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Abstract

Chagas disease affects millions of people mainly in Latin
America and is a protozoan illness caused by the parasite
Trypanosoma cruzi. Chagasic cardiomyopathy is the leading
cause of mortality of infected patients, due to compromised
electrical and mechanical cardiac function induced by tissue
remodeling, especially fibrosis, and lymphocytic infiltration.
Some cellular biochemical pathways can be protective to
the heart, and we tested if the in vivo activation of the au-
tophagic machinery by rapamycin could reduce parasite-in-
duced myocarditis. Regarding the expression of LC3, an au-
tophagy marker, we observed its upregulation in the cardiac
tissue of infected untreated mice. However, after rapamycin
treatment, an autophagy inducer, infected mice showed re-
duced electrical cardiac dysfunctions, myocarditis, cardiac
damage, and reduced production of pro-inflammatory cyto-
kines by the heart. On the other hand, the parasite’s life cycle
was not affected, and we observed no modulations in car-
diac tissue or blood parasitemia. Our data indicate that, at

least partially, autophagy induction controls inflammation
in the heart, illustrating the complexity of the pathways that
concur to the development of the infection.
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Published by S. Karger AG, Basel

Introduction

Chagas disease is a neglected illness caused by the pro-
tozoan parasite Trypanosoma cruzi. It was described in
1909 by the Brazilian physician Carlos Chagas and affects
millions of people worldwide, especially in Latin Ameri-
ca. One of the most important clinical manifestations is
chagasic cardiomyopathy, which is observed in acute and
chronic symptomatic patients [1]. In about 30% of the
chronic patients, electrocardiographic (ECG) abnormali-
ties, such as arrhythmias and atrioventricular blockade;
lymphoid inflammatory infiltration, fibrosis, cardiac
damage are observed [2, 3].

Cellular inflammatory foci are mostly composed of
CD8* T lymphocytes after parasite infection in different
host cell types; however, macrophages and other myeloid
cells are also presented [4]. The infection triggers several
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biochemical pathways, including autophagy, which is in-
volved in cytoplasmic components recycling and other
intracellular functions. It has also been described as a
pathway that controls T. cruzi-host cell interplay [5]. Au-
tophagy is indispensable for cell survival, leading to cel-
lular structures and organelles turnover and is upregu-
lated by stress situations such as nutrient depletion, hor-
mone deprivation, or cytokine induction. Uncontrolled
or imbalanced autophagy leads to autophagic death or
other programmed cell death, as apoptosis and necropto-
sis [6, 7]. Macroautophagy (hereafter referred as autoph-
agy) is regulated by proteins named Atg, which are re-
sponsible for the initiation, nucleation, elongation, and
closure of vesicles (autophagosomes) that contain the
structures targeted to lysosomal degradation. One of
these proteins is LC3 (microtubule-associated protein
light chain3), also named Atg 8, a required component
that recruits phosphatidylethanolamine to autophago-
somes [8].

Another key molecule for many biological functions,
including autophagy, is the mammalian target of rapamy-
cin (mTOR), it is found gathered with different proteins
composingthe complexes 1 (mTORC1)and 2 (mTORC2).
Although the function of mMTORCI is also associated with
lipids and proteins biosynthesis, autophagy induction
through the inactivation of mTOR is the main effect of
the complex, especially after rapamycin treatment. This
drug is a classical autophagic inducer and a clinically used
immunosuppressive drug that impairs lymphocyte pro-
liferation [9, 10] and reduces organ rejection in cardiac
and renal-transplanted patients [11], for example. Sev-
eral mTORCI blockers are available for patients’ treat-
ments, but this therapeutic alternative must be carefully
planned [12], as primary biological pathways can be af-
fected directly or indirectly, as the reduction of inflamma-
tory responses and cell death. In the case of experimental
models using rapamycin, it leads to increased longevity
and can improve cardiac function in different pathologies
[13]. For cardiac treatment, it was shown that the induc-
tion of autophagy is beneficial after ischemic events but
deleterious in reperfusion [14]. These results illustrate the
complexity of mTOR-dependent pathways and the broad
implication of autophagy induction.

