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Trypanosoma cruzi, the causative agent of Chagas disease (CD), con-
tains exclusively Fe-dependent superoxide dismutases (Fe-SODs). Dur-
ing T. cruzi invasion to macrophages, superoxide radical (O2

•−) is
produced at the phagosomal compartment toward the internalized
parasite via NOX-2 (gp91-phox) activation. In this work, T. cruzi cyto-
solic Fe-SODB overexpressers (pRIBOTEX–Fe-SODB) exhibited higher
resistance to macrophage-dependent killing and enhanced intracellu-
lar proliferation compared with wild-type (WT) parasites. The higher
infectivity of Fe-SODB overexpressers compared with WT parasites
was lost in gp91-phox−/− macrophages, underscoring the role of O2

•−

in parasite killing. Herein, we studied the entrance of O2
•− and its

protonated form, perhydroxyl radical [(HO2
•); pKa = 4.8], to T. cruzi at

the phagosome compartment. At the acidic pH values of the phag-
osome lumen (pH 5.3 ± 0.1), high steady-state concentrations of O2

•−

and HO2
• were estimated (∼28 and 8 μM, respectively). Phagosomal

acidification was crucial for O2
•− permeation, because inhibition of

the macrophage H+-ATPase proton pump significantly decreased
O2

•− detection in the internalized parasite. Importantly, O2
•− detec-

tion, aconitase inactivation, and peroxynitrite generation were lower
in Fe-SODB than inWT parasites exposed to external fluxes of O2

•− or
during macrophage infections. Other mechanisms of O2

•− entrance
participate at neutral pH values, because the anion channel inhibitor
5-nitro-2-(3-phenylpropylamino) benzoic acid decreased O2

•− detec-
tion. Finally, parasitemia and tissue parasite burden in mice were
higher in Fe-SODB–overexpressing parasites, supporting the role of
the cytosolic O2

•−-catabolizing enzyme as a virulence factor for CD.
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Aerobic organisms produce superoxide radicals (O2
•−)

through the one-electron reduction of molecular oxygen.
Mitochondria and different isoforms of the NAD(P)H oxidases
(NOXs) are among the better-known biological sources of O2

•−.
Under physiological conditions, mitochondrial O2

•− production
rates are in the range of ∼0.1 to 0.6 μM/s (1), increasing several
fold in pathological conditions such as hyperglycemia [∼6 μM/s
(2)], inflammation, sepsis, and infectious processes. During
phagocytosis, O2

•− production can reach fluxes as high as 5.2 mM/s
in the small volume of the neutrophil phagosome due to NADPH
oxidase (NOX-2) activation (3–7). Direct and indirect toxic effects
of O2

•− have been studied since the discovery of superoxide dis-
mutases (SODs) (EC 1.15.1.1) by McCord and Fridovich (8). The
facts that these metalloenzymes are present throughout all orders
of life and that the expression of the Mn-dependent mitochondrial
isoform is essential for the survival of aerobic higher eukaryote
organisms (9, 10) demonstrate the importance of O2

•− detoxifica-
tion. O2

•− readily inactivates iron–sulfur-containing proteins like
aconitase (11–14) via the disruption of its [4Fe–4S] cluster (15),
which results in the release of free iron (16). Additionally, O2

•−

enzymatically dismutates to yield hydrogen peroxide [(H2O2); kobs
∼109 M−1·s−1 at pH 7.4] (17, 18), which can either oxidize bio-

molecules (19), be a substrate of different enzymes (peroxiredoxins,
glutathione and heme-peroxidases, and myeloperoxidase) (19, 20),
or act as a signaling molecule (21, 22). However, it was not until the
discovery of peroxynitrite and its potential cytotoxic effects that the
mechanisms of O2

•−-mediated toxicity were better understood (23–
25). Peroxynitrite is a potent one- and two-electron oxidant and
nitrating species, produced by the reaction of nitric oxide (•NO) and
O2

•− at diffusion-controlled rates (∼1010 M−1·s−1) (26). Its biolog-
ical effects are diverse, ranging from tissue oxidative damage to host
immune protection toward invading pathogens (26, 27).
Chagas disease (CD), caused by the parasite Trypanosoma cruzi,

is classified as a neglected tropical disease by the World Health
Organization [(WHO); Chagas disease fact sheet (https://www.who.
int/news-room/fact-sheets/detail/chagas-disease-(american-
trypanosomiasis)] and is a public health concern in Latin America,
with an estimated 6 to 7 million people infected and 28 million at
risk, as reported by the organization in 2018. The disease is
spreading worldwide as a result of migration, HIV coinfection,
and organ transplantation. An estimate of ∼240,000 T. cruzi-
infected individuals currently live in the United States as of
2012 (28). T. cruzi is dispensed during the meal of infected tri-
atomine bugs invading the mammalian host through skin wounds
and/or mucous membranes, where they infect and proliferate in
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different cell types (29, 30). To establish the infection, T. cruzi
needs to survive the action of professional phagocytes present at
the site of invasion (resident macrophages and recruited neu-
trophils) (6, 29, 31–36). T. cruzi phagocytosis disengages the
assembly and activation of NOX-2 with the generation of sus-
tained amounts of O2

•− toward the internalized parasite (60 to
90 min) (37). A seminal work reported a role of O2

•− in the
macrophage-mediated control of T. cruzi infection (38). Later, it
was found that O2

•− is more toxic in immunostimulated macro-
phages due to its reaction with •NO [derived from inducible nitric
oxide synthase (iNOS)] to yield peroxynitrite, a potent cytotoxin
against T. cruzi (6, 37, 39, 40). Electron microscopy images
revealed the narrow space between T. cruzi and the macrophage
phagosome membranes (37), and thus the concentrations of O2

•−

and/or peroxynitrite reached are expected to be high (4, 37). O2
•−

is a weak base and protonates to form perhydroxyl radical [(HO2
•);

pKa = 4.69 to 4.88] (41–43). Although phospholipid membranes
have very low permeability to O2

•− [2 × 10−6 cm/s (44)], both the
acidic pH of the macrophage phagosome (pH 5 to 6) and the high
NOX-2–derived O2

•− micromolar concentrations in the phag-
osome favor the accumulation of relevant amounts of the neutral
HO2

•, which could easily permeate membranes (4, 45). HO2
• is a

more potent oxidant than O2
•− [E0′ HO2

•/H2O2 = 1.42 V (46) and
E0′ O2

•−/H2O2 = 0.94 V (16)], being able to initiate lipid perox-
idation reactions (47). O2

•− may also enter cells through anionic
channels, as described for erythrocytes (48), but the presence of
these in T. cruzi and the ability of O2

•− or HO2
• to permeate par-

asite membranes are still not established.
T. cruzi contains four Fe-dependent SODs (Fe-SODs) located

at different subcellular compartments: Fe-SODA and Fe-SODC
are present in mitochondria, Fe-SODB2 is in the glycosome, and
Fe-SODB is in the parasite cytosol (18, 49, 50). Parasites over-
expressing Fe-SODA are more resistant to apoptosis during
cardiomyocyte infections, suggesting its participation in
mitochondrial-derived O2

•− detoxification and the fine-tuning of
the death-signaling process (12, 51). The interplay of Fe-SODB
with cytosolic O2

•− and its role in parasite virulence have not yet
been studied. Experiments with the recombinant enzyme showed
that this enzyme is more resistant to peroxynitrite-dependent
enzyme inactivation than its mitochondrial counterpart (18). These
observations suggest that Fe-SODB could safeguard the parasite
from the oxidative challenge at the phagosome compartment.
In this work, we studied the permeation of the radicals O2

•−

and HO2
• across the T. cruzi cell membrane and the role of cy-

tosolic Fe-SODB in the modulation of host-derived O2
•− levels

and toxicity, intracellular peroxynitrite formation, and parasite
virulence in vitro and in vivo.

