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Abstract

CD8"* T lymphocytes play an important role in controlling infections by intracellular patho-
gens. Chemokines and their receptors are crucial for the migration of CD8" T-lymphocytes,
which are the main IFNy producers and cytotoxic effectors cells. Although the participation
of chemokine ligands and receptors has been largely explored in viral infection, much less is
known in infection by Trypanosoma cruzi, the causative agent of Chagas disease. After T.
cruziinfection, CXCR3 chemokine receptor is highly expressed on the surface of CD8" T-
lymphocytes. Here, we hypothesized that CXCRS3 is a key molecule for migration of para-
site-specific CD8* T-cells towards infected tissues, where they may play their effector activi-
ties. Using a model of induction of resistance to highly susceptible A/Sn mice using an
ASP2-carrying DNA/adenovirus prime-boost strategy, we showed that CXCR3 expression
was upregulated on CD8* T-cells, which selectively migrated towards its ligands CXCL9
and CXCL10. Anti-CXCR3 administration reversed the vaccine-induced resistance to T.
cruziinfection in a way associated with hampered cytotoxic activity and increased proapop-
totic markers on the H2KK-restricted TEWETGQI-specific CD8* T-cells. Furthermore,
CXCR8 receptor critically guided TEWETGQI-specific effector CD8" T-cells to the infected
heart tissue that express CXCL9 and CXCL10. Overall, our study pointed CXCR3 and its
ligands as key molecules to drive T. cruzi-specific effector CD8* T-cells into the infected
heart tissue. The unveiling of the process driving cell migration and colonization of infected
tissues by pathogen-specific effector T-cells is a crucial requirement to the development of
vaccine strategies.
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Author summary

Chemokine receptors and cell adhesion molecules are essential for T lymphocytes migra-
tion into infected tissues. Previously, our group demonstrated that CXCR3 receptor was
highly expressed on specific CD8" T-cells surface after immunization and infection by T.
cruzi. Also, recirculation of specific CD8" T-cells was more important than proliferation
to control the infection by T cruzi. As CD8" T lymphocytes are responsible for controlling
T. cruzi infection by releasing IFN-y or by direct cytotoxicity against infected target cells,
our aim was to analyze the role of the chemokine receptor CXCR3 in the migration of spe-
cific CD8" T-cells towards infected tissues. Our results revealed that intervention on
CXCR3 by administration of a blocking anti-CXCR3 antibody decreased CD8" T-cell
migration, hampering the access of parasite-specific effector cell into the heart tissue of
mice infected by T. cruzi. Therefore, to induce the appropriate migration footmarks is cru-
cial for drive the pathogen-specific effector to sites of infection and, therefore, to clarify
this requirement is a crucial strategy for vaccine development.

Introduction

The causative agent of Chagas disease Trypanosoma cruzi is an intracellular parasite that
infects a variety of cells of the mammalian host [1,2]. The activation of adaptive immune
response occurs by recruiting T lymphocytes to the infection sites after the presentation of try-
pomastigote/amastigote-related proteins via MHC-I or MHC-II [3,4]. CD8" T lymphocytes
are the cells primarily responsible for controlling intracellular pathogens such as T. cruzi [5-
7]. Their relevance to the control of T. cruzi infection was demonstrated during the infection
of CD8-deficient mice, or by the blockade of this molecule using monoclonal antibodies; in
both cases, animals did not survive to infection [8]. The multiple antiparasitic mechanisms
mediated by these cells include secretion of cytokines and direct cytotoxicity against infected
cells [9,10].

The importance of the immune response mediated by CD8" T lymphocytes, which promote
resistance to T. cruzi infection, has led several groups to investigate different vaccine strategies
[11]. Our group has been studying the prime-boost protocol that uses plasmid vector for prim-
ing and a replication-defective human adenovirus type 5 (AdHu5 vector) [9,12] for boosting,
both containing an insertion of the amastigote surface protein 2 (ASP2) gene ASP2. That
immunization protocol can induce a strong CD8-mediated response able to protect the highly
susceptible A/Sn mice to experimental T. cruzi infection [13,14]. Recently, we have shown that
more than proliferative response, the specific CD8" T-cells need to recirculate to exert protec-
tion against infection in A/Sn mice [9,13].

Chemokine molecules are small chemotactic molecules responsible for the guidance of leu-
kocyte migration during homeostasis and inflammation [15]. In addition to cell migration,
chemokines acting as costimulatory molecules involved in T-lymphocytes activation, differen-
tiation and proliferation [16,17]. Pro-inflammatory chemokines are induced by infection with
different pathogens and molecular inflammatory stimuli [18]. Chemokines expression are
induced by an IFN-y- and TNF-enriched Th1-type immune response triggered by infection
with intracellular pathogens [19,20] such as T. cruzi [21-23]. Naive T cells differentiate into
cytokine-producing cells such as IFN-y, IL-2 and TNEF; this differentiation occurs through the
expression of interleukin IL-12 and the T-bet transcription factor [24].

Differentiated effector T cells express high levels of the CXC-chemokine receptor CXCR3,
whereas its ligands CXCL10 (IP-10), CXCL11, and CXCL9 (MIG) are produced by antigen
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presenting cells present in the infected tissues [25]. The role of CXCR3 receptor and the migra-
tion of effector T lymphocytes during Th1 type responses have already been demonstrated in a
murine model infected by the protozoan Toxoplasma gondii. This receptor was highly
expressed on CD4" T cells and was responsible for the migration of T lymphocytes to the intes-
tine, enabling the control of parasite load and tissue damage, and consequently the survival of
infected mice [26]. In addition to cell migration, chemokine receptors such as CXCR3 affect
the differentiation of T lymphocytes. Indeed, recently published studies have shown that the
absence of CXCR3 favors the differentiation of memory effector CD8" T cells [27,28].

Considering that CXCL10 and CXCL?9 are expressed in heart tissue of acute and chronically
T. cruzi-infected mice presenting a CD8" T-cell-enriched myocarditis [21,29], here we hypoth-
esized that CXCR3 is a key molecule for migration of specific CD8" T-cells towards infected
tissues. Using a model of prime-boost immunization in highly susceptible to T. cruzi infection
A/Sn mice, we analyzed the role of CXCR3 receptor present on pathogen-specific CD8" T-
cells migration, compartmentalization and effector functions. Further, we used an anti-
CXCR3 blocking antibody as a tool to interfere in the migration process of CD8" T-cells and
analyzed susceptibility to infection, migration pattern, tissue colonization and effector activity.
Therefore, we aimed to shed light on the importance of CXCR3-driven cell migration, and its
role to protection and tissue injury in T. cruzi infected hosts. This knowledge may contribute
to the strategies of vaccine development against intracellular pathogens.

Methods
Ethics statement and mice

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimenta-
tion (http://www.cobea.org.br). The protocol was approved by the Ethical Committee for Ani-
mal Experimentation at the Federal University of Sao Paulo (Id # CEP 7559051115). Eight-
weeks-old female mice, A/Sn, C57BL/6 or CD8-deficient mice (cd8”"), were purchased from the
Federal University of Sao Paulo (CEDEME). CCR2 deficient mice (ccr2”") were kindly supplied
by Dr. Jodo Santana, Ribeirdo Preto School of Medicine-FMPR. Blood trypomastigotes of Y
strain of T. cruzi were maintained by weekly passages in A/Sn mice at the Xenodiagnosis Labo-
ratory of Dante Pazzenese Cardiology Institute. For in vivo experiments, each mouse was inocu-
lated with 150 (A/Sn) or 10* trypomastigotes forms from blood (C57BL/6) diluted in 0.2 mL
PBS and administered subcutaneously (s.c.) at the base of the tail. Parasitemia was determined
by the examination of 5 uL of blood, and parasites were counted with a light microscope.

Immunization protocol

Heterologous prime-boost immunization protocol with plasmid pIgSPCL.9 and the human
replication-defective adenovirus type 5 containing the ASP2 gene, as described previously
[12,30], was used. Briefly, the immunization consists of a dose of plasmid DNA (100 pg) as a
prime (pcDNA3 control or pIgSPClone9) and three weeks later, mice were boosted with 2x10°
plaque-forming units (pfu) of the adenoviral vectors AdB-gal or AAASP2. Both injections were
performed via intramuscular route (Tibialis anterior muscle). After 15 days of boosting mice
were infected with T. cruzi.

Treatments

Blocking monoclonal antibodies anti-CXCR3 (clone CXCR3-173, BioXcell), anti-CCL2 (clone
2H5, BioXcell) and isotype control antibody Rat IgG2a (clone 2A3, BioXcell), were
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administered via i.p route on the same day of infection and every 48 hours until 20 days after
infection. The quantity of antibodies administered was 250 pg of mAb/mouse. The dose was
the same used in previously studies [31]. The groups were divided as shown below:

1. Bgal+T.cruzi: Immunized with controls plasmid pcDNA3/AdBgal and challenged with T.cruzi;

2. ASP2+T.cruzi: Immunized with pIgSPclone9/AdASP2, challenged with T.cruzi and treated
with isotype control antibody.

3. ASP2+0CXCR3+T.cruzi: Immunized with pIgSPclone9/AdASP2, challenged with T. cruzi
and treated with anti-CXCR3 antibody.

Peptide

TEWETGQI immunodominant peptide described earlier [32], was synthesized by GenScript
(Piscataway, New Jersey) and used for in vitro and ex vivo stimulation of splenocytes. The mul-
timer H2KX TEWETGQI (Immudex Copenhagen, Denmark) was used for specific CD8" T
cell detection.

Quantification of parasite burden

Hearts and spleens from Bgal+T.cruzi, ASP2+T.cruzi and ASP2+0CXCR3+T.cruzi were used
for DNA extraction. The DNA extraction, the specific primers for a satellite DNA region of
the parasite (T. cruzi) and the qPCR reaction using TagMan Universal Master Mix I with
UNG were adapted from Piron and colleagues [33].

ELISpot

Briefly, 1x10° responder cells from spleen were incubated with 3x10° antigen-presenting cells
in complete medium (1% NEAA, 1% L-glutamine, 1% vitamins and 1% pyruvate, 0,1% 2-ME,
10% FBS (HyClone), 20 U/mL mouse recombinant IL-2 (SIGMA) and on a plate previously
coated with capture antibody those cells were incubated in the presence or absence of 10 uM
of peptide TEWETGQI. After 24 hours the plates were washed with PBS and PBS-Tween 20
(0.05% Tween). Each well received 2 pg/mL of biotinylated anti-mouse monoclonal antibody
(clone XMG1.2, Pharmingen). The plates were incubated with streptavidin-peroxidase (BD)
and developed by adding peroxidase substrate (50mM Tris-HCI, pH 7.5, containing 1 mg/ml
DAB and 1 pL/ml 30% hydrogen peroxide, both from SIGMA). The number of IFN-y-produc-
ing cells was determined using a stereoscope.

