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Trypanosoma cruzi is the causative agent of chronic chagasic cardiomyopathy. Why macrophages (m¢s), the early responders to
infection, fail to achieve parasite clearance is not known. Mouse (RAW 264.7) and human (THP-1 and primary) m¢s were in-
fected for 3 h and 18 h with T. cruzi Tcl isolates, SylvioX10/4 (SYL, virulent) and TCC (nonpathogenic), which represent m¢
stimulation and infection states, respectively. M¢s incubated with lipopolysaccharide and gamma interferon (LPS/IFN-y) and
with interleukin-4 (IL-4) were used as controls. We monitored the cytokine profile (using enzyme-linked immunosorbent assay
[ELISA]), reactive oxygen species (ROS; fluorescent probes), nitric oxide (‘NOj; Griess assay), and metabolic state using a custom-
designed mitoxosome array and Seahorse XF24 Analyzer. LPS/IFN-vy treatment of mes elicited a potent increase in production
of tumor necrosis alpha (TNF-a) at 3 h and of ROS and -NO by 18 h. Upon SYL infection, murine mes elicited an inflammatory

cytokine profile (TNF-a >> TGF-3 + IL-10) and low levels of -NO and ROS production. LPS/IFN-vy treatment resulted in the
inhibition of oxidative metabolism at the gene expression and functional levels and a switch to the glycolytic pathway in mes,
while IL-4-treated mes utilized oxidative metabolism to meet energy demands. SYL infection resulted in an intermediate func-
tional metabolic state with increased mitoxosome gene expression and glycolysis, and IFN-y addition shut down the oxidative
metabolism in SYL-infected m¢s. Further, TCC- and SYL-stimulated mes exhibited similar levels of cell proliferation and pro-
duction of TNF-a and ROS, while TCC-stimulated m¢s exhibited up to 2-fold-higher levels of oxidative metabolism and -NO
production than SYL-infected m¢ps. Inhibiting ATP-coupled O, consumption suppressed the -NO generation in SYL-infected
mes. Mitochondrial oxygen consumption constitutes a mechanism for stimulating -NO production in m¢s during T. cruzi in-
fection. Enhancing the oxidative metabolism provides an opportunity for increased -NO production and pathogen clearance by

mes to limit disease progression.

hagas cardiomyopathy is a neglected debilitating disease

caused by the blood-borne parasite Trypanosoma cruzi. T.
cruzi isolates are classified within six genetic groups (TcI to TcVI)
which give insight into the evolution of the parasite (1). The vir-
ulent T. cruzi strain SylvioX10/4 (SYL) (2) and the nonpathogenic
T. cruzi isolate (TCC) (3) are both of the TcI lineage which is
considered to be the most common cause of disease in the South-
ern zone countries of South America, Central America, and Mex-
ico. In mice and rats, SYL elicits acute parasitemia and persistent
inflammatory infiltrate and injury in the myocardium and skeletal
muscle during the chronic disease phase (4), while infection with
the TCC isolate results in no detectable parasitemia or tissue in-
jury (5).

Macrophages (mes) serve as the first responders to T. cruzi
infection, and their inflammatory activation exerts cytotoxic ef-
fects via NADPH oxidase (NOX)-mediated superoxide (O, )
and inducible nitric oxide synthase (iNOS)-mediated nitric oxide
(‘NO) production. In the context of T. cruzi, it is suggested that
me-derived peroxynitrite, a strong cytotoxic agent, formed by the
reaction of -NO with O,- ", plays a major role in the direct killing of
T. cruzi (6). CD4™ and CD8™ T cells producing type 1 cytokines
and CD8" T cell-mediated cytolytic activity were shown to be
activated in response to T. cruzi infection in both experimental
models and human patients (reviewed in reference 7); however,
infected hosts are unable to clear the parasite and eventually de-
velop chronic chagasic cardiomyopathy and heart failure (8). Fur-
ther, rodent models of acute Chagas disease have shown that mes
have a dual role in controlling parasitemia and facilitating T. cruzi
dissemination to peripheral tissues (9, 10). These studies suggest
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that a subpar activation of mes or other innate immune cells may
be key to parasite persistence and resultant evolution of chronic
disease; however, why mes lack potent anti-parasite cytotoxic re-
sponses is not known.

Recent studies have suggested that the metabolic status of mes
may govern their functional capabilities (11). The signature of the
proinflammatory mes is the production of high levels of -NO and
tumor necrosis alpha (TNF-a) associated with the use of glycoly-
sis to meet energy demands (12). On the other end of the m¢
activation spectrum, immunomodulatory mes primarily depend
on the electron transport chain (ETC) and oxidative phosphory-
lation (OXPHOS) systems for the generation of energy (13). Eval-
uating the metabolic response of mes would give insight into their
functional status upon T. cruzi stimulation.

In this study, we investigated how mes activate to an insuffi-
cient inflammatory phenotype in response to T. cruzi infection.
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We evaluated the responses of mouse and human mes to SYL and
TCC isolates of T. cruzi by monitoring the generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), cyto-
kine profiles, and metabolic functions. Parasite-stimulated
and -infected mes were compared to mes induced with lipopoly-
saccharide and gamma interferon (LPS/IFN-vy) or with interleu-
kin-4 (IL-4) for proinflammatory and immunomodulatory phe-
notypes, respectively. Our data suggest that the virulent isolate of
T. cruzi inhibits the activation of the glycolytic pathway and the
oxidative/nitrosative response in megs. Mitochondrial oxidative
metabolism-induced O, consumption may constitute a novel
mechanism for initiating -NO production and pathogen clearance
by mes to limit disease progression.

MATERIALS AND METHODS

Ethics statement. Human peripheral blood mononuclear cells (PBMCs)
were obtained from healthy donors per an approved Institutional Review
Board (IRB) protocol (11-076). The work with the pathogen Trypano-
soma cruzi was conducted in a biosafety level 2 laboratory following the
regulations of the University of Texas Medical Branch (UTMB) and Cen-
ters for Disease Control and Prevention.

Parasites and macrophage cultures. T. cruzi SYL and TCC trypomas-
tigotes were propagated in C2C12 cells. SYL and C2C12 cells were pur-
chased from American Type Culture Collection (ATCC, Manassas VA),
and the TCC isolate was kindly provided by M. P. Zago (Instituto de
Patologia Experimental, Salta, Argentina). RAW 264.7 mes (ATCC TIB-
71) were cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) with glutamine (Corning, Corning, NY) containing 10% fetal
bovine serum (FBS) (Invitrogen, Carlsbad, CA), 100 U/ml penicillin, and
100 pg/ml streptomycin (Corning). THP-1 monocytes (ATCC TIB-202)
(a kind gift from Alfredo Torres at UTMB) were propagated in RPMI
media containing 10% FBS and 100 U/ml penicillin and 100 pg/ml
streptomycin (complete RPMI). To generate THP-1 m¢s, monocyte
cultures were treated with 50 ng/ml of phorbol 12-myristate 13-acetate
(Sigma-Aldrich, St. Louis, MO) in complete RPMI media for 24 h,
washed, and rested for 48 h before their use in experiments. To gener-
ate primary human mes, fresh blood samples were collected from
healthy volunteers per our approved IRB protocol, and then mono-
cytes were isolated by using Ficoll-Paque solution (GE Healthcare,
Pittsburgh, PA) and a human monocyte enrichment kit without CD16
and an Easysep magnet (Stemcell, Vancouver, Canada) by following
the recommendations of the manufacturers. The resulting monocytes
were differentiated to mes over 7 days with 25 ng/ml granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Peprotech, Rocky
Hill, NJ) in complete RPMI media. All cells were maintained in 5%
CO, in a humidified incubator at 37°C.