Results
Generation of Fe-SODB–Overexpressing Parasites. To study the
toxicity of macrophage-derived O2

•− toward T. cruzi, we gener-
ated parasites that constitutively overexpress the cytosolic Fe-
SODB (hereafter Fe-SODB parasites) (52). Fe-SODB protein
expression increased with respect to wild type (WT) in both the
noninfective epimastigote and infective trypomastigote stages of
the parasite (Fig. 1A) and was localized at the parasite cytosol as
shown by immunofluorescence microscopy (Fig. 1B). The para-
site Fe-SODB concentration was estimated by Western blot,
performing a calibration curve with purified T. cruzi recombinant
enzyme (18) and the calculated epimastigote and trypomastigote
cell volumes (28.1 ± 1.5 and 10.7 ± 0.7 fL, respectively) (Fig. 1 C
and D). An ∼10- to 14-fold increase in enzyme concentration
(corresponding to ∼2% total protein) was observed for both
parasite stages (Fig. 1 D and E), resulting in an approximately
sixfold increase in specific activity (∼1 to 6 U/mg), in agreement
with previous reports (53). The expression of other components
of the antioxidant enzyme machinery [Fe-SODA; cytosolic and
mitochondrial peroxiredoxins (CPX and MPX, respectively);
tryparedoxin (TXN-1 and TXN-2); and trypanothione synthetase
(TS)] was not altered by the Fe-SODB overexpression (Fig. 1E).

O2
•− Permeation Across the T. cruzi Plasma Membrane. To study O2

•−

permeation across the T. cruzi plasma membrane, we performed in
vitro experiments with the xanthine/xanthine oxidase (X/XO) sys-
tem as an external and controlled source of O2

•− (54). O2
•− de-

tection inside T. cruzi was quantified using dihydroethidium
(DHE)-preloaded parasites, with analytical detection of the DHE
specific product 2-hydroxiethidium (2-OH-E+) (55–57) after 40 min
of incubation with a O2

•− flux of 3 ± 0.2 μM/min at pH 7.4 (Fig. 2 A
and B). An increase in 2-OH-E+ detection in parallel with a de-
crease in the activity of the O2

•−-sensitive enzyme aconitase (Fig. 2
C and D) was observed for WT parasites after X/XO treatment
with respect to Fe-SODB parasites. The permeability of O2

•− in
phospholipid vesicles was shown to be low [2 × 10−6 cm/s (44)], but
its permeation could increase due to the presence of anion channels
in the plasma membrane (48). To further evaluate the O2

•−

mechanism of permeation across T. cruzi, we conducted experi-
ments (at pH 7.4) in the presence or absence of the classical anion
channel inhibitor 5-nitro-2-(3-phenylpropylamino) benzoic acid
(NPPB). The presence of NPPB lowered 2-OH-E+ detection in
the infective T. cruzi trypomastigote, supporting that, at neutral
pH, O2

•− could partially enter (∼50%) the parasite through an-
ion channels (Fig. 2 E and F).

Macrophage-Derived O2
•− Toxicity Toward T. cruzi. The direct toxicity

of O2
•− toward an internalized pathogen is difficult to determine,

mainly due to the lack of specific inhibitors of NOX-2 and the
generation of derived reactive species such as H2O2. We performed
T. cruzi (WT and/or Fe-SODB parasites) infections to bone marrow-
derived WT and/or gp91-phox−/− (NOX-2 knockout) macrophages
to determine the role of O2

•− in the control of parasite proliferation.
First, Fe-SODB parasites were more infective to naïve macrophages
(after 24 h), denoting the role of NOX-2–derived O2

•− generation in

D

E
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Fig. 1. Characterization of T. cruzi parasites overexpressing Fe-SODB. (A)
Western blot of recombinant Fe-SODB (0.05 to 1 μg) and T. cruzi protein
extracts (50 μg) from WT and Fe-SODB parasites using anti–Fe-SODB anti-
bodies. Infrared (IR) images were recorded and analyzed (Image Studio). Epi,
epimastigotes; Trypo, trypomastigotes. (B) Immunodetection of Fe-SODB in
T. cruzi epimastigote and trypomastigotes from WT and Fe-SODB. Anti–Fe-
SODB (green) and DAPI/DNA (blue). (Magnification: 400×.) (Scale bar: 5 μm.)
(C) Data from A was plotted as relative IR fluorescence signal against Fe-
SODB. (D) Calculated Fe-SODB concentration in the epimastigote and try-
pomastigote stage using data from C and the epimastigote and trypomas-
tigote volumes (28.1 ± 1.5 and 10.7 ± 0.7 fL, respectively). Results are
expressed as mean ± SEM with n = 4. (E) Western blot as above of T. cruzi
protein extract using T. cruzi antibodies toward Fe-SODB, Fe-SODA, CPX,
MPX, TXN-2, TXN-1, and TS.
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cytotoxicity and parasite control (Fig. 3A). Second, O2
•−-dependent

control of parasite proliferation was lost in gp91-phox−/− macro-
phages, with similar infection yields for both WT and Fe-SODB
parasites (Fig. 3A). Importantly, Fe-SODB parasites were more in-
fective to immunostimulated macrophages (IFN-γ/LPS) than WT
parasites, suggesting its enhanced ability to detoxify intracellular
O2

•− and limiting peroxynitrite generation inside the parasite cy-
tosol (Fig. 3B). The increased survival of Fe-SODB parasites with
respect to WT in macrophage infections clearly supports that
intraphagosomal O2

•− is able to permeate, in significant amounts,
across the T. cruzi plasma membrane, causing cytotoxicity either
directly and/or by intracellular peroxynitrite generation.

Fe-SODB Overexpression Lowers Peroxynitrite Generation Inside the
Parasite. The ability of Fe-SODB to detoxify O2

•− inside the para-
site was evaluated using fluorescein-boronate (Fl-B)-preloaded
epimastigotes in the presence of 3-morpholinosydnonimine hydro-
chloride (SIN-1), which decomposes at physiological pH, generat-
ing similar fluxes of O2

•− and •NO and thus peroxynitrite (58, 59).
First, SIN-1 decay (0.1 mM) was evaluated spectrophotometrically,
identifying an isosbestic point at 250 nm (Fig. 4A). Using this

wavelength, a calibration curve was performed, and the extinction
coefficient determined (e = 3,696 M−1·cm−1; Fig. 4A, Inset). Using
the absorbance at 250 nm, it was calculated that the extracellular
and intracellular parasite SIN-1 concentration was the same, in-
dicating the cell-permeant nature of the probe (Fig. 4B). SIN-1–
derived peroxynitrite reacts with Fl-B (k = 1.7 × 106 M−1·s−1, at
37 °C and pH 7.4) (59); thus, in the presence of Fe-SODB,
peroxynitrite generation is expected to be lower. Intracellular
Fl-B oxidation was assayed by flow cytometry (10 to 30 min) in
the absence or presence of SIN-1 (0.1 mM; peroxynitrite flux of
∼1.7 μM/min at 28 °C). Cytosolic Fe-SODB overexpression
limits the peroxynitrite-dependent Fl-B oxidation compared with
WT parasites by ∼50% at 30 min (Fig. 4 C and D). This result
indicates the ability of Fe-SODB to partially prevent peroxyni-
trite generation due to O2

•− detoxification, as was previously
observed for T. cruzi mitochondrial Fe-SODA parasites (60).
Next, we evaluated the ability of Fe-SODB parasites to limit

macrophage-derived peroxynitrite at the phagosome compart-
ment. For this, macrophages were immunostimulated (IFN-
γ/LPS, 5 h; iNOS induction resulting in a •NO production rate of
0.1 to 0.2 nmol/min per 106 cells) and infected with Fl-B–pre-
loaded WT and/or Fe-SODB trypomastigotes (with the conse-
quent activation of NOX-2 and O2

•− generation toward the
internalized parasite) for 2 h (37, 38, 61, 62) (Fig. 5). Fl-B oxi-
dation was clearly observed in the macrophage phagosome
containing WT parasites, indicating peroxynitrite production as
previously reported (55), while a significant decrease in probe
oxidation was observed with Fe-SODB parasites, in agreement
with the SIN-1 experiments (Fig. 5 A and B). Phagosome fluo-
rescein content was evaluated by flow cytometry in the presence
or absence of iNOS and NOX-2 inhibitors [10 mM Nω-nitro-L-
arginine methyl ester (L-NAME) and 100 μM diphenyliodonium
(DPI), respectively] (Fig. 5C). Intraparasite Fl-B oxidation in-
creased several fold in immunostimulated macrophages com-
pared with controls (Fig. 5 B and C) and was significantly
decreased by L-NAME and DPI. Importantly, for the Fe-SODB
parasites, the increase in Fl-B oxidation was significantly lower
(Fig. 5 B and C). The difference in phagosome Fl-B oxidation
between WT and Fe-SODB parasites was not due to disparity in
parasite internalization, because after 2 h of infection, the in-
vasion rate for both parasites was the same (Fig. 5D). The above
results show that NOX-2–derived O2

•− can permeate across the
parasite membrane and, in the presence of •NO, react to form
peroxynitrite at the parasite cytosol.

