@ PLOS | RSHEAE Biseases

Check for
updates

G OPEN ACCESS

Citation: Bivona AE, Sanchez Alberti A, Matos MN,
Cerny N, Cardoso AC, Morales G, et al. (2018)
Trypanosoma cruzi 80 kDa prolyl oligopeptidase
(Tc80) as a novel immunogen for Chagas disease
vaccine. PLoS Negl Trop Dis 12(3): e0006384.
https://doi.org/10.1371/journal.pntd.0006384

Editor: Walderez 0. Dutra, Instituto de Ciéncias
Bioldgicas, Universidade Federal de Minas Gerais,
BRAZIL

Received: January 12, 2018
Accepted: March 12,2018
Published: March 30, 2018

Copyright: © 2018 Bivona et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: Financial support was received from the
Universidad de Buenos Aires
(20020130100788BA), the Consejo Nacional de
Investigaciones Cientificas y Tecnicas (CONICET,
PUE-0017C0-2016), Agencia Nacional de
Promacion Cientifica y Técnica (PICT-2010-0657
and PICT-2014-0854 to ELM), Argentina. The

Trypanosoma cruzi 80 kDa prolyl
oligopeptidase (Tc80) as a novel immunogen
for Chagas disease vaccine

Augusto E. Bivona'?, Andrés Sanchez Alberti'2, Marina N. Matos'-2, Natacha Cerny'-?,
Alejandro C. Cardoso'?, Celina Morales®, German Gonzalez®, Silvia I. Cazorla'?*, Emilio
L. Malchiodi'-2*

1 Universidad de Buenos Aires, Facultad de Farmacia y Bioquimica, Catedra de Inmunologia and Instituto de
Estudios de la Inmunidad Humoral Ricardo A. Margni (IDEHU), UBA-CONICET, Buenos Aires, Argentina,

2 Universidad de Buenos Aires, Facultad de Medicina, Departamento de Microbiologia, Parasitologia e
Inmunologia and Instituto de Microbiologia y Parasitologia Médica (IMPaM), UBA-CONICET, Buenos Aires,
Argentina, 3 Universidad de Buenos Aires, Facultad de Medicina, Departamento de Patologia, Instituto de
Fisiopatologia Cardiovascular, Buenos Aires, Argentina, 4 Laboratorio de Inmunologia, Centro de Referencia
para Lactobacilos (CERELA-CONICET). Tucuman, Argentina

* emalchio @ffyb.uba.ar

Abstract

Background

Chagas disease, also known as American Trypanosomiasis, is a chronic parasitic disease
caused by the flagellated protozoan Trypanosoma cruzithat affects about 8 million people
around the world where more than 25 million are at risk of contracting the infection. Despite
of being endemic on 21 Latin-American countries, Chagas disease has become a global
concern due to migratory movements. Unfortunately, available drugs for the treatment have
several limitations and they are generally administered during the chronic phase of the infec-
tion, when its efficacy is considered controversial. Thus, prophylactic and/or therapeutic
vaccines are emerging as interesting control alternatives. In this work, we proposed Trypa-
nosoma cruzi 80 kDa prolyl oligopeptidase (Tc80) as a new antigen for vaccine develop-
ment against Chagas disease.

Methodology/Principal findings

In a murine model, we analyzed the immune response triggered by different immunization
protocols based on Tc80 and evaluated their ability to confer protection against a challenge
with the parasite. Immunized mice developed Tc80-specific antibodies which were able to
carry out different functions such as: enzymatic inhibition, neutralization of parasite infection
and complement-mediated lysis of trypomastigotes. Furthermore, vaccinated mice elicited
strong cell-mediated immunity. Spleen cells from immunized mice proliferated and secreted
Th1 cytokines (IL-2, IFN-y and TNF-a) upon re-stimulation with rTc80. Moreover, we found
Tc80-specific polyfunctional CD4 T cells, and cytotoxic T lymphocyte activity against one
Tc80 MHC-I peptide.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018

1/23


https://doi.org/10.1371/journal.pntd.0006384
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006384&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006384&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006384&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006384&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006384&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0006384&domain=pdf&date_stamp=2018-04-11
https://doi.org/10.1371/journal.pntd.0006384
http://creativecommons.org/licenses/by/4.0/

@‘ PLOS NEGLECTED
Z) ’ TROPICAL DISEASES Tc80, a novel vaccine candidate against Chagas disease

funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Immunization protocols conferred protection against a T. cruzilethal challenge. Immu-
nized groups showed a decreased parasitemia and higher survival rate compared with non-
immunized control mice. Moreover, during the chronic phase of the infection, immunized
mice presented: lower levels of myopathy-linked enzymes, parasite burden, electrocar-
diographic disorders and inflammatory cells.

Conclusions/Significance

Considering that an early control of parasite burden and tissue damage might contribute to
avoid the progression towards symptomatic forms of chronic Chagas disease, the efficacy
of Tc80-based vaccines make this molecule a promising immunogen for a mono or multi-
component vaccine against T. cruziinfection.

Author summary

Chagas disease is a neglected tropical disease caused by the parasite Trypanosoma cruzi
that affects more than 8 million people around the world. Unfortunately, the diagnosis is
generally performed too late, when anti-parasitic drugs are no longer effective. About 30—
40% of infected individuals progress toward a symptomatic stage with cardiomyopathy as
the main manifestation, leading annually to approximately 12,000 deaths. Therefore, new
strategies for the control of the parasite must be explored. In this context, prophylactic or
therapeutic vaccination has arisen as an interesting alternative to control the disease. In
the present work, we present a parasite virulence factor (7. cruzi 80 kDa prolyl oligopepti-
dase, T'c80) as a new antigen for vaccine development against Chagas disease. Tc80-
immunized mice developed a strong specific humoral and cellular immune response and
most importantly were protected against Trypanosoma cruzi infection. Upon T. cruzi chal-
lenge, vaccinated mice presented a reduced parasite burden and less indicators of tissue
damage. These results make Tc80 an interesting candidate to develop a mono or multi-
component vaccine against Chagas disease.

Introduction

Chagas disease, also known as American Trypanosomiasis, is a chronic parasitic disease caused
by the flagellated protozoan Trypanosoma cruzi. It is estimated that 8 million people over the
world are infected by this parasite and more than 25 million are at risk of contracting the infec-
tion. It is a vector-borne disease transmitted by insects from Reduviidae family (colloquially
known as ‘kissing bugs’) but the parasite can also be transmitted by congenital route, blood
transfusions, organs transplantation or by ingesting food contaminated with the infective
stages of the parasite [1]. Despite of being endemic on 21 Latin-American countries, Chagas
disease has become a global concern due to migratory movements [2].

T. cruzi infection presents two distinguishable stages. An usually asymptomatic acute
phase, that lasts about 2 months and is characterized by a high level of parasites in blood. Un-
fortunately, the available parasiticide drugs for the treatment are only effective in this phase.
On the other hand, the chronic phase begins when the parasitemia decreases. It can remain
asymptomatic lifelong, however, about 30-40% of infected individuals develop heart or diges-
tive manifestations. T. cruzi infection represents the main cause of infectious cardiomyopathy
[3]. Different clinical trials were conducted in order to assess the etiological treatment on
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chronic phase and the outcomes were somehow discouraging. While the parasite burden was
reduced, no improvement in heart manifestations was observed [4,5].

In this scenario, prophylactic vaccines have emerged as an interesting modality of disease
control. In the current work, we propose the T. cruzi 80 kDa prolyl oligopeptidase (Tc80) as a
promising vaccine candidate. Tc80 is an enzyme expressed in the extracellular blood trypo-
mastigote and the replicative intracellular amastigote [6]. Tc80 is secreted by the parasite and
it is able to degrade the major extracellular matrix components such as collagen and fibronec-
tin, contributing to the invasion of the parasite to the mammalian cells [7]. Furthermore, it
was demonstrated that selective inhibitors for Tc80 were able to block the parasite infection in
vitro [6,8]. Considering these features, we evaluated Tc80 immunogenicity and its ability to
confer protection against T. cruzi challenge in a murine model.

Three prophylactic vaccination strategies were carried out: 1) A sub-unit vaccine formu-
lated with recombinant Tc80 (rT'c80) plus oligodeoxynucleotides CpG (ODN-CpG) as adju-
vant; 2) An attenuated bacterial vector delivering the Tc80 gene; and 3) A priming with Tc80
DNA delivered by a bacterial vector followed by a boosting with rTc80 + ODN-CpG (heterolo-
gous prime-boost strategy).

Here we demonstrate that Tc80-specific immune response elicited by the vaccination was
able to confer protection during the acute and chronic phase of T. cruzi infection. These find-
ings make T'c80 a promissory immunogen for a mono or multicomponent vaccine to prevent
Chagas disease.

Materials and methods
Mice, parasites and cell lines

In this work, different groups of inbred mice from the BALB/c and C3H/HeN strains were
used for immunization protocols. Mice breeding was carried out in the animal facilities of the
“Instituto de Microbiologia y Parasitologia Médica” (IMPaM, UBA-CONICET). Experiments
with animals were approved by the Review Board of Ethics of the School of Medicine (UBA,
Argentina) and conducted in accordance with the guidelines established by the National
Research Council [9]. Animal sample size was estimated by a power-based method [10].

T. cruzi bloodstream trypomastigotes (from RA, K98 or 3-galactosidase- expressing Tula-
huen strains) were obtained from blood of CF1 infected mice. Culture-derived epimastigotes
were used to obtain the soluble fraction of a parasite lysate (F105) as described [11].

BHK-21 (ATCC CCL-10) cells were used to induce rTc80 expression on eukaryotic cells
and Vero cells (ATCC CCL-81) were used for T. cruzi in vitro infection. Both cell lines were
maintained in RPMI 1640 medium (Gibco) and routinely tested for Mycoplasma spp. infection
with DAPI stain.

Tc80 cloning, expression and purification

Tc80 gene was amplified by PCR from genomic DNA of T. cruzi strain RA as described [8].
For expression in bacteria, the forward primer (5- GAGCCATATGCGCAGCGTTTACCC-
3”) included Ndel restriction site (underlined) and the translation start codon (ATG, bold).
Reverse primer (5-GATACTCGAGTCAGTGATGGTGATGGTGATGCTCTTTCCACGAA
GCATTGA-3’) included Xhol restriction site (underlined), translation stop codon (bold) and
6 his tag coding sequence (bold and underlined). Tc80 amplicon was cloned in the expression
vector pET23a" and the construct was used for transforming chemically competent Escherichia
coli BL21 (DE3).

Recombinant Tc80 (rTc80) was induced for 18 h with 0.5 mM isopropyl-B-D-thiogalacto-
pyranoside at 20°C and then purified in native conditions with a Ni**-NTA-agarose resin.
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Purified rTc80 was dialyzed against phosphate-buffered saline (PBS) with 10% glycerol and
LPS was removed with polimixin B-agarose (Sigma). Residual LPS was determined using
HEK-Blue LPS Detection Kit (Invivogen) and it presented a concentration below the quantifi-
cation limit: 0.3 ng/ml.