Regarding trypanosomatid infections, few results have
revealed autophagic proteins involved in in vivo [15-17].
Moreover, the role played by autophagy, especially LC3,
in the heart of in vivo T. cruzi infected mice is unknown.
In acutely T. cruzi infected-mice, the ratio of LC3-II/I is
increased and p62, an adaptor protein of autophago-
somes, is further upregulated in infected mice fed with
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high-fat diet [17]. Rapamycin treatment in the context of
T. cruzi infection has only been demonstrated in vitro,
showing decreased parasite proliferation [18]. In Leish-
mania major, in vivo treatment using rapamycin reduced
cutaneous inflammatory lesions in mice [16].

In this study, we evaluated rapamycin-dependent
modulations of mMTORCI, focusing on the autophagy im-
portance over in vivo T. cruzi infection. Parasite infection
upregulated the autophagy marker LC3 in cardiac cells in
the acute phase. Moreover, when infected mice were
treated with rapamycin, there were no alterations in cir-
culating or cardiac parasitemia, but the inflammatory re-
sponse and cardiac function were downmodulated. Ra-
pamycin treatment preserved electric cardiac function,
reduced cardiac damage, myocarditis, and the levels of
tissue pro-inflammatory cytokines interferon (IFN)-y,
tumor necrosis factor (TNF), and interleukin (IL)-6.
These results add new insights to the field, approaching
central and controversial aspects of the rapamycin treat-
ment in T. cruzi infection.

Materials and Methods

Ethics Statement

The use of mice and experimental procedures are in accordance
with Brazilian Law 11.794/2008 and regulations of the National
Council of Animal Experimentation Control. Mice were housed
for at least 1 week before experimentation at the Divisdao de Ex-
perimenta¢do Animal at the Laboratdrio de Inovagdes em Tera-
pias, Ensino e Bioprodutos - Instituto Oswaldo Cruz, FIOCRUZ
under conditions complying with the “Guide for the Care and Use
of Laboratory Animals” (DHEW Publication No. [NIH] 80-23,
revised 1985). Animals were housed at 4 individuals per cage, at
20-24°C under cycles of 12 h light and 12 h dark, and provided
sterilized water and rodent chow ad libitum. All experimental pro-
cedures performed were reviewed and approved by Fiocruz Com-
mittee of Ethics in Animal Research (LW16/13), according to the
resolution 196/96 of the National Health Council of Brazilian Min-
istry of Health.

Mice, Infection, and Treatment with Rapamycin

Five-week-old male Swiss Webster outbred mice were obtained
from animal facilities of ICTB/FIOCRUZ (Institute of Science and
Biomodels Technology/Fiocruz) and Biotério Central (UNI-
CAMP/ Brazil). Mice were intraperitoneally (i.p.) infected with
1 x 10° blood trypomastigotes forms of T. cruzi Y strain in 200 uL
of PBS. After 5 days of infection, parasitemia was daily quantified
using the Pizzi-Brener method [19] until 15 days post-infection
(dpi); thereafter, it was weekly scored until 30 dpi (when blood
parasitemia is subpatent). The rapamycin treatment (1 mg/kg/day
daily i.p. for 10 days; LC Labs, Woburn, USA) started on 5 dpi. The
drug was diluted in dimethylsulfoxide (Merck, Darmstadt, Ger-
many), never exceeding 1% of the final solution. Control animals
received i.p. injection of vehicle solution [20].
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Biochemical Analysis

Individual blood was collected after tail tip excision on 0, 8, and
15 dpi, and cardiac puncture was done only on 15 dpi. Renal func-
tion was evaluated based on urea and creatinine and hepatic and
cardiac damage were assessed using alanine aminotransferase and
aspartate aminotransferase and creatine kinase isotype MB respec-
tively. We used commercially available kits according to the man-
ufacturer’s recommendations (Doles, Goiania, Brazil).