O2
•− Protonation and Permeation Is Favored at Acidic pH. O2

•− is
mostly ionized at neutral pH (41) but, at the acidic pH of the
phagosome, HO2

• concentration could increase and, due to its

F
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Fig. 2. O2
•− diffusion and detection across the T. cruzi plasma membrane.

(A) DHE-preloaded trypomastigote WT and/or Fe-SODB parasites (5 × 106)
were incubated with xanthine (200 μM) and catalase (0.2 mg/mL) in the
presence (+XO) or absence (−XO) of xanthine oxidase (50 mU/mL; O2

•− flux =
3.1 ± 0.2 μM/min) for 40 min at 37 °C. (B) The amount of 2-OH-E+ was
quantified by HPLC with fluorometric detection (excitation and emission
wavelengths of 510 and 567 nm, respectively). Results are expressed as pi-
comoles of 2-OH-E+ per 106 parasites and represent the mean ± SEM of four
samples; *,#P < 0.01, two-tailed unpaired Student’s t test. (C and D) Epi-
mastigotes (WT and/or Fe-SODB) were incubated as in A, and aconitase ac-
tivity was recorded at 240 nm following the decay of cis-aconitate (100 μM)
in Tris·HCl (50 mM, pH 7.4). Activity is expressed relative to control (WT
parasites) and represents the mean ± SEM of three samples; *P < 0.05, two-
tailed unpaired Student’s t test. (E and F) WT DHE-preloaded trypomastigotes
(1 × 106) were incubated as in A at 37 °C. NPPB (50 μM) was added 15 min
before X/XO exposure. Data represent the mean ± SEM of four samples; *P <
0.01. A standard mixture of 2-OH-E+ and E+ (Std) is shown. AU, arbitrary unit;
Ctl, control; RFU, relative fluorescence unit.
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Fig. 3. Increased survival of Fe-SODB parasites in macrophage infections.
(A) WT or gp91-phox−/− macrophages were infected with T. cruzi trypo-
mastigotes (WT and/or Fe-SODB; parasite-to-macrophage ratio of 5:1) for
24 h. Infection is determined by intracellular amastigote counting (DAPI) and
is expressed relative to WT parasites (100%). Data represent mean ± SEM,
n = 4; *P < 0.05, two-tailed unpaired Student’s t test. (B) Control and/or
immunostimulated (IFN-γ/LPS) macrophages (J774A.1) were infected as in A.
Data represent mean ± SEM, n = 2; *P < 0.05, two-tailed unpaired Student’s
t test.
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neutral charge, permeate across lipid membranes (4, 45, 63). We
first experimentally determined the pH value of T. cruzi-
containing macrophage phagosomes at early time points after
phagocytosis (15 min) using fluorescein isothiocyanate (FITC)-
labeled anti-T. cruzi antibodies in the presence or absence of the
H+-ATPase (i.e., V-ATPase) inhibitor bafilomycin A1 (B-A1)
(Fig. 6). Antibodies were raised in rabbit toward a membrane-
enriched T. cruzi fraction and labeled with the pH-sensitive
probe FITC (Fig. 6A). FITC fluorescence decreases at acidic
pH levels, allowing the estimation of pH using a calibration curve
(64). The presence of B-A1 effectively blocked phagosome pH
acidification, as indicated by the pH-sensitive probe pHrodo
(Fig. 6B), and did not affect parasite internalization or macro-
phage NOX-2 activity (SI Appendix, Fig. S1). WT parasites in-
cubated with FITC-labeled antibodies were used to infect naïve
macrophages in the presence or absence of B-A1 (Fig. 6C). In
the absence of B-A1, a dim FITC fluorescence was observed,
indicating the acid pH of macrophage phagosome after T. cruzi
internalization, whereas FITC fluorescence was evident in the
presence of B-A1 (Fig. 6 C and D). Using this strategy, a stan-
dard curve was performed in macrophages infected with T. cruzi
at controlled pH levels, and fluorescence was measured by flow
cytometry (Fig. 6 D and E). Maximal fluorescence was recorded
in the presence of B-A1 whereas minimal fluorescence was
recorded in the absence of T. cruzi (Fig. 6D). The calculated pH
for T. cruzi-containing phagosome was 5.3 ± 0.1 (Fig. 6E) and
thus, under this experimental condition, ∼27% of O2

•− will be in
its protonated form, HO2

•. To detect O2
•− protonation and HO2

•

permeation toward T. cruzi during phagocytosis, we performed
experiments with DHE-preloaded parasites and macrophages as
above in the presence or absence of B-A1 and DPI. Parasite
intracellular 2-OH-E+ detection was higher in control macro-
phage infections and was lower in the presence of B-A1 and DPI

(Fig. 6F). Together, these results indicate that a significant
amount of O2

•− can enter the parasite as HO2
•.

Estimation of O2
•− and HO2

• Steady-State Concentrations and
Dynamics in the T. cruzi-Containing Phagosome. To study the O2

•−

and HO2
• steady-state concentrations and dynamics in the macro-

phage phagosome during T. cruzi phagocytosis, we constructed a
kinetic model considering all of the reactions and rate constants
involved in O2

•− and HO2
• generation and consumption (Table 1).

First, we calculated the rate of O2
•− production by NOX-2 per

macrophage phagosome after T. cruzi internalization (20 to
25 min). For this, net O2 consumption was measured in control and
in T. cruzi-infected WT or gp91-phox−/− macrophages (Fig. 7). The
difference in O2 consumption between T. cruzi-infected WT and
gp91-phox−/− macrophages was considered as the O2 consumption
by NOX-2 activation, giving a value of ∼2.8 nmol O2/min per 106

macrophages (Fig. 7A). The number of phagosomes in each con-
dition was evaluated taking into consideration the green phag-
osomes (FITC-labeled parasites) containing parasite DNA (Fig.
7B). The number of cells per condition and the number of phag-
osomes per macrophage (∼5 phagosomes) were computed, and the
net O2 consumption rate per macrophage phagosome (R1, Tables 1
and 2) was estimated to be ∼1 × 10−17 mol/s (12 mM/s), which
corresponds to ∼20 mM/s O2

•− production by NOX-2 at the
phagosome lumen. The main O2

•− and HO2
• consumption in the

phagosome lumen depends on the spontaneous dismutation. Thus,
under the reactions and conditions defined in Tables 1 and 2, we

A B

C D

Fig. 4. Fe-SODB limits SIN-1–derived peroxynitrite generation inside the
parasite. (A) UV-visible spectra of 0.1 mM SIN-1 [in PBS, pH 7.4, containing
0.1 mM diethylenetriamine pentaacetic acid (DTPA)] recorded at 1-min in-
tervals. The isosbestic point at 250 nm is shown. (Inset) Extinction coefficient
(e) of SIN-1 (0 to 5 mM) at 250 nm. (B) Parasites were preloaded, or not
(control), with SIN-1, and proteins were precipitated. Spectra from control
and SIN-1 parasites were recorded, and the differential spectra were
obtained. A spectrum from SIN-1 (0.1 mM) is shown (Std). Absorbance at
250 nm was used to estimate intracellular SIN-1 concentration (e250 =
3,696 M−1·cm−1). (C and D) Fl-B–preloaded epimastigotes (1 × 108) from WT
(C) and Fe-SODB parasites (D) were incubated at 28 °C in dPBS in the pres-
ence or absence of 0.1 mM SIN-1. Intracellular fluorescence was analyzed by
flow cytometry; arrows indicate fluorescence peak movement.

