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Administration of granulocyte colony-stimulating factor
induces immunomodulation, recruitment of
T regulatory cells, reduction of myocarditis and
decrease of parasite load in a mouse model of
chronic Chagas disease cardiomyopathy
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ABSTRACT Chagas disease, caused by Trypanosoma
cruzi infection, is a leading cause of heart failure in
Latin American countries. In a previous study, we
showed beneficial effects of granulocyte colony-stimu-
lating factor (G-CSF) administration in the heart func-
tion of mice with chronic 7. cruzi infection. Presently,
we investigated the mechanisms by which this cytokine
exerts its beneficial effects. Mice chronically infected
with T. cruzi were treated with human recombinant
G-CSF (3 courses of 200 pg/kg/d for 5 d). Inflamma-
tion and fibrosis were reduced in the hearts of G-CSF-
treated mice, compared with the hearts of vehicle-treated
mice, which correlated with decreased syndecan-4, intercel-
lular adhesion molecule-1, and galectin-3 expressions.
Marked reductions in interferon-y and tumor necrosis
factor-a and increased interleukin-10 and transforming
growth factor-§ were found after G-CSF administra-
tion. Because the therapy did not induce a Thl to Th2
immune response deviation, we investigated the role of
regulatory T (T,.,) cells. A significant increase in
CD3*Foxp3™ cells was observed in the hearts of G-
CSF-treated mice. In addition, a reduction of parasit-
ism was observed after G-CSF treatment. Our results
indicate a role of T, cells in the immunosuppression
induced by G-CSF treatment and reinforces its poten-
tial therapeutic use for patients with Chagas disease.—
Vasconcelos, J. F., Souza, B. S. F., Lins, T. F. S., Garcia,
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CHAGAS DISEASE, CAUSED BY infection with Trypanosoma
cruzi, is considered a neglected tropical disease en-
demic in Latin American countries that mainly affects
the poorest populations (1, 2). Although recent data
indicate a reduction in the number of infected people
as a result of vector transmission control, it is estimated
that 10 million individuals are infected and 25 million
are at risk of acquiring the disease (3, 4). About 70% of
infected individuals remain asymptomatic, whereas
30% will develop the chronic symptomatic form of
Chagas disease. Chronic chagasic cardiomyopathy
(CCC), the most common symptomatic form of the
disease, is one of the leading causes of heart failure.
The only available treatment is heart transplantation, a
high-cost procedure, that is limited by organ donation
and presents severe complications in patients with
Chagas disease due to infection reactivation after im-
munosuppressant administration (5).
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Granulocyte colony-stimulating factor (G-CSF) is a
pleiotropic cytokine that stimulates the production of
neutrophils and releases bone marrow stem cells into the
peripheral circulation. It has been in clinical use for
nearly 2 decades, mainly as an adjunctive medication to
chemotherapy or to mobilize stem cells for bone marrow
transplantation (6). In addition to neutrophils and their
precursors, monocytes are direct target cells of G-CSF
action (7, 8). The administration of G-CSF in models of
cardiac ischemic diseases has also shown the potential use
of this cytokine in regenerative medicine (9-11).

Evidence is now accumulating that G-CSF also has
immunomodulatory effects on adaptive immune re-
sponses mediated through several mechanisms, including
activation of regulatory T (T,.,) cells (12). T, cells
express the regulatory lineage factor forkhead box P3
(Foxp3), comprise 5—10% of peripheral CD4" T cells,
and are known as natural T, cells (13). CD4" T cells
from G-CSF-mobilized stem cell donors are able to sup-
press alloproliferative responses of autologous T cells in a
cell contactindependent manner, by acquiring a T, -like
cytokine profile (14). G-CSF drives the n vitro differenti-
ation of human dendritic cells that express tolerogenic
markers involved in T, cell induction (15).

We have previously demonstrated that administration
of G-CSF in mice with chronic heart lesions caused by 7.
cruzi infection improved cardiac structure and function
(16). Here we investigate the immunomodulatory effects
of G-CSF in a mouse model of chronic Chagas disease, by
investigating the modulation of key inflammatory media-

tors and the participation of T, cells.

MATERIALS AND METHODS
Animals

Four-week-old male C57BL/6 mice were used for T. cruzi
infection and as normal controls. All animals were raised and
maintained at the Gong¢alo Moniz Research Center, Fundacao
Oswaldo Cruz (FIOCRUZ) in rooms with controlled temper-
ature (22+2°C) and humidity (55%£10%) and continuous air
flow. Animals were housed in a 12 h-light-dark cycle (6:00
AM—6:00 PM) and provided with rodent diet and water ad
libitum. Animals were handled according to the U.S. Na-
tional Institutes of Health guidelines for animal experi-
mentation. All procedures described had prior approval

;

Figure 1. Experimental design. C57BL/6 mice
were infected with 100 Colombian strain 7. cruzi
trypomastigotes and treated during the chronic
phase of infection with human recombinant

from the local animal ethics committee under number
L-002/11 (FIOCRUZ, Bahia, Brazil).