ECG Analysis

ECG recordings and analysis were performed in control unin-
fected and T. cruzi-infected mice obtained in physically restrained
(non-sedated).All mice were fixed in the supine position, and
8-lead ECGs were recorded using an 18-gauge needle as electrodes
subcutaneously implanted in each limb, and 2 similar electrodes at
precordial positions lead II. The ECG traces were registered using
a standard lead (dipolar lead DII), acquired with the amplitude set
to give 2 mV/1s. ECGs were registered by using a band-pass filter
(Bio Amp - AD Instruments, Sydney, Australia) between 0.1 and
100 Hz. Amplification and analog-digital conversion were con-
ducted with a Powerlab 16S instrument (AD Instruments) and
digital recordings (16 bit, 4 kHz/channel) were analyzed using the
Scope (version 3.6.10) software. To quantify the signal-averaged
ECG, the mouse signal-averaged ECG extension (version 1.2) pro-
gram and a template-matching algorithm were used. ECG param-
eters were analyzed using the following standard criteria: (i) var-
iation at p wave and PR, QRS and QT intervals measured in ms,
(ii) the heart rate monitored by beats/minute (bpm) for cardiac
arrhythmias [21]. The relation between the QT and RR intervals
was individually assessed to obtain physiologically relevant values
for the heart rate-corrected QT interval (QTc) through Bazzet’s
formula [22].

Cardiac and Spleen Cells Isolation and Phenotypic Analysis

On 15 dpi, spleen and heart were collected for phenotypic anal-
ysis. For cardiac analysis, ventricles were cut in fragments of
around 2 mm thick in ice-cold PBS. Then, they were submitted to
a mechanical and enzymatic dissociation in a solution of 100 U/
mL collagenase type 2 (Worthington, Lakewood, USA) and sub-
mitted to 5 cycles of enzymatic digestion under gentle agitation for
15 min at 37 °C [23]. The cells were centrifuged at 4°C 150 x g for
10 min, filtered using 40 um-mesh cell strainers (Falcon Thermo,
Waltham, USA), and transferred to ice-cold DMEM medium sup-
plemented with 10% FBS and 3 mM calcium chloride. For splen-
ic analysis, splenocytes were obtained after red blood cell lysis by
hypoosmotic buffer using PBS and distilled water for 10 s. For
autophagic evaluation ex vivo, splenocytes were incubated with
100 pM of leupeptin (Sigma, St Louis, USA) in DMEM supple-
mented with 10% FBS for 1 h at 37°C [24].

For phenotypic labeling, splenocytes and cardiac inflammatory
cells were incubated in DMEM medium supplemented with 10%
FBS and 10% inactivated normal sheep serum to block FcyR and
subsequently incubated for 30 min at 4 °C with previously titrated
antibodies: CD127, CD3, CD4, CD8, CD62L, CD44 (Biolegend,
San Diego, EUA). For cell death analysis, the samples were incu-
bated with Live/Dead Far-Red fixable dead cell (Thermo) in PBS
for 30 min at room temperature. After cell surface labeling, intra-
cellular labeling was performed using Cytofix/Cytoperm Kit (BD,
Franklin Lakes, USA), according to manufacturer’s instructions,
followed by incubation of 30 min with anti-LC3B and anti-rabbit
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AlexaFluor 488 antibodies at 4°C, and washed twice with Perm/
Wash Buffer (BD). The acquisition was performed in a FACS Aria
Ilu IT (BD) and data analysis in FlowJo X (LLC, BD).

Cytokines Analysis

On 15 dpi, plasma and heart cytokines were evaluated by flow
cytometry. Plasma was obtained by cardiac puncture using hepa-
rin and cardiac fragments were incubated in ice-cold extraction
buffer with protease cocktail inhibitor (Roche, Basel, Switzerland).
All samples were then centrifuged at 500 x gand supernatants were
used for cytokine analysis. TNF, IL-6, IL-10, IL-17,IFN-y, and IL-2
were measured using the cytometric-bead array Th1 Th2 Th17 kit
(BD), according to manufacturer’s recommendation. The samples
were acquired using a FACS Calibur (BD), and data analysis was
performed using the FCAP software (BD). Protein concentration
was determined by bicinchoninic acid kit (Pierce, Thermo), fol-
lowing the manufacturer’s recommendations.