C D

BA

Fig. 5. Fe-SODB limits peroxynitrite generation at the phagosome. Control
and/or immunostimulated (IFN-γ/LPS) macrophages (J774A.1) were infected
with T. cruzi (WT and/or Fe-SODB; parasite-to-cell ratio of 5:1) preloaded with
Fl-B in the presence or absence of 10 mM L-NAME for 2 h at 37 °C. (A) Fluo-
rescence microscopy images of intraphagosomal WT and Fe-SODB parasites
with oxidized Fl-B (green). Merged brightfield and fluorescence images are
shown to note the intraphagosomal fluorescence localization. (Magnification:
400×.) (B) Flow cytometry quantification of intraparasite oxidized Fl-B in
immunostimulated macrophages with respect to control. (C) Quantification of
intraparasite Fl-B oxidation from control and immunostimulated macrophages
infected with WT or Fe-SODB parasites in the presence or absence of L-NAME
(10 mM) or DPI (0.1 mM). Data represent mean ± SEM of duplicates; *P < 0.05,
two-tailed unpaired Student’s t test. (D) Invasion of WT and Fe-SODB parasites
after 2 h of infection. Results are expressed relative to WT invasion (100%) and
are the mean of three independent experiments.
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estimated steady-state concentrations in the phagosome lumen of
≤28 and ≤8 μM for O2

•− and HO2
•, respectively, at pH 5.3. Con-

sidering the steady-state concentrations, the diffusion rate con-
stants, and a parasite volume of ∼4 to 10 fL, the respective flux
rates of ∼2 × 10−3 and ∼0.2 mM/s for O2

•− and HO2
• were esti-

mated. Interestingly, despite of having a smaller steady-state con-
centration inside the phagosome lumen, the HO2

• influx rate is
much higher than that of O2

•− due to its higher membrane per-
meability. A second kinetic model was constructed to estimate O2

•−

steady-state concentrations inside the T. cruzi cytosol. Assuming
that, at pH 5.3, the trypomastigote cytosolic pH is ∼7.1 (65), most
of the HO2

• internalized instantly deprotonates to O2
•− [∼99.6%

(41)]. Therefore, with this consideration, along with the Fe-SODB
concentration presented in Fig. 1D and the spontaneous dis-
mutation rate at pH 7.1, we estimated O2

•− steady-state concen-
trations of ∼12 nM for the WT and 1 order of magnitude lower for
T. cruzi Fe-SODB parasites. These values could be somewhat lower

if we take into account the reactions of O2
•− with other cellular

targets, like aconitase [k ∼ 107 M−1·s−1 (66, 67)]. Still, knowing the
concentration of Fe-SODB present in parasite cytosol and its much
higher rate constant, the difference in O2

•− steady-state concen-
tration considering these targets is minor, and the data presented
herein serve as a good approximation. Importantly, in the absence
of Fe-SODB, the cytosolic O2

•− steady-state concentration in-
creases to ∼35 μM, indicating the central role of this enzyme in
host-derived O2

•− detoxification.

Fe-SODB Overexpression Increases Virulence in the Mouse Model of
CD. For full confirmation of the enhanced virulence of the Fe-SODB
parasites in vivo, we performed C57BL/6 mice infections with
culture-derived trypomastigotes (Fig. 8). During the acute phase of
infection, Fe-SODB parasites produced higher parasitemias (Fig.
8A) and higher parasite burden (three- to fourfold increase) at the
heart tissue as evaluated by qPCR (Fig. 8B). This result, together
with the above in vitro macrophage infections, underscores the
relevance of the Fe-SODB content in parasite virulence.

Discussion
O2

•− is a transient species at physiological pH due to its own dis-
mutation [k = 2 × 105 M−1·s−1 (68)] and SOD-dependent efficient
detoxification (k ≈ 109) (18, 69). Indeed, the anionic nature and its
low permeability to lipid membranes [2 × 10−6 cm/s (44)] confines
O2

•− mainly to its site of formation, maintaining it at very low
concentrations [e.g., ∼10−10 to 10−11 M in the mitochondrial matrix
(1, 2)] due to the presence of SODs. During macrophage-mediated
phagocytosis and NOX-2 activation, the narrow space between the
phagosomal membrane and the internalized pathogen favor a high
steady-state concentration of O2

•−. In some pathogens, periplasmic
and/or secreted variants of SOD may decrease O2

•− levels in the
phagocyte lumen (63, 70–72). However, in the case of T. cruzi, Fe-
SODB is exclusively cytosolic in the early phases of phagocytosis
(0 to 2 h) (18, 73). Parasites overexpressing Fe-SODB were gen-
erated to assess the toxicity of cytosolic O2

•− toward T. cruzi (Fig. 1).
Fe-SODB concentration in WT parasites was similar to that pre-
viously reported for mitochondrial Mn-SOD in endothelial cells (2).
In Fe-SODB parasites, an increase in activity (sixfold) was observed
compared with WT parasites (Fig. 1D). This greater content of Fe-
SODB in overexpressing parasites allowed us to study its role in
infections both in vitro and in vivo. First, O2

•− permeation toward T.
cruzi was analytically evaluated using extracellular controlled fluxes
of O2

•− (Fig. 2). The specific product of O2
•−-dependent oxidation

of DHE (2-OH-E+) was enhanced in the presence of the X/XO
system, supporting O2

•− permeation, and was significantly inhibi-
ted in Fe-SODB parasites compared with WT (Fig. 2 A and B).
Aconitase is one of the cellular targets for O2

•−, leading to Fe–S
cluster disruption and enzyme inactivation. A significant in-
hibition of total aconitase activity was observed in WT parasites
(∼10%), corresponding to 25% inhibition of cytosolic activity (12),
whereas no inactivation and even enhanced activity were observed

E F

DC

A B

Fig. 6. Intraphagosomal pH and O2
•− permeation toward T. cruzi. (A) Ab-

sorption spectra of the purified FITC-labeled anti-T. cruzi antibodies (T. cruzi-
FITC-Ab). (Inset) Specificity of FITC-labeled anti-T. cruzi antibodies assayed by
Western blot using T. cruzi epimastigotes (T.c.) and macrophage extracts
(J, 50 μg). (B) Macrophages (J774A.1) were incubated with pHrodo-Red
(100 μg/mL) in the presence or absence of B-A1, and acidic phagosomes were
visualized (red spots) by fluorescence microscopy. (Magnification: 400×.) (C)
Macrophages were infected in the presence of T. cruzi-FITC-Ab with or
without B-A1 (0.15 μM) for 10 min at 37 °C. Noninternalized parasites were
removed, and cells were incubated for 15 min at 37 °C to allow phagosome
acidification. (Magnification: 400×.) Increase in FITC fluorescence is detected
in B-A1–treated cultures. (D) Flow cytometry quantification of macrophage
FITC fluorescence. B-A1 was used as positive control (maximal FITC fluores-
cence); arrow indicates increase in fluorescence. (E) Calibration curve of FITC
fluorescence mean vs. pH obtained as described in Materials and Methods.
Phagosome pH was obtained by interpolating the T. cruzi fluorescence mean
obtained in D in the calibration curve. (F) DHE-preloaded trypomastigotes
were used to infect macrophages (2 h) in the presence or absence of 0.15 μM
B-A1 or 100 μM DPI, and 2-OH-E+ was quantified by HPLC. Results are
expressed as picomoles of 2-OH-E+ per 5 × 106 macrophages and represent
the mean ± SEM of three samples; *P < 0.05. Ctl, control; RFU, relative
fluorescence unit.