Additionally, for DNA vaccination, Tc80 gene was cloned in the eukaryotic plasmid
pcDNA3.1™. In this case, the amplification was performed with the followings primers:
forward primer: 5-GAATAAGCTTGCCACCATGCGCAGCGTTTACCC-3’, including
HindIII restriction site (underlined), the kozak sequence (double underlined) and the transla-
tion start codon (ATG, bold). The reverse primer: 5’-GCTCCTCGAGTCACTCTTTCCAC
GAAGCATTGA-3’ contained a Xhol restriction site (underlined) and the translation stop
codon (bold). Tc80-pcDNA3.1 plasmid was used for transforming electrocompetent bacteria

Salmonella enterica serovar Typhimurium aroA SL7207 which were used as DNA-delivery
system.

PCRs were performed with ZymoTaq DNA polymerase (Zymo Research) with an initial
denaturation 95°C for 5 min, 30 cycles of denaturation (95°C, 1 min)-annealing (59.3°C, 1
min)-extension (72°C, 2 min) and a final extension 72°C, 10 min.

Immunization protocols

Four groups of 7-week-old C3H/HeN (H2-K* haplotype) mice (n = 5-6 animals per group)
were immunized with four doses separated by ten days. Group I (GI): rTc80im, was immu-
nized intramuscularly in the quadriceps muscles with 10 pg of rTc80 adjuvanted with 10 pg of
ODN-CpG 1826 (Invivogen). GII: STc80, received 4 doses of attenuated Salmonella carrying a
Tc80-coding eukaryotic plasmid via oral (1x10° CFU/mouse). GIII: Prime boost group
(Pboost) was a combination of the two previous groups. Animals received two doses of Tc80
DNA delivered by the attenuated Salmonella (1x10° CFU/mouse) followed by two doses of

10 ug rTc80 + 10 pg CpG-ODN by intramuscular route. As control group (SaroA), mice were
intramuscularly injected twice with PBS + 10 ug CpG-ODN and then two doses of attenuated
Salmonella carrying an empty plasmid pcDNA3.1 by oral route [12].

Enzyme-linked immunosorbent assay (ELISA) for determination of
Tc80-specific antibody titers

Tc80-specific antibody titers (IgG, IgG; and IgG,,) were determined as previously described
[13]. Briefly, 96-well polyvinyl chloride plates (Nunc, Thermo Scientific) were coated with

0.2 pg rTc80/well for 1 h at 37°C. Then, non-specific binding sites were blocked with 3% BSA
in PBS for 2 h at 37°C. Plates were washed three times with 0.05% Tween-20 in PBS and two-
fold serial dilutions (in 1% BSA-PBS) of immunized or T. cruzi infected mice sera were added
and incubated for overnight at 4°C. Next day, 3 washes were performed and anti-IgG-HRP
(Sigma B6398) antibody (1/10000 dilution), or biotin-conjugated anti-IgG1 or anti-IgG2a anti-
body (Pharmingen Becton Dickinson) diluted 1/2000, were added as secondary antibodies and
incubated for 1 h at 37°C. When biotinylated antibodies were used, an additional incubation
with streptavidin-HRP (BD Biosciences) was carried out at 37°C for 30 min. Reactions were
revealed with TMB (tetramethylbenzidine, BD OptEIA) and stopped with 4 N H,SO,. Absor-
bance at 450 nm was determined on an ELISA plate reader (Labsystems Multiscan EX). Anti-
body end-point titer was calculated as the reciprocal of the dilution with a DO4s0nm = 0.5

Evaluation of cell invasion inhibition by T'c80-specific antibodies

The ability of rTc80-specific antibodies to block parasite infection was assessed as previously
described [14]. Briefly, T. cruzi blood trypomastigotes (Tulahuen strain) expressing E. coli
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B-galactosidase were pre-incubated with the sera of immunized mice (1/10 dilution) and sub-
sequently used to infect Vero cells (5x10* parasites/5x10° cells). After an overnight incubation
at 37°C, 5% CO,, cells were washed with PBS to remove non-infecting trypomastigotes and
the culture was maintained for 4 more days. Cells were lysed with Nonidet P40 (1% v/v) and
B-galactosidase activity was spetrophotometrically measured against the chromogenic sub-
strate chlorophenol red B-D-galactopyranoside (CPRG). Inhibition percentage was calculated
as follows: {1 - [(ABSs95nm Of cells infected with parasites in presence of immunized mice
serum)/(ABSsgsnm, Of cells infected with parasites in presence of non-immunized mice
serum)]} x 100.

Enzymatic activity inhibition assay

Recombinant Tc80 (4 nM) was pre-incubated with 1/10 dilutions of sera from immunized
mice. Then, residual prolyl oligopeptidase activity was determined in the presence of the
dipeptide Z-Gly-Pro-AMC (Bachem), the fluorogenic substrate. The formation of the
7-amino-4-methyl coumarin (AMC) product was monitored by fluorometry (Aexcitation = 355
nm and Aepission = 460 nm). Reactions were carried out at 37°C in a final volume of 100 ul
reaction buffer (25 mM Tris, 250 mM NaCl, 2.5 mM DTT, pH 7.5) in a 96-well black plate
(Costar Corning). Fluorescence measurements were made on a PerkinElmer Victor®
fluorimeter.

The AMC formation was recorded over time in relative fluorescence units (RFU) and the
slope (ARFU/Atime) from the linear region of the curve was used for the calculation of initial
reaction velocity (Vi).

Intracellular cytokine staining

Splenocytes from immunized mice (1x10°/200 uL) were incubated in the presence or absence
of rTc80 (10 pg/ml) with complete RPMI medium in 96-well U-bottom plates. After 4 h of
incubation, brefeldin A was added at 10 pg/ml and 12 h later, surface and intracellular cytokine
staining was carried out.

Splenocytes were incubated with an APC-labeled anti-mouse CD4 antibody (eBioscience
Inc.) for 45 min at 4°C, fixed with 2% PFA for 15 min at RT and incubated for 45 min at 4°C
in permeabilization buffer with PE-labeled anti-IFN-y and PE-Cy7-labeled anti-TNF-o anti-
bodies (eBioscience Inc).

To perform suitable data acquisition and analysis, autofluorescence, single-stained and
FMO (fluorescence minus one) controls were included. Stained cells were passed through the
BD FACSaria II flow cytometer.

Ex-vivo cytotoxicity assay

Cytotoxic ability of splenocytes from immunized mice (effector cells) to induce death on cells
loaded with a Tc80 peptide (target cells) was studied. For target cells preparation, spleen cells
from non-immunized C3H/HeN mice were incubated in the presence of 10 pM Tc80 peptide
SEAELRKKI (H-2K") or a non-related peptide to Tc80 sequence (AEEAFRLSV) [15] for 4 h at
4°C. These cells were washed with PBS and stained with 5 uM CFSE (CellTrace CFSE, Invitro-
gen) as described by manufacturer. Effector cells (1x10°) obtained from immunized mice were
co-incubated with 1x10° target cells for 4 h at 37°C and 5% CO,. Finally, the cells were washed
with PBS and stained with 5 pug/ml propidium iodide (PI) to assess target cell death by flow
cytometry (CFSE™PI * cells).
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The percentage of specific death was calculated with the following formula [16]:

( %CFSE+PI+/%CFSE+)TCSO peptide loaded — 1 % 100

% Specific death =
(%CFSE"PI* / %CFSE")

non—loaded

In-vivo cytotoxicity assay
Spleen cells from non-immunized C3H/HeN mice were incubated for 4 h at 4°C with T'c80
peptide (10 uM) and stained with 8 uM CFSE (CFSEpg, population). Another group of spleno-
cytes was loaded with a non-related peptide (AEEAFRLSV) and was stained with 3 uM CFSE
(CFSE,,,, population). Equal amounts of both populations were mixed and 2x10” cells were
intravenously injected into immunized C3H/HeN mice in a volume of 100 pl. After 18 h, the
splenectomy was performed, the spleens were disrupted and the splenocytes suspension was
analyzed by flow cytometry (BD FACScanto).

The calculation of the specific lysis was done with the following formula[17]:

CFSEp
( o/ CFSEy,, /.
CFSEjypp
( o/ CFSE[DW)

% Specific lysis = |1 — zedmice | % 100

control mice (SaroA)

Lethal challenge with T. cruzi

Two weeks after last immunization, immunized female C3H/HeN mice were challenged intra-
peritoneally with 200 blood trypomastigotes of T. cruzi strain RA. Parasitemia was monitored
by counting blood parasites every 2-3 days in a Neubauer chamber. For this purpose, a 1/5
dilution of blood in lysis buffer (0.75% NH4Cl, 0.2% Tris, pH 7.2) was made. Mice deaths were
daily recorded.

Vaccine efficacy in a sub-lethal challenge

Two weeks after the last dose of vaccination protocols, immunized male C3H/HeN mice were
challenged intraperitoneally with 2.5x10° blood trypomastigotes of the sub-lethal T. cruzi
strain K98. Parasitemias were recorded weekly during the acute phase. At 100 days post-infec-
tion (dpi), different parameters of disease outcome were assessed.

Serum levels of myopathy-associated enzymes

Target tissue damage was assessed at 100 dpi by determining serum activity of the creatine
kinase (CK) and its cardiac isoform (CK-MB), glutamate oxalacetate transaminase (GOT),
and lactate dehydrogenase (LDH). Enzyme activity determinations were performed by
spectrophotometry at 340 nm with commercial kits following the instructions given by the
manufacturer (Wiener Lab). Results were expressed as absorbance variation per minute
(AABS/min).

Electrocardiograms (ECG)

Immunized and subsequently infected mice were anesthetized with ketamine-xylazine (100
mg ketamine and 16 mg xylazine/kg mouse) at 100 dpi and heart electrical activity was
recorded with a Temis TM-300-V electrocardiograph. Corrected QT interval was calculated
by the Bazett formula adapted for mouse [18].
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Histological analysis of target tissues

At 100 dpi, skeletal (quadriceps) and heart muscles from immunized and subsequently
infected mice were dissected and fixed with 4% formalin in PBS. Then the material was
embedded in paraffin, sectioned and stained with hematoxylin and eosin. Finally, 10 micro-
scopic fields (100x magnification) were analyzed in 10 sections of each sample. Inflammation
was qualitatively evaluated according to the number and spreading of inflammatory foci. Sam-
ples were classified with the following score: (+) isolated foci; (++) multiple non-confluent
foci; (+++) multiple confluent foci; and (++++) multiple diffuse foci [19,20].

Quantitative PCR (qPCR) for parasite burden

Parasite burden in skeletal (quadriceps) and heart muscle at 100 dpi was determined as
described by Cummings et al. [21]. Briefly, total DNA was extracted from about 50-100 mg of
muscle using a phenol-chloroform-isoamyl alcohol mixture (25:24:1 v/v, QuickDNA, Kalium
Technologies). DNA concentration was adjusted to 25 ng/uL and it was used as template for
DNA amplification with T. cruzi-specific primers (Pf: 5- GGCGGATCGTTTTCGAG -3’, Pr:
5- AAGCGGATAGTTCAGGG -3°). Samples were also amplified with mouse TNF-a-specific
primers as normalizer gene (Pf: 5°- TCCCTCTCATCAGTTCTATGGCCCA -3, Pr: 5- CAG
CAAGCATCTATGCACTTAGACCCC -3’). PCR reaction was performed using HOT
FIREPol EvaGreen qPCR Mix Plus (Solis Biodyne).

