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CD73 Inhibition Shifts Cardiac Macrophage Polarization
toward a Microbicidal Phenotype and Ameliorates the
Outcome of Experimental Chagas Cardiomyopathy

Nicolas Eric Ponce,* Liliana Maria Sanmarco,* Natalia Eberhardt,* Monica Cristina Garciaf

Héctor Walter Rivarola,” Roxana Carolina Cano,”"§ and Maria Pilar Aoki*

Increasing evidence demonstrates that generation of extracellular adenosine from ATP, which is hydrolyzed by the CD39/CD73 enzyme
pair, attenuates the inflammatory response and deactivates macrophage antimicrobial mechanisms. Although CD73 is emerging as
a critical pathway and therapeutic target in cardiovascular disorders, the involvement of this ectonucleotidase during myocardial
infection has not been explored. Using a murine model of infection with Trypanosoma cruzi, the causal agent of Chagas cardiomyopathy,
we observed a sudden switch from the classical M1 macrophage (microbicidal) phenotype toward an alternative M2 (repairing/anti-
inflammatory) phenotype that occurred within the myocardium very shortly after BALB/c mice infection. The observed shift in M1/M2
rate correlated with the cardiac cytokine milieu. Considering that parasite persistence within myocardium is a necessary and sufficient
condition for the development of the chronic myocarditis, we hypothesized that CD73 activity may counteract cardiac macrophage
microbicidal polarization, rendering the local immune response less effective. In fact, a transient treatment with a specific CD73
inhibitor (adenosine 5’-o,3-methylene-diphosphate) enhanced the microbicidal M1 subset predominance, diminished IL-4- and
IL-10-producing CD4" T cells, promoted a proinflammatory cytokine milieu, and reduced parasite load within the myocardium during
the acute phase. As a direct consequence of these events, there was a reduction in serum levels of creatine kinase muscle-brain
isoenzyme, a myocardial-specific injury marker, and an improvement in the electrocardiographic characteristics during the chronic
phase. Our results demonstrate that this purinergic system drives the myocardial immune response postinfection and harbors a

promising potential as a therapeutic target. The Journal of Immunology, 2016, 197: 000-000.

hagas disease is caused by Trypanosoma cruzi infection
and constitutes a major public health problem in Latin
America due to its prevalence, morbidity, and mortality.
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About 7 million people are estimated to be infected worldwide,
mostly in Latin American countries, but the disease has been spread
to nonendemic regions, and thousands of new cases are diagnosed
each year (1). Because the cardiomyopathy represents the most
frequent and serious complication of Chagas disease, affecting
~30-40% of infected individuals, chagasic myocarditis is the most
common form of nonischemic cardiomyopathy worldwide. During
the acute phase, the parasites replicate in tissues throughout the
body, showing a strong tropism for the myocardium. Innate and
adaptive immune responses control the parasite levels, but are in-
sufficient to completely clear the infection, and most individuals
remain infected for life. The myocardial parasite persistence
is central for the etiology of the cardiomyopathy (2, 3). Al-
though, it has been recognized that host resistance to 7. cruzi
infection is exerted mainly by cell-mediated reactions involving
specific T lymphocytes and macrophages (Ma) (4), the mecha-
nisms by which the Ma-protective response fails to eliminate the
parasite are not well understood.

Ma represent the first line of defense against pathogens and or-
chestrate tissue repair mechanisms to preserve or restore homeostasis.
To accomplish these roles, they are highly plastic and can adapt to
environmental stimuli, displaying either a classically activated (M1)
or alternatively activated (M2) profile, which represent extremes of a
spectrum of functional phenotypes (5). M1 Ma are classically acti-
vated by proinflammatory Thl cytokines (IFN-y and IL-12) and
LPS. Besides being APCs, the M1 subset shows an enhanced
microbicidal capacity attributable to the production of free radicals
(such as hydrogen peroxide, superoxide, NO, and peroxynitrite) and
inflammatory cytokines (TNF, IL-1f3, IL-6, IL-12, and IL-23). On
the other extreme, M2 Ma are alternatively activated by Th2 cyto-
kines (IL-4 and IL-13) or by anti-inflammatory mediators (IL-10),
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enhancing the arginase activity and mannose receptor (CD206)
expression, to promote wound healing and reduce Thl response.
Moreover, the M2 subset can be also detrimental to the host, leading
to tissue fibrosis when their matrix-enhancing activity is not regu-
lated (6). Although Ma can be driven to either M1 or M2 phenotype,
the complex in vivo cardiac environment typically produces inter-
mediate phenotypes that coexpress both M1 and M2 markers (7, 8).
Nevertheless, some helminth parasite infections induce monocyte
recruitment and subsequent expansion of cardiac Ma that become
strongly M2-like cells (7), suggesting that myocardial Ma are able to
be selectively skewed toward an M2-polarized phenotype in re-
sponse to Th2-type immunological challenge.

In the setting of Chagas disease, Ma are one of the main infiltrating
leukocytes arriving early to myocardium (9), and they remain as
an important immune cell population in heart explants from patients
with severe advanced chronic Chagas disease (10). Interestingly,
selective depletion of Ma causes a significant increment in the num-
ber of T cruzi amastigote nests within cardiomyocytes, suggesting a
crucial role for Ma in resistance to this infection (11). We have
reported that the peak of parasite load is correlated with the peaks of
arginase-1 and inducible NO synthase (iNOS) expression in murine
T. cruzi—infected heart tissue. Moreover, cardiac arginase-1 expression
in BALB/c mice is higher and persists for a longer period than in
C57BL/6 mice, which exhibits lower myocardial parasite load and is
more resistant to the infection (12). Our data clearly indicate that
arginase-1, which is induced during the activation of M2 Ma, is as-
sociated with parasite growth and susceptibility to infection.

