XC

R
3+ 

IF
N

-
+ 

(G
at

ed
 o

n 
si

ng
le

 liv
e 

ce
lls

)

p = 0.0074

ns

nsns ns

 N
S

TRASP NS

TRASP NS

TRASP NS

TRASP NS

TRASP
0.00

0.02

0.04

0.06

0.08

0.10

%
 C

D
4+  I

C
O

S+  P
D

1+ 
Bc

l6
+  

(g
at

ed
 o

n 
si

ng
le

 li
ve

 c
el

ls
)

p = 0.0205

p = 0.0275
ns

ns ns

p < 0.05

 N
S

TRASP NS

TRASP NS

TRASP NS

TRASP NS

TRASP
0.0

0.2

0.4

0.6

0.8

1.0

%
 C

D
19

+  I
gD

-  C
D

27
+

(g
at

ed
 o

n 
si

ng
le

 li
ve

 c
el

ls
)

p = 0.0163

nsns ns

ns

c d 
CD4+ Tfh Memory B cell 

TRASP + Poly ICLC 

Fig. 4 Characterization of CD4+ T and B lymphocytes elicited by vaccination. In vitro-stimulated splenocytes were immunophenotyped by
flow cytometry after 90 days of immunization. a UMAP projection showing the production of IFN-γ by CD4+ Th1 cells (CD4+ CXCR3+).
b Frequency of CD4+ CXCR3+ IFN-γ+ c CD4+ Tfh (CD4+ ICOS+ PD-1+ Bcl6+), and d class-switched memory B cells (CD19+ IgD− CD27+). The
statistical analysis was carried out using paired t-test. Data were representative of two independent experiments (n= 3 mice per group). ns
non-significant.

J.T. Castro et al.

6

npj Vaccines (2023)    81 Published in partnership with the Sealy Institute for Vaccine Sciences



of CD8+ IFN-γ+ T cells in both immunized groups. According to
this data, it is suggested that the major source of vaccine-induced
IFN-γ is CD8+ T lymphocytes.

Immunization with TRASP adjuvanted with Poly-ICLC protects
dogs against T. cruzi infection
Finally, we evaluated the antiparasitic response elicited by the
vaccines. Dogs were euthanized 180 days after the challenge and
had their heart collected for quantification of parasite load by
qPCR. The heart was sectioned in the right and left atrium, right
and left ventricle, and apex. Among these sections, the apex was
the most parasite-abundant, while in the other heart areas T. cruzi
DNA was detected in low levels (Fig. 7a). Therefore, the apex was
used to compare the parasite load between the groups. As shown
in Fig. 7b, only 12.5 and 33.3% of DNA TS/ASP+ Ad TS/ASP and
TRASP-pICLC-immunized dogs, respectively, presented detectable
parasite DNA. On the other hand, control groups showed at least
80% of positive animals. Also, the number of parasites/100 ng of
gDNA was significantly lower in both vaccinated groups, as
depicted in Fig. 7c. Besides, the histopathology showed an intense
inflammatory process in the left ventricle of unvaccinated animals,
represented by an increase in the number of cells/microscope
field (Fig. 7d–g). Otherwise, dogs immunized with DNA TS/
ASP+ Ad TS/ASP or TRASP-pICLC exhibited a discrete and focal
inflammatory process (Fig. 7h, i). These results indicate that
immunization with TRASP-pICLC is not only immunogenic, but
also protective against T. cruzi infection.

DISCUSSION
Over the last 20 years, we focused on two antigens as vaccine
candidates for CD10–27. These antigens are an amastigote surface
protein, ASP-2, and the virulence factor named TS, which is
encoded by a large gene family primarily expressed by the
trypomastigotes49,50. This strategy was designed to aim for a
vaccine that targets both the intracellular amastigote and the