Table 1. Reactions used for assessing O2
•− kinetics in the

phagosome

Reaction Observation* Source

Net O2 consumption R1 = 0.012 †

O2 → O2
•− R2 = R1 + (R3 + R4 + R5)/2

‡

2O2
•− + 2H+ → O2 + H2O2 k3 < 0.3–100 §

O2
•− + HO2

• + H+ → O2 + H2O2 k4 = 8.5–10 × 107 §

2HO2
• → O2 + H2O2 k5 = 7.6–8.6 × 105 §

O2
•− + H+ ⇌ HO2

• pKa = 4.69–4.88 §

*Rates (R) are in M/s. First- and second-order rate constants (ki) are in s−1 and
M−1·s−1, respectively.
†Calculated as detailed in Materials and Methods.
‡The rate of NOX-2 O2

•− production is the sum of the net O2 consumption
and half of the spontaneous dismutation rate.
§Behar et al. (41), Bielski (42), and Bielski and Allen (43).
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in control conditions in Fe-SODB parasites, indicating the ability
of Fe-SODB to detoxify O2

•− previous to enzyme inactivation
(Fig. 2 C and D). O2

•− can permeate across the T. cruzi plasma
membrane by the presence of anion channels detected in the
parasite genome (65, 74, 75). Herein, we show that O2

•− can use
NPPB-sensitive anion channels and that their inhibition leads to
a significant decrease in the intracellular 2-OH-E+ detection
(Fig. 2 E and F). Parasite infectivity was studied in WT and
NOX-2 knockout (gp91-phox−/−) macrophages; thus, no O2

•−

generation is observed during phagocytosis (Fig. 3A). Fe-SODB
parasites were more infective to naïve macrophages than WT
parasites, and this enhanced infectivity was lost in gp91-phox−/−

macrophages, unequivocally demonstrating the O2
•−-dependent

toxicity toward T. cruzi (Fig. 3A). Importantly, WT parasites
were also more infective in gp91-phox−/− macrophages, chal-
lenging the previously proposed hypothesis of the need of an
oxidative environment for parasite replication (76). Further-
more, increased infectivity of Fe-SODB parasites was also ob-
served in immunostimulated macrophages in which both O2

•−

and •NO, and thus peroxynitrite, are generated (Fig. 3B). The
ability of Fe-SODB to detoxify O2

•− before peroxynitrite gener-
ation was shown in the presence of the intracellular O2

•− and •NO
donor SIN-1 (Fig. 4) and during macrophage infections (Fig. 5).
Fe-SODB parasites had significantly less peroxynitrite formation
inside the parasite than WT parasites (Figs. 4 and 5). After the
steady-state concentrations of O2

•− in the phagosome lumen have
been established, •NO diffusion distances across the phagosome
were estimated (77, 78). The calculations indicate that despite the
high O2

•− steady-state concentration, •NO is still able to reach the
internalized parasite, with the subsequent generation of peroxynitrite
(∼50% of •NO can reach T. cruzi within a 100-nm distance). The
harmful effects of peroxynitrite on different biomolecules are well
known (27), being a highly cytotoxic molecule against T. cruzi
(LD50 <0.3 fmol T. cruzi) (79). Interestingly, this result indicates that
peroxynitrite is being produced not only inside the phagosome lumen
but also inside the pathogen, and that cytosolic Fe-SODB contrib-
utes to preventing its formation by scavenging one of its precursors.
On the other hand, O2

•− diffusion is favored by its protonation
at acidic pH levels to produce the neutral radical HO2

•, which
has a higher permeability coefficient than that of O2

•− [9 × 10−4

and 2 × 10−6 cm/s (44, 63), respectively]. The rapid acidification

(68, 80) of the T. cruzimacrophage phagosome is well known, yet
the estimation of the pH at early times after invasion was needed
to determine the extent of O2

•− protonation in the phagosome
compartment. Thus, we first determined the pH of the phag-
osome upon T. cruzi internalization (Fig. 6). At early times after
phagocytosis (15 min), the pH of T. cruzi-containing phagosomes
dropped from 7.1 to ∼5.3, and thus in this situation, ∼27% of
O2

•− will be found as HO2
•. Owing to its high permeability

compared with O2
•−, the concentration at the phagosome

compartment and diffusion of HO2
• toward the internalized

parasite becomes significant. In fact, previous data showed that
a mutant strain of Escherichia coli that lacks the cytosolic and
periplasmic SODs present 30% fumarase inactivation when ex-
posed to external fluxes of O2

•− at pH 6.5, whereas the inhibition
was minimal at pH 8.4 when HO2

• concentration is negligible (63).
Interestingly, inhibition of the macrophage H+-ATPase (i.e.,
phagosome acidification) decreases 2-OH-E+ detection inside the
phagocytized parasites, highlighting the importance of O2

•− pro-
tonation (Fig. 6F). To estimate the HO2

• concentration at the
phagosome compartment, O2 consumption and phagocytosis yield
data were used to determine NOX-2 activity and O2

•− production
in individual T. cruzi-containing phagosomes (Fig. 7 and Table 1).
Next, we constructed a model to study the kinetics and dynamics
of O2

•− and HO2
• in the macrophage phagosome at early times of

T. cruzi invasion (Tables 1 and 2). Steady-state concentration of
O2

•− in the phagosome was ∼28 μM, within the same order of the
reported value for neutrophils (7). Interestingly, despite that the
steady-state concentration of HO2

• (∼8 μM) was lower than that of
O2

•−, the diffusion rate toward the parasite was significantly higher
due to the HO2

• permeability coefficient, which is similar to that of
H2O2 (2 × 10−4 to 16 × 10−4 cm/s) (7, 81, 82). However, O2

•−

permeability varies with the bilayer composition, increasing in the
presence of anion channels (48). In this work, we used the O2

•−

permeability constant for phospholipid vesicles, so the diffusion
rate reported herein is probably underestimated. We then simu-
lated the steady-state concentration of O2

•− in T. cruzi cytosol
during phagocytosis, obtaining a value of ∼12 nM for the WT and
∼1 nM for Fe-SODB-overexpressing parasites. As expected, inside
the phagosome, the steady-state O2

•− concentration in the WT
is 1 order of magnitude higher than the reported value for mito-
chondria and E. coli under normal conditions, ∼10−10 to 10−11 M

Table 2. Conditions used for modeling O2
•− dynamics in the

phagosome

Condition Value Source

Phagosome lumen volume, L 8.5 × 10−16 *
T. cruzi volume, L 3.6 × 10−15 *
T. cruzi superficial area, cm2 1.2 × 10−7 *
O2 consumed per phagosome, mol/s 1 × 10−17 *
Phagosome pH 5.3 *
Membrane O2

•− permeability, cm/s 2.1 × 10−6 †

Membrane HO2
• permeability, cm/s 9 × 10−4 ‡

O2
•− diffusion rate constant, s−1 0.3 *

HO2
• diffusion rate constant, s−1 130 *

Phagosome O2
•− steady-state

concentration, μM
28 *

Phagosome HO2
• steady-state

concentration, μM
8 *

O2
•− diffusion rate, μM/s (mol/s) 2 (7.1 × 10−21) *

HO2
• diffusion rate, μM/s (mol/s) 240 (8.6 × 10−19) *

Fe-SODB concentration, μM 28 *
Rate constant for Fe-SODB and

O2
•−, M−1·s−1

7.6 × 108 §

*Obtained as detailed in Materials and Methods.
†Takahashi and Asada (44).
‡Korshunov and Imlay (63).
§Martinez et al. (18).
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Fig. 7. Oxygen consumption and phagocytosis after T. cruzi infection. (A)
O2 consumption from WT or gp91-phox−/− macrophages were measured
(Seahorse) before and after (arrow) T. cruzi-opsonized trypomastigote in-
jection (parasite-to-macrophage ratio of 20:1; anti-T. cruzi antibody) at 37 °C
(Left). Data at times 20 to 25 min after injection were plotted (Right) and
represent the mean ± SEM of 10 samples. (B) Phagocytosis yield was evalu-
ated by counting the number of phagosomes per cell with DAPI and FITC
anti-T cruzi stain. (Magnification: 400×.)
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(1, 2, 83). This result highlights the importance of the presence of
a robust, oxidant-resistant cytosolic Fe-SODB able to effectively
detoxify O2

•− during the macrophage oxidative assault (18). In-
deed, if Fe-SODB were absent, the cytosolic O2

•− steady-state
concentration would increase to ∼35 μM, indicating the central
role of this enzyme in host-derived O2

•− detoxification. Finally, to
obtain full confirmation of the enhanced virulence of the Fe-
SODB-overexpressing parasites in vivo, we performed C57BL/
6 mice infections (Fig. 8). Fe-SODB-overexpressing parasites
produced higher parasitemias and higher parasitic burden in heart
tissue at early times of infection. In Fig. 9, a schematic repre-
sentation of the above-mentioned observations is shown. To-
gether, the results presented herein show the permeation of
macrophage-derived O2

•− across the T. cruzi plasma mem-
brane and the role of Fe-SODB in parasite virulence during the
acute phase of CD, reflecting its function as part of the path-
ogen armamentarium to safeguard against host-derived cytotoxic
oxidants.