T. cruzi infection and G-CSF administration

Trypomastigotes from the myotropic Colombian 7. cruzi
strain (17) were obtained from culture supernatants of in-
fected LLC-MK2 cells. Infection of C57BL/6 mice was per-
formed by intraperitoneal injection of 100 7. cruzi trypomas-
tigotes in saline. Parasitemia of infected mice was evaluated at
different time points after infection by counting the number
of trypomastigotes in peripheral blood aliquots. Groups of
chronic chagasic mice (6 mo after infection) were treated
intraperitoneally (200 pug/kg/d) with 3 administered courses
of human recombinant G-CSF (Filgrastim; Bio Sidus S.A.,
Buenos Aires, Argentina) for 5 consecutive d with an interval
of 9 d between the courses (Fig. 1). Control chagasic mice
received saline solution in the same regimen.

Morphometric analyses

Groups of mice were euthanized 2 mo after the therapy under
anesthesia [56% ketamine (Vetanarcol; Konig, Santana de
Parnaiba, Brazil) and 2% xylazine (Sedomin; Konig)], and
hearts were removed and fixed in 10% buffered formalin.
Heart sections were analyzed by light microscopy after paraf-
fin embedding, followed by standard hematoxylin and eosin
staining. Inflammatory cells infiltrating heart tissue were
counted using a digital morphometric evaluation system.
Images were digitized using a color digital video camera
(CoolSnap, Photometrics, Montreal, QC, Canada) adapted to
a BX41 microscope (Olympus, Tokyo, Japan). Morphometric
analyses were performed using the software Image-Pro Plus
v.7.0 (Media Cybernetics, San Diego, CA, USA). The inflam-
matory cells were counted in 10 fields (X400 view)/heart.
The percentage of fibrosis was determined using Sirius red-
stained heart sections and Image-Pro Plus v.7.0 to integrate
the areas; 10 fields per animal were captured using X200
view. All of the analyses were performed in a blinded fashion.

Confocal immunofluorescence analyses

Frozen or formalin-fixed paraffin-embedded hearts were sec-
tioned, and 4-pm-thick sections were used for detection of
syndecan-4, intercellular adhesion molecule-1 (ICAM-1), ga-
lectin-3, CD3, Foxp3, and interleukin (IL)-10 expression by
immunofluorescence. First, paraffin-embedded sections were
deparaffinized and submitted to a heat-induced antigen re-
trieval step by incubation in citrate buffer (pH 6.0). Then,
sections were incubated overnight with the following primary
antibodies: anti-syndecan-4 (1:50; Santa Cruz Biotechnology,
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Santa Cruz, CA, USA), anti-ICAM-1 (1:50; BD Biosciences,
San Jose, CA, USA), anti-CD3 (1:400; BD Biosciences), anti-
Foxp3 (1:400; Dako, Glostrup, Denmark), or anti-IL-10 (1:
100; BD Biosciences). On the following day, sections were
incubated for 1 h with Alexa Fluor 633- or Alexa Fluor 488-
conjugated phalloidin (1:200), mixed with one of the following
secondary antibodies: Alexa Fluor 594-conjugated anti-goat IgG
(1:200) or Alexa Fluor 488-conjugated anti-rabbit IgG (1:200;
Molecular Probes, Carlsbad, CA, USA). Nuclei were stained with
4,6-diamidino-2-phenylindole (DAPIL; VectaShield Hard Set
mounting medium with DAPI H-1500; Vector Laboratories,
Burlingame, CA, USA). The presence of fluorescent cells was
determined by observation on a FluoView 1000 confocal micro-
scope (Olympus). Quantifications of galectin-3" cells, synde-
can4" blood vessels, and ICAM-1" percentual area were per-
formed in 10 random fields captured under X400 magnification,
using Image-Pro Plus v.7.0.

Real-time reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was isolated from heart samples with TRIzol
reagent (Molecular Probes) and concentration was deter-
mined by photometric measurement. A High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) was used to synthesize cDNA from 1 pg of RNA
following the manufacturer’s recommendations. RT-qPCR
assays were performed to detect the expression levels of Tbhet
(Mm_00450960_m1), GATA3 (Mm_00484683_ml), and G-
CSF (Mm 00438334_m1). The RT-qPCR amplification mix-
tures contained 20 ng of template cDNA, TaqgMan Master Mix
(10 pl), and probes in a final volume of 20 pl (all from
Applied Biosystems). All reactions were run in duplicate on
an ABI 7500 sequence detection system (Applied Biosystems)
under standard thermal cycling conditions. The mean C,
(cycle threshold) values from duplicate measurements were
used to calculate expression of the target gene, with normal-
ization to an internal control (GAPDH) using the gaact
formula. Experiments with coefficients of variation > 5%
were excluded. A nontemplate control and nonreverse tran-
scription controls were also included.