One potential regulatory system deputed to fine-tune immune
cell functions is represented by the extracellular adenosine (ADO)
level. Postinfection, the influx of immune cells consumes large
quantities of oxygen, and ischemic cells rapidly respond to the
hypoxic and inflammatory environment by releasing ATP (normally
present within cardiomyocytes in millimolar concentrations) (13,
14). Once released, the ATP is converted to ADP/AMP and then to
ADO by the ectonucleoside triphosphate diphosphohydrolase-1
(CD39) and the ecto-5’-nucleotidase (CD73), respectively. ADO
affects diverse Ma functions, particularly on the M1 subset; it in-
duces: 1) suppression of chemokine production (15); 2) reduction
of proinflammatory cytokine production (TNF, IL-13, IL-6, and
IL-12) (16, 17); 3) downregulation of NO production (18); and 4)
switching toward the production of anti-inflammatory cytokine
IL-10 (16, 17). In addition to these anti-inflammatory effects, CD73
enzymatic activity induces cardiac Ma to adopt an M2-biased
phenotype and drives the timely resolution of inflammation (14).
Several lines of evidences show that ATP catabolic machinery plays
an important role in influencing the outcome of some pathophysi-
ological events (19).

In this study, we focused on the consequences of in vivo ma-
nipulation of CD73 activity and its impact on the outcome of
Chagas cardiomyopathy. First, we comprehensively studied the
kinetic of cardiac Ma phenotypes during the acute and chronic
phase of T cruzi infection. We found that under this Thl stimulus,
Ma with M1 phenotype (CD45'F4/80*CD11b*CD86"CD206")
were early and transiently observed within the myocardium, but
Ma were rapidly polarized toward the M2 phenotype (CD45*F4/
80*CD11b"CD86™ CD206"), which remained sustained during the
acute and chronic phase (90 d postinfection [dpi]). Furthermore,
an important Ma subset with both M1 and M2 markers (CD86"
and CD206") was uniformly observed as the main heart Ma subset
throughout the studied period. Interestingly, the temporal phar-
macological inhibition of CD73 enzymatic activity induced the
shift of cardiac Ma toward a microbicidal phenotype, and de-
creased the percentage of IL-4— and IL-10-producing CD4*
T lymphocytes, with the concomitant reduction in tissue parasite

load and the consequent improvement in the outcome of chronic
cardiomyopathy. Summing up, our results demonstrated the key
role of ATP metabolic pathway in driving the Ma response to
infection and suggest the therapeutic potential of Ma profile ma-
nipulation to improve the disease progression at heart level.

Materials and Methods

Ethics statement

All animal experiments were carried out in strict accordance with the
recommendations in the Guide to the Care and Use of Experimental An-
imals published by the Canadian Council on Animal Care and approved
(Office of Laboratory Animal Welfare, National Institutes of Health, assur-
ance number A5802-01). The Committee on Ethics of Animal Experiments
from Centro de Investigaciones en Bioquimica Clinica e Inmunologia—
Consejo Nacional de Investigaciones Cientificas y Técnicas also approved
the animal handling and experimental procedures (authorization No.
15-01-44195 and HCD resolution 274/09).

Mice

BALB/c and C57BL/6 mice were purchased at Facultad de Ciencias
Veterinarias, Universidad Nacional de La Plata, Argentina. CD73-deficient
(CD73KO-B6.129S1-Nt5¢™'“%/J) mice were purchased at The Jackson
Laboratory. Mice were housed at the Animal Facility of Facultad de
Ciencias Quimicas, Centro de Investigaciones en Bioquimica Clinica e
Inmunologia-Consejo Nacional de Investigaciones Cientificas y Técnicas,
Universidad Nacional de Cdrdoba.

Experimental infection

Six- to eight-week-old female mice were infected i.p. with 1 X 10° Trypanosoma
cruzi blood-derived trypomastigotes of Tulahuen strain. Bloodstream
trypomastigotes forms were harvested by heart puncture from 7. cruzi—
infected mice at the peak of parasitemia. Parasites were maintained by
serial passages from mouse to mouse.

Heart- infiltrating cell isolation

Cardiac leukocyte isolation was performed as described in detail previously
(20) with few modifications. Briefly, at indicated time points, infected
hearts were perfused with PBS (Life Technologies), weighed, and dis-
aggregated mechanically and enzymatically with 0.2% of trypsin solution
(Life Technologies). The digested tissue was gently pressed through a 70-pm
cell strainer and washed with PBS. Mononuclear cells were obtained by
Ficoll-Hypaque density gradient centrifugation (GE Healthcare). In contrast,
when it is indicated, granulocytes and mononuclear cells were isolated from
cardiac tissue by a 35% and 70% bilayer Percoll gradient (GE Healthcare).
Cell viability was determined by trypan blue exclusion using a Neubauer’s
chamber. Then, cells were stained for flow cytometry.