extracellular trypomastigote stages by inducing CD8+ cytotoxic T
cells as well as antibodies, respectively51. Indeed, we found that
the vaccines that contained both antigens were more effective in
mice. These recombinant antigens associated with different
adjuvants, encoded in plasmids or in the non-replicative
adenovirushAd5 induced strong protective immunity10–27. While
most of these formulations induced protection, we established
that a heterologous prime-boost protocol using a mixture of
plasmid DNA encoding ASP-2 and TS followed by a combination
of hAd-ASP-2 and hAd-TS was the most effective protocol for
inducing protective immunity. This vaccine formulation was highly
efficacious both in preventive19,23,26 and therapeutic protocols20.
In addition, it was protective in mice with different genetic
backgrounds12,19,23 or challenged with different lineages of T.
cruzi11,23. Here, we designed a TS/ASP-2 fusion protein (TRASP)
based on human T cell epitopes and the highly immunogenic B
cell epitope (SAPA) present in TS49,50. When associated with the
adjuvant Poly-ICLC28,29 TRASP is highly immunogenic and
provided strong protection in mice and dogs experimentally
infected with T. cruzi.
After acute infection, individuals infected with T. cruzi develop

a strong immune response and the disease evolves into a chronic
asymptomatic stage. Thirty percent of these patients show barely
detectable parasitemia, but develop a cardiomyopathy or the
digestive form of disease52. In post-mortem studies, it was shown
that tissue parasitism is also scarce in patients with chronic CD to
the point that a T. cruzi-induced autoimmunity was evoked to
explain the heart inflammatory processes in the absence of
parasites53. However, by using more sensitive techniques, such as
immunocytochemistry and PCR, a clear association between
parasite and tissue inflammation has been shown, both in
patients and mice experimentally infected with T. cruzi54. In
addition, different studies suggest that severe chronic disease is
positively associated with parasite load (parasitemia) during acute
infection. Hence, the current consensus is that the inflammatory
processes found in chronic patients is elicited by the presence of
very few parasites and is not an autoimmune disease54. This is all

1 3 5 7 9 11 13 15
0

200

400

600

DPI

(P
ar

as
ite

s/
m

L 
bl

oo
d)

 x
10

3

C57BL/6 mice

****

1 3 5 7 9 11 13 15
0

100

200

300

400

DPI

(P
ar

as
ite

s/
m

L 
bl

oo
d)

 x
10

3

2m-/- mice

*

1 3 5 7 9 11 13 15
0

5000

10000

15000

20000

25000

DPI

(P
ar

as
ite

s/
m

L 
bl

oo
d)

 x
10

3

IFN- -/- mice

***

0 2 4 6 8 10 12 14 16 18 20
0

20

40

60

80

100

DPI

Pe
rc

en
t s

ur
vi

va
l

0 2 4 6 8 10 12 14 16 18 20
0

20

40

60

80

100

DPI

Pe
rc

en
t s

ur
vi

va
l

1 3 5 7 9 11 13 15
0

100

200

300

DPI

(P
ar

as
ite

s/
m

L 
bl

oo
d)

 x
10

3

****

µMT mice
a 

b 

c 

d f 

e 

PBS
Poly-ICLC
TRASP + Poly ICLC 

Fig. 5 Importance of T and B lymphocytes in the protection of immunized mice against T. cruzi infection. β-2m−/− (a, b), IFN-γ−/− (c, d),
μMT (e), and C57BL/6 (f) mice were immunized with TRASP-pICLC and challenged with T. cruzi. Parasitemia (a, c, e, f) and survival (b, d) were
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****p < 0.0001.
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to say that infection with T. cruzi induces a strong anti-parasite
immune response that is highly effective in controlling the
parasite load, but not enough to eradicate the infection in
chronically infected hosts51. In the future, we intend to explore

the efficacy of this vaccine in a therapeutic protocol to treat
chronic Chagas’ disease.
Unfortunately, there is no available vaccine for CD and little

funding is available to support the development of a vaccine.
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Nevertheless, several antigens or live attenuated and even CRISPR-
edited parasites have been tested as vaccine candidates in
experimental models55. Among the vaccine candidates different
groups have used the TS, ASP-2, Tc24, cruzipain, members of the
TcG family and other antigens10–21. For a complete list, please see
reviews by Malchiodi56 and Garg57. As an attenuated vaccine, the
CL-14 clone that is naturally deficient in expression of complete
active TS and the CRISPR-edited cell line in which active TS genes
have been disrupted, induces a strong immunity to challenge with

the parental CL strain or the virulent clone CL-Brener or the Y
strain58–60.
In a recent study, a fusion protein containing ASP-2, TS, and the

cruzipain antigens was shown to induce a high degree of
protection in mice. The authors used 3′5′-c-di-AMP as an adjuvant,
an agonist cGAS, and showed that STING, a mediator of Type I IFN
induced by cytosolic receptors for viral DNA and RNA, is necessary
to induce protective immunity by this vaccine formulation61. Here,
we focused in the ASP-2 and TS regions that have more abundant