Materials and Methods
Parasites and Macrophages. T. cruzi (Dm28c) was cultured at 28 °C as de-
scribed previously (84). In vitro metacyclogenesis was performed under
chemically defined conditions (85). Tissue culture-derived trypomastigotes
were obtained from the supernatant of infected monolayers of Vero cells.
The murine macrophage cell line J774A.1 (American Tissue Culture Collec-
tion TIB-67) was cultured at 37 °C and 5% CO2 in DMEM (Sigma), pH 7.4,
supplemented with penicillin (0.1 g/L), streptomycin (0.1 g/L), NaHCO3 (1.8 g/L),
and 10% heat-inactivated FBS. Primary cultures of murine bone marrow-
derived macrophages were purified as described elsewhere (86) and seeded
at a density of 2 × 105 cells per well in eight-well chamber slides (Nunc
Lab-Tek-II). Roswell Park Memorial Institute (RPMI) medium, used to stimulate
macrophage differentiation, was supplemented with 10% heat-inactivated
FBS and 30% vol/vol supernatant from the L929 cell line, which secrets mac-
rophage colony-stimulating factor. C57BL/6 WT and C57BL/6 gp91-phox−/−

mice were purchased from The Jackson Laboratory (JAX stock #002365).

Generation of Fe-SODB-Overexpressing Parasites and Enzyme Concentration.
Fe-SODB coding sequence was amplified and cloned in pGem-T easy vector
(Promega) as described previously (18). Fe-SODB insert was obtained by di-
gestion of pGem-T–Fe-SODB plasmid with BamHI and HindIII enzymes. The
insert was purified from agarose gel and ligated (T4-DNA ligase; Fermentas)
into the pRIBOTEX vector digested with the same restriction enzymes. pRI-
BOTEX integrates into the nuclear genome of T. cruzi at the ribosomal locus
(52). The pRIBOTEX–Fe-SODB construct was purified from E. coli (XL1-blue)
by alkaline lysis and sequenced. Transfection was done as described pre-
viously (87) (SI Appendix, for expanded SI Materials and Methods). Fe-SODB
protein overexpression was confirmed by Western blot using specific anti-
body (18). To estimate Fe-SODB concentration, parasites (6 × 108 parasites
per mL) were lysed (Tris·HCl, 30 mM, pH 6.8; SDS, 1% wt/vol; glycerol, 5%
vol/vol; bromophenol blue, 0.005% wt/vol) and cell extracts (50 μg) or
recombinant His-tagged Fe-SODB (18) (0.05 to 1 μg) was resolved by SDS/PAGE

(15%), followed by Western blotting onto nitrocellulose membranes. Mem-
branes were stained with Ponceau-S solution to evaluate protein loading and
then normalized using ImageJ software. The membranes were blocked using
BSA (5% wt/vol) in PBS (NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4, 10 mM; KH2PO4,
2 mM) for 1 h at room temperature and probed with rabbit anti–Fe-SODB,
anti–Fe-SODA, anti-MPX, anti-CPX, anti–TXN-1, anti–TXN-2, or anti-TS anti-
body [1:2,000 in PBS plus Tween-20 (0.1% vol/vol) and BSA (5% wt/vol)].
Immunoreactive proteins were detected using IRDye 800CW/680RD sec-
ondary antibodies (1:15,000 in PBS plus 0.1% vol/vol Tween-20), with Od-
yssey Infrared Imaging System (LI-COR) and analyzed with Image Studio
Software. For estimation of Fe-SODB concentration (1.5 × 107 parasites), a
calibration curve was performed, and Fe-SODB mass per parasite was
converted to enzyme concentration using the molecular mass (ExPASy-
ProtParam) tool and T. cruzi epimastigote and trypomastigote cell vol-
umes (28.1 ± 1.5 and 10.7 ± 0.7 fL, respectively). Volumes were obtained
from micrographs (Nikon Eclipse; 1,000×) captured from formaldehyde-
fixed parasites. Cell volume results (mean ± SEM, n = 25) were in agree-
ment with data using the inulin exclusion method (75).

T. cruzi Fe-SODB Immunocytochemistry and SOD Activity. Parasites (1 × 108)
were incubated overnight at 4 °C in fresh fixative solution (para-
formaldehyde, 4% vol/vol in 0.1 M phosphate buffer, pH 7.4). Fixative was
removed and cells were incubated for 15 min in permeabilization solution
(PBS and Tween-20, 0.5% vol/vol) and then with rabbit anti–Fe-SODB (1:50,
overnight at 4 °C) following Alexa 488-labeled anti-IgG (Invitrogen) anti-
body (1:1,000, 90 min). Parasite DNA was stained with DAPI (5 μg/mL) and
visualized by fluorescence microscopy (Nikon Ecplise TE 200). T. cruzi SOD
was evaluated by the cytochrome c (cyt c) reduction assay as described
previously (8, 88–90). One unit of SOD activity is defined as the amount of
protein necessary to inhibit 50% of cyt c reduction in the absence of SOD
(slope ≈ 0.025 a.u.−1·min−1) (91). T. cruzi extracts were prepared by sus-
pending 4 × 108 epimastigotes in hypotonic lysis buffer (0.5 mL of PBS, diluted

Fig. 9. Schematic representation of the reactions at the macrophage phag-
osome. NOX-2–derived O2

•− (1) and iNOS-derived •NO (2) are generated in the
phagosome lumen with the generation of peroxynitrite (ONOO−) (3). At the
acidic phagosome pH (∼5.3) O2

•− protonates to HO2
• (4). HO2

• can permeate (5),
whereas O2

•− enters T. cruzi by anion channels (6). Besides reacting with O2
•− at

the phagosome lumen, •NO can also reach the parasite cytosol (7). Once in the
cytosol (pH ∼ 7.1), HO2

• deprotonates to O2
•− (8), reacting intracellularly with

•NO to yield ONOO− (9). In the presence of Fe-SODB, O2
•− dismutates to H2O2

and O2 (10), limiting intracellular peroxynitrite generation. H2O2 is detoxified
by parasites peroxidases (Prx, APxCcP) (11).
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Fig. 8. Fe-SODB increases virulence in the mouse model of CD. (A) Mice
(10 to 12 wk old) were inoculated intraperitoneally with 2 × 107 trypomas-
tigotes, and acute infection was evaluated following parasitemia. Data
represent mean ± SEM of five mice per group; *P < 0.05, two-tailed unpaired
Student’s t test. (B) At 10 d postinfection, mice hearts were removed, and the
amounts of T. cruzi satellite DNA and mouse chromosomal DNA (GAPDH)
were quantified by qPCR. Fold change was calculated as described in Ma-
terials and Methods. Data represent mean ± SEM of six mice per group; *P <
0.01, two-tailed unpaired Student’s t test.
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1:10) and lysed by five freeze–thaw cycles (1 min at 100 °C and 1 min in liquid
N2). The remaining material was centrifuged at 14,000 g at 4 °C for 15 min,
and the supernatant was used for SOD activity. Protein content was measured
by the bicinchoninic acid assay.