Flow cytometry analysis

Cardiac-infiltrating leukocytes were stained using a standard protocol
with the following Abs: rat monoclonal anti-mouse CD45 FITC, CD45
allophycocyanin, CD11b allophycocyanin, F4/80 PE, F4/80 PE-Cy7, CD86
allophycocyanin/Cy7, CD206 PE-Cy7, CD3 FITC, CD4 allophycocyanin-
Cy7, Ly6G allophycocyanin-Cy7, CD73 PerCP-Cy5.5, and CD39 Biotin
plus streptavidin-FITC (eBioscience, BD Pharmingen, and BioLegend). To
evaluate the intracellular study, first cardiac mononuclear cells were treated
with GolgiStop for 4 h at 37°C, and then cells were surface-labeled as
mentioned above. After, samples were fixed and permeabilized with BD
Cytofix/Cytoperm and Perm/Wash (BD Biosciences) according to the
manufacturer’s instruction. Finally, permeabilized cells were incubated with
the following Abs: monoclonal anti-mouse IL-4 allophycocyanin, IL-6
FITC, IL-10 allophycocyanin, IL-10 PE-Cy7, IL-17 PE, IFN-y PerCP-
Cy5.5, TNF PerCP-Cy5.5, arginase-1 FITC, or iNOS plus anti-rabbit I1gG
allophycocyanin (eBioscience, BD Pharmingen, and BioLegend). Oxidation-
sensitive dyes DAF-FM DA and DCF DA (10 pmol; Molecular Probes)
were used to measure reactive oxygen species (ROS) and NO production,
respectively.

TagMan real-time PCR assay for parasite burden

To determinate the tissue parasitism, genomic DNA was purified from hearts
of 4, 14, and 21 dpi using TRIzol reagent and following the manufacturer’s
instruction. Satellite DNA from 7. cruzi (GenBank AY520036) was quanti-
fied by real-time PCR using specific Custom TagMan Gene Expression
Assay (Applied Biosystems) and employing primer and probe sequences
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previously described (21). A sample containing 1 g genomic DNA was
amplified. Abundance of satellite DNA from 7. cruzi was normalized to
GAPDH abundance (TagMan Rodent GAPDH Control Reagent; Applied
Biosystems) and expressed as arbitrary units.

Measurement of chemokine and cytokine

At indicated time points, hearts were perfused and disaggregated mech-
anically in buffer RIPA. ELISA sandwich was performed for the quanti-
fication of MCP-1, IL-17A, IL-4, TGF-$, IL-10, TNF, IL-1, IL-6, IFN-y,
and IL-12 within the myocardial tissue and in serum. Briefly, ELISA plates
were coated with anti-cytokine Abs (BD Pharmingen and e-Bioscience)
overnight at 4°C, washed, and blocked with 10% FBS-PBS. Samples were
incubated overnight at 4°C. Then, the plates were incubated with biotin
anti-cytokine Ab (BD Pharmingen and eBioscience) for 1 h at room
temperature. After washing, streptavidin-peroxidase (BD Pharmingen) was
added and incubated for 30 min. The reaction was revealed using TMB
Substrate Reagent (BD Pharmingen), before being read a 450 nm in a
Microplate reader (Bio-Rad). Standard curves were generated using
recombinant cytokines (BD Pharmingen and eBioscience). In parallel, total
protein concentrations of the heart samples were determined by the Bradford
method (Bio-Rad). Data are expressed as the mean of the rate between
picograms of cytokine and micrograms of heart total protein.

ADO 5'-a,B-methylene-diphosphate treatment

Infected BALB/c mice were treated i.v. with 20 mg/kg/d ADO 5'-a,3-methylene-
diphosphate (APCP) (Sigma-Aldrich) as previously described (22), for 3
consecutive d since 4 dpi. Nontreated infected mice were used as controls. At
7 dpi, cardiac-infiltrating mononuclear cells were isolated and stained for
FACS as described above. In other experiments, the myocardium homoge-
nates in RIPA buffer were collected. For parasitemia, blood obtained by
cardiac puncture was employed to perform the parasite counting using a
Neubauer’s chamber.

Electrocardiographic studies and measurement of myocardial
damage biomarkers

Electrocardiograms (ECGs) at 90 dpi were performed with an electrocar-
diograph (model FD-16; Fukuda Denshi) under ketamine hydrochloride
(Ketalar 50; Holliday) anesthesia, 10 mg/kg i.p. administration. ECG
tracings were obtained with six standard leads (dipolar leads DI, DII, and
DIII and unipolar leads aVR, aVL, and aVF), recording at 50 mm/s with
amplitude set to give 1 mV/10 mm. In order to follow the progress of the
cardiopathy, ECG evaluated parameters were: 1) heart rate (bpm); and 2)
modifications in atrioventricular conduction (prolonged PR interval) and
ventricular conduction (prolonged QT interval) in milliseconds. Plasma
samples were derived to Biocon Laboratory, Cérdoba, Argentina, to
measure total creatine kinase (CK) and CK muscle-brain isoenzyme (CK-
MB) (Bio.System).

Measurement of NO concentration

NO concentration was determined by measuring nitrite levels in cardiac
tissue of treated and nontreated infected mice using the Griess reaction
(Sigma-Aldrich), as previously described (23). In parallel, the total protein
concentrations of the heart samples were determined by the Bradford
method (Bio-Rad). Data are expressed as the mean of the rate between
nanomoles of NO and micrograms of heart total protein.

Western blot assay

The protein concentration in myocardium homogenate in RIPA buffer was
measured by the Bradford method (Bio-Rad). Then, aliquots with equal
amounts of protein were separated on SDS-PAGE and electrotransferred to
nitrocellulose membranes (Bio-Rad). After being blocked, membranes were
incubated with rabbit polyclonal anti-CD39 Biotin Ab (BioLegend). Then,
membranes were incubated with streptoavidin-HRP (BD Pharmingen) and
reveled using the ECL chemiluminescent system (Amersham Pharmacia
Biotech). Finally, they were washed and incubated with rabbit polyclonal
anti-actin (Santa Cruz Biotechnology), washed, and revealed with HRP-
conjugated anti-rabbit Ab (Sigma-Aldrich). The band intensity for CD39
was semiquantified by densitometric scanning and normalized with respect
to actin expression using ImageJ processing software (National Institutes of
Health; http://www.rsb.info.nih.gov/ij).

