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About 6.5 million people worldwide are afflicted by Chagas disease, which is caused by the protozoan
parasite Trypanosoma cruzi. The development of a therapeutic vaccine to prevent the progression of
Chagasic cardiomyopathy has been proposed as an alternative for antiparasitic chemotherapy.
Bioinformatics tools can predict MHC class I CD8 + epitopes for inclusion in a single recombinant protein
with the goal to develop a multivalent vaccine. We expressed a novel recombinant protein Tc24-C4.10E
harboring ten nonameric CD8 + epitopes and using Tc24-C4 protein as scaffold to evaluate the therapeu-
tic effect in acute T. cruzi infection. T. cruzi-infected mice were immunized with Tc24-C4.10E or Tc24-C4
in a 50-day model of acute infection. Tc24-C4.10E-treated mice showed a decreased parasitemia com-
pared to the Tc24-C4 (non-adjuvant) immunized mice or control group. Moreover, Tc24-C4.10E induced
a higher stimulation index of CD8 + T cells producing IFNc and IL-4 cytokines. These results suggest that
the addition of the MHC Class I epitopes to Tc24-C4 can synergize the antigen-specific cellular immune
responses, providing proof-of-concept that this approach could lead to the development of a promising
vaccine candidate for Chagas disease.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction includes one of the most advanced candidates the antigen Tc24,
Chagas disease is a worldwide health problem caused by the
protozoan parasite Trypanosoma cruzi with nearly 6.5 million peo-
ple infected in the world and 70 million at risk of infection [1]. The
persistence of T. cruzi parasites in the heart tissue and progression
of cardiac fibrosis and inflammation, is not halted by the current
antiparasitic drugs. Hence, a Chagas disease vaccine or
immunotherapy could either prevent the infection or the onset of
cardiomyopathy through a protective immune response mediated
by CD8 + T cells that reduce cardiac parasite burden avoiding the
damaged of the cardiac tissue and the progression of fibrosis [2].

The development of a successful vaccine or immunotherapy
remains a major challenge due to the vast diversity and complexity
of the T. cruzi parasite. However, the roadmap for Chagas disease
a T. cruzi paraflagellar protein that confers protection in animal
models with acute [3] and chronic T. cruzi infection [4]. As a DNA
vaccine, Tc24 has shown protection against T. cruzi acute infection
through the activation of CD4 + and CD8 + T cells in murine models
[5]. Immunotherapy with Tc24-C4 in combination with a TLR-4
agonist, also elicits antigen-specific CD8 + T cell responses, avoid-
ing tissue damage, cardiac fibrosis and inflammatory cells infiltra-
tion [2]. Recently, cytokines as IL-17A, IL-22 and IL-23 from TH17
immune responses demonstrated be essential to control T. cruzi
parasite reducing parasite burden and cardiac fibrosis [6,7].

Despite its feasibility, multivalent candidates remain scarcely
tested and the most advanced candidates in preclinical phases
are single antigens [8]. In recent years, the design of multi-
epitope vaccines has arisen as an innovative alternative, which
may offer benefits exceeding single-based vaccine antigens, in part
due to a paucity of CD8 + T cells epitopes that might occur within a
single protein. Previously, a T. cruzi peptide-based subunit vaccine
was designed containing epitopes from 7 secretory and surface
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proteins [9,10], while another design included epitopes conserved
of T and B cells [11]. However, our group has expanded this bioin-
formatics and immunomics approach to mine the entire T. cruzi
parasite proteome to predict the highest-scoring CD8 + T cell epi-
topes. A strict identification and consensus analysis resulted in
26 potential epitopes, which were validated in T. cruzi-infected
mice by measuring IFNc production. Ten out of the 26 peptides
demonstrated to be immunogenic in experimental T. cruzi-
infected mice, and protective response was evidenced by parasite
burden and cardiac tissue inflammation reduction as well as
increased survival [12]. Here, we genetically engineered Tc24-
C4.10E, a novel proof-of-concept multi-epitope single recombinant
protein comprised of Tc24-C4 and CD8 + T cell epitopes. We
hypothesized that Tc24-C4.10E as immunotherapy might be
improved the T. cruzi antigen-specific immune response due to
the added CD8 + T cell epitopes and enhance the protective effect
gained by Tc24-C4.