Flow cytometry analysis

Quantitative analysis of T, cells was performed in the bone
marrow and spleen of G-CSF- or saline-treated chronic cha-
gasic mice, by flow cytometry. In brief, mice were treated with
one course of G-CSF or saline and were euthanized under
anesthesia the day after the final dose. Bone marrow cells
were obtained from mice femurs. The bone marrow was
collected by flushing the bones with Dulbecco’s modified
Eagle’s medium (DMEM), followed by cell purification by
centrifugation in Ficoll (Histopaque 1119 and 1077, 1:1;
Sigma-Aldrich, St. Louis, MO, USA) gradient at 1000 g for 15
min. The spleens were collected, washed in DMEM, and
homogenized by pressing through a 40-mm cell strainer.
Bone marrow and spleen cells were counted and resuspended
in phosphate-buffered saline (PBS) buffer [1% fetal bovine
serum (FBS) in PBS]. For flow cytometry, cells were stained
with labeled anti-CD4 PE-Cy5.5 and CD25 APC antibodies
(BD Biosciences) for 20 min at room temperature. Cells were
washed and analyzed using a cell analyzer (LSRFortessa; BD
Biosciences) with FACSDiva software (version 6.1.3; BD Bio-
sciences).

Cytokine assessment

Cytokine concentrations were measured in total spleen or
heart protein extracts and in sera. Tissue proteins were
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extracted at 50 mg of tissue/500 ml of PBS to which 0.4 M
NaCl, 0.05% Tween 20, and protease inhibitors (0.1 mM
phenylmethylsulfonyl fluoride, 0.1 mM benzethonium chlo-
ride, 10 mM EDTA, and 20 kIU of aprotinin A/100 ml) were
added. The samples were centrifuged for 10 min at 3000 g,
and the supernatants were immediately used in enzyme-
linked immunosorbent assays (ELISAs) or frozen at —70°C
for later quantification. Interferon-y (IFN-y), tumor necrosis
factor-a (TNF-a), transforming growth factor-3 (TGF-8),
IL-4, IL-6, IL-10, or IL-17 was quantified from individual mice
by ELISA using specific antibody kits (R&D Systems, Minne-
apolis, MN, USA), according to the manufacturer’s instruc-
tions. In brief, 96-well plates were blocked and incubated at
room temperature for 1 h. Samples were added in duplicate
and incubated overnight at 4°C. Biotinylated antibodies were
added, and plates were incubated for 2 h at room temperature.
A 0.5-h incubation with streptavidin-horseradish peroxidase con-
jugate was followed by detection using 3,3",5,5'-tetramethylben-
zidine peroxidase substrate and reading at 450 nm.

Quantification of parasite load

T. cruzi DNA was quantified in heart samples by qPCR analysis.
For DNA extraction, heart fragments were submitted to DNA
extraction using the NucleoSpin Tissue Kit (Machenerey-Nagel,
Duren, Germany), as recommended by the manufacturer. In
brief, 10 mg of each heart sample was submitted to DNA
extraction, and the DNA amount and purity (260/280 nm) were
analyzed by Nanodrop 2000 spectrophotometry (Thermo Fisher
Scientific, Waltham, MA, USA). Kapa Probe Fast Universal 2X
qPCR Master Mix was used to perform the qPCR in 20-ul
reactions, including ROX low as the passive reference, as rec-
ommended by the manufacturer (Kapa Biosystems Inc.,
Woburn, MA, USA). Primers were designed based on the report
by Schijman et al. (18), and the amounts used per reaction were
0.4 uM concentrations of both primers (primer 1, 5'-GTTCA-
CACACTGGACACCAA-3" and primer 2, 5'“TCGAAAACGAT-
CAGCCGAST-3") and a 0.2 pM concentration of the probe
(SatDNA  specific probe, 5'-/56-FAM/AATTCCTCC/ZEN/
AAGCAGCGGATA/3IABKFQ/-3"), all included in a Mini
PrimeTime qPCR assay (Integrated DNA Technologies, Inc.,
Coralville, IA, USA). Amounts of 1 ul for each point of the
standard curve, samples, and controls were applied to differ-
ent wells of a PCR microplate (Axygen, Union City, CA, USA),
film sealed, and submitted to amplification. Cycles were
performed in an ABI 7500 system (Applied Biosystems) as
follows: first, 3 min at 95°C for Tag activation; and second, 45
cycles at 95°C for 10 s followed by 55°C for 30 s. To calculate
the number of parasites per milligram of tissue, each plate
contained an 8-log standard curve of DNA extracted from
trypomastigotes of the Colombian 7. cruzi strain (ranging
from 4.7X107" to 4.7X10°) in duplicate. Data were analyzed
using 7500 software 2.0.1 (Applied Biosystems).