Macrophages were seeded in 12-well (1 X 10%/well), 24-well (5 X
10°/well), or 96-well (6.7X 10*/well) plates and were infected with T.
cruzi trypomastigotes at a cell-to-parasite ratio of 1:3. Infected macro-
phages were incubated in the presence or absence of 50 ng/ml IFN-vy
(Biolegend, San Diego, CA) for 3 h or 18 h. Mgs incubated with 100
ng/ml LPS-20 ng/ml IFN-y and 20 ng/ml IL-4 (Life Technologies,
Carlsbad, CA) were used as proinflammatory and immunomodulatory
me controls, respectively. Mgs incubated with media alone were used
as no-treatment background controls. Culture supernatants were
stored at —80°C until analysis.

Cytokine levels. The release of TGF-f3, IL-10, and TNF-a was mea-
sured in culture supernatants of m¢s incubated with LPS/IFN-v, IL-4, or
T. cruzi by using a sandwich enzyme-linked immunosorbent assay
(ELISA) (eBioscience, San Diego, CA) following the instructions of the
manufacturers. The change in absorbance as a measure of cytokine con-
centration was monitored at 450 nm by using a SpectraMax M5 spectro-
photometer (Molecular Devices, Sunnyvale, CA). A standard curve was
prepared with 0 to 1,000 pg/ml of recombinant cytokines.
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Nitric oxide (-NO) and reactive oxygen species (ROS) detection. The
‘NO level in culture supernatants was measured by assaying the concen-
trations of nitrite (a stable nitric oxide breakdown product) in the culture
supernatants by using the Griess assay (14). Briefly, 50 ul of supernatant
samples was incubated for 5 min with 50 pl of 1% sulfanilamide made
using 5% phosphoric acid and then with 50 wl of 0.1% N-(1-napthyl)
ethylenediamine dihydrochloride (Sigma-Aldrich). Formation of diazo-
nium salt was monitored at 545 nm (standard curve, 0 to 50 M sodium
nitrite). To measure ROS release, 50 pl of culture supernatants was incu-
bated for 5 min with final reaction concentrations of 33 uM Amplex Red
reagent (Thermo Scientific, Waltham, MA) and 0.1 U/ml horseradish
peroxidase (final volume, 150 pl). The oxidation of Amplex Red to fluo-
rescent resorufin by H,O, (excitation wavelength, 563 nm [Exs;]; emis-
sion wavelength, 587 nm [Emsg,]) was recorded on a SpectraMax M5
microplate reader (standard curve, 0 to 10 pM H,0,) (15). To evaluate
intracellular ROS levels, mgs were seeded in black-walled, clear-bottom
96-well plates and infected with T. cruzi isolates for 3 h or 18 h as de-
scribed under “Parasites and macrophage cultures” above. The cells
were washed, replenished with 100 pl culture media, and incubated for
30 min in the presence of 50 uM 2',7’-dichlorodihydrofluorescein diace-
tate (H,DCFDA; Molecular Probes, Eugene, OR) at 37°C and 5% CO,.
The cells were washed twice with phosphate-buffered saline (PBS) and
loaded with 100 wl PBS, and then the intracellular ROS-dependent for-
mation of 2',7'-dichlorofluorescein (DCF) was analyzed at Ex,q5/Ems;q
by fluorimetry (16). To monitor the mitochondrial superoxide, RAW
264.7 macrophages were seeded in black-walled, clear-bottom 96-well
plates and infected with T. cruzi isolates for 18 h. Cells were washed
twice with PBS, incubated for 30 min in the presence of 5 wM MitoSox
Red (Molecular Probes), and then washed and replenished with 100 .l
Hanks balanced salt solution (HBSS). MitoSOX Red is rapidly and
selectively targeted to the mitochondria, where its oxidation by super-
oxide results in release of red fluorescence that was measured at Ex, o/
Emsg, by fluorimetry.

Quantitative reverse transcription-PCR (RT-qPCR) for analyzing
oxidative metabolism. The custom-designed mitoxosome arrays consist-
ing of primer sets for probing the expression profiles of 45 key genes
related to oxidative phosphorylation and mitochondrial biogenesis (plus
1 reference gene) were designed in collaboration with Tom Wood at the
Biomolecular Resource Facility at the UTMB Galveston (Table 1). The
oligomers were then synthesized (IDT, Coralville, IA) and validated for
the generation of a single product in quantitative PCR (qPCR) under the
thermal cycling conditions described below. All primer sequences are
available upon request. Total RNA from the cells was extracted by using
TRIzol reagent (Sigma-Aldrich) following the manufacturer’s instruc-
tions. The DNA that might have been contaminating the RNA prepara-
tion was removed using an RNA purification kit (Ambion, Austin, TX).
The RNA pellets were resuspended in Molecular Grade water (Corning)
and then quantified by using a NanoDrop-1000 spectrophotometer
(Thermo Scientific, Waltham, MA). The total RNA (500 ng) was reverse
transcribed in a 20-pl reaction mixture by using an iScript cDNA synthe-
sis kit (Bio-Rad, Hercules, CA). The cDNA was distributed equally across
the gene array to be used as a template on a CFX Real-Time PCR detection
system (Bio-Rad). The real-time PCR mix (20 pl) consisted of cDNA, 10
I SYBR green master mix (Bio-Rad), and a 500 nM concentration of each
of the gene-specific oligonucleotides. The thermal cycle conditions were
94°C for a 15-s denaturation step followed by annealing and extension at
60°C for 1 min for 40 cycles. The threshold cycle (C;) values for target
mRNAs were normalized to the C . values for the 16S RNA gene sequence,
and then the relative fold change of each target gene expression was cal-
culated as 2742¢T by normalization to control group values using
PrimePCR Analysis software (Bio-Rad). Values below 1.0 were calculated
as negative fold change by dividing by —1 and are represented as down-
regulated levels of gene expression compared to the expression in no-
treatment controls (17).
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TABLE 1 Mitoxosome gene expression of macrophages measured by qRT-PCR”