2. Results

2.1. Expression and characterization of Tc24-C4.10E

Our first goal was to design a plasmid construct encoding a sin-
gle multi-epitope recombinant protein containing the ten CD8 + T.
cruzi epitopes fused with Tc24-C4 sequence. Analysis of Tc24-
C4.10E sequence predicted a molecular weight of 37.6 kDa with
Fig. 1. Parasite burden, survival and fibrosis. Groups of mice (n = 6–10 per group) wer
followed for 53 days corresponding to the acute infection phase. Data is shown as mean
was represented as area under the curve (AUC) analysis. (D) Cardiac parasite burden w
percentage obtained from sections of cardiac tissues stained with Masson’s trichrome tec
multiple comparison test.
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a theorical pI of 5.63 (Supplementary Fig. 1A-C). Coomassie Blue-
stained reduced SDS-PAGE indicated that Tc24-C4.10E was par-
tially soluble at 37 �C and further confirmed by Western blot (Sup-
plementary Fig. 2A-B). The purified Tc24-C4.10E recombinant
protein was visualized by SDS-PAGE upon reducing conditions rev-
eling a major band at � 38 kDa (Supplementary Fig. 2C). The bio-
physical analysis data indicated a polydispersity of < 20 %, which
suggested that the majority of the Tc24-C4.10E protein is a mono-
meric specie (Supplementary Fig. 2D-E).
2.2. Immunotherapy with Tc24-C4.10E in acute T. cruzi infection

To evaluate the therapeutic efficacy of Tc24-C4.10E vaccination.
Mice treated with Tc24-C4.10E showed a significantly lower para-
sitemia at 24 and 27 dpi compared both mice receiving Tc24-C4
and infected untreated mice (Fig. 1A). An analysis of the area under
curve (AUC) showed a significant reduced total parasitemia in mice
treated with Tc24-C4.10E through the 53 days of infection (Fig. 1C).
Similarly, the cardiac parasite burden in Tc24-C4.10E treated mice
was lower than 101 equivalent parasites along 100 % survival com-
pared to mice treated with Tc24-C4 or infected control mice.
(Fig. 1B, D). Moreover, extensive fibrosis was observed in mice
receiving Tc24-C4 alone and untreated mice compared to those
receiving the Tc24-C4.10E (Fig. 1E). In sum, these results also
demonstrate that immunotherapy with Tc24-C4.10E multi-
e experimentally infected with 500 T. cruzi H1 trypomastigotes. (A) Parasitemia was
± SEM. (B) Survival of mice in T. cruzi acute infection model. (C) Overall parasitemia
as measured by qPCR. Dotted line represents detection limit of test. (E) Fibrosis

hnique. (*) Indicates statistical difference (P < 0.05) using ANOVA test with a Tukey’s
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epitope recombinant protein was able to improve the protective
effect of Tc24-C4 in the T. cruzi acute infection.
2.3. Tc24-C4.10E induced cytokine-producing CD8 + T cells

To determine whether the CD8 + T cell epitopes linked to Tc24-
C4 recombinant protein elicited a cytokines-producing CD8 + and
CD4 + T cells, we compared the stimulation index of gathered sub-
populations by flow cytometry analysis frommononuclear isolated
Fig. 2. Cytokines-producing T lymphocyte index from mice treated with Tc-24-C4.10
identify populations of CD4 + and CD8 + T cells and their cytokine production. Mononuc
Tc24-C4.10E, as described in materials and methods section. Unstained cells and FMO
stimulation index producing IFNc, IL-4 and IL-17 cytokines measured from spleen c
recombinant proteins Tc24-C4.10E and Tc24-C4, respectively. (C) CD8 + T cell stimulation
(*) Indicate statistical difference using Mann-Whitney test with P < 0.05.
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cells of mice treated with either Tc24-C4 or Tc24-C4.10E and stim-
ulated with their recombinant proteins, respectively (Fig. 2A). As
expected, cytokine-producing CD4 + T cells from mice treated with
Tc24-C4.10E were similar when compared to mice given Tc24-C4
(Fig. 2B). Interestingly, a significantly increase of IFNc- and IL-4-
producing CD8 + T cells, and slightly increase in IL-17-producing
CD8 + T cells were observed in Tc24-C4.10E treated mice compared
to those with Tc24-C4 (Fig. 2C). Thus, we confirmed that CD8 + epi-
topes included in Tc24-C4.10E recombinant protein were able to
E and Tc24-C4. (A) Briefly, a graphical description of the general procedure used to
lear spleen cells were recovered, washed and stained after in vitro stimulation with
controls were used to set gates for each subpopulation analyzed. (B) CD4 + T cell
ells of mice treated with Tc24-C4.10E and Tc24-C4 upon stimulation with their
index producing IFNc, IL-4 and IL-17 cytokines with similar conditions for figure 5A.
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trigger antigen-specific IFNc-mediated immune response by T
cells.
3. Discussion