To make the standard for parasite burden quantification, about 500 mg of muscle of non-
infected mouse were mixed with 1x10° T. cruzi epimastigotes. Total DNA was extracted and
the concentration was also adjusted to 25 ng/pL. To construct standard curve, ten-fold serial
dilution of the standard were made using non-infected mice muscle DNA (25 ng/uL) as dilu-
ent. Parasite burden was expressed as parasite equivalent/50 ng of total DNA.

Statistical analysis

Statistical analysis was performed using 1-way ANOVA along with the post-tests indicated in
each trial. The homogeneity of variances was validated using the Levene test. Normality was
verified using the Shapiro-Wilks test. The log-rank test (Mantel-Cox) was used to analyze the
survival curves using the Prism 6.0 program (GraphPad, San Diego, CA). The statistical analy-
ses were referred to the control group of each experiment, except when indicated. Values of

p < 0.05 were considered significant.

Results

Recombinant Tc80 expression

Tc80 gene was cloned in pET23a+ plasmid and the construct was used to transform E. coli
BL21 (DE). Bacterial rTc80 expression was induced O.N. and the protein was purified with a
Ni**-NTA agarose resin (Fig 1A). As shown in Fig 1B, the recombinant protein showed prolyl
oligopeptidase activity. The identity of the protein was confirmed by immunoblot, as
rTc80-specific polyclonal antibody recognized the native protein in a parasite lysate (Fig 1C).
To obtain a DNA vaccine for expression in mammals, the Tc80 gene was also cloned in
the eukaryotic expression vector pcDNA3.1" After transfection of BHK21 cells with this con-
struction, the recombinant protein was evidenced in an indirect immunofluorescence assay
(Fig 1D).
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Fig 1. Recombinant Tc80 expression, purification and characterization. a) SDS-PAGE analysis of rTc80 expression and purification. Lane 1: MWM, lane 2: post-
induction E. coli lysate, lane 3: Ni*"-NTA column flow through, lane 4: column wash, lanes 5-7: column rTc80 elution steps. b) Prolyl oligopeptidase activity against the
substrate Z-Gly-Pro-AMC measured as relative fluorescent units (RFU) in the presence (red circles) or absence (green squares) of rTc80. A control without substrate was
included (blue triangles). ¢) Immunoblot detection of rTc80 (lane 2) and native Tc80 in an epimastigote T. cruzilysate (lane 3). Protein were transferred to a PVDF
membrane and subsequently incubated with mouse anti-rTc80 antibodies and a peroxidase-conjugated anti-mouse IgG antibody. Lane 1: pre-stained MWM, lane 2:
Purified rTc80 revealed with 4-Cl naphthol and lane 3: Native Tc80 revealed with an ECL substrate. d) Indirect immunofluorescence on BHK-21 cells transfected with
Tc80-pcDNA3.1" construction (I) or empty pcDNA3.1" (II). Cells were permeabilized and incubated with mouse anti-rTc80 antibodies and subsequently with FITC-
conjugated anti mouse IgG antibody.

https://doi.org/10.1371/journal.pntd.0006384.9001

Immunization with rTc80 plus CpG ODNEs elicited a potent humoral
immune response

To analyze the humoral immunity triggered by the immunization protocols, Tc80-specific
antibody titers in serum were determined by ELISA at day 15 after last immunization dose.
We observed that mice immunized at least twice with the recombinant protein (rTc80im and
Pboost group) elicited antibody titers considerably higher than control group (SaroA)
(p<0.001). By contrast, STc80 group which was immunized only with Tc80 DNA carried by
Salmonella, did not elicit significant specific antibody titer comparing to SaroA (Fig 2A).
Besides, antibodies isotypes reflected a Th1-biased response since IgG,, levels were higher
than IgG, (Fig 2B). Interestingly, Pboost group showed an 1gG2a/IgG1 ratio about 25-fold
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Fig 2. Humoral immune response and functionality of anti-rTc80 antibodies. a) ELISA for IgG anti-rTc80. Titer was calculated as the reciprocal of the
dilution with a DOyspnm = 0.5. b) Tc80-specific IgG,,/IgG; titer ratio determined by indirect ELISA using an isotype-specific secondary antibody. ¢) Biotin-
Streptavidin amplification ELISA for rTc80-sepecific antibodies detection in STc80 group. d) Neutralization of T. cruzi non-phagocytic cell infection by sera
from immunized mice. e) Prolyl oligopeptidase activity inhibition by rTc80-specific antibodies. f) Ability of Tc80-specific antibodies to mediate complement-
dependent cytotoxicity (CDC). The percentage of lysis was calculated as {1 - [(No. of live parasites pre-incubated with sera from immunized mice)/(No. of live
parasites pre-incubated with normal mouse serum)]} x 100. Results are expressed as mean + SEM (n = 5-6 per group) and are representative of at least three
independent experiments. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. One-way ANOVA plus Dunnett’s post-test(a, d, e, f) and Student’s t-test (b, c).

https:/doi.org/10.1371/journal.pntd.0006384.9002

higher than rTc80im group, indicating that STc80 priming accentuated the bias towards a Th1
response.

Antibodies against rT'c80 in STc80 group were only differentiated from control in an
ELISA using a biotin-streptavidin signal amplification (Fig 2C). This observation is concor-
dant with our previous experience in DNA immunization with attenuated Salmonella as car-
rier, that showed detectable, functional, but modest titers of specific antibodies [22,23].

Antibodies anti-rTc80 mediated different functions for effective parasite
control

As the antigen-specific B-cell response plays a role in protection [24,25], we assessed not only
the magnitude but also the functionality of antibodies from immunized animals.
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Neutralization of trypomastigotes cell infection was detected in sera from all vaccinated ani-
mals (Fig 2D). However, higher neutralization capacity was observed in rTc80im and Pboost
groups that showed greater antibody titers. These groups were able to block nearly 50% of T.
cruzi infection (Fig 2D). Moreover, anti-Tc80 antibodies from immunized animals were able
to inhibit almost a 100% of the prolyl-oligopeptidase enzyme activity (Fig 2E), a fact that also
correlated with the level of Tc80-specific antibodies.

Furthermore, antibodies from all the immunized mice were able to trigger trypomastigotes
lysis in a complement-dependent cytotoxicity assay. Nearly 40% of parasite lysis was detected
upon addition of a complement source independently of the vaccination protocol (Fig 2F).

Immunization with STc80 triggered a strong antigen-specific cell-mediated
immune response

To assess in vivo cell-mediated immunity, a delayed-type hypersensitivity (DTH) reaction was
carried out on mice footpad. We found that all immunized groups developed a strong antigen-
specific cellular response compared with SaroA control group. Among them, STc80 group
showed the highest DTH reaction (Fig 3A). This result correlated with the proliferation of
spleen cells that was evaluated ex vivo upon antigen re-stimulation where a similar pattern was
obtained with STc80 group showing the highest response (Fig 3B).

Furthermore, splenocytes from all immunized mice were able to secrete IL-2 and IFN-y
upon antigen recall, being these differences significant in STc80 and Pboost compared with
SaroA (Fig 3C-I and II).

STc80 immunization stimulated the generation of polyfunctional CD4" T
cells

By flow cytometric analysis we found that all immunized groups presented a higher percentage
of IFN-y or TNF-a producing CD4" T cells compared with SaroA group, though it was only
significantly higher only in STc80 (Fig 3D). Moreover, the frequency of antigen-specific poly-
functional CD4" cells that simultaneously produced both IFN-y and TNF-o. was significantly
increased in STc80 group (Fig 3E-I), representing more than 60% percent of the cytokine-pro-
ducing cells within this group (Fig 3E-II). These polyfunctional populations were also associ-
ated with a high extent of cytokine production compared with single cytokine-producing cells
(Fig 3F). In that way, mean fluorescent intensity (MFI) of IFN-y channel indicates that double
positive CD4" lymphocytes produced 2 times more IFN-y compared to that of single positive
cells. Similarly, a 300-fold increase was detected in the TNF-o production of these cells.

Immunized mice showed CTL activity against target cells presenting a Tc80
epitope
In order to assess the immune response mediated by cytotoxic T lymphocytes (CTL), we
searched for Tc80 H2-K" epitopes with different algorithms: SYFPEITHI [26], RANKPEP
[27-29] and IEDB [30]. From peptide prediction results (S1 Dataset) we selected and synthe-
sized the one with the highest MHC-I binding score: SEAELRKKI.

CTL activity against the predicted H-2K* nonapeptide was then evaluated ex vivo and in vivo.
In the ex vivo approach, splenocytes from immunized mice induced death of target cells loaded
with Tc80 peptide. We observed that the cytotoxic activity of STc80 group was significantly higher
than the control group (Fig 4A). This result was further confirmed with an in vivo citotoxicity
assay. Nonapeptide-pulsed and CFSE-labelled target cells were transferred to immunized mice
and 16 h later, specific cell lysis was evaluated in the spleen by flow cytometry. Vaccinated mice
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Fig 3. Overall cell-mediated immune response and CD4" cells functionality in immunized mice. a) DTH reaction. Fifteen days after the last immunization,
mice were subcutaneously injected in the hind footpad with rTc80. Footpad thickness was measured before and 48 h after rTc80 administration. The result was
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expressed as the difference between the two measurements. b) Antigen-specific proliferation. Splenocytes from immunized mice were stimulated with rTc80 and
proliferation was assessed by 3H-thymidine uptake. Results were expressed as proliferation index: [cpm (counts per minute) in the presence of the antigen/cpm in
the absence of the antigen]. ¢) Cytokines secretion by splenocytes from immunized mice upon antigen recall (I) IL-2 and (II) IFN-y, determined by capture ELISA.
d) Representative dot plots of intracellular cytokine production by CD4" T cells. (I); Percentage of IFN-y (II) or TNF-a (III) producing CD4" cells. e) Analysis of
CD4" T cells polyfunctionality. I) Percentage of CD4" T cells producing simultaneously IFN-y and TNF-. IT) Proportion of CD4" T cells with different degrees of
functionality. f) Cytokine producing ability of mono and polyfunctional CD4" cells for IFN-y (I) and TNF-a (II), expressed as mean fluorescence intensity (MFI).
Results are expressed as mean + SEM (n = 5-6 per group) and are representative of at least three independent experiments. *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001. One-way ANOVA plus Tukey’s post-test (a-e) and Student’s t-test (f).

https://doi.org/10.1371/journal.pntd.0006384.9g003

presented higher in vivo CTL activity compared to control group since immunized animals
showed a reduced frequency of peptide-pulsed cell population (CFSEyg,) with respect to the non-
specific lysis subset (CFSEy,,,) (Fig 4B-I). Similar to what we observed for the CD4" population,
STc80 group presented the highest level of CTL functionality between immunized animals (Fig
4B-II). Taken together, these results show that immunization with the Tc80 antigen was able to
elicited specific CTL response that may contribute to the elimination of T. cruzi infected cells.