Exposure of Parasites to External O2
•− Fluxes. Controlled O2

•− fluxes were
obtained by the X/XO system (200 μM and 50 mU/mL, respectively) in PBS
containing catalase (0.2 mg/mL). A O2

•− flux of ∼3.1 ± 0.2 μM/min of O2
•− was

generated as measured by the cyt c reduction assay at 550 nm [e550 = 2.1 ×
104 M−1·cm−1 (92)]. WT or Fe-SODB trypomastigotes (3 × 108/mL) were
washed in Dulbecco’s PBS (dPBS) (NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4,
8 mM; KH2PO4, 1.45 mM; CaCl2, 0.9 mM; MgCl2, 0.5 mM; glucose, 5.5 mM; L-
arginine, 1 mM) and incubated at 37 °C for 30 min with DHE (100 μM). After
incubation, cells were washed with dPBS to eliminate nonincorporated
probe. Preloaded DHE parasites (1 × 106 to 5 × 107, 1 mL) were incubated in
PBS containing X/XO for 40 min in the presence or absence of NPPB (50 μM;
Sigma) added 15 min before O2

•− exposure. After incubation, cells were
harvested, and the DHE-specific product of O2

•− (2-OH-E+) was quantified
as described previously (55) (SI Appendix, for expanded SI Materials and
Methods). DHE and DHE-derived products [2-OH-E+ and ethidium (E+)]
were separated by HPLC with a Supelco Ascentis Express Phenyl-Hexyl
column (5 cm × 4.6 mm, 2.7 μm; Sigma) equilibrated with mobile phase
(65% water, 35% ACN, and 0.1% TFA). Samples were eluted isocratically
(1 mL/min), and analytes monitored by fluorescence detection at 510 and
567 nm. A standard solution was prepared as described previously (93). The
release of DHE and its oxidized-derived products from parasites was eval-
uated 2.5 h after oxidant treatment in the culture supernatant. No probe
release was observed as was previously reported for this highly hydro-
phobic probe (55). For aconitase activity, parasites were lysed as for SOD
activity and samples were centrifuged (14,000 g, 15 min at 4 °C). Total
aconitase activity was performed in supernatants following the decay at
240 nm of cis-aconitate (100 μM) at 28 °C in Tris·HCl buffer (50 mM, pH 7.4).
Activity is measured as the amount of cis-aconitate consumed per minute
per milligram of epimastigote extract using the molar extinction co-
efficient 3.6 × 103 M−1·cm−1. For macrophage-derived O2

•−, cells (J774A.1,
25 cm2 confluent monolayer, ∼5 × 106) were infected with DHE-preloaded
trypomastigotes (3 × 107) for 2 h at 37 °C in DMEM supplemented with 10%
FBS. In some cases, B-A1 (0.15 μM; Sigma) or DPI (100 μM; Sigma) was added
to the medium 30 min before infection to inhibit H+-ATPase or NOX-2,
respectively. The cells were harvested and centrifuged at 3,000 g for
5 min at room temperature. The subsequent lysis, organic extraction, and
HPLC separation of the DHE-derived products was performed as above.

T. cruzi in Vitro Invasion and Infectivity. Macrophages (J774A.1 and WT or
gp91-phox−/−) were immunostimulated (IFN-γ, 800 U/mL plus LPS, 16 μg/mL;
Sigma) for 5 h before infection with T. cruzi trypomastigotes (61), and

•
NO

was measured by the Griess reagent (37, 61). After 2 h, nonengulfed para-
sites were removed by washing three times with PBS, and macrophages
were analyzed (invasion) or further incubated for 24 h (infectivity) in DMEM
plus 10% heat-inactivated FBS at 37 °C. Infected macrophages were fixed
(paraformaldehyde, 4% vol/vol in PBS) for 10 min, washed, and permeabilized
with Triton X-100 (0.1% vol/vol, 10 min) in PBS plus DAPI (5 μg/mL). T. cruzi
invasion or infection (or both) was evaluated by fluorescence microscopy
(1,000× magnification), and digital photographs were recorded. Infection
yield at 24 h (two parasite replication rounds) was calculated as the number
of amastigotes per 100 macrophages, and results were expressed as per-
centage (%) relative to the control condition.

Intraparasite Peroxynitrite Detection. Intracellular peroxynitrite fluxes were
generated using SIN-1 (Sigma). Probe decomposition was followed by the
changes in the UV spectra (1-min intervals) at 37 °C in 100 mM phosphate
buffer (pH 7.4) containing 0.1 mM diethylenetriamine pentaacetic acid
(DTPA). An isosbestic point at 250 nm was identified and used to determine
the intraparasite SIN-1 concentration (e250 = 3,696 M−1·cm−1). Parasites (1 ×
109 cells per mL; ∼3 × 10−5 L) were incubated, or not, with SIN-1 (10 mM) for
10 min, and cells were collected by centrifugation (3,000 g, 5 min). The cell
pellet was lysed, and proteins were precipitated in MeOH (1 mL) for 18 h
at −20 °C. Proteins were removed by centrifugation at 20,000 g for 30 min,
and the supernatant (intracellular SIN-1) was collected. Spectral analysis
(1:5 dilution for parasite extracts) was performed, and the differential
spectra from control and SIN-1 condition was recorded. The absorbance at
250 nm from the differential spectra was used to determine intracellular
SIN-1 concentration. Peroxynitrite was detected using Fl-B (59). Epi-
mastigotes (1 × 108) or culture-derived trypomastigotes (1.3 × 107) were
incubated with Fl-B (100 μM) for 30 min and washed three times with dPBS.

Preloaded parasites were incubated (10, 20, and 30 min) in the presence of
SIN-1 (0.1 mM) at 28 °C, and intracellular fluorescence was evaluated by
flow cytometry (FACSCalibur). For macrophage-derived peroxynitrite, cells
(J774A.1) were incubated for 5 h with or without iNOS inducers before
infection with T. cruzi as above. NOX-2 activation was stimulated by in-
fection itself (37, 38, 62). DPI (100 μM) or L-NAME (10 mM; Sigma) was added
to the media to inhibit NOX-2 or iNOS activity, respectively. Macrophages were
infected with Fl-B–preloaded trypomastigotes (parasite-to-cell ratio of 5:1) for
2 h at 37 °C. Macrophage peroxynitrite-dependent Fl-B oxidation inside the
parasite was visualized by fluorescence microscopy (400× magnification, Nikon
Eclipse TE-200) and flow cytometry.

pH Determination of T. cruzi-Containing Phagosomes. For the determination of
macrophage phagosome pH after T. cruzi internalization, an anti-T. cruzi
polyclonal antibody conjugated to FITC was generated in rabbit (SI Appen-
dix, for expanded SI Materials and Methods). Polyclonal antibodies were
purified and evaluated by Western blot toward T. cruzi and macrophage
extracts (50 μg). Purified antibodies were labeled with the pH-sensitive FITC
and quantified following manufacturer instructions (Sigma). FITC-labeled
antibody was used to determine the phagosome pH. Macrophages were
incubated with T. cruzi (parasite-to-macrophage ratio of 5:1) in the presence
of FITC-labeled antibody (1 mg/mL) for 10 min at 37 °C. In the absence of T.
cruzi, no fluorescence was observed in macrophages. Noninternalized par-
asites were washed, and cells were further incubated in DMEM at 37 °C to
allow phagosome acidification. After 15 min, medium was replaced by cold
PBS plus B-A1 (0.15 μM), and the cell culture was placed on ice to stop
phagosome acidification and then analyzed by fluorescence microscopy or
flow cytometry. In both cases, Trypan blue (0.4% wt/vol) was added before
measurements to quench extracellular fluorescence. B-A1 (0.15 μM) was
used as positive control by pretreating the macrophages for 30 min. Non-
infected macrophages where used as negative control. Calibration of fluo-
rescence mean (RFU) vs. pH was obtained in situ by equilibrating the
infected macrophages with cold isotonic K+-rich medium (KCl, 140 mM;
glucose, 5 mM; and citrate or phosphate salts, 15 mM) buffered with different
pH values in the presence of the K+/H+ ionophores nigericin and valinomycin
(10 μMeach). Cells were incubated on ice for 5 min, allowing phagosomal pH to
equilibrate with the extracellular pH, and calibration curves were constructed
by plotting these values against the corresponding mean florescence. The
phagosome pH was obtained by interpolating the sample fluorescence in the
calibration curve. The inhibition of phagosome acidification due to B-A1 was
corroborated with the pH-sensitive probe pHrodo-Red E. coli BioParticles Con-
jugate (100 μg/mL; Invitrogen). Acidic phagosomes were visualized as red spots
by fluorescence microscopy. The effects of B-A1 (0.15 μM) and DPI (100 μM),
added 30 min before parasite invasion, on NOX-2 activity and macrophage
phagocytosis were evaluated by the nitroblue tetrazolium reduction assay (SI
Appendix, Fig. S1) (37, 94) and by parasite invasion after 2 h of interaction
as above.