LPS/TEN-y 1L-4 SYLX10
GenBank Fold Fold Fold
GeneID  Description accession no. change  Pvalue change Pvalue change P value
atp5al ATP synthase, H+ transporting, mitochondrial F1 NM_001001937 —1.833 ND —10.017  0.385 —1.680  0.410
complex, alpha subunit 1, cardiac muscle
atp5cl ATP synthase, H+ transporting, mitochondrial F1 NM_001001973  19.202 0.117 —2.237 0.343 8.980 0.000
complex, gamma polypeptide 1
atp5o0 ATP synthase, H+ transporting, mitochondrial F1 NM_001697 —8.594 0.157 —1.513 0.455 11.022 0.000
complex, O subunit
bpol Polymerase (DNA directed), beta NM_002690 —4.486  0.045 —1.626 0.203 6.132 0.001
cenpb Centromere protein B NM_001810 2.042 0.447 6.563 0.581 —26.233 0.119
cox5b Cytochrome c oxidase subunit Vb NM_001862 —4.293  0.002 NC 0.023 5.092 0.000
cox7a2 Cytochrome ¢ oxidase subunit VIIa polypeptide 2 (liver) NM_001865 —5.742  0.077 NC 0.623 8.219 0.001
cyb5r3 Cytochrome b reductase 3 NM_000398 1.876 0.784 2.496 0.906 —1.622 0.220
cycnl Cyclin 1 NM_006835 —2.457 0.291 1.899 0.832 NC 0.429
drpl Dynamin 1-like NM_012063 —2.672 0.224 NC 0.955 1912 0.190
fhl1 Four and a half LIM domains 1 NM_001449 —6.389 0.230 NC 0.488 —1.935 0.185
fisl Fission 1 (mitochondrial outer membrane) NM_016068 —4.750  0.000 —1.520 0.047 5.142 0.000
hol Heme oxygenase 1 GQ221778.1 1.510 0.831 NC 0.763 —1.617 0.252
hspc051 Ubiquinol-cytochrome ¢ reductase, complex III subunit X ~ NM_013387 —5.593  0.002 NC 0.137 5.544 0.006
Isp1 Lymphocyte-specific protein 1 NM_002339 —1.856 0.339 NC 0.478 —3.082 0.170
mfnl Mitofusin 1 NM._033540 1536 0664 NC 0.738  1.865 0.255
mfn2 Mitofusin 2 NM_014874 NC 0.360 1.681 0.835 2.874 0.436
mt-16S Mitochondrially encoded 16S RNA GQ369957.1
mt-atp6  Mitochondrially encoded ATP synthase 6 GQ369957.1 —3.176  0.033 NC 0.647 5.727 0.007
mt-atp8  Mitochondrially encoded ATP synthase 8 GQ369957.1 —3.464 0.080 NC 0.881 2.068 0.189
mt-col Mitochondrially encoded cytochrome ¢ oxidase I GQ369957.1 —1.893 0.310 NC 0.613 2.377 0.098
mt-co2 Mitochondrial cytochrome ¢ oxidase subunit II GQ369957.1 —1.758 0.318 NC 0.981 2.242 0.110
mt-co3 Mitochondrially encoded cytochrome ¢ oxidase III GQ369957.1 —3.387 0.002 NC 0.307 8.819 0.006
mt-cyth Mitochondrially encoded cytochrome b GQ369957.1 —2.957 0.108 NC 0.438 4.326 0.010
mt-ndl Mitochondrially encoded NADH dehydrogenase 1 GQ369957.1 —4.970  0.000 -1.596  0.017 6.823 0.012
mt-nd2 Mitochondrially encoded NADH dehydrogenase 2 GQ369957.1 —2.945 0.150 NC 0.546 4.241 0.011
mt-nd3 Mitochondrially encoded NADH dehydrogenase 3 GQ369957.1 —3.033 0.026 NC 0.381 5.673 0.011
mt-nd4 NADH dehydrogenase 4 GQ369957.1 —1.962 0.308 NC 0.990 2.711 0.091
mt-nd4l  Mitochondrially encoded NADH dehydrogenase 4L GQ369957.1 —2.340 0.234 NC 0.929 2.923 0.026
mt-nd5 Mitochondrially encoded NADH dehydrogenase 5 GQ369957.1 —1.556  0.370 1.654 0.985 NC 0.704
mt-nd6 NADH dehydrogenase subunit 6 GQ369957.1 —4.373  0.032 NC 0.442 4.131 0.006
ndufa5 NADH dehydrogenase (ubiquinone) 1 alpha NM_005000 —7.325  0.048 NC 0.329 3.893 0.017
subcomplex 5
ndufb5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 5  NM_002492 —5.277  0.003 NC 0.455 5.191 0.004
nrfla Nuclear respiratory factor 1 NM_001040110 —1.825 0.342 NC 0.961 NC 0.347
nrf2 Nuclear factor, erythroid 2-like 2 NM_006164 1.566 0.913 NC 0.527 NC 0.401
opal Optic atrophy 1 NM_015560 —2.678 0.169 NC 0.969 2.529 0.012
parkin Parkin RBR E3 ubiquitin protein ligase NM_004562 —2.344 0.290 NC 0.607 -1.717  0.218
ppargcla  Peroxisome proliferator-activated receptor gamma, NM_013261 —3.540 0.503 NC 0.978 2.921 0.180
coactivator 1 alpha
pinkl PTEN-induced putative kinase 1 NM_032409 —5.809 0.128 —-1.514 0.390 2.567 ND
polgl Polymerase (DNA directed), gamma NM_002693 3.406 0.575 6.286 0.901 —15.256  0.126
ps2 Ribosomal protein S2 NM_002952 NC 0.426 2.675 0.646 NC 0.346
sdhd Succinate dehydrogenase complex, subunit D, integral NM_003002 —1.604 0.299 NC 0.444 4.132 0.002
membrane protein
sod2 Superoxide dismutase 2, mitochondrial NM_000636 4.054 0.017 —5.395 0.169 1.876 0.249
tfam Mitochondrial transcription factor A NM_003201 —8.659  0.001 NC 0.680 5.306 ND
uqcrb Ubiquinol-cytochrome ¢ reductase binding protein NM_006294 —6.859  0.004 —1.843 0.019 7.502 0.001
ugqerel Ubiquinol-cytochrome ¢ reductase core protein I NM_003365 —3.162 0.198 1.843 0.361 2.094 0.174

@ A panel of 45 mitoxosome genes were used for the evaluation of THP-1 macrophages treated with IFN-y/LPS, IL-4, and SYL as described in Materials and Methods. Fold changes
in gene expression compared to no-treatment controls (N) were calculated by using the 27 *2“" method. Fold change values > |1.5| are shown. Upregulation data are
highlighted with underlining, downregulation data are highlighted in bold, and P values < 0.05 are highlighted in italics. ND, not detectable or not determined; NC, no
change or fold change < |1.5|. ID, identifier.
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Bioenergetic function analysis. An XF24 Extracellular Flux Analyzer
(Seahorse Biosciences, North Billerica, MA) was used to measure bioen-
ergetic function (18). The optimum number of RAW 264.7 mes per well
was determined as 80,000/0.32 cm?/well for obtaining a confluent mono-
layer culture. In all experiments, each treatment was performed in five
replicates. The oxygen consumption rate (OCR) (moles per minute) was
measured as an index of mitochondrial function. Cells were equilibrated
in XF assay medium (serum-free, bicarbonate-free, phenol red-free
DMEM [pH 7.4] supplemented with 5 mM glucose and 0.5 mM L-glu-
tamine) for 1 h prior to the bioenergetic measurements. A line diagram of
the OCR measurements is shown in Fig. S1A in the supplemental material.
After recording the initial basal OCR of macrophages (with or without T.
cruzi, LPS/IFN-y, or IL-4), oligomycin (1 uM), FCCP [carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone] (1 wM), and antimycin A (1 wM)
were injected sequentially through the ports of the Seahorse Flux Pak
cartridge. The ATP production-dependent OCR was calculated by the
decrease in basal OCR post-oligomycin addition. The remaining OCR is
due to proton leakage. An increase in the OCR post-FCCP addition
(OCRyccp) (uncouples the respiratory chain from ATP synthesis) was
used to determine the maximal mitochondrial respiration capacity. The
reserve (spare) respiratory capacity (SRC) was calculated as the difference
between the OCRy,,; and OCRy¢p values. Treatment with antimycin A
inhibited the flux of electrons through complex III and O, consumption
at cytochrome ¢ oxidase and allowed measurement of background non-
mitochondrial respiration.

The indices of glycolytic function were monitored by the extracellular
acidification rate (ECAR; mpH per minute) based on lactate efflux (19)
and were determined simultaneously with the OCR. A line diagram of
ECAR measurements is shown in Fig. S1B in the supplemental material.
The ECAR at the basal level (ECARy, ;) and the increase in the ECAR with
oligomycin addition (ECAR(jigomycin) Tepresented the use of glycolysis
for energy demand and total glycolytic capacity, respectively. The glyco-
Iytic reserve capacity was calculated as the difference between ECARy,
and ECAR i gomycin- Adding 2-deoxyglucose (2DG) inhibited all glyco-
lytic function and allowed a measure of the nonglycolytic acidification
rate (18).