Histopathological Analysis

On 15 dpi, the hearts were also collected for histopathological
analysis. The ventricles were collected, embedded in OCT (Sakura,
Torrance, USA), and frozen atliquid nitrogen and stored at -80°C.
Five micrometre-thick cardiac sections were done using a cryostat
and fixed in a 4% paraformaldehyde solution for 10 min at room
temperature. For histopathological analysis, the slices were stained
using hematoxylin and eosin and at least 20 fields per sample were
evaluated using Image J (HIH) for cellular inflammatory infiltra-
tion and amastigotes nests. For LC3 puncta evaluation, the incuba-
tion with primary antibody (final concentration: 10 pg/mL; Sigma
Aldrich) was performed overnight at 4 °C in permeabilization and
blocking buffer (PBS supplemented with 5% FBS, 10% inactivated
sheep serum, 0.5% Triton X-100, 0.1% tween 80, and 2% bovine
serum albumin). Then, all samples were incubated for 1 h with
secondary antibody (anti-rabbit Alexa Fluor 488 [final concentra-
tion: 1.3 pg/mL; Invitrogen]). Cell nucleus was labeled using 4',
6-diamidino-2-phenylindole (final concentration: 0.2 ug/mL; Sig-
ma Aldrich) and Evans blue (Sigma Aldrich) was used for coun-
terstaining.

Statistical Analysis

Data are expressed as arithmetic means + SEM. All statistical
tests were performed using Mann-Whitney ¢ test, ANOVA and
other appropriate post-tests were used to examine the statistical
significance in GraphPad Prism (version 6.0). The differences were
considered statistically significant when p < 0.05.

Results

Autophagy Is Upregulated during Chagasic

Cardiomyopathy in Vivo

First, we evaluated if autophagy in cardiac fibers is up-
regulated in vivo after T. cruzi infection, as observed in the
liver [17, 25], and in vitro in different lineage cells by oth-
ers [26, 28, 29]. To this end, the mice were infected and
the presence of LC3 puncta was investigated by immu-
nostaining in cardiac ventricles sections (Fig. 1). LC3
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Fig. 1. Autophagy induction in cardiac tis-
sue infected with T. cruzi in vivo. a-d Rep-
resentative panel of immunofluorescence
of LC3 (green) counterstained with Evans
blue (red) from cardiac tissue from unin-
fected (a) and infected 15 dpi (b-d). Note
that LC3 (white arrows) is not associated
with the parasite nest (b, white arrowhead)
but in cardiomyocytes (c, d). d Inset high-
lights LC3 puncta inside cardiac cell. Bars:
20 pm.

puncta were rarely detected in uninfected mice in our
analysis (Fig. 1a). Although LC3 puncta were not present
associated with amastigote nests in the cardiac fibers
(Fig. 1b), LC3 puncta were observed distributed in the
heart and endomysial cells surrounding cardiac fibers
(Fig. 1c, d).