Assessment of trypanocidal activity

T. cruzi epimastigotes (Colombian strain) were maintained at
26°C in liver infusion tryptose medium supplemented with
10% FBS, 1% hemin (Sigma-Aldrich), 1% R9 medium (Sigma-
Aldrich), and 50 pg/ml gentamicin. Parasites were counted
in a hemocytometer and then dispensed into 96-well plates at
a cell density of 5 X 10° cells/ml in the absence or presence
of the human recombinant G-CSF at 3, 10, or 30 wg/ml in
triplicate. The plate was incubated for 5 d at 26°C, aliquots of
each well were collected, and the number of viable parasites
was counted in a Neubauer chamber. Trypomastigote forms
of T. cruziwere obtained from supernatants of LLC-MK2 cells
previously infected and cultured in 96-well plates at a cell
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density of 2 X 10° cells/ml in RPMI 1640 medium (Sigma-
Aldrich) supplemented with 10% FBS and 50 pg/ml genta-
micin in the absence or presence of human recombinant
G-CSF. After 24 h of incubation, the number of viable
parasites, based on parasite motility, was assessed in a Neu-
bauer chamber and compared with that of an untreated
parasite culture to calculate the percentage of inhibition.
Benznidazole (30 pg/ml) was used as a positive control. For
in vitro infection, peritoneal macrophages obtained from
C57BL/6 mice were seeded at a cell density of 2 X 10°
cells/ml in a 24-well plate with rounded coverslips on the
bottom in RPMI 1640 medium supplemented with 10% FBS
and 50 pwg/ml gentamicin and incubated for 24 h. Cells were
then infected with trypomastigotes (1:10) for 2 h. Free
trypomastigotes were removed by successive washes using
saline solution. Cultures were incubated in complete medium
alone or with G-CSF (2, 6, or 10 ng/ml) or benznidazole (10
pg/ml) for 6 h. The medium was then replaced by fresh
medium, and the plate was incubated for 3 d at 37°C. Cells
were fixed in absolute alcohol, and the percentage of infected
macrophages and the mean number of amastigotes/100
infected macrophages was determined by manual counting
after hematoxylin and eosin staining using an optical micro-
scope (Olympus).

Evaluation of anti-T. cruzi antibodies

T. cruzispecific, total IgG, IgGl, and IgG2 antibodies were
detected in the sera of naive or G-CSF- or saline-treated
chronic chagasic mice by ELISA. Microtiter plates were
coated overnight at 4°C with 7. cruzi trypomastigote antigen
(3 wg/ml) in 50 pl of carbonate-bicarbonate buffer (pH 9.6).
The plates were washed 3 times with PBS containing 0.05%
Tween 20 and then blocked by incubation at room tempera-
ture for 1 h with PBS-5% nonfat milk. After washing, the
plates were incubated with 50 pl of a 1:200 (IgG) or 1:100
(IgG1 or IgG2a) dilution of each serum sample at 37°C for 2
h. The plates were washed, and a 1:1000 dilution of goat
anti-mouse IgG (Sigma-Aldrich) or rat anti-mouse IgGl or
IgG2a (BD Biosciences) was incubated for 1 h at room
temperature. After washing, peroxidase-conjugated anti-
mouse polyvalent immunoglobulins (Sigma-Aldrich) diluted
1:1000 were dispensed into each well, and the plate was
incubated for 30 min at room temperature followed by
detection using 3,3',5,5'-tetramethylbenzidine peroxidase
substrate and read at 450 nm.

Statistical analyses

All continuous variables are presented as means * SEM.
Morphometric and cytokine levels were analyzed using 1-way
analysis of variance, followed by a Newman-Keuls multiple
comparison test with Prism 3.0 (GraphPad Software, San
Diego, CA, USA). All differences were considered significant
at values of P < 0.05.

RESULTS

Administration of G-CSF reduces inflammation and
fibrosis in hearts of chronic chagasic mice

Multifocal inflammation, mainly composed of mononu-
clear cells, and fibrosis were found in the hearts of 7.
cruzi-infected mice during the chronic phase of the
disease (Fig. 2A, B). Administration of G-CSF reduced
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the number of inflammatory cells and the fibrotic area
in chronic chagasic hearts (Fig. 2C, D). Morphometric
analysis showed a statistically significant reduction of
inflammation and fibrosis after G-CSF treatment, com-
pared with the saline-treated controls (Fig. 2F, F).