Intracellular cytokine staining and flow cytometry

Two million cells from spleen were treated with ACK buffer (NH,Cl, 0.15 M; KHCO3, 10 mM;
Na,-EDTA 0.1 mM; pH = 7.4). Both spleen and heart cells were stained with H2K"-
TEWETGQI multimer for 10 minutes at RT. The splenocytes cell surface was stained for 30
min at 4°C. The following antibodies were used for surface staining: anti-CD3 APCcy7 (clone
145-2C11, BD), anti-CD8 PERCP or anti-CD8 PACIFIC BLUE (clone 53-67, BD), anti-
CD11a FITC (clone 2D7, BD), anti-CD11c APCcy7 (clone HL3, BD), anti-CD44 FITC (clone
IM7, BD), anti-CD62L PE (clone MEL-14, BD), anti-CXCR3 PERCP/Cy5.5 (clone 173, BioLe-
gend), anti-CD27 FITC (clone LG3A10, BD), anti-CD4 PEcy7 (clone RM4-5, BD) anti-
KLRG1 FITC (clone 2F1, eBioscience), anti-CD49d PEcy7 (clone R1-2, BD), anti-CD69
PERCP (clone H1.2F3, BD), anti-CD43 PEcy7 (1B11, BioLegend), anti-CD95 PEcy7 (clone
JO2, BD), anti-CD25 FITC (clone LG3A10, BD), anti-CD127 PE (clone SB/199, BD), anti-
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CD122 FITC (clone TM-B1, BD), anti-CD38 PE (clone 90, BD), anti-B7 PERCP (clone FIB27,
BioLegend), anti-CD31 FITC (clone MEC 13.3, BD), anti-CD272 PE (clone 8F4, eBioscience),
anti-PD-1 FITC (clone J43, eBioscience), anti-CTLA-4 PE (clone UC10-4B9, eBioscience), and
anti-CCR7 PE (clone 4B12, BD). For annexin V and 7-AAD assays, 2x10° of spleen cells were
labeled with multimer, subsequently, the cells were stained according to the Annexin-PE Kit
protocol (BD Pharmingen).

To detect IFN-y, TNF or granzyme B by intracellular staining, 2x10° cells/mL in cell culture
medium containing CD107a FITC antibody (clone 1D4B, BD), anti-CD28 (clone 37.51, BD),
BD Golgi-Plug (1 uL/mL) and monensin (5 ug/mL) were incubated in presence or absence of
10 uM of peptide TEWETGQ], no longer than 12 hours in V-bottom 96-well plates with a
final volume of 200 pL at 37°C and containing 5% CO,. Cells were washed and stained for sur-
face markers with anti-CD8 PERCP antibody (clone 53-6.7, BD) on ice for 30 min. Cells were
then double washed in buffer containing PBS, 0.5% BSA, and 2 mM EDTA, fixed and permea-
bilized with BD perm/wash buffer. After the double wash procedure with BD perm/wash
buffer, cells were stained for intracellular markers using APC-labeled anti-IFN-y (clone
XMGL1.2, BD), PE-labeled anti-TNF (clone MP6-XT22, BD) and PE-labeled anti-granzyme B
(clone GB11, Invitrogen) for 20 minutes on ice. Finally, cells were washed twice with BD
perm/wash buffer and fixed in 1% PBS-paraformaldehyde. At least 700,000 cells were acquired
on a BD FACS Canto II flow cytometer and then analyzed with Flow]o.

Purification of heart lymphocytes

For isolating lymphocytes in the heart, we used the protocol described by Gutierrez and col-
leagues [34]. Briefly, hearts collected from 5 mice at day 20 dpi were minced, pooled, and incu-
bated for 1h at 37°C with RPMI 1640, supplemented with NaHCO3, penicillin-streptomycin
gentamicin, and 0.05 g/mL of liberase blendzyme CI (Roche, Basel, Switzerland). The tissues
were processed in Medimachine (BD Biosciences) with phosphate buffered saline (PBS) con-
taining 0.01% bovine serum albumin (BSA). After tissue digestion and washes the lymphocytes
were isolated by Ficoll gradient (Sigma).

In vivo BrdU incorporation

On the same day of infection mice were treated with 2 mg of BrdU (5-bromo-2’-deoxiuridine,
SIGMA) via i.p route and every 48 hours, until 20 days after challenge. Then, 2x10° splenocytes
were stained with H2K*-TEWETGQI multimer; BrdU staining was performed according to
the BrdU-FITC Kit protocol (BD Pharmingen). At least 700,000 cells were acquired on a BD
FACS Canto II flow cytometer and analyzed with Flow]Jo 8.7.

In vitro proliferation

Splenocytes from Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+0.CXCR3+T.cruzi were stained with
1,25 uM of carboxyfluorescein diacetate succinimidyl diester (CFSE; Molecular Probes,
Eugene, OR, USA), stimulated with TEWETGQI peptide, and incubated during 6 days at
37°C. Following, splenocytes were stained with H2K*-TEWETGQI multimer and the percent-
age of CFSE dilution was analyzed. At least 700,000 cells were acquired on a BD FACS Canto
II flow cytometer and analyzed with FlowJo 8.7.

In vivo cytotoxicity assay

We used the protocol described by Silverio et al [10]. Briefly, splenocytes collected from naive
A/Sn mice were treated with ACK bulffer to lyse the red blood cells. Those cells were divided
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into two populations and were labeled with the fluorogenic dye CFSE (Molecular Probes,
Eugene, OR, USA) at a final concentration of 10 uM (CFSEM#") or 1 uM (CFSE™™). CFSEM?
cells were coated with 2.5 uM of the TEWETGQI ASP2 peptide for 40 minutes at 37°C. CFSE-
oW cells remained uncoated. Subsequently, CESE™" cells were washed and mixed with equal
numbers of CFSE'" cells before intravenous injection (2x10” cells per mouse) into recipient
mice. Spleen cells from the recipient mice were collected at 20 hours after adoptive cell transfer
and fixed with 1.0% paraformaldehyde. At least 100,000 cells were acquired on a BD FACS
Canto II flow cytometer and analyzed with Flow]Jo 8.7. The percentage of specific lysis was
determined using the following formula:

1 — (%CFSE"" infected /%CFSE"" infected)
(%CFSE"®" naive/%CFSE"" naive) x 100.

Ylysis =

Quantification of chemokine genes by RT-PCR

Total RNA from hearts of naive, Bgal+T.cruzi, ASP2+T.cruzi and ASP2+0CXCR3+T.cruzi
groups, was extracted by using TRIzol and complementary DNA prepared using SuperScript
IV VILO (Applied Biosystems). Quantitative PCR was performed with TagMan Universal
Master Mix II (Applied Biosystems) using a StepOne thermocycler (Applied Biosystems). We
used a customized plate—TagMan Array 96-well Mouse Chemokines Plate targets genes.

Histology and immunohistochemistry analysis

Hearts were fixed in 10% formalin, and then dehydrated, embedded in paraffin blocks, and
sectioned in microtome. Staining was obtained with hematoxylin and eosin, and the number
of amastigotes nests was quantified using a light microscope with 40x objective lens. Overall,
25 fields/group were counted. For immunohistochemistry the mice’s hearts were removed and
frozen in Tissue-Tek O.C.T (Sakura Fineteck). The blocks were sectioned in cryostat (7 um
thickness) and then fixed in ice-cold acetone for 15 minutes. The samples were stained with

20 pg of the biotinylated anti-CD8 antibody (clone 53-6.7, RD systems) for 12 hours. After
incubation, samples were labeled with streptavidin Alexa Fluor 488 (Thermo Fischer) at the
concentration of 0.5 mg/mlL, diluted 1:100 for 1 hour at room temperature. The DAPI
(4,6-diamidino-2-phenylindole, Sigma) dye was used for labeling the cell nucleus, the concen-
tration used was 5 mg/mL. The images were acquired in Confocal Leica TCS SP8 CARS micro-
scope from Institute of Pharmacology and Molecular Biology (INFAR). The images were
obtained using the 63x objective and processed in Image] software.

Luminex assay

Mice’s serum was collected on days 0, 6, 8, 10, 12 and 14 after infection in order to quantify the
ligands of CXCR3, IP-10 (CXCL10), MIG (CXCL9), also, MCP-1 (CCL2) and RANTES
(CCL5). The quantification was performed according to the MCYTOMAG-70K Kit protocol
(Merck Millipore). Luminex XM AP in the Institute of Pharmacology and Molecular Biology
(INFAR) was used to read the plates.

Adoptive transfer to CD8 deficient mice

CDS8'T cells from spleens of Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+aCXCR3+T.cruzi groups
were purified using CD8a" T cell isolation kit (Miltenyi) and labeled with 10 uM of CFSE.
1x10° CD8" T cells were transferred via i.v. route to infected CD$ deficient mice (day 6 of
infection) and 6 days afterwards, the number of CD8" CFSE cells on recipient mice’s hearts
were analyzed by fluorescent microscopy.
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Migration index

CD8" T-cells from mice were purified using a negative selection kit (Miltenyi Biotec). A trans-
well microplate (Corning) with 5um membrane pore was used to carry out the migration
assay. For each condition tested, lower chambers of transwell were filled with 600 uL in the
absence or presence of 100ng/mL CXCL9, CXC10 and/or CXCL11 (RD systems). CD8" T-
cells (5x10* in 300 uL) were deposited in the upper chamber of transwell and incubated for 3h
at 37°C. CD8" T-cells were harvested from the lower chamber and counted using cytometer.
The migration index was calculated through the ratio of cells that migrated in the presence of
medium and ligands.

Statistical analysis

Parasitemia, number of IFN-y-producing cells (ELISpot), and absolute number of CD8" T-
cells were compared by analysis of unidirectional variance (ANOVA); subsequently, the
Tukey’s HSD test was used (http://vassarstats.net/). The survival rate was compare using the
Log-rank test using GraphPad Prism 7. The expression of molecules was compared using MFI
(Mean Fluorescence Intensity), and the naive group MFI was taken as the baseline. MFI was
determined by the Flow]Jo software (version 9.9). The Kaplan-Meier method was employed to
compare survival rates of the studied groups. All statistical tests were performed with Graph-
Pad Prism 5.0 (La Jolla, CA, USA). Differences were considered statistically significant when
P <0.05.