Tc80 immunization conferred protection against a lethal T. cruzi challenge

To evaluate if the immunization protocols were able to confer protection, vaccinated mice
were challenged with the highly virulent T. cruzi RA strain. All immunized mice presented sig-
nificantly reduced parasitemias during the acute phase of infection compared to the control
(Fig 5A) and this was reflected in a 3-fold reduction of the areas under the curve (Fig 5B). We
observed that on the early acute phase (9 dpi) rTc80im group achieved the highest control of
parasitemia. By contrast, at 23 dpi when most of the control animals died, parasitemias were
significantly lower in STc80 and Pboost compared with rTc80im (Fig 5C).

More important, all vaccinated mice had an increased in the survival rate compared with
SaroA group. Specifically, those mice immunized with at least 2 doses of Salmonella sp. carry-
ing the Tc80 gene presented a higher survival rate at 23 dpi: 80% and 67% for STc80 and
Pboost, respectively (Fig 5D).

Tc80-based vaccine prevented chronic disease-associated damages

As T. cruziis able to persist, even in vaccinated animals, the ability of the Tc80-based vaccine
to prevent chronic phase-associated disorders, was evaluated after a challenge with the sub-
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Fig 4. Tc80-specific CTL activity in immunized mice. a) Ex vivo CTL activity. Splenocytes from immunized mice were incubated with cells loaded with the
SEAELRKKI peptide (target cells, CFSE™). Later on, cell death was assessed with propidium iodide by flow cytometry and lysis percentage was calculated according to
the following formula: {{(%CFSE"PI"/CFSE" ) oadea/ (%CFSE PI"/CFSE ") 0n-10adeal -1} *100. b) Inn vivo CTL activity. Nonapeptide-pulsed and CFSEyg,-labelled target
cells were transferred to immunized mice and 16 h later, target cell lysis was evaluated in splenocytes by flow cytometry. Mice were also administered with non-
loaded and CFSE,,,-labelled cells for non-specific cell lysis control. (I) Representative histograms gated on CFSE positive cells showing CFSE,,, and CFSEpg,
populations and (IT) bar chart expressing the percentage of lysis as {1-[(%CFSEpigh/ % CFSEiow)immunized! (% CFSEnigh/ % CESEiow)saroal}* 100. Results are expressed as
mean + SEM (n = 4-5 per group) and are representative of three independent experiments. *p<0.05. One-way ANOVA plus Dunnett’s post-test.

https://doi.org/10.1371/journal.pntd.0006384.9g004

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018 12/23


https://doi.org/10.1371/journal.pntd.0006384.g003
https://doi.org/10.1371/journal.pntd.0006384.g004
https://doi.org/10.1371/journal.pntd.0006384

@ PLOS | RSHEAE Biseases

Tc80, a novel vaccine candidate against Chagas disease

a 350 b 1500-

SaroA 1250+
rTc80im
—— STc80 1000+
—o— Pboost @)
D 750+
<
/]I\ 5004 e *kk kkk
_\'Ti 250+
T T 0-
18 21 F S &

C 150+ d

100 &
*
125+ 2 2 A
E * -
~ * — *
<‘f9100— 3 .. | S
2 75 E
2 2 40-
8 50_ *kkk ([3)
©
o 254 207 *r—r——-~eo—oo——o
0_ T 0 T T T 1
b@\ 18 20 . 22 24
9 dpi

Fig 5. Protection against a lethal T. cruzi challenge. a) Parasitemia curve at different days post-infection (dpi) and b) area under the curves (AUC) of
parasitemia. ¢) Parasitemia at early (9 dpi) and late (23 dpi) stages of acute infection. d) Survival rate curve. Results are expressed as mean + SEM (n = 4-5 per
group) and are representative of at least three independent experiments. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. One-way ANOVA plus Dunnett’s
post-test(a, b) or Tukey’s post-test (c) and log-rank test for survival curves (d). Color code from panel ‘a’ legend is also used in the other panels (b, ¢, d).

https://doi.org/10.1371/journal.pntd.0006384.g005

lethal T. cruzi K98 strain (K98). In accordance with the observations after the lethal challenge,
immunized mice presented lower parasitemias with respect to SaroA group during the acute
phase of infection (Fig 6A). Since rTc80im group was not significantly protected against T.
cruzilethal challenge, this group was not subjected to a K98 infection.

At the chronic stage (100 dpi), immunized mice showed significantly lower serum levels of
tissue damage-associated enzymes with respect to control group, more importantly these val-
ues were similar to those observed in non-infected mice (Fig 6B). Notably, immunization with
Tc80 was able to avoid heart electrophysiological disorders such as corrected QT and PR inter-
vals prolongation (Fig 6C). Thus, STc80-immunized and subsequently infected mice pre-
sented a QT interval significantly less prolonged than SaroA group and more interestingly
they were similar to those registered in non-infected control mice (Fig 6C-I). Similar results
were observed for the PR interval which tended to be less prolonged compared to control
group and similar to non-infected mice (Fig 6C-II).
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Fig 6. Protection in a chronic infection model in vaccinated mice. Animals were immunized as indicated and challenged 15 days later with T. cruzi
K98 strain. a) Parasitemia curve (I) and its AUC (II) during the acute phase of infection. b) Serum level of tissue damage-associated enzymes at 100
dpi: creatine kinase, CK (I) and its cardiac isoform, CK-MB(II); glutamate oxaloacetate transaminase, GOT (III); and lactate dehydrogenase, LDH
(IV). ) Electrocardiogram parameters at 100 dpi: Corrected QT interval(cQT1) (I) and PR interval(PRi) (II). d) Parasite load by qPCR in target
tissues at 100 dpi. e) Histopathological analysis of skeletal and heart muscle at 100 dpi. Representative muscle sections stained with hematoxilin-eosin
at 100x magnification (I) and semi-quantitative analysis of inflammatory infiltrate (II). Results are expressed as mean + SEM (n = 4-5 per group) and
are representative of two independent experiments. Survival statistical analysis was performed with log-rank test. *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001. One-way ANOVA plus Tukey’s post-test. (n.s.: non-significant differences).

https://doi.org/10.1371/journal.pntd.0006384.9g006

When qPCR was conducted on tissue samples, both immunized groups showed a 4-fold
reduced parasite burden in skeletal muscle compared with SaroA group (Fig 6D). Addition-
ally, by hematoxilin-eosine stain, we observed that immunized and infected mice also pre-
sented reduced extent of inflammatory infiltrates (Fig 6E). While SaroA group showed
multiple diffuse inflammatory foci (++++), STc80 and Pboost groups showed non-confluent
foci (++). On the contrary, in heart muscle, no significant difference was observed between the
different groups. Interestingly, we found that parasite burden was relatively low (Fig 6D)
which correlated with the low levels of isolated inflammatory foci observed in the histopatho-
logic studies. Amastigotes nest in immunized and control groups were not detected neither in
heart nor skeletal muscle.

Discussion

Tc80 is a T. cruzi virulence factor involved in extracellular matrix degradation favoring tissue
and cell invasion by the parasite. In addition, it has been shown that the inhibition of Tc80 enzy-
matic activity blocks non-phagocytic cell invasion [6,8]. In this scenario, we hypothesized that
Tc80 would be an interesting target for the design of novel vaccines against Chagas disease.

To test Tc80 immunogenicity and its protective efficacy, we cloned and expressed it as a
recombinant protein (rTc80). Tc80 cloned from T. cruzi RA strain presented 98-99% sequence
identity with T. cruzi strains from different DTUs, including CL Brener, Tulahuen, SylvioX10/
1 and Dm28c (GenBank Accession Numbers: XP_820337.1, AAQ04681.1, EKG04331, respec-
tively). This high homology among different strains point out Tc80 as a good universal candi-
date for a vaccine against T. cruzi infection.

We were able to express soluble Tc80 with a high yield, and more importantly, the protein
was enzymatically active against its specific substrate. This fact is relevant because it clearly
indicates that T'c80 is adequately folded and therefore conformational epitopes would be avail-
able for antibody generation in a Tc80 based immunization.

Throughout this work we have used different vaccination protocols against T. cruzi infec-
tion in order to achieve protection. Thus, we explored a subunit vaccine constituted by rTc80,
adjuvanted by ODN-CpG and administered intramuscularly. This adjuvant is a good inducer
of humoral and cellular immune response with a Th1 profile [31] and have been tested with
other T. cruzi antigens [13,16,32]. Considering the relevance of the cellular immune response
to the control of T. cruzi infection, we also evaluated a vaccine based on Tc80 DNA [33]. To
immunize with Tc80-coding DNA, we used an attenuated bacterial vector (Salmonella enterica
serovar Typhimurium aroA SL7207) which was administered by oral route. This approach,
among other advantages, increases transgene transfection efficiency compared with naked
plasmid, has adjuvant effect due to the PAMPs from the attenuated bacteria and also presents
a strong capacity to stimulate CTL and Th1 cell-mediated immune response, crucial for para-
site control [25,34]. Our laboratory has previously demonstrated the efficacy of this DNA
delivery system as a vehicle for different T. cruzi immunogens: Cruzipain [35,36], Tc52 [15]
and Tc24 [36].
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To combine the advantage of the above-mentioned formulations, a heterologous prime
boost scheme was performed based on DNA priming and recombinant protein boosting. In
this way, we aimed to join the strong cellular response triggered by DNA immunization and
the powerful humoral response generated by recombinant protein immunization [37,38]. Dif-
ferent heterologous prime boost protocols (DNA + protein) have been implemented with dif-
ferent T. cruzi immunogens obtaining promising results; among them: Cz [39], TcG2 and
TcG4 [40], Tc52 [41], etc.

In the present manuscript, we demonstrated that immunization protocols that included the
recombinant protein (rTc80im and Pboost groups) elicited high titers of Tc80-specific IgG. In
contrast, antibodies titers were low in the group immunized only with DNA carried by Salmo-
nella (STc80).

As expected, in Pboost group, rTc80 boosting increased humoral response compared with
STc80 DNA vaccine, and displayed an IgG,, predominating isotype suggesting a Th1-oriented
immune response. Although rTc80im group presented an important IgG,./IgG, ratio (~6),
the Th1 response bias was much higher in a Pboost vaccinated mice since the I1gG,,/IgG, ratio
was about 150. The same phenomenon has been described for other DNA-protein prime
boost schemes against different intracellular pathogens such as T. cruzi [41], Leishmania dono-
vani [42], Mycobacterium tuberculosis [43] and Brucella spp. [44]. This Th1-bias generated by
DNA-priming could be antigen-specific due to the immune response elicited by Tc80 DNA, as
well as a non-specific adjuvant effect of Salmonella delivery system.