Reduction of syndecan-4, ICAM-1, and galectin-3
expression in the hearts of G-CSF-treated mice

We have previously shown the overexpression of synde-
can-4, ICAM-1, and galectin-3 in the hearts of chronic
chagasic mice (19). To evaluate the effects of G-CSF on
the expression of these inflammation markers, we
performed confocal microscopy analysis in heart sec-
tions of mice from the 3 different groups. A marked
decrease in syndecan-4 production, which is highly
expressed in blood vessels of chagasic hearts, was seen
after G-CSF treatment (Fig. 34, B). Morphological
analyses revealed a statistically significance difference
(Fig. 3C). Similarly, the expression of ICAM-1, mainly
in inflammatory cells and cardiomyocytes in hearts of
chronic chagasic mice, was significantly decreased
after G-CSF treatment (Fig. 3D—F). Moreover, the
high expression of galectin-3 in inflammatory cells
was down-regulated in mouse hearts treated with
G-CSF, which correlated to decreased inflammation
(Fig. 3G—1).

Modulation of cytokine production after G-CSF
administration

CCC has been associated with increased IFN-y and
TNF-a production in mice and in humans (19, 20). The
concentrations of these two proinflammatory cytokines
were increased in heart extracts from saline-treated
chagasic mice, compared with those in normal mice.
The administration of G-CSF promoted a statistically
significant reduction in the concentrations of both
cytokines (Fig. 44,B). In contrast, a significant increase
in TGF- and IL-10 concentrations was observed in
G-CSF-treated chagasic mice hearts compared with that
in saline-treated controls (Fig. 4C, D). No significant
differences were measured in IL-17 and IL-4 concen-
trations (Fig. 4FE. F). Moreover, RT-qPCR analysis
showed a significant decrease in 7bet gene expression
after G-CSF administration (Fig. 4G), but no significant
alterations in GATA3 gene expression were observed in
the hearts of chronic chagasic mice (Fig. 4H).

The systemic effects of G-CSF on cytokine production
were also investigated. G-CSF increased IL-10 produc-
tion in the spleens of chagasic mice compared with that
in uninfected and saline-treated mice (Fig. 54). This
effect was also correlated with a reversion in the
overexpression of IL-17, TNF-a, and IFN-y in sera or
in the spleens of G-CSF-treated mice (Fig. 5B—E). In
addition, G-CSF administration also induced an in-
crease in G-CSF gene expression in the spleens of
chagasic mice (Fig. 5F).
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Figure 2. Reduction of inflammation and fibrosis in the hearts of chagasic mice after G-CSF administration. Groups of C57BL/6
mice in the chronic phase of infection (6 mo) were treated with saline (A, B) or G-CSF (C, D). A, C) heart sections stained with
hematoxylin and eosin. B, D) Heart sections stained with Sirius red. E) Inflammatory cells were quantified in heart sections of
naive mice, saline-treated chagasic mice, or G-CSF-treated chagasic mice and integrated by area. IY) Fibrotic area is represented
by percentage of collagen deposition in heart sections. Bars represent means = seEm of 9—10 mice/group. *#*P < 0.001.

G-CSF therapy increases the percentage of T, cells
in the hearts of chagasic mice

Next, we examined whether G-CSF administration al-
tered the number of T, cells in chagasic mice. G-CSF
caused a decrease in the percentage of CD4"CD25"
cells in the bone marrow of chagasic mice (Fig. 6A—C).
Foxp3 expression was analyzed in cardiac CD3™ cells by
immunofluorescence. A higher percentage of CD3"
Foxp3™ T-cell expression was found in the hearts of
G-CSF-treated mice compared with those of saline-treated
mice (Fig. 6D—F). A partial recovery of CD4"CD25" cells in
the spleens of chagasic mice was observed after G-CSF

G-CSF IMMUNOMODULATORY EFFECTS IN CHAGAS DISEASE

administration (Fig. 6G), and splenic Foxp3™* cells
coexpressed IL-10 (Fig. 6H).

Effects of G-CSF administration on T. cruzi infection

To investigate whether the suppressive response in-
duced by G-CSF treatment affected the immune re-
sponse against the parasite, we first analyzed parasite-
specific antibody levels in the sera of mice from the
different experimental groups. Total IgG anti-7. cruzi
antibody levels were similar between G-CSF and saline-
treated chagasic mice (Fig. 74). A significant increase
in IgGl but not in IgG2 anti-7. c¢ruzi antibodies was
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Figure 3. Reduction of syndecan-4, ICAM-1, and galectin-3 in hearts of chronic chagasic mice after G-CSF administration. Heart
sections of saline-treated (A, D, G) or G-CSF-treated (B, E, H) mice were stained with anti-syndecan-4 (green; A, B), anti-ICAM-1
(green; D, E), or anti-galectin-3 (red; G, H) antibodies. F-actin stained with phalloidin 633 (red; A, B, D, E) or 488 (green; G,
H). All sections were stained with DAPI for nuclear visualization (blue). Scale bars = 50 wm. C, F; I) Morphometric analyses in
heart sections of naive mice or chagasic mice treated with saline or G-CSF. Bars represent means = sEm of 3 animals/group.