Results

CXCR3 receptor is highly expressed on T lymphocyte surface after
immunization and T. cruzi infection

To investigate whether T lymphocytes expressed CXCR3 receptor on T cells surface after
immunization and/or infection with T. cruzi, splenic parasite antigen-specific CD8" and acti-
vated CD4" T-cells of A/Sn mice were labeled on day 20 after infection. The dot-plot graphs
show the frequency of specific CD8" T cells, gated as positive for H2KX-TEWETGQI (Fig 1A).
In infected group, immunized with the control DNA/adenovirus encoding the fgal (Bgal+T.
cruzi group), the frequency of H2K -restricted TEWETGQI-specific CD8" T-cells was lower
(Q2: 0.49%) when compared to that found in mice immunized with DNA/adenovirus encod-
ing the ASP-2 (Q2: 5.91%) and further infected with T. cruzi (ASP2+T.cruzi), as shown in Fig
1A. Also, during the infection, the Mean of Fluorescence Intensity (MFI) of CXCR3 receptor
was higher in Bgal+ T.cruzi than in ASP2+T.cruzi group (Fig 1B). When CD44"8" and
CD62L"°" activated CD4" T-cells were gated (Fig 1C), we observed that differently in specific
CD8" T cells, CXCR3 expression was higher expressed and similar in both experimental
groups (Bgal+T.cruzi and ASP2+T.cruzi) (Fig 1D). In addition to enhanced CXCR3 expres-
sion, we evaluated the concentrations of the CXCR3 ligands IP-10/CXCL10 and MIG/CXCL9
in the serum of mice at days 0, 6, 8, 10, 12, and 14 after infection. As shown in Fig 1E and 1F,
the concentrations of CXCL9 and CXCL10 increased on day 10 after challenge in both groups,
Bgal+ T.cruzi and ASP2+T.cruzi and reaching the maximum concentration on day 14 after
infection. Importantly, the levels of IP-10 and MIG were higher in the serum of mice of the
group Pgal+T.cruzi when compared to the ASP2+T.cruzi group. We also measured the levels
of the chemokines CCL2/MCP-1 and CCL5/RANTES, but no differences were observed in
those chemokine levels when compared to those found in the serum of naive group (S1A and
S1B Fig). Interestingly, purified CD8" T cells from spleen of ASP2+T.cruzi mice group had
higher migration index after chemotaxis induced by the recombinant proteins CXCL9 and
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Fig 1. Specific CD8" and activated CD4" T-cells expressed CXCR3 receptor and CXCR3 ligands in the serum of T. cruzi infected mice. A/Sn mice were
immunized with heterologous prime-boost protocol as described in the methods section. Thirty-six days after the first immunization, mice were challenged with
150 blood trypomastigotes forms of Y strain of T. cruzi. The experimental groups are mice immunized with a control vector and infected (Bgal+T. cruzi) and mice
immunized with ASP2 gene and infected (ASP2+T.cruzi). a-The dot-plot graphs represent the frequency of specific H2K*-TEWETGQI CD8" T cells in the spleen
of Bgal+T.cruzi and ASP2+T.cruzi groups. b-The histograms and graph indicate the MFI (mean fluorescence intensity) of CXCR3 expression on specific H2K*-
TEWETGQI CD8" T cells surface. Each line corresponds to a group: naive (grey), Bgal+T.cruzi (red) or ASP2+T.cruzi (green). c-Dot-plots graphs show the
frequency of CD4" T cells gated as CD44"®" and CD62L'" population. d-The histograms and graph indicate the MFI (mean fluorescence intensity) of CXCR3
expression on activated CD4" T cells surface. Each line corresponds to a group: naive (grey), Bgal+T.cruzi (red) or ASP2+T.cruzi (green) groups. e-Quantity of IP-
10 (CXCL10) and (f) MIG (CXCL9) chemokines in pg/mL in serum of naive, Bgal+T.cruzi and ASP2+T.cruzi groups. Chemokines were measured on days zero,
6, 8,10, 12 and 14 after infection, but the statistical analysis was performed only on day 14. g-Graph represents the migration index of CD8" T cells from the
spleen of naive, Bgal+T.cruzi and ASP2+T.cruzi groups after stimulation with CXCL9, CXCL10, and CXCL11 chemokines. Results are shown as individual values
and the mean + SEM for each group (n = 4). One of two independent experiments is presented. Statistical analysis was performed using the One-Way ANOVA.
Symbols indicate that the values observed were significantly different between the groups (*p = 0,0005; **p = 0,0001; ***p<<0,0001; ****p<0,0001; “p<0,05;
*p<0,01) and n.s means no significant.

https://doi.org/10.1371/journal.pntd.0007597.9001

CXCL10, when compared to cells harvested from mice of Bgal+T.cruzi group (Fig 1G). No sig-
nificant migration was detected under stimulation with CXCL11, supporting the selective effect
of CXCL9 and CXCL10 to induce ex vivo chemotaxis of CD8" T-cells. These results showed that
CXCR3 is highly expressed on T cell surface as well as CXCR3 ligands (CXCL9 and CXCL10),
especially in the infected group; however, the immunized group’s CD8" T cells showed more
migration capacity after stimulation with CXCL9 and CXCL10 recombinant proteins.

CXCR3, but not CCR2 chemokine receptor is important to survival of A/Sn
mice challenged with T. cruzi

Since we have previously shown that the recirculation of CD8" T lymphocytes was more
important than their proliferative response to control T. cruzi infection [13], we evaluated
which chemokine receptors could be important to drive the migration and to the effector func-
tions of ASP2-specific CD8" T-cells after vaccination of highly susceptible A/Sn mouse lineage
[9] challenged with the virulent T. cruzi Y strain. In order to analyze that, immunized and
infected mice were treated with chemokine-specific blocking monoclonal antibodies to the
Th1-related chemokines CXCR3 and CCL2. On the same day of challenge with the Y strain
infection, A/Sn mice were treated with the anti-CXCR3 or anti-CCL2 monoclonal antibodies.
This procedure was repeated every 48 hours until day 20 after infection. We observed that the
treatment with anti-CCL2 antibody had no impact on the protective effect of ASP2 vaccina-
tion, as parasitemia levels remained lower compared to the ASP2+T.cruzi group, whereas, as
expected, higher parasitemia levels were observed in mice of group Bgal+T.cruzi (Fig 2A). Fur-
ther, all mice from untreated and anti-CCL2-injected ASP2+T.cruzi groups survived, while
mice from PBgal+ T.cruzi group succumbed to infection (Fig 2B). To approach the participation
of CCR2, which has as ligands CCL2 and other CC-chemokines [35], we used CCR2-deficient
(ccr2”) mice. As previously described [36], T. cruzi-infected CCR2-deficient mice died due to
infection, while wild-type resistant C57BL/6 mice survived. However, all CCR2-deficient mice
immunized with the DNA/adenovirus ASP2 vaccine survived after to be challenged with T.
cruzi (S2A and S2B Fig). After anti-CXCR3 administration into ASP2-vaccinated and chal-
lenged mice, we observed a trend in parasitemia increase only on day 12 after infection, when
the peak of parasitemia was noticed, when compared to the immunized and isotype-treated
control group (ASP2+T.cruzi), as shown in Fig 2C. At 20 days after infection, the quantifica-
tion of parasite load in spleen by real time qPCR supported that trend in the treated group,
showing that the number of parasites in the spleen of anti-CXCR3-treated vaccinated and chal-
lenged mice (ASP2+0CXCR3+T.cruzi group) was similar to the Bgal+T.cruzi group and it con-
trasted with the low parasite load found in the spleen of mice of the isotype-treated ASP2+T.
cruzi group (Fig 2D). The survival rate was followed for a 45-day period after infection and all

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007597  July 29, 2019 9/27


https://doi.org/10.1371/journal.pntd.0007597.g001
https://doi.org/10.1371/journal.pntd.0007597

@' PLOS NEGLECTED
Nz : TROPICAL DISEASES CXCRB3 chemokine receptor impacts in specific CD8+ T cell migration to the heart tissue

a b

T 4 100

E 4 @ Boal+T.cruzi
S 34 B ASP-2+T.cruzi ;\5

x 4 ASP-2+aCCL2+T.cruzi =

g 2- g 50

3 5

‘w11 n

&

©

o 0' 0 T 1

8 10 12 14 16 15 20 25 30
Days after challenge Days after challenge

)

—E' @ Bgal+T.cruzi
o 15 B ASP-2 +T. cruzi
-4 ASP-2+aCXCR3+T.cruzi

w
1

-
1

Parasites in Log
25 ng of DNA (spleen)
N

8 10 12 14 16 . ;
> &
Days after challenge & A o) ¢

)]

100 == (gal+T.cruzi

= ASP-2+T.cruzi

== ASP-2+aCXCR3+T. cruzi

504

Survival (%)

0 T T 1 T 1
15 20 25 30 35 40 45

Days after challenge

Fig 2. Parasitemia and survival of mice treated with anti-CCL2 or anti-CXCR3 antibody. A/Sn mice were immunized with the heterologous prime-
boost protocol described earlier, and 15 days after the last dose of immunization, mice were challenged with 150 blood forms of Y strain of T. cruzi and
treated, on the same day, with anti-CCL2 or anti-CXCR3 monoclonal antibodies. a-Linear parasitemia scale of Bgal+T.cruzi (red), ASP2+T.cruzi (green)
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and ASP2+0CCL2+T.cruzi (purple) groups. In A/Sn mice, the peak of parasitemia was on day 12 after infection. b-Survival rate curve of mice was followed
up until 30 days of infection. Kaplan-Meier curves for survival of the different groups were compared using the Log-Rank test (all groups p<0,002; groups
ASP2+T.cruzi and ASP2+0CCL2+T.cruzi p>0,9). c-Linear parasitemia scale of Bgal+T.cruzi (red), ASP2+T.cruzi (green) and ASP2+0CXCR3+T.cruzi
(blue) groups. d-Number of parasites in the spleen, measured by Real time qPCR. Asterisks indicate that the values were statistically different after analysis
using One-Way ANOVA and Tukey’s HSD tests (*p<0.002 and **p<0.01). e-Survival rate curve of mice was followed up until 45 days after infection.
Kaplan-Meier curves for survival of the different groups were compared using the log-rank test (all groups p<0,0001; groups ASP2+T.cruzi and ASP2
+aCXCR3+T.cruzi p = 0,0091). Results are shown as individual values and the mean + SEM for each group (n = 4). One of two independent experiments is
presented.

https://doi.org/10.1371/journal.pntd.0007597.9002

mice from the ASP2+aCXCR3+T.cruzi group died due to infection while 100% of mice of the
ASP2+T.cruzi group survived (Fig 2E). Taken together, these data indicate that the CXC-che-
mokine CXCR3 is important to control parasite dissemination and mice survival after chal-
lenge of ASP2-vaccinated mice.

Anti-CXCR3 treatment did not alter the number of cytokine-producing
specific CD8" T cell in spleen

Next, we analyzed the number of antigen-specific CD8" T-cells after the treatment with anti-
CXCR3 antibody. To perform that, we measured the number of specific CD8" T-cells in spleen
using the H-2K*-restricted TEWETGQI multimer, characterized as an immunodominant epi-
tope of the ASP2 protein in A/Sn mice [3]. As expected, after immunization and infection, the
frequency of TEWETGQI-specific CD8" T-cells was higher in mice of ASP2+T.cruzi group than
in mice of Bgal+T.cruzi control group. After treatment with anti-CXCR3, we observed a decrease
in the frequency of TEWETGQI-specific CD8" T-cells in the anti-CXCR3 treated group, but no
statistical differences in absolute numbers of TEWETGQI-specific CD8" T-cells were observed
in ASP2+0CXCR3+T.cruzi group when compared to the ASP2+T.cruzi group (Fig 3A and 3B),
suggesting that the treatment with anti-CXCR3 antibody did not influence in the number of
TEWETGQI-specific CD8" T-cells in the A/Sn mice’s spleen. To investigate whether anti-
CXCR3 treatment affected the polyfunctionality and cytokines production by TEWETGQI-
specific CD8" T-cells, we performed an Intracellular Staining assay (ICS) to measure the per-
centage of epitope-specific CD8" T-cells producing IFN-y and TNF cytokines as well as the
degranulation marker CD107a molecule (LAMP-1), an indirect indicator of cytotoxicity activity,
after ex vivo stimulation with TEWETGQI peptide. The gate strategy used to evaluate the poly-
functionality of TEWETGQI-specific CD8" T-cells is in S3A and S3B Fig. After immunization
and infection (ASP2+T. cruzi), the number of splenic polyfunctional (IFN-y*TNF'CD107a")
TEWETGQI-specific CD8" T-cells increased (5.17 + 0.68), when compared to Bgal+T.cruzi con-
trol group (3.55 + 1.19) (Fig 3C). Also, we observed that the treatment with anti-CXCR3 did not
alter the frequency of polyfunctional TEWETGQI-specific CD8" T-cells (4.25 + 1.82) in com-
parison to the isotype-treated ASP2+T.cruzi group (Fig 3C). Using the ELISpot assay to detect
IFN-y-secreting cells, we observed that the number of IFN-y-producing CD8" T-cells in Bgal+T.
cruzi group was lower than in the immunized and infected groups (Fig 3D). In addition, the
number of IFN-y-producing CD8" T-cells decreased in ASP2+aCXCR3+T.cruzi when com-
pared to ASP2+T.cruzi group. Collectively, these data provide evidence that the polyfunctionality
capacity of TEWETGQI-specific CD8" T-cells, characterized by the capacity of producing cyto-
kines and degranulation at the same time, was not altered after anti-CXCR3 administration.