Rapamycin Does not Modulate Parasitemia

Parameters However Protects Cardiac Function

during T. cruzi Infection in Vivo

We then investigated whether autophagy induction by
rapamycin in infected mice would affect the course of the
infection. Rapamycin is an FDA-approved drug that in-
duces autophagy and can be used in heart-transplanted
patients, improving cardiac function. We observed that
the treatment with rapamycin prevented animal mortal-
ity after the infection (online suppl. Fig. S1A; see www.
karger.com/do0i/10.1159/000504322 for all online suppl.
material), although not affecting circulating parasitemia
(online suppl. Fig. S1B). There were no differences be-
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tween all groups of mice until 8 dpi, nevertheless, on 15
dpi both groups of infected mice (treated and untreated)
showed reduced body weight when compared with both
groups of uninfected mice (online suppl. Fig. S1C). The
levels of hepatic aspartate aminotransferase and alanine
aminotransferase enzymes did not change during the
time-period evaluated in any of the groups tested (online
suppl. Fig. S2A, B). Regarding renal function, on 8 dpi, we
observed higher levels of urea (online suppl. Fig. S2C) and
creatinine (online suppl. Fig. S2D) only in the untreated
infected group, and both markers decreased to control
levels on 15 dpi. This result suggested that rapamycin
treatment protected the renal function after infection
(online suppl. Fig. S2A-D). Normalized heart weight was
increased only in the untreated infected group (online
suppl. Fig. S3A) and both groups of infected mice showed
increased relative spleen weight (splenomegaly; online
suppl. Fig. S3B) and liver weight (online suppl. Fig. S3C)
when compared with control mice. However, in rapamy-
cin-treated infected mice, we observed reduced spleno-
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Fig. 2. Rapamycin protects cardiac function during acute T. cruzi infection in vivo. (a) Representative panel of
ECG traces. QTc interval (b), PR interval (c) and cardiac frequency (d) from 15 dpi. CK-MB (e) was also evalu-
ated weekly (n = 3, mean of 4 animals per group, in triplicate). Asterisks indicate significant differences (p < 0.05,
Two-way ANOVA and Bonferroni post test). CK-MB, creatine kinase isotype MB.
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10 inflammatory cells (%) and (c) parasite nest area (%) from in-
fected (upper panel) and infected + rapamycin (bottom panel; n =

megaly when compared to infected and untreated mice
(online suppl. Fig. S3B). The infection induced thymus
atrophy in both groups of infected mice, although more
pronounced atrophy was observed after rapamycin treat-
ment (online suppl. Fig. S3D).

In T. cruzi infection, there are alterations in the car-
diac electrical conduction system in both acute and
chronic symptomatic patients. Most electrical disturbs
registered by ECG in the murine model are an atrioven-
tricular blockage, identified by irregular and increased
QTcintervals and cardiac arrhythmias, as sinus bradycar-
dia [21]. The analysis of ECG traces (Fig. 2a) in infected
mice revealed that at least 50% of the animals had atrio-
ventricular blockage (data not shown). Moreover, infect-
ed untreated animals showed increased QTc and PR
(Fig. 2b, ¢) intervals when compared with control mice,
and the treatment led to a significant decrease in both pa-
rameters, indicating a protective cardiac role of rapamy-
cin. The PR interval was affected in rapamycin-treated
uninfected animals, with an increase of about 1.5-fold
when compared with untreated and uninfected mice
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3, mean 4 animals per group, in triplicate). Bars: 20 um. *¢ Indicate
significant differences in relation to control, rapamycin, infected
and infected + rapamycin, respectively (p < 0.05, Two-way ANO-
VA and Bonferroni post test). ND, not determined.

(Fig. 2c; average + SD in the Control: 27.2 + 0.7; Rapamy-
cin: 41.0 £ 3.1; Infected: 60.9 £ 6.8; Infected + Rapamycin:
41.2 + 2.3; Fig. 2c). Considering cardiac frequency
(Fig. 2d), we observed bradycardia in about 25% of in-
fected mice (data not shown), which was not affected in
uninfected rapamycin treated-mice. The evaluation of
creatine kinase isotype MB confirmed the cardiac damage
induced by the infection on 15 dpi, and there was a reduc-
tion in the enzyme activity after rapamycin treatment
(Fig. 2e).

It is known that cardiac damage is induced by both the
intracellular parasite infection and the host immune re-
sponse [27]. During the acute infection, inflammatory
foci and amastigote nests are diffusely distributed in the
heart. In our model, the infection led to an intense migra-
tion of mononuclear cells to the heart, as expected, and
the treatment with rapamycin significantly reduced the
local inflammatory response (Fig. 3a, b), although not
leading to control levels. The analysis of parasite nests in
the cardiac ventricles (Fig. 3c), showed no differences
when comparing both groups of infected mice (Fig. 3¢).
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Fig. 4. Rapamycin decreases activation in T cells from spleen dur-
ing T. cruzi infection in vivo. a, b Flow cytometry gating strategy
for identifying T lymphocytes from the spleen. Representative
panel was chosen from an infected group. a Doublets were exclud-
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panel. b Cells were first identified as CD3* (left panel, also demon-
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c Percentage (in cell size gate) of CD3* CD4471°" and CD3*CD44M¢h
from each group and (d) in CD3" gated cells the percentage of