Tc80-specific antibodies elicited by immunization were able to block parasite infection to
non-phagocytic cells, mediate blood trypomastigote lysis by complement activation, and
inhibit the enzymatic activity of Tc80. The latter effect might be directly related to the blocking
of Tc80 activity as the use of specific enzyme inhibitors blocked the infection of non-phago-
cytic cells [6,8]. Interestingly, despite experimental infection in mice certainly induces
Tc80-specific antibodies, we could not detect antibodies able to inhibit r'Tc80 enzymatic activ-
ity, even during the chronic phase of the infection (S1 Fig). All these results suggest that the
elicited antibodies by vaccination would be effective in inhibiting parasite invasion to cells.
Surprisingly, sera from STc80 group were able to mediate these functions despite their low spe-
cific antibody levels. In this regard, further exploration of STc80 sera with an amplification
ELISA allowed us to evidence the presence of anti-Tc80 antibodies, although there was not sig-
nificant difference compared to the control.

We did not found correlation between anti-Tc80 antibodies level and sera ability to lysis
parasites by complement activation since the lysis rate was approximately 40%, in all vacci-
nated mice despite the differences in antibody titers between groups. Classical complement
activation suggests that Tc80 is located at least temporarily in the parasite membrane.
Although a vesicular location near the flagellar pocket has been described in trypomastigotes
[6], its location on the surface cannot be ruled out since many T. cruzi protein has been shown
to be temporary located on the membrane [45-47].

With regard to the cell-mediated immune responses triggered by the immunization proto-
cols, we observed that all immunized groups developed a Tc80-specific cellular response,
which was reflected in a high delayed hypersensitivity reaction, antigen-specific proliferation
and production of Th1 cytokines (IL-2, IFN-y and TNF-0) that are crucial for parasite control
[48,49]. Additionally, we found that the administration of 4 doses of STc80 maximize the
robustness of cell-mediated immunity. Surprisingly, while prime boost strategy was aimed to
improve the immune response, halving the number of doses of attenuated Salmonella was
noticeably detrimental in to the stimulation of cellular response. Similarly, halving the number
of doses of recombinant protein affected the specific humoral response.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018 16/23


https://doi.org/10.1371/journal.pntd.0006384

@‘ PLOS NEGLECTED
Z) ’ TROPICAL DISEASES Tc80, a novel vaccine candidate against Chagas disease

Polyfunctional CD4" T cells are those that simultaneously perform at least 2 functions and
generally present a protective correlate against different chronic infections such as HIV infec-
tion [50], hepatitis C [51], tuberculosis [52] and leishmaniasis [53]. We found that mice from
STc80 group presented a significantly higher proportion of multifunctional T lymphocytes
producing simultaneously IFN-y and TNF-o.

Some authors described the loss of polyfunctionality of CD4" T cells during chronic infec-
tions as an exhaustion phenomenon, similar to the very well characterized effect for the CD8"
subset [54]. This situation has also been described for T. cruzi human infections [55]. In this
regard, Albareda et al. [56], described that patients with early T. cruzi infection preserve CD4
polyfunctionality (IFN-y* and TNF-o."), while individuals with longstanding infections have
higher frequency of monofunctional cells (i.e. IFN-y"), indicating that a lack of polyfunctional-
ity is associated to Chagas disease progression. Thus, the fact that immunization with STc80
specifically induced an increase in the number of CD4" IFN-y" TNF-o" T cells becomes more
relevant. In addition, we also demonstrated that these polyfunctional cells have a significantly
higher cytokine production ability for each cytokine than monofunctional cells.

We also showed in vitro and in vivo that Tc80-based immunization protocols triggered CTL
activity. We identified the SEAELRKKI as a MHC-I-restricted cytotoxic T cell epitope in the
Tc80 antigen. Splenocytes from immunized mice were able to induce death of target cells
loaded with this Tc80 H-2K* epitope. These results highlight the importance of immunization
with DNA to promote antigenic presentation by MHC-I and the subsequent activation of
CD8" T cells, which play an important role in eliminating T. cruzi infected cells [57]. Although
we focus on the cytotoxic activity, other CD8" cells functions such as the cytokine production
and degranulation capacity remain to be studied in depth. It is probably that the increased
secretion of cytokines by splenocytes from STc80 and Pboost groups with respect to rTc80im
group has its origin in CD8" T cells. Further studies will be focused on a broader peptide
screening to identify other potential epitopes capable of being presented in the context of
MHC-IL.

To analyze whether the triggered immune response was able to confer protection in the
acute and chronic phase of infection, different challenges were performed. In a lethal-acute
infection model, vaccinated mice were challenged with T. cruzi RA strain. This strain is highly
virulent, pantropic [58] and belongs to discrete typing unit (DTU) Tc VI [59]. We observed
that all immunized groups presented lower parasitemias compared with the control group.
However, only those mice that received at least 2 doses of Salmonella carrying Tc80 gene
(STc80 and Pboost groups) showed a significantly higher survival with respect to the controls.
The protection achieved in these groups highlights the crucial role of the stimulated cell-medi-
ated immunity in controlling T. cruzi infection.

With the aim of resembling a human infection where most patients survive the acute phase
[60], we implemented a non-lethal mice model of infection. This chronic model was carried
out by infecting male C3H mice with T. cruzi K98 clone which is non-lethal, myotropic [58],
and belongs to DTU T¢I [59]. The rationale behind the choice of this strain was its low lethality
allowing infected mice to survive the acute period and reach the chronic phase. Moreover,
myotropism of K98 strain increases the probability for detecting muscle disorders. Addition-
ally, in order to favor the development of chagasic pathology, we used male mice which are
more susceptible to T. cruzi infection than female ones [61,62]. Once the challenge was per-
formed, different parameters of tissue damage were evaluated at 100 dpi.

In experimental and natural T. cruzi infection, the damage of muscle fibers caused by para-
sitic persistence leads to increased blood levels of intracellular enzymes such as LDH, GOT
and CK. Importantly, we observed that all immunized groups had lower serum levels of CK,
CK-MB, GOT and LDH than the control group. In accordance with this, we showed that
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immunized mice presented less electrocardiographic alterations than those registered in the
control group (SaroA). Prolongation of the QTc¢ interval is one of the most frequently alter-
ation described for T. cruzi murine infection model [63] and it is generally related to a slow
ventricular repolarization [64]. We found that mice immunized with STc80 had a significantly
less prolonged QTc¢ interval (p<0.05) than control mice and most importantly, these values
were similar to the QTc interval observed in non-infected mice.

Furthermore, the parasite burden in target tissues at 100 dpi was evaluated by qPCR. We
observed lower parasitic loads in cardiac muscle compared with skeletal muscle. These results
were consistent with the histopathological analysis where we found a few isolated inflamma-
tory foci in heart muscle and a larger infiltrate in skeletal muscle of control infected mice.
These differences between both target tissues may correspond to the K98 strain differential
myotropism as well as differential immune response mounted on each tissue. Interestingly, we
found that in the skeletal muscle of the immunized mice the parasite burden was significantly
reduced compared with SaroA groups. These results are in agreement with the correlation
between parasitism and inflammatory infiltrates as described in the literature [65-67]. Neither
parasite burden nor inflammation was detected in heart tissue. In contrast, skeletal muscle,
presented high parasitism and inflammation. Therefore, the ECG disorders and the elevated
serum levels of CK-MB observed in SaroA group were not associated with an ongoing heart
inflammatory process at 100 dpi. These physiological disorders may be the result of previous
irreversible alterations despite the low inflammatory extent [68].

In conclusion, we have demonstrated that Tc80-based vaccines are able to confer protection
against T. cruzi infection, and importantly this immunoprotection was extensive to different
strains belonging to different DTUs. Ours results emphasize the importance of stimulating
cell-mediated immunity by activation of polyfunctional CD4" T cells and cytotoxic T lympho-
cytes in order to control T. cruzi infection. Even though our results highlight the importance
of humoral responses as an effective weapon in the control of early stages of parasite infection,
if cell-mediated immune response is not strongly stimulated by vaccination, mice are unable
to survive against a lethal challenge, as we observed in rTc80im group.

Similar to other vaccine immunogens which were previously described for T. cruzi, formu-
lations with Tc80 as DNA vaccine or in a prime boost strategy partially control the infection.
Although the ideal vaccine will be the one that provides sterilizing immunity, avoiding pro-
gression to symptomatic forms of the chronic Chagas disease is indeed a very promising goal.
Considering T. cruzi complexity, a multicomponent and/or chimeric vaccine approach has
been proposed by us [36,69] and others [40,70]. In this context and based on the results pre-
sented here, Tc80 represents a novel target to be considered in the development of an effective
vaccine against T. cruzi infection.

Supporting information

S1 Dataset. Tc80 MHC-I H-2K* epitope prediction results.
(PDF)

S1 Fig. Tc80-specific humoral immune response during acute and chronic (90 dpi) T. cruzi
infection. a) ELISA for IgG anti-rTc80. Ninety-six-well plates were coated with rTc80 and
incubated with serial dilutions of mice sera (non-infected, T. cruzi acute-infected or 90 dpi
chronic-infected). Biotin-Streptavidin amplification was used for antibodies detection and
titer was calculated as the reciprocal of the dilution with a DO4s50nm, = 0.5. b) Immunoblot
detection of Tc80-specific antibodies during T. cruzi infection. Recombinant Tc80 (lanes 1, 3
and 5) or the parasite lysate F105 fraction (lanes 2 and 4) were separated by SDS-PAGE, trans-
ferred to a nitrocellulose membrane and incubated with sera from acute-infected mice (lanes 1
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and 2), chronic infected mice (lanes 3 and 4) or rT'c80 immunized mice (lane 5). ¢) Prolyl oli-
gopeptidase activity inhibition by sera from Tc80-immunized or T. cruzi-infected mice.
Results are expressed as mean + SEM (n = 5-6 per group) and are representative of at least
three independent experiments. *p<0.05; ****p<0.0001. One-way ANOVA plus Dunnett’s
post-test.

(PDF)

Author Contributions

Conceptualization: Augusto E. Bivona, Andrés Sanchez Alberti, Natacha Cerny, Silvia I.
Cazorla, Emilio L. Malchiodi.

Data curation: Augusto E. Bivona, Andrés Sanchez Alberti, Marina N. Matos, Natacha Cerny,
Celina Morales, German Gonzalez, Silvia I. Cazorla.

Formal analysis: Augusto E. Bivona, Andrés Sanchez Alberti, Marina N. Matos, Natacha
Cerny, Alejandro C. Cardoso, Celina Morales, German Gonzalez, Silvia I. Cazorla.

Funding acquisition: Emilio L. Malchiodi.

Investigation: Augusto E. Bivona, Andrés Sanchez Alberti, Marina N. Matos, Natacha Cerny,
Alejandro C. Cardoso, Celina Morales, German Gonzalez, Silvia I. Cazorla.

Methodology: Augusto E. Bivona, Andrés Sanchez Alberti, Marina N. Matos, Natacha Cerny,
Celina Morales, German Gonzalez, Silvia I. Cazorla.

Project administration: Emilio L. Malchiodi.

Resources: Emilio L. Malchiodi.

Supervision: Silvia I. Cazorla, Emilio L. Malchiodi.
Validation: Andrés Sanchez Alberti, Emilio L. Malchiodi.

Visualization: Augusto E. Bivona, Andrés Sanchez Alberti, Silvia I. Cazorla, Emilio L.
Malchiodi.