Measurement of cell viability. RAW 264.7 mes (2 X 10" per well)
were seeded in 96-well plates and incubated with T. cruziisolates for 3 h or
18 h. Cells were washed twice with PBS and incubated for 30 min in the
presence of 0.5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT; from Sigma-Aldrich) in culture media. The re-
duction of yellow tetrazolium MTT by dehydrogenase enzymes in meta-
bolically active cells results in the formation of purple formazan crystals.
Formazan crystals were solubilized in 100 pl of dimethyl sulfoxide
(DMSO), and the change in absorbance was measured at 590 nm by using
a SpectraMax M5 spectrophotometer.

Giemsa staining of T. cruzi-infected macrophages. A total of 2 X 10*
RAW 264.7 mgs were seeded in Nunc Lab-Tek 8-well chamber slides
(Thermo Scientific) and then treated with T. cruzi for 18 h. Cells were
washed twice with PBS and then fixed with methanol for 5 min. Methanol
was aspirated, and cells were air-dried before incubation with Giemsa
working stain was performed. Stock Giemsa stain (Acros Organics,
Thermo Scientific) was diluted to a 2.5% working stain in 6.7 mM sodium
phosphate buffer—0.0025% Triton X-100 (pH 7.2) and then incubated on
the cell slides for 45 min. The stained cells were washed with wash buffer,
air-dried, and then visualized at 40X on a light microscope (BX53F Olym-
pus, Center Valley, PA).

Statistical analysis. All experiments were conducted with at least trip-
licate observations per treatment, and data are expressed as means *
standard errors of the means (SEM). Data were analyzed by Student’s ¢
test, one-way analysis of variance (ANOVA) with Tukey’s post hoc test, or
two-way ANOVA with Bonferroni post hoc test by using GraphPad Prism
5 software. Statistical significance for gene expression analysis was calcu-
lated by using PrimePCR Analysis software (Bio-Rad). Significant differ-
ences compared to no-treatment controls or as otherwise stated are an-
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FIG 1 T. cruzi SYL challenge induces the production of TNF-a in murine
RAW 264.7 macrophages (mes) but not in mes of human lineage. Murine
(RAW 264.7) and human (THP-1 and peripheral blood monocyte-derived)
mes were infected with T. cruzi SylvioX10/4 (SYL) isolate at 1:3 cell-to-parasite
ratio. Macrophages treated with 100 ng/ml LPS—20 ng IFN-y or 20 ng/ml IL-4
were used as controls. Culture supernatants were obtained at 3 h and 18 h
postincubation, and an ELISA was performed to quantitate cytokine release.
Data represent the results of TNF-a release from RAW mes incubated for 3 h
(A) or 18 h (B) and TNF-a release from human THP-1 (C) and peripheral
blood mononuclear cell (PBMC)-derived primary (D) mes incubated for 18 h.
In all figures, data are expressed as means = SEM (n = 3 replicates per treat-
ment per experiment). Significance was calculated by one-way ANOVA with
Tukey’s multiple-comparison test; data are presented as treatment group ver-
sus no-treatment control (N) unless marked by a horizontal line (***, P <
0.001).

notated as follows: *, Pvalue < 0.05; **, Pvalue < 0.01; and ***, Pvalue <
0.001.

Accession number(s). Accession numbers for data determined in this
work and deposited in GenBank are presented in Table 1.

RESULTS

ROS production and NO production, but not TNF-a produc-
tion, are suppressed in macrophages infected with T. cruzi. To
assess the quality of the m¢ response to pathogenic T. cruzi Syl-
vioX10/4 (SYL), we quantified the secretion of the proinflamma-
tory activation markers TNF-a, ROS, and -NO from murine
(RAW 264.7) and human (THP-1 and primary) mes. Macro-
phages were incubated with 7. cruzi for 3 h and 18 h to capture the
state of parasite-induced m¢ stimulation and infection, respec-
tively, and mes incubated with LPS/IFN-vy or IL-4 were used as
controls. The LPS/IFN-vy-treated murine mes, compared to mes
incubated in media alone, exhibited a >1,000-fold increase in
TNF-a release within 3 h (Fig. 1A, P < 0.001 sn0va Tukeys) that
was not further increased at 18 h posttreatment (Fig. 1B). RAW
264.7 mos infected with SYL (versus no treatment) exhibited
a rapid and potent increase in TNF-a release at 3 h (P <
0.001 \nova-Tukey's) that was slightly lower than that noted in LPS/
IFN-vy-treated mes. By 18 h, SYL-infected murine mes exhibited
levels of TNF-a that were similar to or higher than those noted for
LPS/IFN-vy-treated mes (Fig. 1B). In comparison, murine mgs
incubated with IL-4 exhibited no increase in TNF-a release above
the background levels (Fig. 1A and B). Human (THP-1- and
PBMC-derived) mes treated with LPS/IFN-+y for 18 h also exhib-
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FIG 2 Macrophages elicit suboptimal -NO and ROS production in response to T. cruzi infection. (A to F) RAW 264.7 murine mgs were infected with the SYL
isolate of T. cruzi as described for Fig. 1. Macrophages treated with 100 ng/ml LPS-20 ng/ml IFN-vy or 20 ng/ml IL-4 were used as controls. Macrophages were
incubated for 3h (A to C) or 18 h (D to I). Bar graphs show nitrite release, a measure of -NO production, by Griess test (A and D); DCF fluorescence, a measure
of intracellular ROS production (B and E); and H,O, release measured by an Amplex Red assay by fluorimetry (C and F). (G) THP-1 mes were infected with SYL
or treated with LPS/IFN-v or IL-4 for 18 h as described above, and DCF fluorescence (intracellular ROS) was determined by fluorimetry. (H and I) RAW 264.7
m¢ were treated with 100 ng/ml LPS-20 ng/ml IFN-vy for 18 h in the presence or absence of a NOX inhibitor, diphenyleneiodonium (DPI). Total intracellular
ROS (H) and mitochondrial ROS (I) were measured by DCF and MitoSOX Red fluorescence, respectively. Fold change is presented in comparison to no-
treatment controls. Data are shown as means * SEM (n = 3 replicates per treatment per experiment). Significance was calculated by one-way ANOVA with
Tukey’s multiple-comparison test, and data are presented as treatment group versus no-treatment control unless marked by a horizontal line (*, P < 0.05; **, P <

0.01; ***, P < 0.001).

ited a potent increase in TNF-a release above the backgroundlevel  the cytotoxicity of phagocytes. Our data showed that -NO and
(Fig. 1C and D, P < 0.001 \nova-Tukeys)- However, human mes  H,0, release as well as intracellular ROS (DCF fluorescence) lev-
exhibited no significant increase in TNF-a release in response to  els were not significantly increased above the background levels in
SYL infection (Fig. 1C and D), like that noted in IL-4-treated m¢s. ~ murine megs incubated with LPS/IFN-v, IL-4, or SYL for 3 h (Fig.
No increase was noted in the immunomodulatory cytokines tu-  2A to C). By 18 h postincubation, LPS/TFN-vy induced 10-fold and
mor growth factor-f and IL-10 in murine mes incubated with ~ 5-fold increases in -NO release and intracellular ROS, respectively
SYL for 3 h or 18 h. Together, the results presented in Fig. 1 sug-  (Fig. 2D and E, P < 0.001 \nova-Tukeys)» While no significant dif-
gested that a potent activation of TNF-« is a key feature of LPS/  ferences were observed for H,O, release (Fig. 2F) compared to
IFN-vy induced mes and that murine (but not human) megs are  that noted in mes incubated with IL-4 or media alone. RAW 264.7
capable of responding to SYL infection by elicitation of inflamma- ~ mes infected with SYL for 18 h exhibited low levels of -NO (Fig.
tory cytokine response. 2D), a 2-fold increase in H,O, release (Fig. 2F), and no increase in