Rapamycin in T. cruzi Infection

CD4* CD44™° and CD4*CD44"¢" and CD8" CD447/°¥ and
CD8*CD44"ish, Bars represent mean + SEM. e, f Cells were labeled
with LC3 and Live/Dead to evaluate autophagy and cell death, re-
spectively, in CD4* (e) and CD8" (f) gated cells. Numbers inside
each gate represent the percentage of events. All experiments were
performed in a pool of 4 hearts each group in 15 dpi, triplicate.
Asterisks indicate significant differences in relation to control and
rapamycin uninfected group (p < 0.05, two-way ANOVA and Bon-
ferroni post test).
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Rapamycin Increases Autophagy in the Spleen But Not

in Cardiac T-Cell Population in Infected Animals

As rapamycin-treated mice showed reduced spleno-
megaly after infection, we decided to analyze T-cells acti-
vation and autophagy cell death in splenocytes. The anal-
ysis was done in the morphological gate of lymphocytes
after doublet exclusion and in the gate of CD3* events
(Fig. 4a, b). In the spleen, CD4 and CD8 T cells were ana-
lyzed as antigen-unstimulated cells (CD4471°%) or as ef-
fector/effector memory T cells (CD44"sh; Fig. 4c) and we
found few differences in the percentage of CD4 regarding
Infected group (Control: 54.2 + 2.8; Rapamycin: 50.5 +
4.0; Infected: 68.6 + 5.8; Infected+ Rapamycin: 61.7 + 7.1)
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and in CD8 T cells in rapamycin uninfected-mice (Con-
trol: 15.2 + 5.2; Rapamycin: 24.7 + 1.9; Infected: 16.9 £ 0.7;
Infected + Rapamycin: 15.0 + 1.1). We observed no differ-
ences between the groups when comparing double nega-
tive and double-positive cells (data not shown). The infec-
tion increased the percentage of CD3*CD44Me! cells
(Fig. 4c), which was not detected in the other groups. In
contrast, infection decreased CD3*CD44!Y cells (Fig. 4¢).
When we discriminate CD3* gated cells in CD4 and CD§,
we noted that an increase of CD44"8" population is due to
CD4 T cells (Fig. 4d). When we discerned splenocytes
from effector memory T cells based on CD127 labeling, we
observed 25.15% of effector (CD44Ms" CD127/1°%) and
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a IFN-y, (b) TNF and (c) IL-6. Data are expressed in pg of cytokine per mg of total protein. Plasma cytokines
were evaluated in dpi 15. d IFN-y, (e) TNF and (f) IL-6 (at least 4 animals per group). Asterisks indicate signifi-
cant differences (* p < 0.05, ** p < 0.01, *** p < 0.001, two-way ANOVA and Bonferroni post test).

17.3% of effector memory T cells (CD44Meh CD127high)
after the infection. On the other hand, in the rapamycin-
infected group, effector T cells were drastically reduced to
0.3% of CD3* cells, and there were no modulations in ef-
fector memory T cells that were 16.3% (data not shown).
The analysis of cell death and LC3 labeling in CD4 and
CD8 T cells showed that LC3 was upregulated in a sub-
population after the infection (Fig. 4e, f, arrow). More-
over, only in rapamycin-treated infected mice, we ob-
served that CD4* T cells are more susceptible to autopha-
gy celldeath (LC3*, Live/Dead™) than CD8* T cells (Fig. 4e,
f). As flow cytometry assay with LC3 labeling does not
allow us to observe conjugation to phosphatidylethanol-
amine (usually in microscopy as LC3 puncta), we decided
to incubate the splenocytes with leupeptin [24] to evaluate
LC3 without molecule degradation by lysosomes. We ob-
served that indeed ex vivo leupeptin incubation further
evidenced the LC3 labeling in infected and rapamycin-
treated infected groups (online suppl. Fig. $4).