Writing - original draft: Augusto E. Bivona, Emilio L. Malchiodi.
Writing - review & editing: Emilio L. Malchiodi.

References

1.  WHO | Chagas disease (American trypanosomiasis). WHO. World Health Organization; 2016; Avail-
able: http://www.who.int/chagas/en/

2. Kalil-Filho R. Globalization of Chagas Disease Burden and New Treatment Perspectives. J Am Coll
Cardiol. Journal of the American College of Cardiology; 2015; 66: 1190—1192. https://doi.org/10.1016/].
jacc.2015.07.024 PMID: 26337998

3. Teixeira ARL, Hecht MM, Guimaro MC, Sousa AO, Nitz N. Pathogenesis of chagas’ disease: parasite
persistence and autoimmunity. Clin Microbiol Rev. 2011; 24: 592—630. https://doi.org/10.1128/CMR.
00063-10 PMID: 21734249

4. Pecoul B, Batista C, Stobbaerts E, Ribeiro |, Vilasanjuan R, Gascon J, et al. The BENEFIT Trial: Where
Do We Go from Here? Aksoy S, editor. PLoS Negl Trop Dis. Public Library of Science; 2016; 10:
€0004343. https://doi.org/10.1371/journal.pntd.0004343 PMID: 26913759

5. Morillo CA, Marin-Neto JA, Avezum A, Sosa-Estani S, Rassi A, Rosas F, et al. Randomized Trial of
Benznidazole for Chronic Chagas’ Cardiomyopathy. N Engl J Med. 2015; 373: 1295-306. https://doi.
org/10.1056/NEJMoa1507574 PMID: 26323937

6. Grellier P, Vendeville S, Joyeau R, Bastos IMD, Drobecq H, Frappier F, et al. Trypanosoma cruzi Proly!
Oligopeptidase Tc80 Is Involved in Nonphagocytic Mammalian Cell Invasion by Trypomastigotes. J Biol
Chem. 2001; 276: 47078—-47086. https://doi.org/10.1074/jbc.M106017200 PMID: 11598112

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018 19/23


http://www.who.int/chagas/en/
https://doi.org/10.1016/j.jacc.2015.07.024
https://doi.org/10.1016/j.jacc.2015.07.024
http://www.ncbi.nlm.nih.gov/pubmed/26337998
https://doi.org/10.1128/CMR.00063-10
https://doi.org/10.1128/CMR.00063-10
http://www.ncbi.nlm.nih.gov/pubmed/21734249
https://doi.org/10.1371/journal.pntd.0004343
http://www.ncbi.nlm.nih.gov/pubmed/26913759
https://doi.org/10.1056/NEJMoa1507574
https://doi.org/10.1056/NEJMoa1507574
http://www.ncbi.nlm.nih.gov/pubmed/26323937
https://doi.org/10.1074/jbc.M106017200
http://www.ncbi.nlm.nih.gov/pubmed/11598112
https://doi.org/10.1371/journal.pntd.0006384

@ PLOS | RSHEAE Biseases

Tc80, a novel vaccine candidate against Chagas disease

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Santana JM, Grellier P, Schrével J, Teixeira ARL. A Trypanosoma cruzi-secreted 80 kDa proteinase
with specificity for human collagen types | and IV. Biochem J. 1997; 325 (Pt 1: 129—-137.

Bastos IMD, Grellier P, Martins NF, Cadavid-Restrepo G, de Souza-Ault MR, Augustyns K| et al. Molec-
ular, functional and structural properties of the prolyl oligopeptidase of Trypanosoma cruzi (POP Tc80),
which is required for parasite entry into mammalian cells. Biochem J. 2005; 388: 29-38. https://doi.org/
10.1042/BJ20041049 PMID: 15581422

Nih Od, Oer Olaw. Guide for the Care and Use of Laboratory Animals, 8th edition. National Academies
Press. Available: https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf

Charan J, Kantharia ND. How to calculate sample size in animal studies? J Pharmacol Pharmacother.
Wolters Kluwer—Medknow Publications; 2013; 4: 303-6. https://doi.org/10.4103/0976-500X.119726
PMID: 24250214

Cerny N, Sanchez Alberti A, Bivona AE, De Marzi MC, Frank FM, Cazorla S, et al. Coadministration of
cruzipain and GM-CSF DNAs, a new immunotherapeutic vaccine against Trypanosoma cruzi infection.
Hum Vaccines Immunother. 2016; 12: 438—450. https://doi.org/10.1080/21645515.2015.1078044
PMID: 26312947

Bivona AE, Cerny N, Alberti AS, Cazorla S|, Malchiodi EL. Attenuated Salmonella sp. as a DNA Delivery
System for Trypanosoma cruzi Antigens. In: Thomas S, editor. Vaccine Design: Methods and Protocols,
Volume 2: Vaccines for Veterinary Diseases. New York, NY: Springer New York; 2016. pp. 683-695.
https://doi.org/10.1007/978-1-4939-3389-1_44 PMID: 27076330

Frank FM, Petray PB, Cazorla SI, Mufioz MC, Corral RS, Malchiodi EL. Use of a purified Trypanosoma
cruzi antigen and CpG oligodeoxynucleotides forimmunoprotection against a lethal challenge with try-
pomastigotes. Vaccine. 2003; 22: 77-86. https://doi.org/10.1016/S0264-410X(03)00541-3 PMID:
14604574

Matos MN, Cazorla SI, Bivona AE, Morales C, Guzma'n CA, Malchiodi EL. Tc52 amino-terminal-
domain DNA carried by attenuated Salmonella enterica serovar typhimurium induces protection against
a trypanosoma cruzi lethal challenge. Infect Immun. 2014; 82: 4265—4275. https://doi.org/10.1128/IAl.
02190-14 PMID: 25069980

Matos MN, Cazorla Sl, Bivona AE, Morales C, Guzman CA, Malchiodi EL. T¢52 amino-terminal-domain
DNA carried by attenuated Salmonella enterica serovar Typhimurium induces protection against a Try-
panosoma cruzi lethal challenge. Infect Immun. 2014; 82: 4265-75. https://doi.org/10.1128/IA1.02190-
14 PMID: 25069980

Cazorla Sl, Frank FM, Becker PD, Arnaiz M, Mirkin GA, Corral RS, et al. Redirection of the Immune
Response to the Functional Catalytic Domain of the Cystein Proteinase Cruzipain Improves Protective
Immunity against Trypanosoma cruzilnfection. J Infect Dis. Oxford University Press; 2010; 202: 136—
144. https://doi.org/10.1086/652872 PMID: 20497050

Tzelepis F, de Alencar BCG, Penido MLO, Claser C, Machado A V, Bruna-Romero O, et al. Infection
with Trypanosoma cruzi restricts the repertoire of parasite-specific CD8+ T cells leading to immunodo-
minance. J Immunol. 2008; 180: 1737—48. Available: http://www.ncbi.nlm.nih.gov/pubmed/18209071
PMID: 18209071

Mitchell GF, Jeron a, Koren G. Measurement of heart rate and Q-T interval in the conscious mouse. Am
J Physiol. 1998; 274: H747-H751. doi:n.a. PMID: 9530184

Postan M, Bailey JJ, Dvorak JA, McDaniel JP, Pottala EW. Studies of Trypanosoma cruzi clones in
inbred mice. llI. Histopathological and electrocardiographical responses to chronic infection. Am J Trop
Med Hyg. 1987; 37: 541-9. Available: http://www.ncbi.nlm.nih.gov/pubmed/3318521 PMID: 3318521

Martin DL, Postan M, Lucas P, Gress R, Tarleton RL. TGF- regulates pathology but not tissue CD8+ T
cell dysfunction during experimental Trypanosoma cruzi infection. Eur J Immunol. WILEY-VCH Verlag;
2007; 37: 2764-2771. https://doi.org/10.1002/eji.200737033 PMID: 17823982

Cummings KL, Tarleton RL. Rapid quantitation of Trypanosoma cruzi in host tissue by real-time PCR.
Mol Biochem Parasitol. 2003; 129: 53—9. Available: http://www.ncbi.nim.nih.gov/pubmed/12798506
PMID: 12798506

Cazorla Sl, Becker PD, Frank FM, Ebensen T, Sartori MJ, Corral RS, et al. Oral vaccination with Salmo-
nella enterica as a cruzipain-DNA delivery system confers protective immunity against Trypanosoma
cruzi. Infect Immun. 2008; 76: 324—33. https://doi.org/10.1128/IA1.01163-07 PMID: 17967857

Matos MN, Sanchez Alberti A, Morales C, Cazorla S, Malchiodi EL. A prime-boost immunization with
Tc52 N-terminal domain DNA and the recombinant protein expressed in Pichia pastoris protects against
Trypanosoma cruzi infection. Vaccine. 2016; 34: 3243-3251. https://doi.org/10.1016/j.vaccine.2016.
05.011 PMID: 27177947

Brodskyn C, Silva A, Takehara H, Mota |. IgG subclasses responsible forimmune clearance in mice
infected with Trypanosoma cruzi. Immunol Cell Biol. 1989; 67: 343-348. https://doi.org/10.1038/icb.
1989.50 PMID: 2516504

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018 20/23


https://doi.org/10.1042/BJ20041049
https://doi.org/10.1042/BJ20041049
http://www.ncbi.nlm.nih.gov/pubmed/15581422
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://doi.org/10.4103/0976-500X.119726
http://www.ncbi.nlm.nih.gov/pubmed/24250214
https://doi.org/10.1080/21645515.2015.1078044
http://www.ncbi.nlm.nih.gov/pubmed/26312947
https://doi.org/10.1007/978-1-4939-3389-1_44
http://www.ncbi.nlm.nih.gov/pubmed/27076330
https://doi.org/10.1016/S0264-410X(03)00541-3
http://www.ncbi.nlm.nih.gov/pubmed/14604574
https://doi.org/10.1128/IAI.02190-14
https://doi.org/10.1128/IAI.02190-14
http://www.ncbi.nlm.nih.gov/pubmed/25069980
https://doi.org/10.1128/IAI.02190-14
https://doi.org/10.1128/IAI.02190-14
http://www.ncbi.nlm.nih.gov/pubmed/25069980
https://doi.org/10.1086/652872
http://www.ncbi.nlm.nih.gov/pubmed/20497050
http://www.ncbi.nlm.nih.gov/pubmed/18209071
http://www.ncbi.nlm.nih.gov/pubmed/18209071
http://www.ncbi.nlm.nih.gov/pubmed/9530184
http://www.ncbi.nlm.nih.gov/pubmed/3318521
http://www.ncbi.nlm.nih.gov/pubmed/3318521
https://doi.org/10.1002/eji.200737033
http://www.ncbi.nlm.nih.gov/pubmed/17823982
http://www.ncbi.nlm.nih.gov/pubmed/12798506
http://www.ncbi.nlm.nih.gov/pubmed/12798506
https://doi.org/10.1128/IAI.01163-07
http://www.ncbi.nlm.nih.gov/pubmed/17967857
https://doi.org/10.1016/j.vaccine.2016.05.011
https://doi.org/10.1016/j.vaccine.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27177947
https://doi.org/10.1038/icb.1989.50
https://doi.org/10.1038/icb.1989.50
http://www.ncbi.nlm.nih.gov/pubmed/2516504
https://doi.org/10.1371/journal.pntd.0006384