Macrophage production of -NO and O,-~, known as nitrosa-  intracellular ROS levels (Fig. 2E) compared to those noted in nor-
tive and oxidative stress, respectively, is an important indicator of  mal controls. A significant induction of intracellular ROS was also
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FIG 3 Oxidative metabolism-related gene expression profile in macrophages infected with T. cruzi. THP-1 monocytes were differentiated to resting mes and
incubated in triplicate with LPS/TFN-+y, IL-4, or SYL as described in Materials and Methods. RT-qPCR was performed by using custom-designed arrays to profile
the expression of mitochondrial oxidative metabolism-related genes in LPS/IFN-y-, IL-4-, and SYL-treated mes. The data were normalized to the 16S gene, and
fold change was calculated against the expression levels in mes incubated in media alone. (A) A heat map of differential gene expression profile. Mitoch,
mitochondrial; Nuc, nuclear. (B and C) Venn diagrams of numbers of genes whose expression was increased (B) or decreased (C) (=1.5-fold change, P < 0.05)
in mes incubated with LPS/IFN-vy, IL-4, or SYL with respect to no-treatment controls are shown.

detected in human THP-1 mes that were incubated with LPS/
IEN-y (P < 0.001 \nova-Tukeys) compared to THP-1 mes incu-
bated with IL-4, SYL, or media alone for 18 h (Fig. 2G). To identify
the source of ROS, we stimulated RAW 264.7 mes with LPS/
IFN-v in the presence of an NADPH oxidase (NOX2) inhibitor,
diphenyleneiodonium (DPI), and then measured the levels of in-
tracellular ROS and mitochondrial ROS using H,DCFDA and
MitoSOX Red fluorescent probes, respectively. We found that the
inhibition of NOX2 by DPI abolished the LPS/IFN-y-induced in-
tracellular ROS (Fig. 2H). Basal levels of mitochondrial ROS that
were detected in the no-treatment control mes were further de-
creased by LPS/IFN-vy induction, and cotreatment with DPI pre-
vented the LPS/IFN-vy suppression of mitochondrial ROS in mu-
rine mes (Fig. 2I). Together, the results presented in Fig. 2
suggested that murine and human mes respond by the produc-
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tion of -NO and ROS in the order LPS/IFN-y >=> SYL > [L-4 =
media alone, where ROS release is increased by NADPH oxidase
activation.

Mitochondrial gene transcription is induced in T. cruzi-in-
fected macrophages. Cellular metabolic status can serve as a sig-
naling event in the functional activation of mes toward diverse
phenotypes (20). THP-1 mes were incubated for 12 h with LPS/
IEN-vy or IL-4, or for 18 h with SYL, and we performed RT-qPCR
analysis to probe the expression of 45 mitoxosome genes by using a
custom-designed array (Table 1). All 45 of the genes were differen-
tially expressed by at least 11.5/-fold change in mes incubated with
LPS/TFN-y, IL-4, or SYL compared to media alone (Fig. 3A), and the
results for 22 of the genes were statistically significant (P < 0.05).

A total of 27 genes were differentially expressed by at least
I1.51-fold change (2 upregulated, 25 downregulated) in LPS/IFN-

December 2016 Volume 84 Number 12


http://iai.asm.org

v-induced mes (Fig. 3B and C), where the upregulation of an
antioxidant gene (sod2) and downregulation of 9 genes (mt-nd3,
mt-nd6, ndufa5, ndufb5, hspc051, cox5b, mt-co3, mt-atp6, and
tfam) involved in the electron transport chain, mitochondrial fis-
sion, and mitochondrial and nuclear gene transcription were
deemed statistically significant in comparison to the no-treatment
me group.

In IL-4-treated mes, only 2 genes (atp5cl and sod2) were
downregulated (P < 0.05) (Fig. 3C) and 5 genes were upregulated
by =11.5I-fold (Fig. 3B), but the results were not significantly dif-
ferent from the expression in the untreated mes (Table 1). In
comparison, SYL-infected mes exhibited upregulation of 27
genes, encoding products involved in the electron transport chain,
mitochondrial fission and fusion, and a nuclear polymerase (Fig.
3A), and the results for 19 of the genes were deemed statistically
significant (Fig. 3B and Table 1). Only 4 genes were differentially
downregulated, but the results did not show statistical significance
(Fig. 3C and Table 1). These results suggested that LPS/IFN-vy
switched off the mitoxosome at the transcriptional level and that
SYL-infected mes enhanced the gene expression profile condu-
cive to oxidative metabolism.

T. cruzi-infected macrophages fail to switch to glycolytic me-
tabolism. To investigate the metabolic status of mes at the func-
tional level in response to SYL, we employed the XF24 Analyzer to
examine two major pathways of energy production: oxidative metab-
olism based on mitochondrial oxygen consumption rate (OCR; see
Fig. S1A in the supplemental material) and glycolysis by extracellular
acidification rate (ECAR; see Fig. S1B). The metabolic status of mu-
rine mes incubated with LPS/IFN-+y, IL-4, or SYL for 3 h showed
no differences in the levels of basal (OCRgp,,-OCR 4 imycin) and
ATP-linked (OCRg,,1-OCRpjigomycin) OCR, as well as in proton
leak (OCRjigomycinOCRptimycin)> I treated (versus untreated)
mes at 3 h (Fig. 4A.a and A.b). However, FCCP induction of mito-
chondrial maximal respiration capacity (OCRpccp-OCR g pgimycin)
was found to be 60% (P < 0.001,yovapr) and 35% (P <
0.05,n0va.gr) higher in IL-4-treated and SYL-infected murine
mes, respectively, than in LPS/IFN-v-treated mes. Likewise, IL-
4-treated and SYL-infected mes exhibited 7-fold higher levels of
mitochondrial respiratory reserve capacity (OCRpccp-OCRpuca1)
(Fig. 4A.a and A.b, P < 0.01 to 0.001,y0va-gr)- Basal use of the
glycolytic pathway for energy demand was enhanced by 1.6-fold and
2-fold by LPS/TFN-y and SYL, respectively, compared to that noted in
IL-4-treated mes (Fig. 4B.a and B.b, all, P < 0.001 y\yova_gr)- After
the addition of oligomycin (inhibits complex V ATP synthase ac-
tivity), the maximal ECAR was increased in all m¢e samples, with
the least increase in ECAR being induced by IL-4 treatment. Total
levels of glycolytic capacity (ECARpjigomycin"ECARp,s01) Were not
statistically different in any of the macrophage samples at 3 h (Fig.
4B). Altogether, at 3 h postincubation, (i) LPS/IFN-vy treatment
resulted in a reduction of the mitochondrial maximal and reserve
respiration capacity and activation of glycolytic metabolism; (ii)
IL-4 induced preferential utilization of oxidative metabolism; and
(iii) SYL infection resulted in an intermediate metabolic state that
presented with no decline in oxidative metabolism combined with
the capability of using glycolysis to meet the energy demand in
macrophages.