Heart histology and inflammatory index

Paraffin-embedded cardiac tissue-sections obtained from APCP-treated and
nontreated infected mice at 90 dpi were subjected to H&E staining. The index
of inflammation were scored semiquantitatively on low-power microscopic

examination according to distribution and extent of inflammatory cells in
epicardium and in myocardium (1+ for a single inflammatory foci, 2+
multiple, nonconfluent foci of inflammatory infiltrate, 3+ for confluent in-
flammation, and 4+ for diffuse inflammation extended through the section).
In addition, the semiquantification of endothelial cell enlargement, perivascular
edema, and disrupted and necrotic myocardial fiber were also assessed. The
numerical sum for each heart sections (n = 4) represented an estimate of
the inflammation index. The slides were photographed in a Nikon Eclipse
TE2000-U inverted microscope using a 20X objective (Nikon).

Statistical analysis

To compare different experimental conditions, an ANOVA (two-way or one-
way ANOVA) with the Tukey post hoc test was performed. A two-tailed
Student 7 test was used for comparison between two groups. A p value
<0.05 was considered significant.

Results

Cardiac Ma exhibited an alternative phenotype early
postinfection that predominated throughout the acute and
chronic phase

To gain insights into the time course of Ma profiles triggered by
T. cruzi during the establishment of cardiac infection, we first
analyzed the kinetics of Ma subsets within the myocardium of
infected BALB/c mice using the gating strategy shown in Fig. 1A.
After Ficoll-Hypaque gradient centrifugation, single-cell suspen-
sions from freshly obtained leukocyte-enriched fractions (CD45%)
were analyzed for Ma as F4/80*CD11b* cells. In the setting of our
model, ~100% of F4/80" cells were concomitantly positive for
CD11b. This myeloid population was further divided based on M1
(CD86" CD206 ) and M2 (CD86 CD206") phenotype. Among
the Ma with M1 phenotype, the 75.14 = 3.57% were positive for
NO production, whereas the 89.27 = 10.6% of Ma with the M2
phenotype were positive for arginase-1 expression. We observed
that although infiltrating mononuclear cells increased within the
myocardium as the acute phase of infection progressed, this im-
mune population dramatically diminished during the chronic
phase (90 dpi) (Fig. 1B). These changes were not reflected in
cardiac tissue weight because it did not present significant dif-
ferences at all time points studied (Supplemental Fig. 1A). Among
the mononuclear population, Ma were rapidly recruited to the
infected heart tissue, but then they progressively decreased,
whereas the number of T lymphocytes (CD3*) increased (Fig. 1C).
Shortly postinfection (4 dpi), the percentage of Ma with M1 in-
flammatory phenotype predominated over the M2 Ma subset (Fig.
1D, 1F). Nevertheless, as soon as 7 dpi, the M1 population di-
minished, whereas Ma with M2 phenotype strongly increased and
remained significantly sustained during the acute and chronic
phase of the infection. This shift in the percentage of both Ma
subsets was also evidenced with the absolute cell number of each
subpopulation (Fig. 1E). It is important to stress that although
different aspects of the immune response against 7. cruzi are
influenced by the host genetic background (12, 24-26), the same
kinetics of Ma profile were observed in the myocardium of in-
fected BALB/c and C57BL/6 mice (L. M. Sanmarco, N. E. Ponce,
L. M. Visconti, N. Eberhardt, M. G. Theumer, A. R. Minguez,
M. P. Aoki, submitted for publication). These results indicate that
cardiac Ma respond to 7. cruzi infection with an early microbicidal
M1 phenotype, but this Ma subtype is rapidly replaced by the M2
anti-inflammatory subtype, which remained as an important sub-
population in infected heart tissue. Hence, throughout the acute
and chronic infection, the local milieu promoted mainly the anti-
inflammatory and wound-healing Ma profile instead of the antipar-
asitic subset, likely favoring parasite persistence in cardiac tissue.
Notably, Ma with mixed expression of M1/M2 markers (CD45*F4/
80*CD11b*CD86*CD206"), previously described in myocardium,
joint, and CNS (7, 8, 27, 28), were the main heart subpopulation
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throughout the study period (Fig. 2A). The intracellular staining
demonstrated that they coproduced M1- and M2-related cyto-
kines, such as TNF, IL-6, IL-4, and IL-10 (Fig. 2B). Moreover,
they also produced the microbicidal effectors NO and ROS (Fig.
2C) and expressed the M2 effector enzyme arginase-1 (Fig. 2D).
This mixed population likely allows cellular plasticity and in
consequence the fast shift between proinflammatory M1 and
wound-healing M2 subset.

Considering that chemokines and cytokines play a central role
in the orchestration and timing of the intrinsic cardiac stress
response, they are important candidates for regulating the re-
cruitment and local activation of Ma within the myocardium.
We therefore analyzed the levels of inflammatory and anti-
inflammatory soluble mediators within the cardiac tissue at dif-
ferent times postinfection (Fig. 3). A progressive increment in the
levels of the chemokine MCP-1 and an early enhanced produc-
tion of the inflammatory IL-17A were observed during the infection.