#EP < (0.01; #*P < 0.001.

found in the group treated with G-CSF compared with
the saline-treated controls (Fig. 7B, C).

To evaluate whether G-CSF administration in
chronic chagasic mice affected the residual 7. cruz
infection, we performed RT-qPCR analysis to quantify
the parasite load in the hearts of the mice. As shown in
Fig. 7D, a significant reduction in the parasite load was
observed in the hearts of G-CSF-treated mice compared
with that in saline-treated controls. To determine
whether G-CSF acts directly on the parasite, we ana-
lyzed the effects of G-CSF on T. cruzi cultures. Addition
of G-CSF at various concentrations in axenic cultures of
T. cruzi epimastigotes had little effect on viability at 30
pg/ml (Table 1). In contrast, a concentration-depen-
dent trypanocidal effect was seen in cultures of isolated
trypomastigotes (Table 1). In addition, when G-CSF was
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added to macrophage cultures infected with 7. cruz, a
concentration-dependent decrease in the percentage
of infected cells, as well as in the number of intracellu-
lar amastigotes, was observed (Fig. 7E, F).

DISCUSSION

The hallmark of CCC is the presence of a multifocal
inflammatory response mainly composed of lympho-
cytes and macrophages, which promotes myocytolysis,
fibrosis deposition, and myocardial remodeling (21).
This is a progressively debilitating condition that occurs
during a phase of the disease when parasitism is very
scarce. Although the pathogenic mechanisms are still
a matter of debate (22), the correlation of disease
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Figure 4. Modulation of cytokine production after G-CSF treatment. Concentrations of IFN-y (A), TNF-a (B), TGF- (C), IL-10
(D), IL-17 (E), and IL-4 (F) were determined in heart homogenates from naive (n=3) or chagasic mice treated with saline (n=7)
or G-CSF (n=10), by ELISA. Analysis of Tbet (G) and GATA3 (H) was performed by real-time RT-qPCR using cDNA samples
prepared from mRNA extracted from hearts of naive and chronic chagasic mice treated with saline or G-CSF (n=9-10

mice/group). Values represent means = sgm. *P < 0.05; **P < 0.01; ***P < 0.001.

severity and IFN-y production has been well demon-
strated (23, 24). The fact that the parasite persists in
T. cruzi-infected individuals renders any immunosup-
pressive condition a risk for reactivation of para-
sitemia (25, 26).

In the present study, we have demonstrated that
systemic administration of G-CSF, a cytokine widely
used in the clinical setting, modulates the inflammatory

response, decreasing the production of key inflamma-
tory mediators such as IFN-y and TNF-o, in the main
target organ, the heart. Different cytokine profiles are
involved in the control of both the immune response
and pathology during 7. cruzi infection. The control of
parasitism during the acute phase of Chagas disease is
critically dependent on effective macrophage activation
by cytokines, such as IFN-y and TNF-a, which are
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IL-10 (A), IL-17 (B), and TNF-a (C) were determined by ELISA in spleen homogenates and TNF-a (D) and IFN-y (E) in the sera
from naive (rn=3) and chagasic mice treated with saline (r=7) or G-CSF (n=10). F) G-CSF mRNA expression was determined
by real-time RT-qPCR using cDNA samples prepared from mRNA extracted from spleens of naive and chronic chagasic mice
treated with saline or G-CSF. Values represent means * sem. *P < 0.05; **P < 0.01.
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Figure 6. Mobilization of T,
cells after G-CSF administration.
A, B) Flow cytometry analysis of
bone marrow cells obtained from
chagasic mice treated with saline
(A) or one course of G-CSF (B).
() Quantification of CD4"CD25"
cells was evaluated in the bone
marrow of naive and chagasic
mice treated with saline or G-
CSF. D, E) Foxp3 expression
(red) in CD3" cells (green) was
evaluated in heart sections of
mice treated with saline (D) or
G-CSF (E) by immunofluorescence
(n=4/group). Nuclei (blue) were
stained with DAPI. F) Quantifica-

tion of CD3" Foxp3™" cells in hearts of naive and chagasic mice treated with saline or G-CSF. G) Quantification of
CD4"CD25" cells was evaluated in the spleens of naive and chagasic mice treated with saline or G-CSF. Bars
represent means = sEM. H) Spleen section of a G-CSF-treated mouse, stained with anti-Foxp3 (green) and anti-IL-10
(red) antibodies. Nuclei (blue) were stained with DAPI. *P < 0.05; **P < 0.01; ***P < (0.001.

crucial for limiting parasite replication (20, 27). On the
other hand, an intense Thl response will enhance
heart inflammation (23), and elevated TNF-a may
affect cardiomyocyte contraction (28). Exacerbated
production of IFN-y against 7. cruzi antigens favors the
development of a strong Thl response in symptomatic
cardiac patients, which leads to the progression of heart
disease (20, 29). Despite the observed suppression of
IFN-y and TNF-a after G-CSF administration in cha-
gasic mice, this therapy did not increase the parasite
load, suggesting that the immune response against the
parasite is still effective.