By 18 h, murine mes incubated with IL-4 and LPS/IFN-vy were
completely polarized in their use of mitochondrial oxidative me-
tabolism and glycolysis, respectively, for energy demand (Fig. 4C
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and D). LPS/IFN-vy-treated mes showed no use of mitochondrial
respiration (Fig. 4C.a and C.b). In comparison, IL-4-treated mes
exhibited >10-fold higher levels of basal, ATP-coupled, maximal,
and reserve mitochondrial respiration (Fig. 4C.a and C.b, all P <
0.001 y\nova-gr) that was abolished by antimycin (inhibits ATP-
coupled respiration), thus suggesting that the mitochondrial oxi-
dative metabolism was the major pathway used to fulfill energy
demand. Further, SYL-infected murine mes (versus LPS/IFN-vy
mes) continued to utilize mitochondrial oxidative metabolism,
though basal, ATP coupled, and maximal respiration levels in
SYL-infected mes at 18 h were at 45% to 60% of the levels noted in
IL-4-treated mes (P < 0.001 snova_gr)> and their reserve respira-
tory capacity was completely depleted (Fig. 4C.a and C.b). A
2-fold decline in OCR mediated by 2-deoxyglucose (2DG; inhibits
glycolysis) in IL-4-treated mes suggested that immunomodula-
tory mes utilize the glycolytic pathway to feed the substrate to
tricarboxylic acid (TCA) cycle-linked oxidative metabolism (Fig.
4C.aand C.b).

ECAR measurements in murine mes incubated for 18 h
showed that LPS/IFN-vy and SYL induced 57 to 61% more utiliza-
tion of the glycolytic pathway than IL-4 in mes (ECAR, ;) (P <
0.001 \nova.ge Fig. 4D.a and D.b). When mitochondrial respira-
tion was inhibited by oligomycin, IL-4-treated and SYL-infected
(versus LPS/IFN-y-treated) mes were capable of increasing gly-
colysis as a source of energy and showed high levels of glycolytic
reserve capacity (Fig. 4D.a and D.b, P < 0.001,yova.gr). The
shutdown of ECAR by the addition of 2DG confirmed that LPS/
IFN-vy-treated mes utilized glucose for energy. Altogether, at 18 h
postincubation, (i) IL-4-induced mes continued to utilize mito-
chondrial oxidative metabolism as a major source of energy; (ii)
complete shutdown of mitochondrial metabolism and a switch to
glycolysis as a sole source of energy with no glycolytic reserve
capacity occurred in LPS/IFN-v-treated mes; and, importantly,
(iii) SYL infection arrested the mes in an IL-4-like metabolic state
and prevented the switch to utilizing glycolysis as a major source
of energy as was noted in LPS/IFN-ry-treated mes.

IFN-vy supplementation during T. cruzi infection promotes a
metabolic switch in macrophages. We next investigated if pro-
viding IFN-v as a secondary stimulus would enhance the meta-
bolic shift of mes treated with T. cruzi. Within 3 h, SYL/TFN-vy-
treated mes exhibited a 57% decline in basal and ATP-linked
respiration (Fig. 5A.a and A.b, P < 0.001 \nova_ge) and a partial
use of glycolysis (Fig. 5B.a and B.b) compared to the results noted
in mes treated with only SYL or in no-treatment mes. By 18 h,
SYL/TEN-v-treated mes exhibited a shutdown of basal, ATP-linked,
and maximal mitochondrial oxygen consumption (Fig. 5C.a and
C.b) and utilized glycolysis at the maximal capacity (Fig. 5D.a and
D.b), which was similar to the results noted in LPS/IFN-v-treated
mes (Fig. 4C and D). These results suggested that (i) T. cruzi did
not irreversibly affect the macrophage’s ability to utilize oxidative
or glycolytic metabolism and that (ii) IFN-y serves as a signal
sufficient to deactivate macrophage respiration and enhance gly-
colysis during T. cruzi infection.

Oxidative metabolism and NO production of macrophages
are augmented in response to TCC. The SYL isolate establishes a
chronic infection, while the TCC isolate fails to persist in mice. To
determine if a metabolic switch to a glycolytic pathway and LPS/
IFN-+v-like activation was a prerequisite for m¢ control of T. cruzi,
we challenged the murine mes with the TCC isolate. Giemsa
staining showed no major differences in association of TCC and
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FIG 4 Macrophage utilization of oxidative metabolism is not perturbed in the presence of T. cruzi SYL. RAW 264.7 mgs (8 X 10*/well) were seeded in XF24 plates and
incubated with T. cruzi (SylvioX10/4), LPS/IFN-v, or IL-4 for 3 h (A and B) or 18 h (C and D). The oxygen consumption rate (OCR = mitochondrial oxidative
metabolism rate) and extracellular acidification rate (ECAR = anaerobic glycolytic metabolism) were evaluated by using an XF24 Analyzer. Data represent OCR (A.aand
C.a) and ECAR (B.a and D.a) profiles of macrophages in response to sequential administration of pharmacological modulators of the mitochondrial electron transport
chain, including oligomycin (O), FCCP (F), and antimycin (A). Bar graphs show mean values (+ SEM) for OCR (A.b and C.b)- and ECAR (B.b and D.b)-based
parameters, derived from the mean of five replicates (triplicate readings per sample). Significance was calculated by two-way ANOVA with Bonferroni post hoc test and
is expressed as results of comparisons to the LPS/IFN-y (A.b and C.b)- or IL-4 (B.b and D.b)-treated mes (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

SYL isolates with RAW 264.7 meos at 3 h (data not shown), and by  In terms of oxidative metabolism at 3 h postincubation, the levels
18 h, SYL trypomastigotes showed entrance into the host cell cy-  of basal, ATP-linked, and maximal O, consumption seen with
toplasm whereas some of the TCC trypomastigotes remained at-  TCC-infected mes were 54%, 59%, and 56% higher, respectively,
tached to the surface of mes at this time point (Fig. 6A.aand A.b).  than those seen with SYL-infected mes (Fig. 6B.a and B.b, P < 0.01
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FIG 5 IFN-vy supplementation during T. cruzi infection suppressed oxygen consumption. RAW 264.7 m¢ (8 X 10*/well) were seeded in XF24 plates and
incubated for 3 h (A and B) or 18 h (C and D) with T. cruzi SYL in the presence or absence of 50 ng/ml IFN-y. The OCR (A.a and C.a) and ECAR (B.aand D.a)
real-time profiles of mes in response to sequential modulation of mitochondrial electron transport chain were recorded as described for Fig. 4. Bar graphs show
mean values (= SEM) of OCR (A.b and C.b)- and ECAR (B.b and D.b)-based parameters at 18 h, derived from the mean of 3 to 4 replicates (triplicate readings
per sample). Significance was calculated by two-way ANOVA with Bonferroni post hoc test and is expressed as results of comparisons to the LPS/IFN-y-treated
mes unless marked by a horizontal line (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Note that supplementation of IFN-y with T. cruzi reduced the me respiration

in comparison to T. cruzi treatment alone.

to 0.001 \nova-gr)- TCC-infected meps also exhibited a 60% higher
level of mitochondrial spare respiratory capacity (OCRpecp-
OCRg,,) than SYL-infected mes (Fig. 6B.a and B.b, P <
0.001 y\nova.gr)- At 18 h (versus 3 h) postinfection (pi), the max-
imal OCR of TCC-infected murine megs declined by 3-fold (com-
pare Fig. 6B.b with Fig. 6C.b) but remained higher than the OCR
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of SYL-infected mes (Fig. 6C.a and C.b, P < 0.01 y\nova_gr)- How-
ever, no differences in the levels of mitochondrial OCR reserve at
18 h (Fig. 6C.b) or in ECARs (basal utilization of glycolytic path-
way and glycolytic reserve) at 3 h and 18 h postincubation were
observed in TCC- and SYL-infected mes (see Fig. S2A and B in the
supplemental material). These data suggested that TCC-infected
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FIG 6 SYL-versus-TCC-induced changes in oxygen consumption rate in macrophages. (A) RAW 264.7 megs (2 X 10*/well) were seeded in Nunc Lab-Tek 8-well
chamber slides and incubated with SYL or TCC isolates of T. cruzi for 18 h. Slides were stained with Giemsa stain and then visualized at X40 magnification.
Intracellular and attached T. cruzi trypomastigotes are marked by black and blue arrows, respectively. (B and C) RAW 264.7 mes (8 X 10*/well) were seeded in
XF24 plates and incubated with SYL or TCC isolates of T. cruzi for 3 h (B) and 18 h (C). The OCR was recorded as described for Fig. 4. Note that the basal,
ATP-linked, and maximal respiration levels are augmented in mes challenged with TCC compared to those challenged with the SYL isolate at 3 h (B.a). By 18 h
pi, mes challenged with TCC respired at levels similar to those seen with SYL-infected cells but continued to have an enhanced maximum O, consumption
capacity (C.a). Bar graphs show mean values (+ SEM) of OCR-based parameters at 3 h (B.b) and 18 h (C.b) derived from the mean of four replicates (triplicate
readings per sample). Significance was calculated by two-way ANOVA with Bonferroni post hoc test, and data are expressed as results of comparisons to the