Here, we developed a multi-epitope immunotherapeutic vac-
cine based on single recombinant protein containing ten non-
americ peptides fused to Tc24-C4 protein. Although several
promising peptides-based multi-epitope antigens have been pre-
dicted by bioinformatics tools [9–11]. To our knowledge, this is
the first proof-of-concept multi-epitope expressed as single recom-
binant protein conceived from the complete genome of T. cruzi and
tested against T. cruzi infection [12,13].

The rationale of Tc24-C4 protein as a structural backbone
allowed to express the recombinant protein following the proto-
cols previously described for Tc24 [14]. In addition, this protein
is conserved in T. cruzi strains belonged from TcI to TcVI discrete
type units (DTUs) and it has been thoroughly studied and proved
as a leading antigen for the development of a vaccine against T.
cruzi infection [2,6,15,16]. On the other hand, the ten peptides
included on multi-epitope Tc24-C4.10E belong to hypothetical,
putative and non-surface proteins of T. cruzi [12] suggesting they
could be new promising antigens over the preferable studied pro-
teins. As a result, we successfully expressed a single recombinant
protein with desirable biophysical characteristics including a
monomeric specie with partial solubility when expressed in a
E. coli system.

Secondly, we intentionally tested both Tc24-C4.10E multi-
epitope and Tc24.C4 recombinant proteins without adding any
adjuvant used in previous described acute infection studies
[6,15] to ultimately observe the additive effect of the T. cruzi
CD8 + epitopes included in Tc24-C4.10E multi-epitope. As
expected, similar circulating parasites from Tc24.C4-treated mice
and untreated infected mice were probably caused by lack of adju-
vant effect. It is known that adjuvants as TLR-4 receptor agonists
E6020 or monophosphoril Lipid A (MPL-A) have demonstrated pro-
vide a protective effect upon the T. cruzi infection [17]. Conversely,
a lower parasitemia was observed from Tc24-C4.10E-treated mice
compared to Tc24-C4 in the peak of parasitemia. To confirm this
effect, we analyzed the AUC (overall parasitemia) from mice trea-
ted with Tc24-C4.10E showing a total reduction of 35 % compared
to the control untreated group. Interestingly, this reduction levels
24–60 % were achieved in previous studies when Tc24-C4 was
adjuvanted with E6020 or MPL-A [2,3,6]. Therefore, we speculate
that Tc24-C4.10E could be used even without the necessity of an
adjuvant. Importantly, the cardiac fibrosis was reduced in mice
treated with Tc24-C4.10E multi-epitope suggesting a consequence
of decreasing T. cruzi burden parasite and inflammatory response
that avoids the extracellular matrix deposition of collagen, in
agreement with a protective response observed previously during
the acute infection [15].

Next, we investigated whether Tc24-C4.10E or Tc24-C4 elicits
antigen-specific CD8 + T cells and those cells were able to release
TH1-, TH2- and TH17-associated cytokines. Noteworthy, the
CD8 + epitopes included in the multi-epitope were capable to trig-
ger either antigen-specific IL-4 as IFNc cytokines production.
Higher IL-4-producing CD8 + cells from mice given multi-epitope
Tc24-C4.10E could act as a protection factor by a regulatory mech-
anism of pro-inflammatory cytokines [2]. Although the role of IL-4-
producing CD8 + is not well described, the presence of IFNc in
absence of IL-4 has been linked to cardiac tissue damage [18].
Recently, IL-17 has been described as pivotal for T. cruzi control
[7]. In agreement, we observed an increased lesser extent of IL-
17-producing CD8 + T cells from Tc24-C4.10E treated mice.
Although the protective outcome comparing Tc24-C4.10E treated
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mice and untreated mice is modest, it is likely masked as a conse-
quence of a strong immune response induced by the T. cruzi infec-
tion, as well as the effect of the immunotherapy [19].