Fig. 6 Humoral and cellular immune response induced by vaccination in dogs. Elevated levels of IgG isotypes anti-ASP-2 (a–c) and anti-TS
(d–f) were detected in the sera from dogs immunized with TRASP-pICLC in different time points. g–i IFN-γ production was analyzed in PBMC’s
culture supernatant stimulated with TRASP at T3 (g), T4 (h), and T6 (i). j–o The proliferation of CD4+ and CD8+ T cells under specific stimuli of
ASP-2 (j, k), TS (l, m), and TRASP (n, o) was evaluated at T0, T3, and T4. Intracellular staining of IFN-γ on CD4+ (p) and CD8+ (q) T lymphocytes
was assessed by flow cytometry and is represented by index (PMA/Control). All the statistical analysis was carried out using two-way ANOVA
and Tukey’s multiple comparisons test, except data from IFN-γ detection, which was analyzed by Kruskal–Wallis and Dunn’s multiple
comparisons test. Mean ± SEM. n= 6–9 dogs per group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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T cell epitopes and included a SAPA from TS antigen as a strong B
cell epitope. In addition, we used an improved version of Poly (IC),
which is encapsulated to assure RNA stability, and also limits the
toxicity of this adjuvant. Poly-ICLC activates TLR3 and MDA5, as
well as other cytosolic receptors for viral RNA. It has been
produced in GMP grade and is used in various clinical trials
together with anti-cancer and anti-viral vaccines28–41.
We used the plasmid DNA and replication-deficient adenovirus

expressing ASP-2 and TS prime-boost protocol as our gold
standard vaccine. When adjuvanted with Poly-ICLC, TRASP
induced a strong production of IFN-γ, but not IL-10, by CD4+

and CD8+ T cells as well as activation of Tfh cells and B
lymphocytes to produce high levels of antigen-specific IgG2c
antibodies. The humoral immune response induced by the
chimeric protein adjuvanted with Poly-ICLC was very robust, in
contrast with the plasmid/adenovirus protocol that was not
effective in this matter.
It is well known that CD8+ T cells, by producing IFN-γ and killing

infected cells, play a central role in resistance to T. cruzi14,22,62,63.
As expected, IFN-γ KO mice vaccinated with either protocol were
highly susceptible to T. cruzi. Although the formulation using the
replication-deficient adenovirus expressing ASP-2 and TS were
more efficient in inducing IFN-γ+ effector/effector memory CD8+

T cells, mice immunized with TRASP-pICLC also showed an
expansion of these cells, along with IFN-γ+ central memory CD8+

T cells. Consistently, the protection induced by the TRASP-pICLC
formulation was highly dependent on IFN-γ, but also dependent
on CD8+ T cells and less dependent on B lymphocytes and
antibody production.
Finally, we report that immunization with TRASP-pICLC is highly

immunogenic, nontoxic, and induced protection in dogs. It
induced higher levels of anti-TS and anti-ASP-2 antibodies, a
higher CD4+ Th1, and in contrast to mice, a slightly higher CD8+ T
cell response, when compared to the plasmid/adenovirus vaccine.
The immunization with TRASP-pICLC also induces a more robust
immunity in dogs that may last longer, since, different from mice
immunized with plasmid/adenovirus, both T and B cell compart-
ments are engaged.
In conclusion, our data show that TRASP is highly immunogenic