Increased proapoptotic phenotype on TEWETGQI-specific CD8" T-cells
after anti-CXCR3 treatment

Previously, we have described that TEWETGQI-specific CD8" T-cells generated by prime-
boost heterologous immunization are effectors (TE), characterized by the CD44Mish,
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Fig 3. Anti-CXCR3 treatment did not alter the cytokine production by specific CD8" T cells. Specific CD8" T cells from the spleen were labeled using the
dextramer H2KX-TEWETGQI and anti-CD8" antibody. To measure cytokine production, splenocytes from Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+0CXCR3
+T.cruzi were stimulated for 12 hours with TEWETGQI peptide of T. cruzi. a-Dot-plots show the frequency of specific H2KX-TEWETGQI CD8" T cells in the
spleen from each group. b-The frequency and absolute number of specific CD8" T cells in the spleen of Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+aCXCR3+T.
cruzi groups were quantified. c-The bar graph represents the percentage of CD8" T cells expressing each individual molecule or the combinations after ex vivo
stimulation (CD107a, IFN-y and/or TNF-). Boolean analysis was performed using FlowJo software, version 8.4. d-ELISpot graph with the number of IFN-y
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producing cells. SFC = Spot-Forming Cell. Results are representative of two independent experiments with the mean + SD of each individual group (n = 3).
Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Symbols indicate that the values observed were significantly different
between the groups (*p = 0,0002; **p<0.05; “p = 0,001; p<0,0001; *p<0,05) and n.s means no significant.

https://doi.org/10.1371/journal.pntd.0007597.9g003

CD11a"8", CD62L"°Y, CD127"°", and KLRG-1"" phenotype [12]. These cells play a crucial
role in the control of infection by producing cytokines and killing the target cells by direct
cytotoxicity [9]. Here, we evaluated whether anti-CXCR3 treatment affects the function-linked
phenotypes of TEWETGQI-specific CD8" T-cells in the spleen. In order to analyze that,
TEWETGQI-specific CD8" T-cells were labeled with tetramer and markers associated with
cell activation and differentiation. Overall, we observed that anti-CXCR3 treatment did not
alter the phenotype of TEWETGQI-specific CD8" T-cells when compared to the isotype-
treated ASP2+T.cruzi group. Indeed, TEWETGQI-specific CD8" T-cells from the ASP2
+0CXCR3+T.cruzi group had effector phenotype characterized as CD44™¢", CD11a™¢",
CD62L"°" and KLRG-1"8", comparable to the epitope-specific CD8" T-cells found in the
ASP2+T.cruzi group (54 Fig). Interestingly, we observed that the expression of the CD95 mole-
cule was increased in the specific CD8" T cells from spleen of ASP2+aCXCR3+T.cruzi group,
when compared to the Bgal+T.cruzi and ASP2+T.cruzi groups (Fig 4A and 4B). Previously,
our group showed that the reason of a suboptimal CD8" T-cell response profile during infec-
tion with T. cruzi was associated with an upregulation of CD95 expression and a proapoptotic
phenotype, that was reversible with ASP2 vaccination which prevented that phenotyping
observed only during infection [37]. Taking into account those findings, we evaluated the
proapoptotic phenotyping by labeling specific CD8" T cells with annexin V and 7-AAD mole-
cules. We observed in ASP2+aCXCR3+T.cruzi group an increase in annexin V levels when
compared to the Bgal+ T.cruzi and ASP2+T.cruzi groups, however, the percentage of cells
expressing 7-AAD was similar in all groups (Fig 4C), indicating that anti-CXCR3 treatment
increased the apoptotic phenotype in specific CD8" T cells, but not necrosis. Next, we assessed
the proliferative response of the TEWETGQI-specific CD8" T-cells in vivo by BrdU incorpo-
ration assay and by CFSE-labeling after ex-vivo re-stimulation with TEWETGQI peptide. The
number of epitope-specific CD8" T-cells that incorporated BrdU was similar in all infected
groups (Fig 4D). Similar results were also observed in ex vivo CFSE-labeled cell proliferation
assay (Fig 4E). Together, these results suggest that anti-CXCR3 treatment of vaccinated and
challenged mice increased the proapoptotic phenotype of TEWETGQI-specific CD8" T-cells
in the spleen.

CXCR3 is important to cytotoxicity of specific CD8" T cells

One of the effector functions of the CD8" T-cells is to kill infected cells by direct cytotoxicity,
which is crucial for controlling infection by T. cruzi [9]. Here, we evaluated the cytotoxicity
activity of TEWETGQI-specific CD8" T-cells after treatment with anti-CXCR3 antibody after
immunization and infection. The cytotoxicity assay was performed using transference of 1x10
CFSE"" (not pulsed) and CFSE™&" (pulsed with TEWETGQI peptide) to experimental groups.
After 12 hours, the percentage of CESE™¢" lysis was measured. We demonstrated that the per-
centage of cytotoxicity in immunized mice treated with the anti-CXCR3 blocking antibody
(ASP2+0CXCR3) decreased when compared to isotype-treated ASP2-immunized mice (Fig
5A and 5B). After infection, however, no differences were observed in the cytotoxicity activity
of CD8" T-cells in the spleen of mice from Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+0CXCR3
+T.cruzi experimental groups (Fig 5C). Moreover, granzyme B production by TEWETGQI-
specific CD8" T-cells was similar in these three experimental groups (Fig 5D). Overall, the
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Fig 5. CXCR3 receptor is important to cytotoxicity of specific CD8" T cells during the immunization. a-Histograms represent the frequency of CFSE*" and
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Percentage of cytotoxicity of specific CD8" T cells during immunization, infection and treatment with anti-CXCR3 d-Granzyme B MFI on specific CD8" T cells
from Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+aCXCR3+T.cruzi groups. Results are shown as individual values and as the mean + SEM for each group (n = 3).
One of three independent experiments is presented. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Symbols indicate
that the values observed were significantly different between the groups (*p < .0001; **p < .01; *p < .0001; °p = 0.0001) and n.s means no significant.

https://doi.org/10.1371/journal.pntd.0007597.9005

CXC-chemokine receptor CXCR3 indicates to be important to the cytotoxicity activity of
TEWETGQI-specific CD8" T-cells generated after prime-boost immunization protocol in A/

Sn mice.
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CXCRS3 ligands are selectively expressed in the heart tissue of vaccinated
and challenged mice

Having shown the high expression of CXCR3 chemokine receptor in TEWETGQI-specific
CD8" T-cells, we evaluated the expression of CXCR3 ligands in heart, as well as other mole-
cules involved in cell migration (CC-chemokines and their receptors and cell adhesion mole-
cules). In heart of naive mice, all genes had low expression, except CXCL12 gene that was
downregulated in infected groups. In general, we observed that in infected heart of mice from
Bgal+T.cruzi group only CXCL12 and CXCRS5 were low expressed, while the other genes were
highly expressed, including CXCR3 ligands such as: CXCL11, CXCL10 and CXCL9. In ASP2
+T.cruzi experimental group, we observed a low expression of inflammatory cell migration
genes, whereas in heart of mice from ASP2+aCXCR3+T.cruzi group, CXCR3 ligands CXCL10
and CXCL9 were high expressed, as well as CCR2 and CXCRS5 (Fig 6A). These results suggest
that CXCR3 ligands, CXCL10 and CXCL9 were selectively high expressed in heart of infected
mice, supporting that vaccination prevented the expression of most of the genes involved in
cell migration here studied.
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CXCRS3 guides specific CD8" T cells into infected heart tissue

T. cruzi infects the cardiac tissue [38] triggering an inflammatory response associated with tis-
sue injury, leading to cardiomyopathy in 30% of the infected patients in the chronic phase of
Chagas disease [11,39]. Thus, we evaluated the migration of CD8" T-cells to heart after anti-
CXCR3 treatment. For that propose, CFSE-labeled CD8" T-cells obtained from Bgal+T.cruzi,
ASP2+T.cruzi, or ASP2+0.CXCR3+T.cruzi groups were transferred to groups of CD8-deficient
mice (cd8”") as shown in the experimental scheme in Fig 7A. The number of CFSE*CD8" T-
cells was quantified, and we observed a statistical decreased in the number of CFSE'CD8" T-
cells that migrated in the heart tissue of CD8-deficient mice who received CD8" T-cells from
ASP2+aCXCR3+T. cruzi mice, when compared to the recipient mice that received cells from
the ASP2+T.cruzi donors (Fig 7B and 7C).

To endorse these results, we measured parasite burden and migration of TEWETGQI-spe-
cific CD8" T-cells into the heart, after vaccination, challenge and anti-CXCR3 antibody
administration. Firstly, we quantified the number of amastigote nests in the heart tissue by
HE (hematoxylin and eosin) staining, and we observed that both Pgal+T.cruzi and ASP2
+0.CXCR3+T.cruzi experimental groups had higher number of amastigote nests when com-
pared to the ASP2+T.cruzi group (Fig 8A and 8B). Also, we estimated the parasite load using
qPCR, and again both Bgal+T.cruzi and ASP2+aCXCR3+T.cruzi groups had an increased
number of parasites in heart tissue when compared to the ASP2+T.cruzi group (Fig 8C). Con-
sidering the results described above and the increased numbers of parasite nests seen in the
heart after treatment with anti-CXCR3 antibody, we evaluated whether TEWETGQI-specific
CD8" T-cells migrate into the heart tissue after anti-CXCR3 treatment. For that propose, we
purified parasite-specific CD8" T-cells from cardiac tissue using a pool of dissociated hearts
(n =5 mice/group) and those cells were labeled with the H-2K*-restricted TEWETGQI multi-
mer. Curiously, the frequency of TEWETGQI-specific CD8" T-cells decreased in the heart tis-
sue of ASP2+0.CXCR3+T.cruzi group when compared to ASP2+T.cruzi group (Fig 8D and
8E), whereas the Bgal+T.cruzi group had the lowest frequency of TEWETGQI-specific CD8"
T-cells. Additionally, we quantified the number of CD8" T-cells in heart using confocal
microscopy. Again, anti-CXCR3 decreased the number of CD8" T cells in the heart (Fig 8F
and 8G). Altogether, these results show that CXCR3 guides TEWETGQI-specific CD8" T-cells
toward the T. cruzi-infected heart tissue, and these cells play an important role controlling the
infection.