Construction of a Kinetic Model at the Macrophage T. cruzi–Phagosome
Compartment. The kinetic model of the phagosome considered that at
steady-state conditions, the rate of O2

•− and HO2
•
formation equals the rate

of disappearance; that is, NOX-2 activity and O2
•− and HO2

•
spontaneous

dismutation plus their permeation toward T. cruzi, respectively. For the ki-
netic model at the parasite cytosol, we considered that the rate of O2

•−

generation is the rate of total O2
•− and HO2

•
permeation, whereas the rate

of disappearance is the Fe-SODB-dependent dismutation. Taking into ac-
count the high rate constant of O2

•− with Fe-SODB (k = 7.6 ± 1.5 × 108 M−1·s−1)
(18), the contribution of other reactions has a minimal impact on O2

•− con-
centration and was not considered.
Volumes and superficial areas. The phagosome, parasite volume, and superficial
areas were estimated from electron micrographs of internalized parasites
(1 to 2 h) (37, 80, 95), and the lumen between membranes was estimated to
be ∼0.85 to 1 fL (Table 2).
O2 consumption and phagocytosis yield. NOX-2 activity was calculated from the
O2 consumption rate. This is a net rate because O2 is being regenerated
during dismutation. Therefore, NOX-2–dependent O2

•− formation rates in
control macrophages approximately double the O2 consumption rate. Total
O2 consumption was calculated as the difference between data of infected
WT and gp91-phox−/− macrophages using a Seahorse XFe24 analyzer.
Briefly, macrophages (4.5 × 104 cells per well) in DMEM (without bi-
carbonate) containing glutamine (2 mM), pyruvate (1 mM), Hepes (10 mM),
and glucose (10 mM) were analyzed before and after T. cruzi-opsonized
trypomastigote injection (parasite-to-macrophage ratio of 20:1, containing
1.7 mg/mL anti-T. cruzi antibody). Net O2 consumption rates for T. cruzi-
infected WT macrophages were calculated as the difference of the O2
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consumption between infected WT and gp91-phox−/− KO macrophages
(20 to 25 min), reflecting NOX-2 activity after parasite internalization. Total
O2 consumption per phagosome was calculated by counting the number of
phagosomes per cell by fluorescence microscopy (Nikon Eclipse TE-200)
with DAPI and FITC-labeled anti-T cruzi stain. Because this parameter is
evaluated after 20 to 25 min of invasion, it takes into account the initial
changes of the phagosome pH (first 5 min) (68) and reflects the NOX-
2 activity after phagosome acidification.
Spontaneous dismutation rates. Total O2

•− spontaneous dismutation is the sum
of three individual reactions (i.e., two O2

•−, two HO2
•
, and one O2

•− plus one
HO2

•
molecules). For modeling the O2

•− and HO2
•
steady-state concentra-

tions in the phagosome (pH 5.3) and in T. cruzi cytosol (pH 7.1) (65), we used
the three pH-independent rate constants and O2

•− and HO2
•
pKa values

reported previously (41–43) (Table 1).
Efflux of O2

•− and HO2
•
from the phagosome toward T. cruzi. For efflux of

phagosomal O2
•− and HO2

•
toward T. cruzi , the following relationships hold

(Eq. 1):

δCp
�
  δt= kd ×Cp = J

�
Vp =

�
P×A

�
Vp

�
× 10−3 ×

�
Cp–Ctc

�
=
�
P×A

�
Vp

�
×10−3 ×Cp

[1]

where Cp and Ctc are the concentrations in the phagosome and T. cruzi cy-
tosol, respectively; kd is the diffusion rate constant; J is the flux between
both compartments; Vp is the phagosome volume; A is the T. cruzi superficial
area; and P is the permeability constant. Because O2

•− and HO2
•
are readily

consumed by the cytosolic T. cruzi Fe-SODB, we can ignore Ctc. Therefore,
using the previously calculated T. cruzi superficial area of 1.3 × 10−7 cm2, the
phagosome lumen volume of 0.85 fL, and the membrane permeability
constants of 2.1 × 10−6 cm/s (44) and 9 × 10−4 cm/s (63) for O2

•− and HO2
•
,

respectively, we obtained the diffusion rate constants presented in Table 2.
Finally, the influx of O2

•− and HO2
•
(Jin) into T. cruzi and the diffusion rates

(δCtc/δt) were calculated as follows (Eqs. 2 and 3):

Jin = kd ×Css ×Vp; [2]

δCtc=  δt = Jin=Vtc, [3]

where Css is the steady-state concentration and Vtc is the T. cruzi volume.
Results are shown in Table 2.

•
NO diffusion toward the parasite across the

phagosomal lumen was estimated taking into consideration the steady-state
of O2

•− concentration (Table 2), the rate constant of O2
•− with

•
NO (k ∼4 ×

109 M−1·s−1) (96), and the
•
NO diffusion coefficient (D = 3 × 10−5 cm2·s−1) (97)

using Fick’s second law as described previously (77, 78).

T. cruzi in Vivo Infectivity. Female C57BL/6 mice (10 to 12 wk old) were in-
oculated intraperitoneally (five to six mice per group) with 2 × 107 culture-

derived trypomastigotes, and acute infection was evaluated by measuring
parasitemia and tissue parasite burden (by qPCR). Blood trypomastigote count
was assayed on blood (3 μL) drawn from the tail tips of mice as described
previously (98), and the number of trypomastigotes per 32 fields was recorded
(Neubauer chamber, 400× magnification). At 10 d postinfection, the hearts
(100 mg) from infected mice were recovered, washed, and homogenized in
DNAzol (1 mL; Invitrogen) by using a glass homogenizer (5 to 10 strokes; Glas-
Col). DNA was purified, and the amount of T. cruzi satellite DNA (195-bp
fragment) was quantified by qPCR. Total DNA (100 ng) was analyzed on a
thermal cycler with Fast SYBR Green Master Mix (Applied Biosystems) with the
specific primers AATTATGAATGGCGGGAGTCA (forward) and CCAGTGTGT-
GAACACGCAAAC (reverse). The amounts of mouse chromosomal DNA were
quantified in parallel by qPCR using glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH)-specific primers: CTGAGAACGGGAAGCTTGTC (forward) and
CCTGCTTCACCACCTTCTTG (reverse). Each qPCR mixture (20 μL) included 2×
SYBR Green SuperMix (10 μL), 0.5 μM of each primer, and DNA (100 ng). The
qPCR steps were one cycle of 50 °C (10 min) and 94 °C (3 min); 40 cycles of
94 °C (45 s), 68 °C (1 min), and 72 °C (1 min); and one cycle of 72 °C (10 min).
The postamplification melting curve was analyzed by measuring the fluores-
cence between 95 and 55 °C. Fold change was calculated as 2−ΔΔCt, where ΔCt
is the difference between the Ct value of T. cruzi and GAPDH; and ΔΔCt is the
difference between the ΔCt of Fe-SODB and WT T. cruzi infections.

Data Analysis and Ethics Statement for Animal Models. Data are expressed as
mean ± SEM unless otherwise stated. Data were analyzed using the Stu-
dent’s t test (comparison of two groups) or one-way ANOVA (comparison of
multiple groups). P ≤ 0.05 was considered significant. All experiments were
reproduced at least twice on independent days, with a minimal of three
replicates each time. Animals were maintained in the facilities of Facultad de
Medicina, and experiments performed in compliance with Uruguayan laws
(No. 18.611) and guidelines for the use of laboratory animals (protocols “Exp.
N°070153-000119-15,” “Exp.N°070153-000179-13,” and “071140-000880-12”)
approved by the Facultad de Medicina ethics committee.
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