Rapamycin in T. cruzi Infection

As splenic T-cell populations were regulated by ra-
pamycin treatment, we evaluated if cardiac inflamma-
tory foci, especially CD8 T cells [4], were also modulated.
Thus, cardiac T cells were harvested from all groups and
evaluated by flow cytometry. First, the percentage of gat-
ed CD3" cardiac T cell in infected groups are almost
threefold more than uninfected groups (uninfected
groups: 6.5% * 3.4 versus infected groups: 22.5% * 5.6,
in gated cells). When compared with control mice, all
other groups showed an increase in LC3* cells, either
Live/Dead positive or negative events in CD3" gated cells
(Fig. 5a), confirming our hypothesis of autophagic up-
regulation during infection. Regarding CD4 and CD8 T
cells in cardiac tissue, as expected, CD8" cells were fur-
ther increased in T. cruzi-infected animals (Fig. 5b) and
both CD4* and CD8" populations were vastly CD44*/high
CD127- T cells (Fig. 5¢c), a phenotype compatible with
effector T cells.
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Proinflammatory Cytokines Decrease in Rapamycin-

Treated Chagasic Heart

Once no significant differences could be detected in
effector cardiac T cells regarding rapamycin treatment
during infection, we investigated heart and plasma cyto-
kines from untreated and rapamycin-treated animals. In
the heart of infected mice, proinflammatory cytokines
IFN-y, TNF, and IL-6 were increased, and we observed a
reduction of all these molecules after rapamycin treat-
ment (Fig. 6a—c). In the plasma, IFN-y and TNF were at
higher levels in the rapamycin-treated infected mice,
when compared with untreated infected mice (Fig. 6d, e)
and no differences were detected in IL-6 levels after infec-
tion (Fig. 6f). We also evaluated IL-17, IL-10, IL-4, and
IL-2 and these cytokines were not detected in plasma or
heart tissue (data not shown).

Discussion

Host autophagy machinery is crucial for cellular path-
ways in immune responses, including lymphocyte activa-
tion and intracellular parasite infections, as previously
demonstrated [16]. In the case of in vitro T. cruzi infec-
tion, some reports described the association of pathogen
control with host autophagy and mTORC1 pathway [18,
26, 28, 29], even with some conflicting results. In this
work, we evaluated the upregulation of autophagy in T.
cruzi infection in vivo and autophagy upmodulation/
mTORCI inhibition by rapamycin as a mechanism of
controlling inflammation and cardiac damage triggered
by the parasite.

Here, we demonstrated that acute murine infection in-
duces LC3 upregulation in the cardiac tissue. On 15 dpi,
the myocardium is already reorganizing cells due to in-
flammatory infiltration, likewise initiating endothelial and
microvascular cells migration. In vitro studies indicate
that T. cruzi infects microvascular and endothelial cells
[30, 31], and in early infection (before circulating parasit-
emia can be detected), amastigote forms are present in cor-
onary microvascular cells [30]. We believe that on 15 dpi,
the prominent LC3 labeling in the infected heart is due to
cardiac reorganization. This is also observed in other car-
diomyopathies, that autophagy is upregulated in connec-
tive tissue, organizing cardiac remodeling [32, 33]. Be-
sides, the evaluation of autophagy in splenocytes and car-
diac T cells corroborates the higher activation of this
process in T cells from infected mice, also in effector
CD44high T cells, which implies that in vivo infection is also
an autophagy inducer, as recently shown by immunoblot-
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ting using the liver of infected animals [17, 25]. As de-
scribed in in vitro studies, the pathogen can induce au-
tophagy, upregulating LC3 and other autophagy genes. In-
deed, few studies describe how mechanisms underlie this
activation, and we believe that in our model, the parasite
triggers host cell adaptations because of cell damage, which
could induce autophagy, including mTOR pathway.