In sum, we provide evidence that the recombinant multi-
epitope Tc24-C4.10E reduces parasitemia peak in acute T. cruzi
infected mice through an antigen-specific CD8 + T cell response
producing IFNc and IL-4 cytokines and with some IL-17 contribu-
tion. This study encourages the evaluation of novel CD8 + epitopes
for HLA-Class I and its expression as recombinant proteins against
T. cruzi infection.
4. Materials and methods

4.1. Generation of Tc24-C4.10E recombinant protein

The multi-epitope Tc24-C4.10E recombinant protein was
designed to contain Tc24-C4 protein scaffold fused to ten peptide
sequences previously described and validated as T. cruzi epitopes
for CD8 + T cells [12]. The amino-acid sequence was used as a tem-
plate for the chemical synthesis of DNA expression construct
encoding the 354 amino-acids with a C-terminal hexahistidine
tag. The protein was designed to include GPGPG inter-peptides
spacers to provide flexibility to the protein. The protein was puri-
fied by immobilized metal affinity chromatography (IMAC). The
his-tagged Tc24-C4 without epitopes was obtained using a proto-
col described previously by our group [20]. The target protein
was identified by western blot using anti-Tc24 sera from immu-
nized mice generated in-house. The biophysical analysis of the
recombinant protein was performed using Dynamic Light Scatter-
ing (DLS). Dynamic v9 software was used to estimate the hydrody-
namic radius from a cumulant fit of the DLS autocorrelation
function, assuming a globular protein.

4.2. Infection and therapeutic treatment

Female BALB/c mice were infected by intraperitoneal injection
with 500 blood-form trypomastigotes of T. cruzi H1 strain (DTU
I). Two groups of ten and six mice were immunized with either
100 lg of Tc24-C4 or Tc24-C4.10E recombinant proteins at days
7 and 14 post-infection (pi). The proteins were administered intra-
muscularly. Ten mice that served as infected control group,
received PBS alone. At day 53 pi, surviving mice were euthanized
under strict compliance with NOM-062-ZOO-1999 and the institu-
tional bioethics committee, approval number (CEI-09–2019).

4.3. Blood and cardiac parasite burden

Parasitemia was measured as previously described [3]. Survival
was registered daily until 53 days post-infection. Cardiac parasite
burden was determined by real-time qPCR using the primers
TCZ-1 50GCTCTTGCCCACAMGGGTGC-30 and TCZ-2 50-CCAAG
CAGCGGATAGTTCAGG-30 which amplify a 182 bp fragment from
T. cruzi minisatellite region. A standard curve of known T. cruzi
DNA concentrations (1–10,000 parasites) was used to estimate
the equivalent parasite. All samples were run in triplicate over Illu-
mina ECOTM thermocycler.

4.4. Cardiac fibrosis

Heart tissue samples were fixed in 10 % formaldehyde, dehy-
drated, and embedded in paraffin. Sections of 3 lm were routinely
processed for Masson’s trichrome staining. Five images from car-
diac tissue sections were captured at 20X magnification. Images
were analyzed to estimate the percent area of collagen using the
FIJI software (National Institute of Health).
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4.5. Mononuclear cell isolation and cytokines-producing T cells

Spleens were collected during euthanasia at 53 days post-
infection. The mononuclear cell layer was separated using density
Ficoll-Paque PLUS (GE Healthcare�). To recall antigen-specific
immune response mononuclear cells were incubated with 20 lg/
mL T. cruzi soluble antigen as positive control, 50 lg/mL of Tc24-
C4 or Tc24-C4.10E recombinant proteins, and incubated for 96 h
at 37 �C, and 5 % of CO2. Non-stimulated cells were used as nega-
tive control [16]. After 96 h of incubation, surface of mononuclear
cells was stained with anti-CD3-Alexa 647, anti-CD4-
Phycoerythrin-Cy7 and anti-CD8-Peridinin-chlorophyll-protein
(PerCP-Cy5.5) (BD Bioscience). Four hours before incubation ended,
100 lL of 0.1 % Brefeldin A solution was added. For intracellular
cytokine staining were used anti-IFNc-Alexa488, anti-IL-4-
Phycoerythrin and anti-IL-17-Brilliant Violet conjugated antibod-
ies. Cells were acquired in a flow cytometer FACSVerseTM (BD
Bioscience).
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