Discussion

The recirculation of T lymphocytes into infected and, frequently, injured sites is essential for
controlling infection by T. cruzi [13]. As chemokine receptors are pivotal for T-cell migration,
we hypothesized that CXCR3 receptor might play an important role in parasite-specific CD8"
T-cells migration into infected tissues after immunization and challenge by T. cruzi. Firstly, we
evaluated CCR2 and CXCR3 role during immunization and infection and both CXCR3 and
CCR2 receptors are highly expressed in the heart of T. cruzi infected mice [22]. Other studies
using the Colombian strain of T. cruzi have shown that CCR2-deficiency leads to increase in
parasitemia [36]. The CC-chemokine receptor CCR2 is responsible for monocytes migration
during the inflammation [40], being CCL2 (MCP-1) its main ligand. However, in our experi-
ments the treatment with anti-CCL2 did not impact in parasitemia or survival rate. As
CCR2-deficient mice were high susceptible and CCR2 has other ligands than CCL2 [41], we
immunized CCR2-deficient mice, and all vaccinated mice survived to the challenge with T.
cruzi infection. Moreover, after anti-CXCR3 treatment, all mice had an increased parasitemia
and burden of tissue parasitism, and died due to infection, showing that CXCR3, but not
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Fig 7. The treatment with anti-CXCR3 decreases the number of CD8" T cells in the heart. a-Experimental design showing the immunization, infection,
treatment with anti-CXCR3 antibody and adoptive transference of CD8" CFSE labeled cells to CD8 deficient mice (infected). Briefly, C57BL/6 mice were
immunized with prime-boost heterologous protocol, the first dose of immunization was with pPCDNA3/pIgSPclone9 after 21 days of prime the mice received
Adpgal/AdSP-2 and after 15 days were infected with T. cruzi and treated with 250 ug of CXCR3 antibody, and on day 20 after infection, CD8" T cells from
spleen were purified, labeled with CFSE, and transferred into CD8 K.O mice previously infected (on day 6 after infection). After 6 days of transference, the
number of CD8" T cells in heart from Bgal+T.cruzi, ASP2+T.cruzi and ASP2+aCXCR3+ T.cruzi groups was quantified. b-IHC in heart showing the
CFSECD8" T cells (green). The DAPI staining was used to label the nucleus of the cells. c-Number CFSE*CD8" T cells that migrated to CD8 K.O mice hearts.
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The cells were counted using the fluorescent microscopy and 50 fields were counted. Results are shown as individual values and the mean + SEM for each group
(n = 3). Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Symbols indicate that the values observed were significantly
different between the groups (*p = 0.010; “*p < .05).

https://doi.org/10.1371/journal.pntd.0007597.9g007

CCR2, had a pivotal role in T. cruzi resistance. The role of CXCR3 in the resistance against
infections by virus and other pathogens has been shown [42,26], reinforcing that CXCR3 is
essential to control infection by intracellular pathogens.

CXCR3 is highly expressed in murine Th-1 CD4" and CD8" T-cells [43], and the CXC-che-
mokine receptor CXCR3 plays a role in the regulation of leukocyte migration into inflamma-
tory sites in mice and human [44]. Here, we have shown that CXC-chemokine receptor
CXCR3 is more highly expressed on TEWETGQI-specific CD8" cells of T. cruzi challenged
mice than in ASP2 immunized animals; however, the expression on effector CD4" T-cells was
similar between the groups. In addition, we found increased levels of ligands CXCL9 and
CXCL10 in the serum of those mice. Although specific CD8" T cells infected expressed higher
levels of CXCR3 on cell surface, CD8" T-cells from the immunized group had a higher migra-
tion index compared to specific CD8" T cells generated only by infection, after the ex vivo
stimulation with CXCL9 and CXCL10, but not with CXCL11. These three ligands are all
induced by IFN-y [45], but are differently expressed [46] and that may explain the differential
role played by the CXC-chemokine receptor CXCR3 in several diseases [47].

Concerning the in vitro high migration capacity of CD8" T cells of the immunized group,
CXCR3 low expression in those cells may be explained because specific CD8"CXCR3" cells
from the spleen migrated to the non-lymphoid peripheral tissue, for example, the heart tissue.
We observed a higher number of specific CD8" T cells in the immunized group compared to
the infected group. Another explanation might be that CXCR3 receptor from the immunized
group is more responsive to CXCR3 ligands and the receptor is activated and internalized
[48], which decreases the number of cells positive for CXCR3 receptor.

Additionally, we evaluated the effector function of the TEWETGQI-specific CD8" T-cells
after anti-CXCR3 antibody administration. We observed that these parasite-specific CD8" T-
cells present in the spleen can release cytokines in the ELISpot assay, in which we observed a
decrease in the number of IFN-y producing cells. However, in ICS assay, the percentage of
IFN-y CD8" producing cells was similar in the ASP2 immunized group, indicating that the
decrease was due to a technique variation. In addition, TEWETGQI-specific CD8" T-cells
after anti-CXCR3 antibody administration showed proliferative response. Similar results were
observed during infection by virus and during anti-CXCR3 treatment [42,49-50]. However,
during autoimmune diseases and infection by Leishmania major, CXCR3 is important for
cytokine production and proliferation by CD8" T-cells [51-53]. In addition to cytokine pro-
duction, we evaluated the cytotoxicity of these TEWETGQI-specific CD8" T-cells and during
infection these cells show high cytotoxicity [32]; therefore, we decided to perform the analyzes
in parasite-specific CD8" T-cells generated only by immunization because during the infection
the cells are very cytotoxic and it is difficult observed differences among the groups [3]. Our
results showed that the treatment with anti-CXCR3 also decreased cytotoxicity of
TEWETGQI-specific CD8" T-cells in ASP2 immunized mice, corroborating the results
observed by Thapa and colleagues [54]. Unlike this study, however, we did not observe a
decrease in granzyme B production by these TEWETGQI-specific CD8" T-cells. The
decreased cytotoxicity activity may be explained because the CXC chemokine receptor CXCR3
is important to the contact between infected target cells and specific CD8" T-cells [50].

The role of CXCR3 in the differentiation of CD8" T-cells in memory subtypes has been
shown in other studies [28]. The receptor CXCR3 is important for the intranodal positioning
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number of amastigotes nests in the heart, measured in 25 fields using light microscopy. c-Number of parasites in heart tissue quantified by Real time
PCR from 25 ng of DNA sample. d-The dot-plot show the frequency of specific CD8" T cells in the heart tissue. e-The frequency average of specific
CD8" T cells in heart. f-IHC section showing CD8" T cells (in green) in cardiac tissue on day 20 after infection. The DAPI was used to reveal the
CD8" T cell nucleus. g-Number of CD8" T cells in cardiac tissue. Results are shown as individual values and the mean + SEM for each group (n = 3).
Statistical analysis was performed using the t-test, One-Way ANOVA, and Tukey’s HSD tests. Symbols indicate that the values observed were
significantly different between the groups (*p = 0.0251; **p < .0001; *p = 0.001; **p = 0.001; °p < .0001 and “*p < .01).
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of T-cells and Th cell polarization [55] and facilitates CD8" T-cell differentiation into short-
lived effector cells and memory generation [27]. The TEWETGQI-specific CD8" T-cells gener-
ated by heterologous immunization and challenge by T. cruzi infection are effector cells char-
acterized by the expression of these molecules and levels: CD11a"8?, CD62L1°Y, CD44M8" and
CD127"°% and KLRG1"#" [12]. The treatment with anti-CXCR3 did not alter the effector phe-
notype of the TEWETGQI-specific CD8" T-cells but increased the levels of CD95 expression
on cell surface of those cells. Previously, our group showed that TEWETGQI-specific CD8" T-
cells generated by immunization had lower CD95 expression when compared to cells gener-
ated after infection [37]. As CD95 is a cell death-promoting molecule [56], we analyzed the
apoptosis in TEWETGQI-specific CD8" T-cells and we observed an increase in annexin V
expression, suggesting that anti-CXCR3 treatment increased the proapoptotic phenotype of
TEWETGQI-specific CD8" T-cells. The protection of cell death during immunization with
ASP2 ensures that TEWETGQI-specific CD8" T-cells trigger the effector function and control
parasites replication. We have also demonstrated that CXCR3 molecule expression protected
TEWETGQI-specific CD8" T-cells from cell death.

CXCR3 receptor is also essential for CD8" T-cell migration after immunization and, partic-
ularly, for parasite-specific CD8" T-cell migration into the heart tissue after immunization and
challenge with T. cruzi infection. Indeed, after anti-CXCR3 treatment, we observed a reduced
number of CD8" T-cells infiltrating the heart tissue. Consistently with the reduced number of
CD8" T-cells in the heart tissue of anti-CXCR3-treated mice, we found a significant increase
in the number of amastigote nests and parasite load in the heart tissue of these mice. Further-
more, we demonstrated that several chemokines genes in infected mice hearts were highly
expressed, indicating a high inflammation/migration to heart tissue. The high expression of
CCL5/RANTES, CCL3/MIP-1a, CCL4/MIP-1b, CCL2/MCP-1 and the CXC chemokines
CXCL10/IP-10 and CXCL9/MIG mRNA also have been detected in the heart tissue of acutely
and chronically T. cruzi-infected mice [29].

The high expression of chemokines genes in the infected group did not guarantee a high
migration of specific CD8" T cells. Studies have shown that a pro-inflammatory environment
in the heart tissue is sufficient to activate autoreactive T cells and cause cardiomyopathy during
Chagas disease [57]. Immunization with ASP2 prevents the expression of most of the analyzed
chemokines; however, expression of CXCR3 ligands CXCL9 and CXCL10 was observed in two
animals. Also, both chemokines were detected in the mice’s serum, suggesting that parasite-
specific CD8" T-cells expressing CXCR3 can be attracted to the heart tissue. In fact, the num-
ber of TEWETGQI-specific CD8" T-cells in the ASP2 immunized heart tissue is higher than
in the infected group. In addition, in the ASP2 immunized group, the number of amastigote
nests and parasite burden is lower than in the infected mice group, suggesting that the higher
number of TEWETGQI-specific CD8" T cells participate in the infection control. After anti-
CXCR3 administration, we observed a high expression of CXCR3 ligands, which may be
explained for the competition between anti-CXCR3 and the ligands to CXCR3 ligation, result-
ing in CXCR3 ligands accumulation.

The importance of CXCR3 in T cells migration has been demonstrated in several studies
and shown that anti-CXCR3 treatment is effective at preventing acute and chronic heart
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rejection after transplantation [58]. Although previous studies have shown CXCR3 role in the
migration of effector lymphocytes involved in the control of viral, protozoan and bacterial infec-
tion [49-60], our study reveals for the first time that CXCR3 receptor is pivotal for the migra-
tion and positioning of pathogen-specific CD8" T-cells directly involved in the clearance of T.
cruzi after the prime-boost immunization and challenge. Therefore, our data support that
prime-boost vaccination protocol was effective in the selective CXC-chemokine-mediated
CXCR3-driven activation, migration and positioning in a target tissue that is drastically affected
during the chronic phase of T. cruzi infection. Moreover, our work places CXCR3 as a powerful
molecule able to address specific cell to target tissue of infection and, therefore, to be included
as a key requirement for design of vaccines against intracellular pathogens. The potential use of
chemokines receptor as an adjuvant in vaccines strategies has been demonstrated in the dengue
model [61]. In Chagas disease, CXCR3 receptor may be used to guide specific CD8" T cells to
the heart and prevent cell death. Consequently, it might control parasites replication.