SYL-infected mes (**, P < 0.01; ***, P < 0.001).

mes utilize a higher level of mitochondrial oxidative metabolism
than SYL-infected mes.

At a functional level, incubation for 3 h elicited no increase in
the release of -NO and H,0,, and intracellular ROS levels in TCC-
and SYL-infected (versus uninfected) murine mes (Fig. 7A, pan-
els a to ¢) and me viability were also not affected by TCC or SYL
after 3 h of incubation (Fig. 7A.d). After 18 h, TCC- and SYL-
infected (versus no-treatment) murine mes exhibited 4-fold and
2-fold increases in -NO release (Fig. 7B.a, P < 0.001 s\nova-Tukey's)
and 69% and 47% increases in H,O, release (Fig. 7B.b, P < 0.05 to
0.01 snova-Tukeys)> Tespectively, while no significant change in in-
tracellular ROS levels (Fig. 7B.c) was observed. The SYL-infected
and TCC-infected mes exhibited 16.5% (P < 0.05) and 47.5%
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(P < 0.01) increases in proliferation (versus untreated controls),
respectively, at 18 h postincubation (Fig. 7B.d). Further, TCC-
and SYL-infected (versus uninfected) murine mes exhibited a 10-
fold increase in TNF-a release (Fig. 7C.asnova Tukeys) at 18 h
postincubation. THP-1 human mes infected with TCC and SYL
isolates for 18 h, compared to no-infection controls, also exhibited
14-fold and 21-fold increases in TNF-a release, respectively (Fig.
7C.b, P <0.001 snova-Tukey's)> Although TNF-a release from infected
THP-1 mes was lower than that observed in LPS/IFN-y-treated M1
mes (Fig. 1C). Together, the results presented in Fig. 6 and 7 and in
Fig. S2A and B in the supplemental material suggested that TCC- and
SYL-infected mes do not differ in their capacity to produce ROS and
TNF-a but that TCC-infected mes exhibit enhanced O, consump-
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FIG7 SYL-versus-TCC-induced functional activation of macrophages. (A and B) RAW 264.7 mes (5 X 10° per well) were seeded in 24-well plates and incubated
with TCC or SYL isolates of T. cruzi at a 1:3 cell-to-parasite ratio for 3 h (A) or 18 h (B). Bar graphs show nitrite release by a Griess test (A.a and B.a); H,0,
release by an Amplex Red assay (A.b and B.b); DCF fluorescence, a measure of intracellular ROS production (A.c and B.c); and cell viability and proliferation by
MTT absorbance analysis (A.d and B.d). (C) RAW 264.7 and THP-1 mgs were infected with SYL for 18 h as described above. TNF-a production by RAW 264.7
(C.a) and THP-1 (C.b) m¢s was measured by an ELISA. Data are presented as means = SEM (1 = 3 to 4 replicates per treatment per experiment). Significance
was calculated by one-way ANOVA with Tukey’s multiple-comparison test, and data are presented as results of comparisons to a no-treatment control (N) unless

marked by a horizontal line (¥, P < 0.05; **¥, P < 0.01; ***, P < 0.001).

tion, mitochondrial oxidative metabolism, and nitrite production
compared to the levels noted in SYL-infected mes.

Inhibition of oxygen consumption suppresses the release of
-NO in macrophages. To determine if m¢ O, consumption regu-
lates -NO production and constitutes a mechanism involved in
parasite control, we incubated murine mes with SYL in combina-
tion with oligomycin (inhibits ATP synthase and suppresses mi-
tochondrial O, consumption) or FCCP (uncouples electron
transport chain from ATP synthesis and induces maximal O, con-
sumption) and measured the -NO level at 18 h posttreatment.
Oligomycin treatment abolished the SYL-induced 2-fold increase
in -NO levels in infected mgs (P < 0.01sx0va-Tukey's Fig. 8A),
while no significant effect of oligomycin was observed on the SYL-
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induced ROS levels (Fig. 8B). Likewise, FCCP treatment had no
inhibitory effects on SYL-induced -NO release in infected murine
mes (Fig. 8C). These results suggested that ATP-coupled O, con-
sumption may be a mechanism for -NO generation by mes during
T. cruzi infection.

DISCUSSION

In this study, we investigated how levels of m¢ activation differed
in response to T. cruzi isolates that had been shown to exhibit
differentlevels of virulence in mice (21). We showed that infection
with the virulent SYL isolate arrested the ms in an intermediate
proinflammatory state with enhanced TNF-a production, low
levels of ROS and -NO release, and partial utilization of glycolysis
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and oxidative metabolism at the gene expression and functional
levels. Importantly, TCC-infected mes did not differ from SYL-
infected mes in their capacity to produce TNF-a and ROS; how-
ever, the TCC-infected mes exhibited levels of O, consumption,
oxidative metabolism, and -NO production that were up to 2-fold
higher than those seen with the SYL-infected mes. These results,
to the best of our knowledge, provide the first evidence that mito-
chondrial O, consumption constitutes a mechanism for stimulat-
ing -NO production in mes during T. cruzi infection. We postu-
late that enhancing the respiratory capacity will provide an
attractive strategy for increasing -NO production and pathogen
clearance by mes to limit disease progression.

The proinflammatory markers TNF-a, ROS, and -NO are in-
dicators of meos that have been activated for innate immune de-
fense (22). Indeed, murine and human mes incubated with LPS/
IFN-vy exhibited a >1,000-fold increase in TNF-a production at 3
h (Fig. 1) that was succeeded by a robust (>10-fold) increase in
‘NO, extracellular H,0O,, and intracellular O,-~ generation at 18 h
(Fig. 2). Differential levels of activation in human and mouse cells
have also been observed by others (23). Importantly, both human
and mouse mes elicited low levels of oxidative (O,:~, H,0,) and
nitrosative (-NO) stress upon SYL infection (Fig. 2). Because ROS
and NO and their by-products are strong cytotoxic agents that
may directly kill the pathogen (24) or influence the cellular func-
tion by formation of adducts on DNA, proteins, and lipids (25,
26), our data suggest that T. cruzi diminishes the oxidative/nitro-
sative response to ensure its survival in mes. Our finding of inhi-
bition of ROS by DPI (NOX2 inhibitor) and a lack of mitochon-
drial ROS stimulated by LPS/IFN-vy (Fig. 2H and I) and our prior
T. cruzi infection studies in splenocytes and human THP-1 mes
(27, 28) suggest that NOX2 is the major source of ROS in mes.
How SYL diminishes NOX2 activation to control ROS/NO levels
remains to be further investigated. Others have suggested that an
elaborate antioxidant network comprising peroxiredoxins that
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scavenge ROS and NO provides a survival advantage to T. cruzi in
immune cells (6). These observations, along with our finding of
increased NO production in TCC-infected (versus SYL-in-
fected) mes (Fig. 7), allow us to propose that intraphagosomal
ROS and -NO survival constitutes at least one key mechanism
of the parasite’s persistence in the host.