both for humoral and T cell responses and induces strong
protection in mice and dogs. Although genetic vaccination confers
robust protection, there are some counterpoints. During the
COVID-19 pandemic, we learned that the industrial production of
non-replicative adenovirus vaccines is not a main limitation.
However, there are some practical issues that need to be
considered, first, adenovirus 5 is a prevalent virus in human
populations, and a vaccine using adenovirus 5 as a vector maybe
less effective in seropositive patients. The same is to say about the
adenovirus 26 and the chimpanzee (ChadOx), which were widely
used in the COVID-19 vaccines. Secondly, the adenovirus vaccines
were shown to have a more pronounced side effect, in particular
in the first dose64. Furthermore, despite the production of
adenovirus vaccines on an industrial scale is feasible, the costs
of production of recombinant proteins in bacteria is cheaper, and
this infrastructure is readily available in the middle-income
Countries of Latin America. Hence, considering the quality of
immune response, infrastructure requirement for its production in
GMP conditions, the TRASP-pICLC formulation appears to be a
better strategy for further development of a vaccine for Chagas’
disease.

METHODS
Ethics statement
The experiments were carried out following the recommendations
of the Guide for the Care and Use of Laboratory Animals of the
Brazilian National Council of Animal Experimentation (CONCEA).

The protocols for mouse and dog experiments were approved by
Fundação Oswaldo Cruz and Universidade Federal de Ouro Preto
Ethics Commission on Animal Use (CEUA), LW 02/19 and 2017/37,
respectively.

Mice, dogs, and parasites
Female C57BL/6 mice, 4–6 weeks old, were purchased from the
Center for Laboratory Animal Facilities of the Federal University of
Minas Gerais (CEBIO-UFMG). IFN-γ knockout (IFN-γ−/−), β-2
microglobulin knockout (β-2m−/−), and μMT (B KO), originally
from Jax Laboratories, were bred at Fiocruz-Minas animal facilities.
Bloodstream trypomastigotes of the Y strain of T. cruzi (DTU TcII)
were obtained from mice infected 7 days earlier. Each mouse
received 104 trypomastigotes diluted in 0.1 ml phosphate buffered
saline (PBS), administered intraperitoneally12,13,19,23,26. Alterna-
tively, immunized mice were challenged with 5 × 103 bloodstream
trypomastigotes of Berenice-78 (DTU TcII) or CL-Brener (DTU
TcVI)65.
In the canine experiments, we utilized 36 mongrel dogs

6 months old (15 males and 21 females) born in the kennel at
UFOP, Minas Gerais, Brazil. They were treated with anthelminthic
drugs and vaccinated against the most common canine infectious
pathogens. Later, the animals were infected with blood trypo-
mastigotes of Berenice-78 strain66 that were maintained in Swiss
Webster mice. Each dog received a dose of 2000 trypomastigotes/
kg body weight intraperitoneally.

Epitope prediction
Three programs were used for epitope prediction: SYFPEITHI67;
BIMAS68, and The Immune Epitope Database and Analysis
Resource (IEDB)69. Potential HLA-ABC-binding epitopes were
sought in the sequences of TS (accession Q4CZ79) and ASP-2
(accession U77951.1). The search was performed for all HLA alleles
present in at least two of the three programs.

Expression and purification of recombinant proteins
Plasmids pET-21a cloned with the sequences of TRASP, rTS, or
ASP-2 plus a tag of six histidine residues were purchased from
Genscript®. Each construction was transferred to Shuffle T7
Express E. coli for the production of the recombinant proteins.
Transformed bacteria were grown at 37 °C in LB medium
containing 100 µg/mL of kanamycin, and protein expression was
induced by IPTG at 25 °C for sixteen hours. TRASP, rTS, and rASP-2
were purified from crude bacterial extracts by immobilized metal
affinity chromatography, following the manufacturer’s protocols
(Novagen, Inc.Madison, WI). Then, proteins were dialyzed for urea
reduction to 1 M and endotoxins were removed through an ε-
poly-L-lysine resin (Thermo Fisher). The levels of endotoxin were
quantified with the kit ToxinSensor™ Chromogenic LAL Endotoxin
Assay (GenScript), and it was achieved acceptable levels for
inoculation (<20 EU/dose). Finally, the purified recombinant
proteins were analyzed by SDS-PAGE through the visualization
of bands corresponding to the estimated molecular weight
(original uncropped gel is supplied in Supplementary Fig. 1).
Two additional recombinant versions of TS, expressed in E. coli,
one without the C-terminal SAPA-repeats (TS w/o SAPA) and
another containing only the repetitive SAPA domain (SAPA) were
purified using a his-tag and nickel column system and employed
in our ELISA to detect antibodies.