In general, we have demonstrated that anti-CXCR3 treatment increased the susceptibility
of immunized A/Sn mice, which died very quickly due to infection. Moreover, specific CD8"
T-cells decreased the migration into the heart tissue, and those cells displayed a pro-apoptotic
profile. Taken together, those results show that CXCR3 has a critical role in the protective
immune response and understanding its migratory role might support the development of
vaccines against intracellular parasites such as Trypanosoma cruzi.

Supporting information

S1 Fig. During infection and/or immunization with ASP2 gene the levels of MCP-1 and
RANTES chemokines were low. a-Quantity of MCP-1 and (b) RANTES chemokines in pg/
mL in serum of naive, Bgal+T.cruzi and ASP-2+T.cruzi. The chemokines were measured on
days zero, 6, 8,10, 12 and 14 after infection by Luminex assay. Results are shown as individual
values and the mean + SEM for each group (n = 4). One independent experiment is presented.
(TIF)

S2 Fig. Prime-boost immunization protected CCR2 deficient mice against infection with
T. cruzi. C57BL/6 or CCR2 deficient mice were immunized with heterologous prime-boost
protocol, and 15 days after the last dose of immunization, mice were challenged with 1x10*
blood forms of Y strain of T. cruzi. a-Parasitemia in log of C57BL/6 and CCR2 deficient mice
infected or immunized as described in the figure. b-Survival rate curve of mice was followed
up until 30 days of infection. Results are shown as individual values and the mean + SEM for
each group (n = 4). One of two independent experiments is presented. The n.s means no dif-
ferences on parasitemia levels between C57BL/6 and CCR2 K.O infected mice were found.
(TIF)

S3 Fig. Gates strategy used for intracellular staining of cytokines analysis. A/Sn mice were
immunized with ASP2 using the heterologous prime-boost vaccination regimen, infected with
150 tripomastigotes forms of T. cruzi and treated with anti-CXCR3 until the day 20" after
infection. At this point, the splenic cells were re-stimulated ex vivo in the presence of peptide
TEWETGAQI at a final concentration of 10 uM. After 12h, cells were stained with anti-CDS8,
anti-IFN-y, and anti-TNF-o antibodies. a-Gate strategy was made as follows: SSC-A/Time,
SSC-A/FSC-A, FSC-H/FSC-A and SSC-A/CDS8. b-Dot-plot graphs represent the gate strategy
used to analyze the production of intracellular cytokines in peptide-stimulated CD8" T cells.
(TIF)

$4 Fig. Treatment with anti-CXCR3 monoclonal antibody did not alter the effector pheno-
type of specific CD8+ T cells. Specific CD8" T cells were labeled in the spleen using the
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dextramer H2K*-TEWETGQI with APC-fluorophore and all markers showed in the histo-
grams. a-Histograms represent one animal of each group (Bgal+T.cruzi, ASP-2+T.cruzi, and
ASP-2+0CXCR3+T.cruzi). The MFI of each marker expressed on the surface of specific CD8"
T cells in the spleen were shown in the histograms. The markers that we choose are related
with the activation and stimulation of T lymphocytes. Previously, our group described the
effector phenotype on specific CD8" T cells, as CD44"8", CD62L'°" and CD11a"". The red
histogram represents the naive group and the blue the groups Bgal+T.cruzi, ASP-2+T.cruzi,
and ASP-2+aCXCR3+T.cruzi. Results are shown as individual values and as the mean + SEM
for each group (n = 4).

(TIF)

Acknowledgments

We gratefully acknowledge Dr. Ricardo Gazzinelli, Dr. Joseli Lannes-Vieira for discussions
and all supporting. This study is a tribute in memory of Professor Mauricio Martins
Rodrigues.

Author Contributions

Conceptualization: Camila Pontes Ferreira, Sang Won Han, Daniel Araki Ribeiro, Alexandre
Vieira Machado, Joseli Lannes-Vieira, Ricardo Tostes Gazzinelli, José Ronnie Carvalho
Vasconcelos.

Data curation: Barbara Ferri Moraschi, Bianca Ferrarini Zanetti, Sang Won Han, Daniel
Araki Ribeiro, Alexandre Vieira Machado, Joseli Lannes-Vieira, Ricardo Tostes Gazzinelli,
José Ronnie Carvalho Vasconcelos.

Formal analysis: Camila Pontes Ferreira, Leonardo Moro Cariste, Bianca Ferrarini Zanetti,
Daniel Araki Ribeiro, Alexandre Vieira Machado, Joseli Lannes-Vieira, Ricardo Tostes
Gazzinelli, José Ronnie Carvalho Vasconcelos.

Funding acquisition: José Ronnie Carvalho Vasconcelos.
Investigation: Camila Pontes Ferreira.

Methodology: Camila Pontes Ferreira, Leonardo Moro Cariste, Barbara Ferri Moraschi,
Bianca Ferrarini Zanetti, Sang Won Han, Alexandre Vieira Machado, Joseli Lannes-Vieira,
José Ronnie Carvalho Vasconcelos.

Resources: José Ronnie Carvalho Vasconcelos.
Supervision: José Ronnie Carvalho Vasconcelos.

Validation: Camila Pontes Ferreira, Leonardo Moro Cariste, Barbara Ferri Moraschi, Bianca
Ferrarini Zanetti, José Ronnie Carvalho Vasconcelos.

Visualization: Sang Won Han.
Writing - original draft: Camila Pontes Ferreira.

Writing - review & editing: Joseli Lannes-Vieira, José Ronnie Carvalho Vasconcelos.

References

1.  Machado FS, Dutra WO, Esper L, Gollob K, Teixeira M, Factor SM, et al. Current understanding of
immunity to Trypanosoma cruzi infection and pathogenesis os Chagas disease. Semin Immunopathol.
2013; 34(6):753-70.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007597  July 29, 2019 23/27


https://doi.org/10.1371/journal.pntd.0007597

@ PLOS | RSHCA Biseases

CXCR3 chemokine receptor impacts in specific CD8+ T cell migration to the heart tissue

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Vega-Royero SP, Sibona GJ. Who benefits from cellular immune response during the Chagas disease?
Biosystems [Internet]. 2018 Sep; 171(July):66—73. Available from: https://doi.org/10.1016/j.biosystems.
2018.07.005

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 Immuno-
dominance. J Immunol [Internet]. 2008; 180(3):1737—48. Available from: https://doi.org/10.4049/
jimmunol.180.3.1737 PMID: 18209071

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 [Internet]. 2010; 12(September):e29. Available from: http://www.journals.cambridge.org/
abstract_S1462399410001560 https://doi.org/10.1017/S1462399410001560 PMID: 20840799

Tarleton RL, Koller BH, Latour A, Postan M. Susceptibility of 32-microglobulin-deficient mice to Trypa-
nosoma cruzi infection. Nature [Internet]. 1992 Mar; 356(6367):338—40. Available from: http://www.
nature.com/articles/356338a0 https://doi.org/10.1038/356338a0 PMID: 1549177

Brener Z, Gazzinelli RT. Immnunological Control of Trypanosoma cruzi Infection and Pathogenesis of
Chagas’ Disease. Vol. 114, International Archives of Allergy and Immunology. 1997. p. 103—10. https:/
doi.org/10.1159/000237653 PMID: 9338602

Tarleton RL. CD8+ T cells in Trypanosoma cruzi infection. Semin Immunopathol [Internet]. 2015 May
29; 37(3):233-8. Available from: https://doi.org/10.1007/s00281-015-0481-9 PMID: 25921214

Martin DL, Weatherly DB, Laucella SA, Cabinian MA, Crim MT, Sullivan S, et al. CD8+ T-cell responses
to Trypanosoma cruzi are highly focused on strain-variant trans-sialidase epitopes. Immunol Rev. 2006;
201(8):304—17.

De Alencar BCG, Persechini PM, Haolla FA, De Oliveira G, Silverio JC, Lannes-Vieira J, et al. Perforin
and gamma interferon expression are required for CD4+ and CD8+ T-cell-dependent protective immu-
nity against a human parasite, Trypanosoma cruzi, elicited by heterologous plasmid DNA prime-recom-
binant adenovirus 5 boost vaccination. Infect Immun. 2009; 77(10):4383—95. https://doi.org/10.1128/
IA1.01459-08 PMID: 19651871

Silverio JC, Pereira IR, Cipitelli M da C, Vinagre NF, Rodrigues MM, Gazzinelli RT, et al. CD8+ T-cells
expressing interferon gamma or perforin play antagonistic roles in heart injury in experimental trypano-
soma cruzi-elicited cardiomyopathy. PLoS Pathog. 2012; 8(4).

Dos F, Virgilio S, Pontes C, Dominguez MR, Ersching J, Rodrigues MM, et al. Infection: A Path for Vac-
cine Development? 2014;2014.

Rigato PO, de Alencar BC, de Vasconcelos JRC, Dominguez MR, Araujo AF, Machado A V., et al. Het-
erologous plasmid DNA prime-recombinant human adenovirus 5 boost vaccination generates a stable

pool of protective long-lived CD8+T effector memory cells specific for a human parasite, Trypanosoma

cruzi. Infect Immun. 2011; 79(5):2120-30. https://doi.org/10.1128/IAl.01190-10 PMID: 21357719

Vasconcelos JR, Dominguez MR, Neves RL, Ersching J, Araujo A, Santos LI, et al. Adenovirus Vector-
Induced CD8 * T Effector Memory Cell Differentiation and Recirculation, But Not Proliferation, Are

Important for Protective Immunity Against Experimental Trypanosoma cruzilnfection. Hum Gene Ther
[Internet]. 2014; 25(4):350-63. Available from: https://doi.org/10.1089/hum.2013.218 PMID: 24568548

Ferreira CP, Cariste LM, Virgilio FDS, Moraschi BF, Monteiro CB, Machado AMV, et al. LFA-1 mediates
cytotoxicity and tissue migration of specific CD8+T cells after heterologous prime-boost vaccination
against Trypanosoma cruzi infection. Front Immunol. 2017; 8(OCT).