Considering that both soluble mediators exert potent chemotactic
activity on monocyte/Ma and T lymphocyte as well, these results
correlated with the early recruitment of Ma and the later influx
of T lymphocytes observed in the kinetic study (Fig. 1C). In
agreement, the histological analysis of heart sections showed that
local inflammation increased (Supplemental Fig. 1B) together
with the rise of mononuclear cell infiltration (Fig. 1B). Although
the IL-4 levels remained unchanged, the anti-inflammatory cy-
tokines TGF- and IL-10 peaked at 14 dpi, consistent with the
M2 phenotype predominance over M1 phenotype. In contrast,
the levels of proinflammatory Thl cytokines (TNF, IL-1p3, IL-6,
IFN-vy, and IL-12) were elevated mainly at early dpi, and they
diminished at later times postinfection. In contrast, the same
soluble mediators showed a different kinetic in serum (Supple-
mental Fig. 1F), suggesting that the local but not the systemic
microenvironment drives Ma activation profile within the myo-
cardium.
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FIGURE 2. Kinetic of cardiac macrophage subset with intermediate phenotype. (A) Number of Ma with mixed phenotype (CD45"F4/80*CD11b*CD86"
CD206") per milligram of heart tissue at indicated dpi. Proportion of Ma with intermediate phenotype positive for intracellular TNF, IL-6, IL-10, IL-4 (B),
NO, ROS (C), and arginase-1 (D) expression, analyzed at 14 dpi. Results are mean = SEM (n = 5 mice per each dpi) and represent two independent

experiments.

The inhibition of CD73-mediated ADO production sustained
M1 Ma phenotype, reduced the frequency of IL-4— and IL-10—
producing CD4* T cells, and enhanced the inflammatory
cytokine milieu in infected myocardium

An impaired microbicidal response during infection has particu-
larly important consequences for myocardial 7. cruzi persistence,
which is the main trigger of the cardiomyopathy. Because one
potential regulatory system for local Ma functions is represented
by the extracellular ADO levels, we first examined the cell-surface
expression of both ectonucleotidases, CD39 and CD73, on cardiac
immune cells after 7. cruzi infection. Recruited Ma, neutrophils,
and T lymphocytes expressed CD39 and CD73 (Fig. 4A). There
were no differences in CD73 expression between cardiac M1 and
M2 Ma subsets (Supplemental Fig. 1C); however, strikingly, a
clear selective expression of CD39 and CD73 was observed on
resident Ma (F4/80™) population when compared with infiltrating
(F4/80"") subset (Supplemental Fig. 1D) (29). Moreover, a very
low percentage of isolated cardiomyocytes expressed CD39 and
CD73 (data not shown). Fig. 4B shows that the CD39 expression
in total heart tissue was significantly increased at 21 dpi compared
with noninfected control mice. Altogether, these data demonstrate
that the enzymatic machinery required to produce ADO from
extracellular ATP was present in cardiac leukocytes during the
acute infection.

Considering that ADO limits the microbicidal effect of Ma,
leading to an increase in the expression of alternative Ma markers,
we aimed to lengthen the microbicidal M1 profile in the myo-
cardium through the transient pharmacological inhibition of CD73
enzymatic activity at early times postinfection. Toward this aim,
infected BALB/c mice were treated with CD73-specific inhibitor
APCP for 3 consecutive d starting at day 4 postinfection, and
different parameters were measured at 7 dpi. The APCP treatment
increased the number of circulating leukocytes, but it did not modify
the proportion of inflammatory (CD11b* Ly6C") and resident/
patrolling (CD11b*Ly6C'*¥) monocyte subsets (Supplemental
Fig. 1E). In myocardium, the amount of mononuclear cells in
treated infected mice was also increased compared with non-
treated infected control mice (Fig. 5A). This finding was consis-
tent with previously reported results, which demonstrated the key
role of the CD73/ADO pathway in the regulation of leukocyte
trafficking into inflamed tissue (30). Although there were no sig-
nificant differences in the percentage of cardiac Ma from total
CD45" cells between treated and nontreated infected mice, the
inhibition of CD73 increased the absolute number of this cell type
(Fig. 5B). As was expected, in contrast to control mice that pre-
sented a sustained biased profile toward M2 Ma phenotype, in
APCP-treated mice, the M1 Ma profile predominated over M2 (Fig.
5C). In accordance with these data, preliminary results obtained in
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FIGURE 3. Kinetic of chemokine and cytokine levels in the infected myocardium. Levels of MCP-1, IL-17A, IL-4, TGF-B, IL-10, TNF, IL-1, IL-6,
IFN-v, and IL-12 within myocardial tissue were measured at indicated dpi by ELISA. Results are mean = SEM (n = 5 mice per each dpi) and represent

three independent experiments. *p << 0.05.
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FIGURE 4. CD39 and CD73 expression on cardiac leukocytes and heart
tissue during 7. cruzi infection. (A) The percentage of CD39- and CD73-
positive cells gated on Ma (CD45'F4/80"CD11b"Ly6G ™), neutrophils
(Neu: CD45"CD11b"Ly6G™), or T lymphocytes (T lymph: CD45*CD3")
at 4 dpi. (B) Western blot analysis of CD39 expression in heart tissue from
noninfected and infected mice at indicated time points. The ecto-enzyme
expression was normalized with respect to -actin expression. Data are
mean = SEM of two independent experiments (n = 4 mice per each dpi).
*p < 0.05. AU, arbitrary units.

CD73KO mice showed that cardiac M1 Ma predominated over M2
Ma phenotype at 7 dpi, in contrast to the M2 predominance ob-
served in control infected C57BL/6 mice at this time point (Fig.
5D). Therefore, supporting our hypothesis, these findings demon-
strated that the absence of CD73-generated ADO potentiated the
Ma microbicidal phenotype.