Previous reports have shown immune deviation in-
duced after G-CSF treatment (30). In our model of
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Chagas disease, we did not observe an increase in IL-4,
a marker of the Th2-type response. In addition, we
found a significant decrease in 7bet mRNA, a transcrip-
tional factor essential for Thl-polarized immune re-
sponses, but we did not observe a significant difference
in gene expression levels for GATA3, essential for Th2
responses, in the hearts of G-CSF-treated mice. There-
fore, our results do not indicate a shift toward a Th2
profile after G-CSF administration in chagasic mice, but
rather a suppression of the Thl-type immune response
found in chronic chagasic mice.

In addition to cytokines, the expression of adhesion
molecules important to cell migration, such as synde-
can-4 and ICAM-1, already shown to be elevated in the
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Figure 7. Effects of G-CSF on anti-7. cruzi antibody production and on the parasite. A—C) Serum samples from normal and 7.
cruziF-infected mice treated with saline or G-CSF (3 courses) were obtained 2 mo after treatment. Anti-7. cruzi levels of total IgG
(A), IgG1 (B), and IgG2 (C) antibodies were determined by ELISA. Bars represent means * sEm of 5—10 mice/group. D) Heart
fragments obtained from normal and 7. cruziinfected mice treated with saline or G-CSF (3 courses) were used for DNA
extraction and RT-qPCR analysis for quantification of parasite load. E, I) Mouse peritoneal macrophages were infected with 7.

cruzi and treated with G-CSF (3 and 10 pwg/ml) or benznidazole

(10 pg/ml), a standard drug. Numbers of infected cells (£) and

amastigotes (F) were determined by counting hematoxylin and eosin-stained cultures. Values represent means * Sem of
triplicate determinations obtained in 1 of 2 experiments performed. **P < 0.01; ***P < 0.001.

hearts of chronic chagasic mice (19, 29), was reduced
after G-CSF therapy. TNF-a induces ICAM-1 expres-
sion, thus increasing endothelial adhesiveness for leu-
kocytes (31). Syndecan-4 is a transmembrane heparan
sulfate proteoglycan that acts cooperatively with integ-
rins in generating signals necessary for the assembly of
actin stress fibers and focal adhesions (32-34). Because
TNF-a up-regulates syndecan-4 expression (35), the
decreased expression in endothelial cells in the hearts
of chagasic mice may be a consequence of the TNF-a
down-regulation observed after G-CSF administration.
Taken together, the decreases in syndecan-4 and
ICAM-1 may contribute to a reduction in cell migration
into the myocardium and, consequently, reduced in-
flammation.

Another important action of G-CSF in the Chagas
disease model, as well as in other models of ischemic
heart disease, is reduced fibrosis (17, 36). This may be
due to the modulation in the heart of fibrogenic

TABLE 1. Effects of G-CSF in axenic cultures of T. cruzi
(Colombian strain)

% Inhibition
Conc.
Drug (pg/ml) Epimastigotes Trypomastigotes
G-CSF 3 0.52 = 0.52 1.90 = 0.90
10 2.58 = 0.66 12.85 = 1.43*
30 9.60 * 1.34%* 24.28 * 2. 5]1%%*
Benznidazole 30 96.78 £ 0.06%** 100

Values are means * sEM of 3 independent experiments. *P <
0.05; *#P < 0.01; =P < (0.001.

G-CSF IMMUNOMODULATORY EFFECTS IN CHAGAS DISEASE

mediators, such as galectin-3, which have been shown
to play important roles in fibrosis deposition and in
heart failure (37). Galectin-3 expression was found in
activated myocardial macrophages and is increased by
IFN-y (38, 39). In addition, the administration of
recombinant galectin-3 in rats induced cardiac fibro-
blast proliferation, collagen production, and left ven-
tricular dysfunction (38). Moreover, galectin-3 is known
to play important roles in the regulation of inflamma-
tory responses, including suppression of T-cell apopto-
sis (40). In fact, in our previous study, we observed an
increase in apoptosis in the hearts of chagasic mice
treated with G-CSF (16), correlating with the decrease
of galectin-3 found herein.