Zlotnik a, Yoshie O. Chemokines: a new classification system and their role in immunity. Immunity.
2000; 12(2):121-7. PMID: 10714678

Campbell DJ, Kim CH, Butcher EC. Chemokines in the systemic organization of immunity. Immunol
Rev. 2003; 195:58-71. PMID: 12969310

Groom JR, Luster AD. CXCR3in T cell function. Exp Cell Res. 2011; 317(5):620-31. https://doi.org/10.
1016/j.yexcr.2010.12.017 PMID: 21376175

Bachmann MF, Kopf M, Marsland BJ. Chemokines: more than just road signs. Nat Rev Immunol [Inter-
net]. 2006 Feb 1; 6(2):159-64. Available from: http://www.nature.com/articles/nri1776 https://doi.org/
10.1038/nri1776 PMID: 16491140

Zlotnik A, Yoshie O. The Chemokine Superfamily Revisited. Immunity [Internet]. 2012; 36(5):705—-12.
Available from: https://doi.org/10.1016/j.immuni.2012.05.008 PMID: 22633458

Ilwata S, Mikami Y, Sun HW, Brooks SR, Jankovic D, Hirahara K, et al. The Transcription Factor T-bet
Limits Amplification of Type | IFN Transcriptome and Circuitry in T Helper 1 Cells. Immunity [Internet].
2017;1-9. Available from: http://dx.doi.org/10.1016/j.immuni.2017.05.005

Dos Santos PVA, Roffé E, Santiago HC, Torres RA, Marino APMP, Paiva CN, et al. Prevalence of CD8
+a T cells in Trypanosoma cruzi-elicited myocarditis is associated with acquisition of CD62LLowLFA-

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007597  July 29, 2019 24/27


https://doi.org/10.1016/j.biosystems.2018.07.005
https://doi.org/10.1016/j.biosystems.2018.07.005
https://doi.org/10.4049/jimmunol.180.3.1737
https://doi.org/10.4049/jimmunol.180.3.1737
http://www.ncbi.nlm.nih.gov/pubmed/18209071
http://www.journals.cambridge.org/abstract_S1462399410001560
http://www.journals.cambridge.org/abstract_S1462399410001560
https://doi.org/10.1017/S1462399410001560
http://www.ncbi.nlm.nih.gov/pubmed/20840799
http://www.nature.com/articles/356338a0
http://www.nature.com/articles/356338a0
https://doi.org/10.1038/356338a0
http://www.ncbi.nlm.nih.gov/pubmed/1549177
https://doi.org/10.1159/000237653
https://doi.org/10.1159/000237653
http://www.ncbi.nlm.nih.gov/pubmed/9338602
https://doi.org/10.1007/s00281-015-0481-9
http://www.ncbi.nlm.nih.gov/pubmed/25921214
https://doi.org/10.1128/IAI.01459-08
https://doi.org/10.1128/IAI.01459-08
http://www.ncbi.nlm.nih.gov/pubmed/19651871
https://doi.org/10.1128/IAI.01190-10
http://www.ncbi.nlm.nih.gov/pubmed/21357719
https://doi.org/10.1089/hum.2013.218
http://www.ncbi.nlm.nih.gov/pubmed/24568548
http://www.ncbi.nlm.nih.gov/pubmed/10714678
http://www.ncbi.nlm.nih.gov/pubmed/12969310
https://doi.org/10.1016/j.yexcr.2010.12.017
https://doi.org/10.1016/j.yexcr.2010.12.017
http://www.ncbi.nlm.nih.gov/pubmed/21376175
http://www.nature.com/articles/nri1776
https://doi.org/10.1038/nri1776
https://doi.org/10.1038/nri1776
http://www.ncbi.nlm.nih.gov/pubmed/16491140
https://doi.org/10.1016/j.immuni.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22633458
http://dx.doi.org/10.1016/j.immuni.2017.05.005
https://doi.org/10.1371/journal.pntd.0007597

@ PLOS | RSHCA Biseases

CXCR3 chemokine receptor impacts in specific CD8+ T cell migration to the heart tissue

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

1HighVLA-4Highactivation phenotype and expression of IFN-y-inducible adhesion and chemoattractant
molecules. Microbes Infect. 2001; 3(12):971-84. PMID: 11580984

Teixeira MM, Gazzinelli RT, Silva JS. Chemokines, inflammation and Trypanosoma cruzi infection.
Trends Parasitol. 2002; 18(6):262—-5. PMID: 12036740

Gomes JAS, Bahia-Oliveira LMG, Rocha MOC, Martins-Filho OA, Gazzinelli G, Correa-Oliveira R. Evi-
dence that development of severe cardiomyopathy in human Chagas’ disease is due to a Th1-specific
immune response. Infect Immun. 2003; 71(3):1185-93. https://doi.org/10.1128/IAl.71.3.1185-1193.
2003 PMID: 12595431

Zhu J, Yamane H, Paul WE. Differentiation of Effector CD4 T Cell Populations. Annu Rev Immunol
[Internet]. 2010 Mar; 28(1):445-89. Available from: http://www.annualreviews.org/doi/10.1146/
annurev-immunol-030409-101212

Moser B, Wolf M, Walz A, Loetscher P. Chemokines: Multiple levels of leukocyte migration control.
Trends Immunol [Internet]. 2004 Feb; 25(2):75-84. Available from: http:/linkinghub.elsevier.com/
retrieve/pii/'S1471490603003867 https://doi.org/10.1016/}.it.2003.12.005 PMID: 15102366

Cohen SB, Maurer KJ, Egan CE, Oghumu S, Satoskar AR, Denkers EY. CXCR3-Dependent CD4+ T
Cells Are Required to Activate Inflammatory Monocytes for Defense against Intestinal Infection. PLoS
Pathog. 2013; 9(10).

Hu JK, Kagari T, Clingan JM, Matloubian M. Expression of chemokine receptor CXCR3 on T cells
affects the balance between effector and memory CD8 T-cell generation. Proc Natl Acad Sci [Internet].
2011; 108(21):E118-27. Available from: https://doi.org/10.1073/pnas.1101881108 PMID: 21518913

Kurachi M, Kurachi J, Suenaga F, Tsukui T, Abe J, Ueha S, et al. Chemokine receptor CXCRS3 facili-
tates CD8 * T cell differentiation into short-lived effector cells leading to memory degeneration. J Exp
Med [Internet]. 2011; 208(8):1605—20. Available from: https://doi.org/10.1084/jem.20102101 PMID:
21788406

Talvani A, Ribeiro CS, Aliberti JCS, Michailowsky V, Santos PVA, Murta SMF, et al. Kinetics of cytokine
gene expression in experimental chagasic cardiomyopathy: Tissue parasitism and endogenous IFN-y
as important determinants of chemokine mMRNA expression during infection with Trypanosoma cruzi.
Microbes Infect. 2000; 2(8):851-66. PMID: 10962268

Vasconcelos JR, Hiyane MI, Marinho CRF, Claser C, Machado AMV, Gazzinelli RT, et al. Protective
Immunity Against Trypanosoma cruzi Infection in a Highly Susceptible Mouse Strain After Vaccination
with Genes Encoding the Amastigote Surface Protein-2 and Trans-Sialidase. Hum Gene Ther [Inter-
net]. 2004; 15(9):878-86. Available from: https://doi.org/10.1089/hum.2004.15.878 PMID: 15353042

Uppaluri R, Sheehan KCF, Wang L, Bui JD, Brotman JJ, Lu B, et al. Prolongation of Cardiac and Islet
Allograft Survival by a Blocking Hamster Anti-Mouse CXCR3 Monoclonal Antibody. Transplantation
[Internet]. 2008 Jul; 86(1):137—47. Available from: https://insights.ovid.com/crossref?an=00007890-
200807150-00024 https://doi.org/10.1097/TP.0b013e31817b8e4b PMID: 18622291

Tzelepis F, de Alencar B, Penido M, Gazzinelli R, Persechini P, Rodrigues M. Distinct kinetics of effec-
tor CD8+ cytotoxic T cells after infection with Trypanosoma cruzi in Naive or vaccinated mice. Infect
Immun. 2006; 74(4):2477-81. https://doi.org/10.1128/IAl.74.4.2477-2481.2006 PMID: 16552083

Piron M, Fisa R, Casamitjana N, Lépez-Chejade P, Puig L, Vergés M, et al. Development of a real-time
PCR assay for Trypanosoma cruzi detection in blood samples. Acta Trop. 2007; 103(3):195-200.
https://doi.org/10.1016/j.actatropica.2007.05.019 PMID: 17662227

Gutierrez FRS, Mariano FS, Oliveira CJF, Pavanelli WR, Guedes PMM, Silva GK, et al. Regulation of
Trypanosoma cruzi-induced myocarditis by programmed death cell receptor 1. Infect Immun. 2011; 79
(5):1873-81. https://doi.org/10.1128/IA1.01047-10 PMID: 21357717

Allen SJ, Crown SE, Handel TM. Chemokine:Receptor Structure, Interactions, and Antagonism. Annu
Rev Immunol [Internet]. 2007; 25(1):787-820. Available from: http://www.annualreviews.org/doi/10.
1146/annurev.immunol.24.021605.090529

Hardison JL, Kuziel WA, Manning JE, Lane TE. Chemokine CC Receptor 2 Is Important for Acute Con-

trol of Cardiac Parasitism but Does Not Contribute to Cardiac Inflammation after Infection with Trypano-
soma cruzi. J Infect Dis [Internet]. 2006. Jun; 193(11):1584—8. Available from: http://www.ncbi.nlm.nih.

gov/pubmed/16652288 https://doi.org/10.1086/503812 PMID: 16652288

Vasconcelos JR, Brufia-Romero O, Aratjo AF, Dominguez MR, Ersching J, de Alencar BCG, et al.
Pathogen-induced proapoptotic phenotype and high CD95 (Fas) expression accompany a suboptimal
CD8+T-cell response: Reversal by adenoviral vaccine. PLoS Pathog. 2012; 8(5).

Melo RC, Brener Z. Tissue tropism of different Trypanosoma cruzi strains. J Parasitol [Internet]. 1978
Jun; 64(3):475-82. Available from: http://www.ncbi.nlm.nih.gov/pubmed/96243 PMID: 96243

Bilate AMB, Cunha-Neto E. Chagas disease cardiomyopathy: current concepts of an old disease. Rev
Inst Med Trop Sao Paulo [Internet]. 50(2):67—74. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
18488083 https://doi.org/10.1590/s0036-46652008000200001 PMID: 18488083

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007597  July 29, 2019 25/27


http://www.ncbi.nlm.nih.gov/pubmed/11580984
http://www.ncbi.nlm.nih.gov/pubmed/12036740
https://doi.org/10.1128/IAI.71.3.1185-1193.2003
https://doi.org/10.1128/IAI.71.3.1185-1193.2003
http://www.ncbi.nlm.nih.gov/pubmed/12595431
http://www.annualreviews.org/doi/10.1146/annurev-immunol-030409-101212
http://www.annualreviews.org/doi/10.1146/annurev-immunol-030409-101212
http://linkinghub.elsevier.com/retrieve/pii/S1471490603003867
http://linkinghub.elsevier.com/retrieve/pii/S1471490603003867
https://doi.org/10.1016/j.it.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15102366
https://doi.org/10.1073/pnas.1101881108
http://www.ncbi.nlm.nih.gov/pubmed/21518913
https://doi.org/10.1084/jem.20102101
http://www.ncbi.nlm.nih.gov/pubmed/21788406
http://www.ncbi.nlm.nih.gov/pubmed/10962268
https://doi.org/10.1089/hum.2004.15.878
http://www.ncbi.nlm.nih.gov/pubmed/15353042
https://insights.ovid.com/crossref?an=00007890-200807150-00024
https://insights.ovid.com/crossref?an=00007890-200807150-00024
https://doi.org/10.1097/TP.0b013e31817b8e4b
http://www.ncbi.nlm.nih.gov/pubmed/18622291
https://doi.org/10.1128/IAI.74.4.2477-2481.2006
http://www.ncbi.nlm.nih.gov/pubmed/16552083
https://doi.org/10.1016/j.actatropica.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17662227
https://doi.org/10.1128/IAI.01047-10
http://www.ncbi.nlm.nih.gov/pubmed/21357717
http://www.annualreviews.org/doi/10.1146/annurev.immunol.24.021605.090529
http://www.annualreviews.org/doi/10.1146/annurev.immunol.24.021605.090529
http://www.ncbi.nlm.nih.gov/pubmed/16652288
http://www.ncbi.nlm.nih.gov/pubmed/16652288
https://doi.org/10.1086/503812
http://www.ncbi.nlm.nih.gov/pubmed/16652288
http://www.ncbi.nlm.nih.gov/pubmed/96243
http://www.ncbi.nlm.nih.gov/pubmed/96243
http://www.ncbi.nlm.nih.gov/pubmed/18488083
http://www.ncbi.nlm.nih.gov/pubmed/18488083
https://doi.org/10.1590/s0036-46652008000200001
http://www.ncbi.nlm.nih.gov/pubmed/18488083
https://doi.org/10.1371/journal.pntd.0007597