Amplification and purification of plasmids and adenovirus
encoding ASP-2 or TS genes
The genetic vaccination (DNA TS/ASP+ Ad TS/ASP) was per-
formed with the plasmids p154/13 and pIgSPclone9, which are
recombinant plasmids that encode the sequences of TS (DNA TS)
and ASP-2 (DNA ASP-2), respectively. We also utilized human
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replication-deficient adenoviruses type 5 (Ad5) expressing TS
(AdTS) or ASP-2 (AdASP-2). The constructs were generated as
described previously in refs. 19,70,71.
Briefly, commercially available pcDNA3 (Invitrogen) was ligated

with the sequences of signal peptide and the catalytic domain of
the TS protein gene 154 (accession Q26964), originating the
plasmid p154/13. The plasmid pIgSPclone9 was generated
through the ligation of pcDNA3 with the sequences of immu-
noglobulin κ chain SP (IgSP) and ASP-2 protein clone 9 gene
(accession AY186572). Both constructs were grown in E. coli DH5α
and purified on cesium chloride density gradients.
Recombinant adenoviruses were generated through a cotrans-

fection of the plasmids pJM17 (encodes the complete Ad5
genome) and pAdCMV-TS or pAdCMV-ASP-2 (bearing the
sequences of TS or ASP-2 from p154/13 or pIgSPclone9,
respectively)into HEK 293 cells. The assembled viruses AdTS and
AdASP-2 were propagated in HEK 293 cells and purified in a
cesium chloride isopycnic centrifugation.

Immunizations
The purified protein TRASP was inoculated subcutaneously on the
dorsal region in mice and on the right flank in dogs. Both species
received three doses, at 21 days apart for mice and 30 days for
dogs. In mice, administrations contained 10 μg of TRASP
supplemented with 18 μg of CpG B344 (synthetized by Alpha
DNA, Montreal, Canada) plus 30% (v/v) of Alum Rehydragel L.V.
solution (Reheis, Berkeley Heights, NJ)72,73 or 50 μg of Hiltonol®
(Poly-ICLC) supplied by Oncovir (Washington, D.C.)28–41. In dogs,
each dose contained 150 μg of TRASP adjuvanted with 500 μg of
Hiltonol® (Poly-ICLC).
The heterologous prime-boost protocol with plasmids and

adenovirus for mice comprised of a prime dose with 50 μg of DNA
TS plus 50 μg of DNA ASP-2 and a boost dose, twenty-one days
later, containing 108 PFU of AdTS plus 108 PFU of AdASP-2. The
control groups received 100 μg of pcDNA3 (DNA∅) and 2 × 108

PFU of Ad5 expressing β-galactosidase (AdβGal).19,23,26. Dogs
received a prime of 200 μg of DNA TS plus 200 μg of DNA ASP-2
and two boosts, each one containing 109 PFU of AdTS plus 109

PFU of AdASP-2. Each dose was inoculated intramuscularly at
21 days apart. Control groups received 400 μg of DNA∅ and two
boosts with 2 × 109 PFU of AdβGal.

Detection of antigen-specific antibodies
For mice, ELISA plates were coated with 1 μg/well of rASP-2, rTS or
TRASP, reacted with sera diluted 1:200, followed by incubation
with secondary antibodies anti-total IgG, anti-IgG1, or anti-IgG2c
conjugated with streptavidin-HRP (Cat 1030-05, 1070-05, 1079-05,
Southern Biotech), all diluted 1:5000. For dogs, we used ELISA
plates (Costar) coated with 100 ng/well of T. cruzi recombinant
antigens, sera diluted 1:100 and anti-total IgG, IgG1, IgG2, and IgM
conjugated with streptavidin-HRP (Cat A40-123P, A40-120P,
A40121P, BEYA40-116P, Bethyl Laboratories, INC), all diluted
1:100,000. The reactions were developed with the substrate 3,3’
5,5’-tetrametylbenzidine (TMB) from SIGMA and read at
450 nm19,73.