We observed suppression of inflammatory mediators
after G-CSF administration, which was accompanied by
an increase in IL-10 production in the hearts and
spleens of chagasic mice. This is an important regula-
tory cytokine already shown to be associated with an
improved outcome in chronic chagasic patients (20).
Studies in noninfectious disease models have shown
that G-CSF administration can induce both increases in
IL-10 and TGF-B and mobilization of T, cells from the
bone marrow (12, 41, 42). Evidence for the suppressive
effects of G-CSF-mobilized T,., cells are shown in a
model of diabetes, in which isolated G-CSF-mobilized
T,ey cells protected naive recipients against diabeto-
genic lymphocytes (42). Natural T, cells have
emerged as potential immune tolerance mediators
after immunotherapy in allergic diseases, comprising a
population of circulating T cells that express the IL-
10"CD4*7CD25" phenotype involved in the ameliora-
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tion of symptoms (43-45). The coexpression of 1L-10
in T, cells, which demonstrated increased frequency
after G-CSF treatment, suggests that these cells are a
source of IL-10. In fact, the production of IL-10 has
been described as one of the mechanisms by which T,
cells exert their suppressive activity (46).

G-CSF administration had a systemic effect on the
immune response, as shown by the reduction in- in-
flammatory mediators such as TNF-oe and IFN-y in the
spleen and sera of chagasic mice. Although we did not
observe significant alterations in IL-17 in the hearts of
G-CSF-treated mice, G-CSF administration did affect
splenetic IL-17 levels. In contrast to the work in naive
mice performed by Hill et al. (47), we did not observe
IL-17 induction after G-CSF administration in chroni-
cally infected mice. Concomitant with the reduction in
inflammatory mediators, we observed increased pro-
duction of IL-10 in the spleens of G-CSF-treated mice.
FoxP3" cells also were costained for IL-10 in the
spleens of chagasic mice treated with G-CSF, suggesting
a role of this cell population in the modulatory action
induced by G-CSF.

T,cq cells constitute an anti-inflammatory T-cell pop-
ulation associated with immune regulation, which may
prevent tissue damage caused by parasite-triggered immune
responses (48). T, cells expressing CD4"CD25" cells have
recently been associated with the expression of the
regulatory lineage factor Foxp3 and are responsible for
maintaining self-tolerance (49, 50). The increased per-
centage of T, cells in the spleens and lymph nodes of
G-CSF-treated mice caused by mobilization of bone
marrow-resident T,., cells has been described previ-
ously (41). This mobilization of T,., cells after G-CSF
administration seems to be due to the reduced expres-
sion of SDF1, the CXCR4 ligand, in the bone marrow.
Rutella et al. (51) reported that G-CSF induces an
increase in T, cells in the peripheral blood of normal
human recipients. Recent investigations evaluating the
frequency of T, cells during early and late indetermi-
nate forms of Chagas disease have shown a correlation
between the severity of the CCC and a lower frequency
or suppressive activity of CD4"CD25" cells (52-54).
Thus, our data corroborate these findings, because an
inverse correlation between the percentage of T,
cells, inflammatory cells, and cytokines in the heart of
chagasic mice was found when G-CSF- and saline-
treated mice were compared.

One important issue raised was whether the suppres-
sive effects of G-CSF could interfere with the control of
T. cruzi infection. The levels of anti-7. cruzi IgG anti-
bodies in the sera of chagasic mice were not reduced
after G-CSF treatment. More importantly, by using a
very sensitive quantification method (18), we found a
decrease in parasite load in the hearts of chronic
chagasic mice treated with G-CSF compared with that
in saline-treated mice, suggesting that this cytokine
could have a direct effect on parasite elimination. To
address this question, we evaluated the effects of G-CSF
in vitro, in 3 parasitic forms. Although G-CSF had little
effect on the viability of epimastigote form, it did
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significantly affect the forms found in the mammalian
hosts (trypomastigotes and amastigotes) in a concen-
tration-dependent manner. In fact, previous reports
have shown that other cytokines, such as GM-CSF and
TNF-o, can have direct effects on the parasite and
interfere with 7. c¢ruzi infection (55). Taken together,
our data indicate that parasitism reduction may be a
positive effect of G-CSF therapy.

In conclusion, the present study reinforces our pre-
vious work, in which we demonstrated improvement in
cardiopulmonary function after G-CSF administration,
by revealing its potent anti-inflammatory properties in a
model of parasite-driven heart disease. More impor-
tantly, we demonstrated the modulation of pathogenic
immune responses without affecting the control of
infection, a feature highly desired in the clinical setting.
Finally, our results reinforce the possibility of clinical
applications of G-CSF, a well-tolerated drug with few side
effects, in the treatment of patients with CCC.
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