@ PLOS | RSHCA Biseases

CXCR3 chemokine receptor impacts in specific CD8+ T cell migration to the heart tissue

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Serbina N V., Pamer EG. Monocyte emigration from bone marrow during bacterial infection requires
signals mediated by chemokine receptor CCR2. Nat Immunol. 2006; 7(3):311-7. https://doi.org/10.
1038/ni1309 PMID: 16462739

Jia T, Serbina N V., Brandl K, Zhong MX, Leiner IM, Charo IF, et al. Additive Roles for MCP-1 and
MCP-3 in CCR2-Mediated Recruitment of Inflammatory Monocytes during Listeria monocytogenes
Infection. J Immunol [Internet]. 2008; 180(10):6846—53. Available from: https://doi.org/10.4049/
jimmunol.180.10.6846 PMID: 18453605

Thapa M, Carr DJJ. CXCR3 Deficiency Increases Susceptibility to Genital Herpes Simplex Virus Type 2
Infection: Uncoupling of CD8+ T-Cell Effector Function but Not Migration. J Virol [Internet]. 2009; 83
(18):9486-501. Available from: https://doi.org/10.1128/JVI.00854-09 PMID: 19587047

Groom JR, Luster AD. CXCR3 ligands: Redundant, collaborative and antagonistic functions. Immunol
Cell Biol [Internet]. 2011; 89(2):207—15. Available from: https://doi.org/10.1038/icb.2010.158 PMID:
21221121

Garcia-Lopez MA, Sanchez-Madrid F, Rodriguez-Frade JM, Mellado M, Acevedo A, Garcia MI, et al.
CXCR3 chemokine receptor distribution in normal and inflamed tissues: expression on activated lym-
phocytes, endothelial cells, and dendritic cells. Lab Invest. 2001; 81(3):409-18. PMID: 11310833

Colvin RA, Campanella GSV, Sun J, Luster AD. Intracellular domains of CXCR3 that mediate CXCL9,
CXCL10, and CXCL11 function. J Biol Chem. 2004; 279(29):30219-27. https://doi.org/10.1074/jbc.
M403595200 PMID: 15150261

Zhang Z, Kaptanoglu L, Haddad W, Ivancic D, Alnadjim Z, Hurst S, et al. Donor T cell activation initiates
small bowel allograft rejection through an IFN-y-inducible protein-10-dependent mechanism. J Immu-
nol. 2002; 168(7).

Lacotte S, Brun S, Muller S, Dumortier H. CXCRS, inflammation, and autoimmune diseases. AnnN Y
Acad Sci. 2009; 1173:310-7. https://doi.org/10.1111/j.1749-6632.2009.04813.x PMID: 19758167

Sauty A, Colvin RA, Wagner L, Rochat S, Spertini F, Luster AD. CXCR3 Internalization Following T
Cell-Endothelial Cell Contact: Preferential Role of IFN-Inducible T Cell Chemoattractant (CXCL11). J
Immunol. 2014; 167(12):7084-93.

KohImeier JE, Cookenham T, Miller SC, Roberts AD, Christensen JP, Thomsen AR, et al. CXCR3
Directs Antigen-Specific Effector CD4+ T Cell Migration to the Lung During Parainfluenza Virus Infec-
tion. J Immunol [Internet]. 2009; 183(7):4378-84. Available from: https://doi.org/10.4049/jimmunol.
0902022 PMID: 19734208

Hickman HD, Reynoso G V., Ngudiankama BF, Cush SS, Gibbs J, Bennink JR, et al. CXCR3 chemo-
kine receptor enables local CD8+T cell migration for the destruction of virus-infected cells. Immunity
[Internet]. 2015; 42(3):524—-37. Available from: https://doi.org/10.1016/j.immuni.2015.02.009 PMID:
25769612

Stiles LN, Hosking MP, Edwards RA, Strieter RM, Lane TE. Differential roles for CXCR3 in CD4+ and
CD8+ T cell trafficking following viral infection of the CNS. [Internet]. Vol. 36, European Journal of
Immunology. 2006. p. 613-22. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16479546 https://
doi.org/10.1002/€ji.200535509 PMID: 16479546

Liu L, Huang D, Matsui M, He TT, Hu T, DeMartino J, et al. Severe Disease, Unaltered Leukocyte Migra-
tion, and Reduced IFN- Production in CXCR3-/- Mice with Experimental Autoimmune Encephalomyeli-

tis. J Immunol [Internet]. 2006; 176(7):4399—-409. Available from: https://doi.org/10.4049/jimmunol.176.

7.4399 PMID: 16547278

Rosas LE, Barbi J, Lu B, Fujiwara Y, Gerard C, Sanders VM, et al. CXCR3-/- mice mount an efficient
Th1 response but fail to control Leishmania major infection. Eur J Immunol. 2005; 35(2):515-23. https://
doi.org/10.1002/€ji.200425422 PMID: 15668916

Thapa M, Welner RS, Pelayo R, Carr DJJ. CXCL9 and CXCL10 expression are critical for control of
genital herpes simplex virus type 2 infection through mobilization of HSV-specific CTL and NK cells to
the nervous system. J Immunol [Internet]. 2008 Jan 15; 180(2):1098—-106. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/18178850 https://doi.org/10.4049/jimmunol.180.2.1098 PMID: 18178850

Groom JR, Richmond J, Murooka TT, Sorensen EW, Sung JH, Bankert K, et al. CXCR3 Chemokine
Receptor-Ligand Interactions in the Lymph Node Optimize CD4+T Helper 1 Cell Differentiation. Immu-
nity [Internet]. 2012; 37(6):1091-103. Available from: https://doi.org/10.1016/j.immuni.2012.08.016
PMID: 23123063

Schwaderer J, Gaiser AK, Phan TS, Delgado Me, Brunner T. Liver receptor homolog-1 (NR5a2) regu-
lates CD95/Fas ligand transcription and associated T-cell effector functions. Cell Death Dis. 2017; 8
(4):1-12.

Leon JS, Engman DM. Autoimmunity in Chagas heart disease. Int J Parasitol. 2001; 31(5-6):555-61.
PMID: 11334942

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007597  July 29, 2019 26/27


https://doi.org/10.1038/ni1309
https://doi.org/10.1038/ni1309
http://www.ncbi.nlm.nih.gov/pubmed/16462739
https://doi.org/10.4049/jimmunol.180.10.6846
https://doi.org/10.4049/jimmunol.180.10.6846
http://www.ncbi.nlm.nih.gov/pubmed/18453605
https://doi.org/10.1128/JVI.00854-09
http://www.ncbi.nlm.nih.gov/pubmed/19587047
https://doi.org/10.1038/icb.2010.158
http://www.ncbi.nlm.nih.gov/pubmed/21221121
http://www.ncbi.nlm.nih.gov/pubmed/11310833
https://doi.org/10.1074/jbc.M403595200
https://doi.org/10.1074/jbc.M403595200
http://www.ncbi.nlm.nih.gov/pubmed/15150261
https://doi.org/10.1111/j.1749-6632.2009.04813.x
http://www.ncbi.nlm.nih.gov/pubmed/19758167
https://doi.org/10.4049/jimmunol.0902022
https://doi.org/10.4049/jimmunol.0902022
http://www.ncbi.nlm.nih.gov/pubmed/19734208
https://doi.org/10.1016/j.immuni.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25769612
http://www.ncbi.nlm.nih.gov/pubmed/16479546
https://doi.org/10.1002/eji.200535509
https://doi.org/10.1002/eji.200535509
http://www.ncbi.nlm.nih.gov/pubmed/16479546
https://doi.org/10.4049/jimmunol.176.7.4399
https://doi.org/10.4049/jimmunol.176.7.4399
http://www.ncbi.nlm.nih.gov/pubmed/16547278
https://doi.org/10.1002/eji.200425422
https://doi.org/10.1002/eji.200425422
http://www.ncbi.nlm.nih.gov/pubmed/15668916
http://www.ncbi.nlm.nih.gov/pubmed/18178850
http://www.ncbi.nlm.nih.gov/pubmed/18178850
https://doi.org/10.4049/jimmunol.180.2.1098
http://www.ncbi.nlm.nih.gov/pubmed/18178850
https://doi.org/10.1016/j.immuni.2012.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23123063
http://www.ncbi.nlm.nih.gov/pubmed/11334942
https://doi.org/10.1371/journal.pntd.0007597

@ PLOS | RSHCA Biseases

CXCR3 chemokine receptor impacts in specific CD8+ T cell migration to the heart tissue

58.

59.

60.

61.

Schnickel GT, Bastani S, Hsieh GR, Shefizadeh A, Bhatia R, Fishbein MC, et al. Combined CXCR3/
CCRS5 blockade attenuates acute and chronic rejection. J Immunol [Internet]. 2008; 180(7):4714-21.
Available from: http://www.ncbi.nIm.nih.gov/pubmed/18354195 https://doi.org/10.4049/jimmunol.180.
7.4714 PMID: 18354195

Wadwa M, Klopfleisch R, Adamczyk A, Frede A, Pastille E, Mahnke K, et al. IL-10 downregulates
CXCR3 expression on Th1 cells and interferes with their migration to intestinal inflammatory sites.
Mucosal Immunol. 2016; 9(5):1263—77. https://doi.org/10.1038/mi.2015.132 PMID: 26732675

Hildebrandt GC, Corrion LA, Olkiewicz KM, Lu B, Lowler K, Duffner UA, et al. Blockade of CXCR3
Receptor:Ligand Interactions Reduces Leukocyte Recruitment to the Lung and the Severity of Experi-
mental Idiopathic Pneumonia Syndrome. J Immunol [Internet]. 2004; 173(3):2050-9. Available from:
https://doi.org/10.4049/jimmunol.173.3.2050 PMID: 15265940

Rivino L, Kumaran EA, Thein TL, Too CT, Gan VCH, Hanson BJ, et al. Virus-specific T lymphocytes
home to the skin during natural dengue infection. Sci Transl Med. 2015; 7(278):1126.

PLOS Neglected Tropical Diseases | https://doi.org/10

.1371/journal.pntd.0007597  July 29, 2019 27/27


http://www.ncbi.nlm.nih.gov/pubmed/18354195
https://doi.org/10.4049/jimmunol.180.7.4714
https://doi.org/10.4049/jimmunol.180.7.4714
http://www.ncbi.nlm.nih.gov/pubmed/18354195
https://doi.org/10.1038/mi.2015.132
http://www.ncbi.nlm.nih.gov/pubmed/26732675
https://doi.org/10.4049/jimmunol.173.3.2050
http://www.ncbi.nlm.nih.gov/pubmed/15265940
https://doi.org/10.1371/journal.pntd.0007597