Complement-mediated lysis assay
The assay was conducted as previously described in refs. 74,75.
First, antibody-free trypomastigotes were isolated from infected B
lymphocyte-deficient mice (B KO). At 9 DPI, T. cruzi-infected B KO
mice were bled, and the blood was centrifuged at 5000 rpm for
15min to collect the plasma. The parasites were then purified by
centrifugation at 1000×g for 20 min, counted and adjusted to 106

trypomastigotes/mL in PBS 10% SFB. Twenty-five microliters of
antibody-free trypomastigotes was added to 100 μL of serum from
TRASP-immunized mice and incubated at 37 °C for 30 min. Serum

from T. cruzi-infected mice at 15 DPI was used as a positive
control. Then, 25 μL of the mixture was incubated with 25 μL of
complement-rich fresh human serum (HuS) or inactivated (iHuS) at
37 °C for 30min. After that, motile parasites were put on ice and
counted in a Neubauer chamber. The percentile of lysis was
calculated as follows:

% lysis ¼ 100� number of parasites after incubation with HuS
number of parasites after incubationwith iHuS

x 100

Lymphocyte proliferation and cytokine measurements
Mouse splenocytes were isolated by macerating the spleen
through a 100 μm pore cell strainer (Cell Strainer, BD Falcon)
followed by treatment with ACK buffer for erythrocytes lysis. The
number of cells was adjusted to 106 cells per well and then
stimulated with 10 μg/mL of rTS, rASP-2, or TRASP. Concanavalin A
(Sigma, 5 μg/mL) was used as a positive control. The supernatants
were collected 48 h post-stimulation and the levels of IFN-γ and IL-
10 determined by ELISA (R&D Systems)19,73.
Blood samples from dogs were collected from the jugular vein

and peripheral blood mononuclear cells (PBMCs) purified by Ficoll-
Hypaque density gradient (Histopaque® 1.077; Sigma). The PBMCs
were suspended in RPMI at 107 cells/mL, stained with 10 μM of
succinimidyl ester of fluorescein carboxy diacetate (CFSE, Mole-
cular Probes) and cultured for 5 days in the presence of total T.
cruzi extract of Be-78 (Ag Be-78), rASP-2, rTS, or TRASP at a final
concentration of 10 μg/mL. Concanavalin A (Sigma) at 4 μg/mL
was a positive control. After the incubation period, the super-
natant was collected and stored at −80 °C for detection of IFN-γ
and IL-10 by ELISA (R&D Systems). The PBMCs were collected,
labeled with anti-CD4 PE (YKIX302.9, Bio-Rad) and anti-CD8 Alexa
Fluor 647 (YCATE55.9, Bio-Rad), and for the proliferation assay, a
total of 50,000 events were read on a BD FACScalibur flow
cytometer.

Flow cytometry
For immunophenotyping splenocytes derived from immunized
mice76, a total of 2 × 106 cells were incubated for 18 h at 37 °C and
5% CO2 with RPMI 1640 medium alone or containing 10 μg/mL of
TRASP. During the last 6 h of culture, GolgiStop and GolgiPlug
Protein Transport Inhibitors (BD Biosciences) were added to the
cell cultures. The splenocytes were then washed with PBS, stained
with Live/Dead reagent (Invitrogen), and incubated with FcBlock
(BD Biosciences). The following mAbs were used to label cell
surface markers: anti-CD3 PE-Cy5 or APC-Cy7 (145-2C11, BD), anti-
CD4 Alexa Fluor 700 (RM4-5, eBioscience), anti-CD8 Alexa Fluor
700 (53-6.7, BD), anti-CD62L APC (MEL-14, BD), anti-CD44 BV 605
(IM7, eBioscience), anti-CD278/ICOS FITC (7E-1769, BD), anti-PD-1
PE-Texas Red (J43, Invitrogen), anti-CXCR3 Pacific Blue (CXCR3-173,
BD), anti-CD19 FITC (1D3, eBioscience), anti-CD27 PE (LG.7F9,
eBioscience), and anti-IgD Pacific Blue (11-26, BD). For intracellular
staining, cells were washed, fixed, and permeabilized according to
the manufacturer’s instructions (Cytofix/Cytoperm, BD Biosciences
or Foxp3/Transcription Factor Staining, eBioscience) and stained
with anti-IFN-γ PerCP-Cy5.5 or APC (XMG1.2, eBioscience) and anti-
Bcl-6 Pacific Blue (K112-91, BD). Flow cytometry was carried out
using a BD LSRFortessa and ~100,000 live CD3+ CD4+ or CD3+