@ PLOS | RSHEAE Biseases

Tc80, a novel vaccine candidate against Chagas disease

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Kumar S, Tarleton RL. The relative contribution of antibody production and CD8+ T cell function to
immune control of Trypanosoma cruzi. Parasite Immunol. 1998; 20: 207—16. Available: http://www.ncbi.
nim.nih.gov/pubmed/9651921 PMID: 9651921

Rammensee H, Bachmann J, Emmerich NP, Bachor OA, Stevanovi¢ S. SYFPEITHI: database for
MHC ligands and peptide motifs. Immunogenetics. 1999; 50: 213-9. Available: http://www.ncbi.nlm.nih.
gov/pubmed/10602881 PMID: 10602881

Reche PA, Glutting J-P, Reinherz EL. Prediction of MHC class | binding peptides using profile motifs.
Hum Immunol. 2002; 63: 701-9. Available: http://www.ncbi.nlm.nih.gov/pubmed/12175724 PMID:
12175724

Reche PA, Glutting J-P, Zhang H, Reinherz EL. Enhancement to the RANKPEP resource for the predic-
tion of peptide binding to MHC molecules using profiles. Inmunogenetics. 2004; 56: 405—19. https://doi.
org/10.1007/s00251-004-0709-7 PMID: 15349703

Reche PA, Reinherz EL. Prediction of Peptide-MHC Binding Using Profiles. Methods in molecular biol-
ogy (Clifton, NJ). 2007. pp. 185—200. https://doi.org/10.1007/978-1-60327-118-9_13 PMID: 18450001

Vita R, Overton JA, Greenbaum JA, Ponomarenko J, Clark JD, Cantrell JR, et al. The immune epitope
database (IEDB) 3.0. Nucleic Acids Res. 2015; 43: D405-D412. https://doi.org/10.1093/nar/gku938
PMID: 25300482

Bode C, Zhao G, Steinhagen F, Kinjo T, Klinman DM. CpG DNA as a vaccine adjuvant. Expert Rev Vac-
cines. 2011; 10: 499-511. https://doi.org/10.1586/erv.10.174 PMID: 21506647

Corral RS, Petray PB. CpG DNA as a Th1-promoting adjuvant in immunization against Trypanosoma
cruzi. Vaccine. 2000; 19: 234-242. https://doi.org/10.1016/S0264-410X(00)00172-9 PMID: 10930678

Kutzler MA, Weiner DB. DNA vaccines: ready for prime time? Nat Rev Genet. 2008; 9: 776—788.
https://doi.org/10.1038/nrg2432 PMID: 18781156

Hoft DF, Schnapp AR, Eickhoff CS, Roodman ST. Involvement of CD4(+) Th1 cells in systemic immu-
nity protective against primary and secondary challenges with Trypanosoma cruzi. Infect Immun. 2000;
68: 197-204. Available: http://www.ncbi.nlm.nih.gov/pubmed/10603388 PMID: 10603388

Cazorla Sl, Becker PD, Frank FM, Ebensen T, Sartori MJ, Corral RS, et al. Oral vaccination with Salmo-
nella enterica as a cruzipain-DNA delivery system confers protective immunity against Trypanosoma
cruzi. Infect Immun. American Society for Microbiology; 2008; 76: 324—33. https://doi.org/10.1128/IAl.
01163-07 PMID: 17967857

Cazorla S, Matos MN, Cerny N, Ramirez C, Alberti AS, Bivona AE, et al. Oral multicomponent DNA
vaccine delivered by attenuated Salmonella elicited immunoprotection against American trypanosomia-
sis. J Infect Dis. 2015; 211: 698-707. https://doi.org/10.1093/infdis/jiu480 PMID: 25160983

Lu S. Heterologous prime—boost vaccination. Curr Opin Immunol. 2009; 21: 346—351. https://doi.org/
10.1016/j.c0i.2009.05.016 PMID: 19500964

Kardani K, Bolhassani A, Shahbazi S. Prime-boost vaccine strategy against viral infections: Mecha-
nisms and benefits. Vaccine. 2016; 34: 413—423. https://doi.org/10.1016/j.vaccine.2015.11.062 PMID:
26691569

Cazorla Sl, Frank FM, Becker PD, Corral RS, Guzman CA, Malchiodi EL. Prime-boost immunization
with cruzipain co-administered with MALP-2 triggers a protective immune response able to decrease
parasite burden and tissue injury in an experimental Trypanosoma cruzi infection model. Vaccine.
2008; 26: 1999-2009. https://doi.org/10.1016/j.vaccine.2008.02.011 PMID: 18342408

Gupta S, Garg NJ, Cunha-Neto E, Chevillard C, Cantey P, Stramer S, et al. A Two-Component DNA-
Prime/Protein-Boost Vaccination Strategy for Eliciting Long-Term, Protective T Cell Immunity against
Trypanosoma cruzi. Petersen CA, editor. PLOS Pathog. Public Library of Science; 2015; 11: e1004828.
https://doi.org/10.1371/journal.ppat.1004828 PMID: 25951312

Matos MN, Sanchez Alberti A, Morales C, Cazorla S, Malchiodi EL. A prime-boost immunization with
Tc52 N-terminal domain DNA and the recombinant protein expressed in Pichia pastoris protects against
Trypanosoma cruzi infection. Vaccine. 2016; 34: 3243-3251. https://doi.org/10.1016/j.vaccine.2016.
05.011 PMID: 27177947

Tewary P, Jain M, Sahani MH, Saxena S, Madhubala R. A Heterologous Prime-Boost Vaccination Reg-
imen Using ORFF DNA and Recombinant ORFF Protein Confers Protective Immunity against Experi-
mental Visceral Leishmaniasis. J Infect Dis. Oxford University Press; 2005; 191: 2130-2137. https:/
doi.org/10.1086/430348 PMID: 15898000

Wang Q, Sun S, Hu Z, Yin M, Xiao C, Zhang J. Improved immunogenicity of a tuberculosis DNA vaccine
encoding ESAT6 by DNA priming and protein boosting. Vaccine. 2004; 22: 3622—3627. https://doi.org/
10.1016/j.vaccine.2004.03.029 PMID: 15315841

Golshani M, Rafati S, Nejati-Moheimani M, Ghasemian M, Bouzari S. Comparison of potential protec-
tion conferred by three immunization strategies (protein/protein, DNA/DNA, and DNA/protein) against

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018 21/23


http://www.ncbi.nlm.nih.gov/pubmed/9651921
http://www.ncbi.nlm.nih.gov/pubmed/9651921
http://www.ncbi.nlm.nih.gov/pubmed/9651921
http://www.ncbi.nlm.nih.gov/pubmed/10602881
http://www.ncbi.nlm.nih.gov/pubmed/10602881
http://www.ncbi.nlm.nih.gov/pubmed/10602881
http://www.ncbi.nlm.nih.gov/pubmed/12175724
http://www.ncbi.nlm.nih.gov/pubmed/12175724
https://doi.org/10.1007/s00251-004-0709-7
https://doi.org/10.1007/s00251-004-0709-7
http://www.ncbi.nlm.nih.gov/pubmed/15349703
https://doi.org/10.1007/978-1-60327-118-9_13
http://www.ncbi.nlm.nih.gov/pubmed/18450001
https://doi.org/10.1093/nar/gku938
http://www.ncbi.nlm.nih.gov/pubmed/25300482
https://doi.org/10.1586/erv.10.174
http://www.ncbi.nlm.nih.gov/pubmed/21506647
https://doi.org/10.1016/S0264-410X(00)00172-9
http://www.ncbi.nlm.nih.gov/pubmed/10930678
https://doi.org/10.1038/nrg2432
http://www.ncbi.nlm.nih.gov/pubmed/18781156
http://www.ncbi.nlm.nih.gov/pubmed/10603388
http://www.ncbi.nlm.nih.gov/pubmed/10603388
https://doi.org/10.1128/IAI.01163-07
https://doi.org/10.1128/IAI.01163-07
http://www.ncbi.nlm.nih.gov/pubmed/17967857
https://doi.org/10.1093/infdis/jiu480
http://www.ncbi.nlm.nih.gov/pubmed/25160983
https://doi.org/10.1016/j.coi.2009.05.016
https://doi.org/10.1016/j.coi.2009.05.016
http://www.ncbi.nlm.nih.gov/pubmed/19500964
https://doi.org/10.1016/j.vaccine.2015.11.062
http://www.ncbi.nlm.nih.gov/pubmed/26691569
https://doi.org/10.1016/j.vaccine.2008.02.011
http://www.ncbi.nlm.nih.gov/pubmed/18342408
https://doi.org/10.1371/journal.ppat.1004828
http://www.ncbi.nlm.nih.gov/pubmed/25951312
https://doi.org/10.1016/j.vaccine.2016.05.011
https://doi.org/10.1016/j.vaccine.2016.05.011
http://www.ncbi.nlm.nih.gov/pubmed/27177947
https://doi.org/10.1086/430348
https://doi.org/10.1086/430348
http://www.ncbi.nlm.nih.gov/pubmed/15898000
https://doi.org/10.1016/j.vaccine.2004.03.029
https://doi.org/10.1016/j.vaccine.2004.03.029
http://www.ncbi.nlm.nih.gov/pubmed/15315841
https://doi.org/10.1371/journal.pntd.0006384

@ PLOS | RSHEAE Biseases

Tc80, a novel vaccine candidate against Chagas disease

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Brucella infection using Omp2b in BALB/c Mice. Vet Microbiol. 2016; 197: 47-52. https://doi.org/10.
1016/j.vetmic.2016.10.027 PMID: 27938682

Tomas AM, Miles MA, Kelly JM. Overexpression of Cruzipain, the Major Cysteine Proteinase of Trypa-
nosoma cruzi, is Associated with Enhanced Metacyclogenesis. Eur J Biochem. 1997; 244: 596—-603.
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00596.x PMID: 9119029

dC-Rubin SSC, Schenkman S. T rypanosoma cruzi trans -sialidase as a multifunctional enzyme in Cha-
gas’ disease. Cell Microbiol. 2012; 14: 1522—1530. https://doi.org/10.1111/j.1462-5822.2012.01831.x
PMID: 22747789

Bernabd G, Levy G, Ziliani M, Caeiro LD, Sanchez DO, Tekiel V. TcTASV-C, a Protein Family in Trypa-
nosoma cruzi that Is Predominantly Trypomastigote-Stage Specific and Secreted to the Medium. Ralph
SA, editor. PLoS One. Public Library of Science; 2013; 8: €71192. https://doi.org/10.1371/journal.pone.
0071192 PMID: 23923058

Michailowsky V, Silva NM, Rocha CD, Vieira LQ, Lannes-Vieira J, Gazzinelli RT. Pivotal role of interleu-
kin-12 and interferon-gamma axis in controlling tissue parasitism and inflammation in the heart and cen-
tral nervous system during Trypanosoma cruzi infection. Am J Pathol. 2001; 159: 1723-33. Available:
http://www.ncbi.nIm.nih.gov/pubmed/11696433 PMID: 11696433