Electron transport chain (ETC)-coupled oxidative phosphor-
ylation (OXPHOS) is the main source of ATP energy in eukaryotic
cells. The immunomodulatory mes are long-lived and regulate
immune functions such as by clearing immune complexes, sup-
pressing inflammatory responses, and promoting wound healing
(13). Our data showed that IL-4-induced immunomodulatory
mes maintained the transcription levels of ETC and OXPHOS
complexes, antioxidant responses, and mitochondrial regulatory
enzymes and primarily utilized oxidative metabolism to meet the
energy demand. The glycolysis product, pyruvate, may be reduced
to lactate, resulting in ATP release, or may provide acetyl-coen-
zyme A (acetyl-CoA) to support the TCA cycle. Our finding of a
decline in the oxygen consumption rate (OCR) in IL-4-treated
mes after addition of 2-DG (Fig. 4C.a) suggested that these mes
utilize the glycolytic pathway to drive pyruvate to feed the TCA
cycle and generate reduced (NADH/NADPH) energy for oxida-
tive metabolism (29, 30). Our data also suggest that the use of
oxidative metabolism in IL-4-induced mos was not because of an
inability to use glycolysis for producing energy, as shown by a
metabolic switch to glycolysis after ATP synthase inhibition (Fig.
4D.a). The LPS/IFN-vy-induced proinflammatory mes solely uti-
lized the glycolytic pathway for meeting the energy demand and
shut down the oxidative metabolism at the transcriptional and
functional levels (Fig. 3 and 4). How the metabolism is shifted
and how it may drive the inflammatory versus immunomodula-
tory phenotype in mes remain incompletely understood. Some
studies have suggested that poly(ADP-ribose) polymerase 1
(PARP1), a DNA repair enzyme activated by ROS-induced DNA
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adducts, depletes the NAD ™ substrate required for normal activity
of sirtuin 1, a metabolic sensor (31, 32), and may activate cells to
utilize a glycolytic pathway for energy (33). In our present study,
we indeed observed the downregulation of mitoxosome gene ex-
pression in me stimulated with LPS/IFN-v; but we noted early
metabolic polarization in mes responding to LPS/IFN-vy and IL-4
at 3 h (Fig. 4A and B) before significant increases in ROS and -NO
levels at 18 h (Fig. 2). This suggests that ROS-induced PARP1
activation would occur after the transcriptional inhibition of mi-
tochondrial oxidative metabolism and may have a role in the
maintenance of glycolysis in cells. In the mes responding to SYL,
the metabolic and cytotoxic phenotype was arrested at an inter-
mediate state with an LPS/IFN-y-like activation of glycolysis with
TNF-a production and IL-4-like oxidative metabolism at the gene
expression and functional levels and low levels of ROS and NO
production. The addition of IFN-vy lifted the T. cruzi-induced
metabolic block, which suggests that IFN-v secreted by nearby
cells in an in vivo disease system could aid in the proinflammatory
metabolic activation of macrophages for T. cruzi killing. How
IFN-vy regulates the metabolic state of the ms remains to be in-
vestigated in future studies.

Secreted factors originating from 7. cruzi influence the host cell
signaling pathways for successful infection (reviewed in reference
34). One of these soluble proteins, cruzipain, has been found to
enhance arginase activity (35), which is a key characteristic in
immunomodulatory/IL-4-polarized murine mes. Trypanosoma
phospholipase Al is a virulence factor that has been shown to
generate secondary lipid messengers and to activate protein kinase
C (36), an enzyme that promotes glycolysis in B cells (37) in host
cells. These T. cruzi molecules may prove to be significant in re-
ducing T. cruzi pathogenesis or improving the m¢ response by
affecting the metabolic processes.

TCC is a low-pathogenicity T. cruzi strain that has been previ-
ously studied for its immunogenicity (38) and was recently found
to be controlled by mes (39). Surprisingly, TCC-treated mes,
instead of switching to a glycolytic pathway for energy demand,
consumed more oxygen and exhibited heightened oxidative me-
tabolism at 3 h pi and then produced higher levels of -NO than
SYL-infected mgs. These results suggest that -NO may contribute
to T. cruzi killing as multiple reactive nitrogen species (RNS) (40).
High oxygen consumption has been described to correlate with
increased ROS levels in neutrophils and PBMCs activated with
diverse stimuli (41, 42) and with L-arginine supplementation for
endothelial NOS activity (43). Yet, with T. cruzi infection of mes,
we did not observe potent ROS generation but instead observed
augmented -NO production in response to the TCC isolate. Argi-
nase 1 (Argl) competes with iNOS for arginine for the synthesis of
ornithine and polyamines, which results in a net effect of reduced
production of RNS (44). Thus, one possibility is that increased O,
consumption diverts the arginine metabolism from Argl to -NO
production in TCC-infected mes; however, the mere increase in
O, consumption caused by FCCP treatment of the SYL-infected
mes did not further increase -NO production (Fig. 8). Instead,
inhibiting ATP synthase and OXPHOS with oligomycin caused a
significant decline in -NO release in infected mes (Fig. 8). These
data suggest that O, consumption-linked ATP synthesis is impor-
tant for the generation of -NO by mes in response to T. cruzi. Our
observation of a direct relationship between OXPHOS and -NO in
T. cruzi-infected meos differs from the literature wherein others
have documented the -NO as being an antagonist for O, con-
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sumption (45, 46). The kinetics of O, consumption and -NO pro-
duction in T. cruzi-infected mes will provide further insight into
how phagocytes may achieve parasite clearance while preventing
overactivation of mitochondrial function and -NO to ensure host
survival.

Antigenic lysates of intracellular pathogens have the potential
to activate the inflammatory profile of immune cells. In the con-
text of T. cruzi, prepared lysates are insufficient to activate an
inflammatory response in mes and splenocytes. Human THP-1
mes were shown to lack induction of IL-1B with either live T. cruzi
and T. cruzi lysate stimulation compared to LPS treatment (28).
Splenocytes isolated from normal mice respond to T. cruzi lysates
with low levels of production of H,O, that were enhanced only
when splenic cells were primed with live T. cruzi before secondary
stimulation with T. cruzi lysate (27). Further, expression of the
proinflammatory cytokines IL-1(3, IL-6, TNF-1a, and IFN-vy and
the immunomodulatory cytokine IL-4 was not elicited by T. cruzi
lysate treatment compared to no-treatment controls (27). Others
have shown that inoculation with heat-killed T. cruzi induced car-
diac damage but lacked inflammatory qualities in the heart and
splenocytes compared to the results seen with T. cruzi-infected
mice (47). These observations suggest that immune cells do not
respond to heat-killed T. cruzi or T. cruzilysates with an enhanced
proinflammatory profile compared to live T. cruzi.

In summary, we have investigated the antimicrobial and met-
abolic responses of mgs to T. cruzi. Our results suggested that -NO
and oxidative metabolism, rather than complete activation of in-
flammatory phenotypes like those seen with LPS/IFN-vy-treated
mes, may be the key components for the resistance and cyto-
toxic response of macrophages to T. cruzi. To our knowledge,
this is the first report that -NO formation can be dependent on
mitochondrion-linked oxygen consumption in mes and that
mitochondrial respiration can be beneficial in an antimicrobial
response by mes.
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