Given the important role of T cells in orchestrating the immune
response and considering that different T cell subsets express
CD73, we further focused on the effect of transient APCP treatment
on cardiac CD4* T lymphocytes. We found that the inhibition of
CD73 activity did not modify the percentage of cardiac CD4"
T lymphocytes but increased the absolute number of this T cell
population (Fig. 5E). In line with the shift in M1/M2 rate induced
by APCP administration, the treatment significantly diminished
the percentages of IL-4*CD3*CD4" cells as well as IL-10*CD3"*
CD4™" cells, whereas the proportion of CD3*CD4* lymphocytes
positive for IFN-vy did not exhibit changes (Fig. 5F). In addition,
the treatment induced a reduction in IL-17-producing T cell
subset. These results suggest that inhibition of CD73 enzymatic
activity modified the cytokine production by cardiac CD4™ T cells.

In order to determine the impact of the transient inhibition of
CD73 activity on the local chemokine and cytokine production, we
measured their levels within the heart tissue at 7 dpi (Fig. SH).
Supporting the increment in the mononuclear cell infiltration ob-
served in CD73-inhibited mice, the amount of cardiac MCP-1 was
significantly enhanced compared with control nontreated mice. In
parallel with the M1 population predominance caused by APCP
treatment, the inflammatory cytokines TNF, IL-13, and IL-6 were
significantly increased compared with the measured levels in
nontreated mice at this time point. No changes were observed in
Th1-related cytokine IFN-vy and IL-12 levels. Despite the decrease
on the M2 Ma population, the levels of IL-4 significantly in-
creased, whereas IL-17, TGF-f3, and IL-10 production were not
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FIGURE 5. APCP treatment induced the shift toward M1 Ma phenotype in infected heart tissue. (A) Number of cardiac mononuclear cells at 7 dpi. (B)
Percentage and number of cardiac Ma (F4/80*CD11b*) from APCP-treated and nontreated mice at 7 dpi. (C) Relative percentage and number of M1 and
M2 subsets in treated and nontreated myocardium. (D) Relative percentage of M1 and M2 subsets in CD73KO and C57BL/6 mice at 7 dpi. (E) Percentage
and number of cardiac T lymphocytes (CD3" CD4") from APCP-treated and nontreated mice at 7 dpi, pregated on CD45" cells. (F) Proportion of cardiac
IL-17, IL-4, IL-10, and IFN-y—producing CD4" T lymphocytes from treated and nontreated mice at 7 dpi, pregated on CD45"CD3" cells. Nitrite (G),
chemokine, and cytokine levels (H) within myocardial tissue. The results are mean = SEM (n = 6 mice per each dpi) of a representative assay of at least two

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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the outcome of experimental Chagas cardio-
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treated and nontreated myocardial sections at
90 dpi are shown (original magnification
X200). (G) ECG parameters and abnormali-
ties observed in noninfected mice (NI; n = 7),
control mice (n = 7), and APCP-treated in-
fected mice (n = 8) at 90 dpi. ECG parameters
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Inflammation score

o N OB OO

days post-infection

7
B Heart Liver C
g 6007 4, 2’25 * 100+ b “NS =
® s 52 g ooy FHd
[m} [m] @©
g 400 S 15 % -
T T g
2 = & 404
3 200 3 =
8 B =
5 = 204
5 8
=0 =0 o
2 & & o M1 M2 M1 M2
PO ENIT 21dpi 21 dpi+
P P
& Xy : APCP
. 50 50 i 5007 809 .,
T 5 N.
= 8 a0 K5 8 40{ — 400 —
- - . 60
+ + o o
1 30 5 30 5300 e
(&} [&] v =
5 20 ;20 %5200 5
= 10 i 10 100 o
ES =
0 0 0 0
Q\ x S % é\ 3 Q\ X Q\ X
B \bc\, "b’\b \t’(: - ,\ch\g ngqt%z Q’ng‘i‘%?
9 T Q) o
& ® ¥ w® °R

criteria: the variation of the PR and QT in-
tervals measured in milliseconds and heart rate
monitored by beats per minute. Values are
mean = SEM of two independent experi- G

Electrocardiographic characteristics

Abnormalities observed

QT (ms)

Heart rate
(bpm)

Atrial conduction  Intraventricular
defect conduclion defect Bradycardia Arrhythmia

ments. Bottom panel, Representative ECG Srotps
tracing from each infected group. Arrows point PR (ms)
to arthythmia. *p < 0.05 versus NI N 1542
90 dpi 26+4°
90 dpi+APCP  2412*

27 %1
34:2°
322

34223 o7 o7 o7 o7
30025 27 477 27 37
368 + 37 2/8 2/8 0/8

90 dpi —‘-._:L..,.C\__;\_-u’\-u\—-\-{

modified by CD73 inhibition. In contrast, the levels of NO in-
creased in the myocardium of CD73-inhibited mice (Fig. 5G), in
agreement with the observed promotion of M1 phenotype. Over-
all, CD73 inhibition not only modifies Ma phenotype and CD4"
T lymphocyte cytokine production but also shifts infected heart
tissue environment toward an inflammatory milieu.