Junqueira C, Caetano B, Bartholomeu DC, Melo MB, Ropert C, Rodrigues MM, et al. The endless race
between Trypanosoma cruzi and host immunity: lessons for and beyond Chagas disease. Expert Rev
Mol Med. 2010; 12: 29. https://doi.org/10.1017/S1462399410001560 PMID: 20840799

Van Braeckel E, Desombere |, Clement F, Vandekerckhove L, Verhofstede C, Vogelaers D, et al. Poly-
functional CD4+ T cell responses in HIV-1-infected viral controllers compared with those in healthy
recipients of an adjuvanted polyprotein HIV-1 vaccine. Vaccine. 2013; 31: 3739-3746. https://doi.org/
10.1016/j.vaccine.2013.05.021 PMID: 23707169

Semmo N, Day CL, Ward SM, Lucas M, Harcourt G, Loughry A, et al. Preferential loss of IL-2-secreting
CD4+ T helper cells in chronic HCV infection. Hepatology. Wiley Subscription Services, Inc., A Wiley
Company; 2005; 41: 1019-1028. https://doi.org/10.1002/hep.20669 PMID: 15841456

Millington KA, Innes JA, Hackforth S, Hinks TSC, Deeks JJ, Dosanjh DPS, et al. Dynamic relationship
between IFN-gamma and IL-2 profile of Mycobacterium tuberculosis-specific T cells and antigen load. J
Immunol. 2007; 178: 5217-26. Available: http://www.ncbi.nlm.nih.gov/pubmed/17404305 PMID:
17404305

Darrah PA, Patel DT, De Luca PM, Lindsay RWB, Davey DF, Flynn BJ, et al. Multifunctional TH1 cells
define a correlate of vaccine-mediated protection against Leishmania major. Nat Med. 2007; 13: 843—
850. https://doi.org/10.1038/nm1592 PMID: 17558415

Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol. Nature
Research; 2015; 15: 486—499. https://doi.org/10.1038/nri3862 PMID: 26205583

Albareda MC, Olivera GC, Laucella SA, Alvarez MG, Fernandez ER, Lococo B, et al. Chronic human
infection with Trypanosoma cruzi drives CD4+ T cells to immune senescence. J Immunol. NIH Public
Access; 2009; 183: 4103-8. https://doi.org/10.4049/jimmunol.0900852 PMID: 19692645

Albareda MC, De Rissio AM, Tomas G, Serjan A, Alvarez MG, Viotti R, et al. Polyfunctional T Cell
Responses in Children in Early Stages of Chronic Trypanosoma cruzi Infection Contrast with Monofunc-
tional Responses of Long-term Infected Adults. Dumonteil E, editor. PLoS Negl Trop Dis. 2013; 7:
e2575. https://doi.org/10.1371/journal.pntd.0002575 PMID: 24349591

Padilla AM, Simpson LJ, Tarleton RL. Insufficient TLR Activation Contributes to the Slow Development
of CD8+ T Cell Responses in Trypanosoma cruzi Infection. J Immunol. 2009; 183: 1245—-1252. hitps://
doi.org/10.4049/jimmunol.0901178 PMID: 19553540

Gonzalez Cappa SM, Mirkin GA, Solana ME, Tekiel VS. [Trypanosoma cruzi pathology. Strain depen-
dent?]. Medicina (B Aires). 1999; 59 Suppl 2: 69-74. Available: http://www.ncbi.nlm.nih.gov/pubmed/
10668246

Zingales B, Andrade SG, Briones MRS, Campbell DA, Chiari E, Fernandes O, et al. A new consensus
for Trypanosoma cruzi intraspecific nomenclature: second revision meeting recommends Tcl to TcVI.
Mem Inst Oswaldo Cruz. 2009; 104: 1051—4. Available: http://www.ncbi.nlm.nih.gov/pubmed/
20027478 PMID: 20027478

Pérez-Molina JA, Molina I. Chagas disease. Lancet. 2017; 6736: 1—13. https://doi.org/10.1016/S0140-
6736(17)31612-4

de Souza EM, Rivera MT, Araujo-Jorge TC, de Castro SL. Modulation induced by estradiol in the acute
phase of Trypanosoma cruzi infection in mice. Parasitol Res. 2001; 87: 513—-20. Available: http://www.
ncbi.nlm.nih.gov/pubmed/11484845 PMID: 11484845

Vorraro F, Cabrera WHK, Ribeiro OG, Jensen JR, De Franco M, Ibafiez OM, et al. Trypanosoma cruzi
infection in genetically selected mouse lines: genetic linkage with quantitative trait locus controlling

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018 22/23


https://doi.org/10.1016/j.vetmic.2016.10.027
https://doi.org/10.1016/j.vetmic.2016.10.027
http://www.ncbi.nlm.nih.gov/pubmed/27938682
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00596.x
http://www.ncbi.nlm.nih.gov/pubmed/9119029
https://doi.org/10.1111/j.1462-5822.2012.01831.x
http://www.ncbi.nlm.nih.gov/pubmed/22747789
https://doi.org/10.1371/journal.pone.0071192
https://doi.org/10.1371/journal.pone.0071192
http://www.ncbi.nlm.nih.gov/pubmed/23923058
http://www.ncbi.nlm.nih.gov/pubmed/11696433
http://www.ncbi.nlm.nih.gov/pubmed/11696433
https://doi.org/10.1017/S1462399410001560
http://www.ncbi.nlm.nih.gov/pubmed/20840799
https://doi.org/10.1016/j.vaccine.2013.05.021
https://doi.org/10.1016/j.vaccine.2013.05.021
http://www.ncbi.nlm.nih.gov/pubmed/23707169
https://doi.org/10.1002/hep.20669
http://www.ncbi.nlm.nih.gov/pubmed/15841456
http://www.ncbi.nlm.nih.gov/pubmed/17404305
http://www.ncbi.nlm.nih.gov/pubmed/17404305
https://doi.org/10.1038/nm1592
http://www.ncbi.nlm.nih.gov/pubmed/17558415
https://doi.org/10.1038/nri3862
http://www.ncbi.nlm.nih.gov/pubmed/26205583
https://doi.org/10.4049/jimmunol.0900852
http://www.ncbi.nlm.nih.gov/pubmed/19692645
https://doi.org/10.1371/journal.pntd.0002575
http://www.ncbi.nlm.nih.gov/pubmed/24349591
https://doi.org/10.4049/jimmunol.0901178
https://doi.org/10.4049/jimmunol.0901178
http://www.ncbi.nlm.nih.gov/pubmed/19553540
http://www.ncbi.nlm.nih.gov/pubmed/10668246
http://www.ncbi.nlm.nih.gov/pubmed/10668246
http://www.ncbi.nlm.nih.gov/pubmed/20027478
http://www.ncbi.nlm.nih.gov/pubmed/20027478
http://www.ncbi.nlm.nih.gov/pubmed/20027478
https://doi.org/10.1016/S0140-6736(17)31612-4
https://doi.org/10.1016/S0140-6736(17)31612-4
http://www.ncbi.nlm.nih.gov/pubmed/11484845
http://www.ncbi.nlm.nih.gov/pubmed/11484845
http://www.ncbi.nlm.nih.gov/pubmed/11484845
https://doi.org/10.1371/journal.pntd.0006384

@ PLOS | RSHEAE Biseases

Tc80, a novel vaccine candidate against Chagas disease

63.

64.

65.

66.

67.

68.

69.

70.

antibody response. Mediators Inflamm. Hindawi Publishing Corporation; 2014; 2014: 952857. https://
doi.org/10.1155/2014/952857 PMID: 25197170

Eickhoff CS, Lawrence CT, Sagartz JE, Bryant LA, Labovitz AJ, Gala SS, et al. ECG detection of murine
chagasic cardiomyopathy. J Parasitol. NIH Public Access; 2010; 96: 758—64. https://doi.org/10.1645/
GE-2396.1 PMID: 20738200

Mann DL, Zipes DP, Libby P, Bonow RO, Braunwald E. Braunwald tratado de cardiologia. Volumen 1,
Texto de medicina cardiovascular.

Jones EM, Colley DG, Tostes S, Lopes ER, Vnencak-Jones CL, McCurley TL. Amplification of a Trypa-
nosoma cruzi DNA sequence from inflammatory lesions in human chagasic cardiomyopathy. Am J Trop
Med Hyg. American Society of Tropical Medicine and Hygiene; 1993; 48: 348-57. Available: http://
www.ncbi.nlm.nih.gov/pubmed/8470772 PMID: 8470772

Vago AR, Macedo AM, Adad SJ, d’Avila Reis D, Corréa-Oliveira R. PCR detection of Trypanosoma
cruzi DNA in oesophageal tissues of patients with chronic digestive Chagas’ disease. The Lancet.
1996. pp. 891-892. https://doi.org/10.1016/S0140-6736(05)64761-7

Tarleton RL, Zhang L. Chagas disease etiology: autoimmunity or parasite persistence? Parasitol
Today. 1999; 15: 94-9. Available: http://www.ncbi.nim.nih.gov/pubmed/10322321 PMID: 10322321

Lewis MD, Kelly JM. Putting Infection Dynamics at the Heart of Chagas Disease. Trends Parasitol.
2016; 32: 899-911. https://doi.org/10.1016/j.pt.2016.08.009 PMID: 27612651

Sanchez Alberti A, Bivona A, Cerny N, Schulze K, WeiBmann S, Ebensen T, et al. Engineered trivalent
immunogen adjuvanted with a STING agonist confers protection against Trypanosoma cruzi infection.
npj Vaccines. 2017. https://doi.org/10.1038/s41541-017-0010-z PMID: 29263868

Morell M, Thomas MC, Caballero T, Alonso C, Lépez MC. The genetic immunization with paraflagellar
rod protein-2 fused to the HSP70 confers protection against late Trypanosoma cruzi infection. Vaccine.
2006; 24: 7046—-7055. https://doi.org/10.1016/j.vaccine.2006.07.006 PMID: 16901590

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006384 March 30, 2018 23/23


https://doi.org/10.1155/2014/952857
https://doi.org/10.1155/2014/952857
http://www.ncbi.nlm.nih.gov/pubmed/25197170
https://doi.org/10.1645/GE-2396.1
https://doi.org/10.1645/GE-2396.1
http://www.ncbi.nlm.nih.gov/pubmed/20738200
http://www.ncbi.nlm.nih.gov/pubmed/8470772
http://www.ncbi.nlm.nih.gov/pubmed/8470772
http://www.ncbi.nlm.nih.gov/pubmed/8470772
https://doi.org/10.1016/S0140-6736(05)64761-7
http://www.ncbi.nlm.nih.gov/pubmed/10322321
http://www.ncbi.nlm.nih.gov/pubmed/10322321
https://doi.org/10.1016/j.pt.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27612651
https://doi.org/10.1038/s41541-017-0010-z
http://www.ncbi.nlm.nih.gov/pubmed/29263868
https://doi.org/10.1016/j.vaccine.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16901590
https://doi.org/10.1371/journal.pntd.0006384