CD8+ cells were acquired. Data were analyzed using FlowJo
software.
For experiments with dogs, the blood was collected and then

incubated with RPMI with PMA (25 ng/mL), ionomycin (1 μg/mL),
and brefeldin A (10 μg/mL, Sigma). For comparison, there were
also tubes containing only RPMI and brefeldin A. The cells were
then washed and stained with anti-CD8 Alexa Fluor 647
(YCATE55.9, Bio-Rad) and anti-CD4 FITC (YKIX302.9, Bio-Rad). For
intracellular staining, cells were permeabilized and stained with
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anti-IFN-γ PE (CC302, Bio-Rad). The samples were read on the
FACSCalibur flow cytometer in which 100,000 events were
acquired. The final data are represented by indexes, determined
by the percentage of positive cells in the PMA/Ionomycin-
stimulated cells divided by the paired unstimulated control.

Quantification of parasite load by qPCR
Fragments of the heart were collected during necropsy at 180 days
after vaccination, then subjected to procedures of DNA extraction
using WizardTM Genomic DNA Purification Kit (Promega, Madison,
WI, USA), following manufacturer’s recommendations. The qPCR
was carried out with the Platinum SYBR Green protocol (Thermo
Fisher) and the parasite load was quantified by the standard curve
method. The 195-bp repeat DNA-specific primers TCZ-F 5′-
GCTCTTGCCCACAMGGGTGC-3′, where M= A or C and TCZ-R 5′-
CCAAGCAGCGGATAGTTCAGG-3′ were used for quantifying the T.
cruzi DNA. As an endogenous mouse gene we used the TNF-5241
5′-TCCCTCTCATCAGTTCTATGGCCCA-3′ and TNF-5411 5′-CAG-
CAAGCATCTATGCACTTAGACCCC-3′77.

Histopathology
For histopathological analysis of myocardial tissues, dogs were
necropsied at 180 days after vaccination and fragments of the
heart were fixed in 4% buffered formalin (pH 7.2) for 48 h and
embedded in paraffin. Sections (4 mm thick) were mounted on
glass slides and stained with Haematoxylin-Eosin (HE) for
quantification of the inflammatory process. Morphometric studies
of inflammation involved analyzing images of 25 randomly
selected fields (total area 1.1 × 106 μm2) of left ventricles sections
on a single slide per animal. Inflammatory infiltration was
quantified by counting the cell nuclei present in the sections.
Sections were viewed with a 40x objective and images were
digitized by microcamera AxioCam MRc (Zeiss) associated with
Zeiss microscopy Axio Imager Z2; all images were analyzed using
the image processing and analysis software Leica Qwin V3 (Leica
Microsystems, Wetzlar, Germany) at Multiuser Laboratory of
Núcleo de Pesquisas em Ciências Biológicas of UFOP.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 6.0 for
Mac (GraphPad Inc, USA). First, outliers were detected with
Grubbs’s test and then D’Agostino–Pearson was run to verify data
normality. The tests used on each data analysis are explained in
figure legends. In general, comparison between the groups was
performed through two-way ANOVA and Tukey’s multiple
comparisons test, or Friedman test and Dunns’ multiple compar-
isons test, depending on data distribution. For survival analysis,
the log-rank test was used. Statistical differences were considered
significant when p values ≤0.05.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY
The authors declare that all data supporting the findings of this study are available
within the paper and its supplementary information files. If any more information is
needed, data are available from the corresponding author upon reasonable request.
For epitope prediction of Trans-sialidase (accession Q4CZ79) and ASP-2 (accession
U77951.1) proteins, we used The Immune Epitope Database (IEDB), Bimas, and
SYFPEITHI.
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