CD?73 inhibition ameliorated the outcome of experimental
Chagas cardiomyopathy

Although there were no differences in parasitemia between treated
and nontreated group of animals (Fig. 6A), the treatment induced a
significant reduction of parasite burden of heart tissue and liver at
21 dpi (Fig. 6B). At this time point, there were no differences in
cardiac M1/M2 rate or CD4" T lymphocyte percentages between
APCP-treated and nontreated infected mice (Fig. 6C, 6D), sug-
gesting that the diminution of tissue parasite load induced by
APCP was a result of earlier changes in the local immune re-
sponse against 7. cruzi. In line with the improvement in parasite
replication control, a significant diminution of both serum CK and
CK-MB activity was observed during the chronic stage of infec-
tion (90 dpi) in APCP-treated mice compared with control non-
treated mice (Fig. 6E). Total serum CK and CK-MB activity have
long been the standard biochemical markers for nonspecific tissue
damage and specific myocardial injury, respectively. Accordingly,

0/8
90 dpi + -;..,.-._.\4
APCP |

the ECGs of APCP-treated mice were improved compared with
control mice (Fig. 6G). The ECG characteristics showed no dif-
ferences in the heart rate among the groups. However, significant
alterations in the PR intervals were measured in both APCP-treated
and nontreated infected mice, indicating slower transmission in
electrical impulses atrioventricular, likely due to the inflammatory
process. In contrast, nontreated group presented a significant pro-
longation in the QT intervals, suggesting intraventricular conduction
blockages; meanwhile, this abnormality was not observed in the
APCP-treated group. Moreover, none of the CD73 inhibited-mice
presented bradycardias or arrhythmias, in contrast to nontreated
mice, which exhibited these abnormalities in the ECG tracing. In
agreement, the treatment induced a diminution in cardiac inflam-
matory score (Fig. 6F), evidenced by several disrupted myocytes,
multifocal inflammatory foci in myocardium, and strong infiltrate in
the epicardium.

Summing up, the described results clearly revealed that APCP
treatment induces the polarization of cardiac Ma toward micro-
bicidal M1 profile, with a concomitant decrease in cardiac parasite
load and in consequence improve the progression of Chagas car-
diomyopathy. Therefore, the transient in vivo targeting of CD73
enzymatic activity may be a strategy to manipulate cardiac Ma
activation state and could provide a gateway to new therapies at
heart level.
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Discussion

The present study demonstrates that cardiac Ma polarization during
T. cruzi infection is strongly influenced by the products of extra-
cellular ATP metabolism and that the manipulation of this path-
way could provide new approaches to reduce cardiac pathology in
infected hearts. After a comprehensive analysis of the kinetic of
Ma subpopulations within infected myocardium, we found that
M1 phenotype dominated only at short times postinfection (4 dpi),
but then the M2 subset rapidly increased and predominated
throughout the acute and chronic phase. The shift in M1/M2 rate
observed may provide protection against overwhelming uncon-
trolled cardiac inflammation; however, the switch toward M2
profile can promote the parasite survival, which has evolved
strategies to interfere with M1 activation and its microbicidal
function (31, 32). Considering that M1 Ma are responsible for
resistance against 7. cruzi through ROS and NO production and
that the peak of parasitemia is reached at 18 dpi in the BALB/c
infection model (24, 33, 34), we hypothesize that the sudden shift
of M1 profile toward M2 subset at 7 dpi is too early, and, in
consequence, the M1 influence is not enough to fight the parasite
located into the myocardium. To test this hypothesis, we phar-
macologically interrupted the ATP metabolism pathway, a po-
tential regulatory system that could promote the switch from M1
to M2 phenotype via ADO downstream effect.

Extracellular ATP and ADO are two well-studied damage-
associated molecular patterns, which initiate and modulate the
immune response against pathogens after binding to purinergic
receptors. ATP is normally present within cardiomyocytes in
millimolar concentrations, and it is secreted in response to stress,
such as hypoxia, or after TLR activation. Once in the extracellular
milieu, ATP is rapidly converted into ADO via CD39 and CD73-
mediated hydrolysis (35). It has been described that ADO induces
cardiac Ma to adopt an M2-biased phenotype and drives the timely
resolution of postinfarction inflammation (14). Moreover, CD39
and CD73 enzymatic activities exert cardioprotection during myo-
cardial infarction and in ischemic-reperfusion study models (13, 36,
37). The rate-limiting enzyme in ADO generation is CD73 (22),
which is expressed on different cell types. Regarding M1 and M2
Ma, both in vitro—polarized populations express CD39 and CD73 as
well as most of ATP and ADO receptors (38). In the current study,
we found that cardiac Ma, neutrophils, and T lymphocytes expressed
CD39 and CD73 during the immune response against 7. cruzi. In-
triguingly, we found that CD73 was selectively expressed on resident
Ma, whereas low levels were detected on the infiltrating subpopu-
lation, suggesting that both cardiac Ma subsets could provide a
differential contribution to the ATP metabolism. In contrast, in
agreement with previous reports (13, 39), we found that a very low
percentage of isolated cardiomyocytes expressed CD39 or CD73,
suggesting that they do not significantly contribute to the local ex-
tracellular ADO levels during 7. cruzi infection.

The transient administration of a specific competitive CD73
activity inhibitor APCP, during the early acute phase of T. cruzi
murine infection, increased the amount of leukocytes in heart
tissue, in agreement with the reported key role of CD73 in the
regulation of leukocyte migration (30). The rise in cardiac Ma was
at the expense of a substantive increase in monocyte-derived Ma
(CD11b"F4/80'°%) influx; meanwhile, the number of cardiac-resident
Ma (CD11b*F4/80™) did not exhibit any change compared with
infected nontreated animal (data not shown). Regarding the impact
on cardiac Ma phenotype, the pharmacological inhibition of CD73
enhanced the frequency and number of classically activated Ma over
alternatively activated subset, shifting the M1/M2 ratio observed in
nontreated infected mice. These data are consistent with prior studies