The upregulation of autophagy observed in infected
cardiac tissue and immune cells from secondary target
tissues, like the spleen, prompted us to evaluate if autoph-
agy modulation, particularly the mTOR pathway, could
impair parasite damage in mammalian host cells. As ra-
pamycin and other autophagy inducers as a starvation
medium have shown to control infection in vitro [18], we
evaluated whether rapamycin also had a protective role in
vivo. Rapamycin inhibits especially mTORCI, by inter-
acting with FKBP12 [34] and is already used in heart
transplant, promoting cardioprotection [35, 36]. The im-
munomodulatory effects of this mTORCI blocker, which
upregulates autophagy and is currently used in in vivo
studies [10, 11, 16, 20] prompted us to evaluate rapamy-
cin as a potentially beneficial drug to the host immune
response in acute T. cruzi infection. Other mTOR inhibi-
tors as Torin 1 and 2 and pp242 are also autophagy induc-
ers, but modulate the mTOR complex through different
mechanisms: they seem to inhibit both mTORC1 and
mTORC2 more efficiently than rapamycin [37, 38], but
LC3 expression in cells showed a different regulation be-
tween inhibitors [39]. Besides, Torin 1 and pp242 have
not been evaluated in heart and in immune response,
while rapamycin was demonstrated as having advanta-
geous effects [32, 35, 40].

Rapamycin did not decrease parasite load, but instead,
it protects the host, acting in (i) autophagy upregula-
tion in spleen and heart (ii) reduction of splenomegaly,
(iii) cardiac protection by decreased inflammation and
electrical disturbances. During rapamycin treatment of
infected mice, the maintenance of effector memory T
cells was similar to what is observed in lymphocytic cho-
riomeningitis vaccination [40] and heterologous prime-
boost vaccine in T. cruzi chronic infection [41]. Interest-
ingly, rapamycin and other immunosuppressors enhance
vaccine efficacy as inducers of memory T cells [42], pro-
moting protective immunity. Our results reinforce the
hypothesis of protective mechanisms mediated by ra-
pamycin during infection in a lymphoid target organ. In
cardiac T cells, we could not detect these effects because
T cells had recently migrated to the target organ. It is pos-
sible that with the progression of the infection, memory
T cells (especially central memory T cells) could also be
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observed [41], and rapamycin could upregulate this pop-
ulation in the heart.

We observed in the heart, remarkable effects in cardio-
protection such as decreased inflammation and reduction
in the electrical cardiac conduction system. PR and QTc
intervals disturbance were also present in clinical drugs
treatment for Chagas disease as some antiarrhythmic
drugs as verapamil and amiodarone may also affect nega-
tively the heart function [2, 43]. One of our most unex-
pected and intriguing results was the downmodulation of
cytokine in the heart, revealing inflammation downregu-
lation. In CD8 T cells, proteomic analysis already revealed
that rapamycin reduced protein content, including pro-
inflammatory cytokines [44]. This could partially explain
the reduction of proinflammatory cytokines in the heart.
Furthermore, a nutritionally poor environment could
downregulate IFN-y mRNA in T cells [45], which is also
observed in our experiment, reinforcing this hypothesis.
However, it is worth mentioning that mTORCI could
limit proinflammatory cytokine through NF- kB activa-
tion [46], which might suggest that in plasma, rapamycin
treatment blocked mTORCI and increased IFN-y and
TNEF, are probably released from other organs.

The controversial results of proinflammatory cyto-
kines also demonstrate that other deleterious effects could
not improve immune response and fail to control the in-
fectious disease. Here we used rapamycin to evaluate how
autophagy induction could modulate host response, es-
pecially the immune mechanisms, against a parasite that
in acute infection increased inflammation in the heart.

Regarding these results, rapamycin-induced autopha-
gy controls inflammation in the heart and spleen in vivo
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reducing damage in acute murine infection. Moreover,
the molecular mechanism of rapamycin function in the
infection must be further investigated in the future, con-
sidering inflammation and electric cardiac conduction.
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