that have established ADO as a regulator of classical Ma activation
and function, including suppression of proinflammatory cytokine
and chemokine production and reduction of iNOS activity. In con-
trast, extracellular ATP promotes M1 features such as ROS, iNOS
expression/NO production, inflammasome activation/IL-1f produc-
tion, proinflammatory cytokine release, and induction of Ma death
by necrosis and/or apoptosis (40-42). Accordingly, we observed
that APCP treatment induced a significant increment of cardiac M1-
related cytokines (IL-13, IL-6, and TNF) and NO production. The
increment in the number of cardiac M1 Ma and the increased NO
levels are key factors for 7. cruzi clearance and consistent with the
significantly lower cardiac parasite load observed in APCP-treated
animals. Surprisingly, APCP administration increased the cardiac
levels of IL-4, although this Th2-related cytokine was unable to
maintain the M2 phenotype or counteract the Th1/M1 response. It is
likely that other IL-4—producing cells, such as type 2 innate lym-
phoid cells or eosinophils, could be responsible for the increased
levels of this cytokine in treated myocardium. Regarding the in-
creased levels of IL-6 detected in APCP-treated hearts, it is impor-
tant to stress that this pleiotropic cytokine is a cardioprotective
factor. In this sense, we have reported that IL-6 is secreted by
cardiomyocytes after 7. cruzi recognition, and it acts as a key
survival factor for these target cells during the infection (43-45).

Regulatory T cells can profoundly affect macrophage activation
state and functions. A key mechanism by which Foxp3*CD4" reg-
ulatory T subset and, mainly, type 1 regulatory T (Trl) cells control
immune response and maintain tissue tolerance is through the se-
cretion of anti-inflammatory cytokines, such as IL-10. In accordance
with the shift observed on M1/M2 rate after APCP treatment at 7
dpi, we observed a significant reduction in IL-10-producing CD4*
cardiac T cells compared with nontreated mice. Moreover, although
APCP treatment did not modify IFN-y—producing CD4* T cells, it
diminished the percentages of cardiac IL-4—producing T cells (a key
cytokine that promote M2 profile). These results suggest that T cell
compartment is also modulated by the transient inhibition of CD73
enzymatic activity.

The immunological events that take place during acute phase
influence the outcome of chronic disease. In accord, consistent with
the lower parasite load observed in treated heart tissue during the
acute phase; the serum levels of CK-MB (biochemical marker of
myocardial damage) but also of total CK significantly diminished
during the chronic phase (90 dpi), suggesting a potential protective
role for APCP treatment over other tissues in addition to myo-
cardium. In line with this, there was an improvement in the ECG
of CD73-inhibited animals evidenced by the absence of alterations
in the frequency of contractions and a reduction in the number of
mice that exhibited intraventricular electrical conduction alterations
compared with nontreated infected mice. The main arrhythmogenic
substrates in Chagas individuals are necrotic and fibrotic lesions
caused by cardiac inflammatory reactions. These processes dam-
age the intercellular junctions that are associated with changes in
electrical potential and compromise stimulus conduction between
cells. In accord with our results, APCP-treated mice showed sig-
nificant diminution in the myocardial inflammatory score. Sum-
ming up, our results clearly suggest that an earlier control of
parasite replication at heart level will favorably impact on the
progression of Chagas disease.

Regarding the ectonucleotidase activity from pathogenic agents,
it has been recognized as an important virulence factor (46). In
this sense, the ecto-nucleoside-triphosphate-diphosphohydrolase,
homolog to CD39 family enzymes, is localized on the external
surface of all biological stages of 7. cruzi, and it has been pro-
posed as new chemotherapy target to block the infection (47).
Moreover, the infective form (trypomastigote) presents the highest
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ATP hydrolysis rate, and its enzymatic activity increases in vitro
cell infection and parasitemia in a murine model of Chagas dis-
ease (47). However, there are no reports about the effect of APCP
in parasite ectonucleotidases. We rule out a potential direct par-
asiticidal effect of APCP based on the fact that there were no
differences in the parasitemia between treated and nontreated
mice. However, it is plausible to think that changes in the avail-
ability of extracellular ATP and its metabolites may be playing a role
in the parasite biology. Further characterization of ectonucleotidases
from 7. cruzi and its purinergic signaling and biology are necessary.

Although it is generally accepted that Ma are phenotypically
plastic cells highly influenced by the microenvironment, it re-
mains unclear if their activation states are stable or transient
resulting in complex, even mixed phenotypes. Published data
have shown the presence of Ma with intermediate phenotype in
human CNS (28) and in murine heart tissue after acute myo-
cardial infarction (8) and after a Th2 immunologic challenge (7).
In the current study, we found that a subset with a mixed phe-
notype was the main heart population during all time points
studied. About 80% of double-positive Ma were positive for
arginase-1 (M2 effector enzyme), NO, and ROS (M1 effector
metabolites) expression. The molecular networks orchestrating
this mixed phenotype require further exploration. However,
considering the poor regenerative capacity of cardiomyocytes
and neurons, it is plausible to think that it would be catastrophic
for the heart and the CNS to be infiltrated by highly polarized Ma
populations.

Taken together, our results demonstrate that the temporal inhi-
bition of CD73 activity prevents the M1 to M2 shift, diminishing
the IL-4— and IL-10-producing CD4" T cells and enhancing the
production of NO and proinflammatory cytokines within infected
myocardium. The enhanced cardiac antiparasite immune response
induced by APCP was evidenced by the substantial reduction of
parasite load in parasite target tissues during the acute phase. As a
direct consequence, there was an improvement in the outcome of
the cardiomyopathy. This work highlights that immunomodulatory
therapies focused in the purinergic system could provide a gateway
to new therapeutic strategies at the heart level.
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