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IFN-� Impairs Superoxide-Dependent Parasite Killing in
Human Macrophages: Evidence for a Deleterious Role of
SOD1 in Cutaneous Leishmaniasis1

Ricardo Khouri,* André Bafica,‡ Maria da Purificação Pereira Silva,* Almerio Noronha,*
Jean-Pierre Kolb,¶ Juana Wietzerbin,� Aldina Barral,†§ Manoel Barral-Netto,*§

and Johan Van Weyenbergh2*§

Type I IFNs (IFN-�/�) have only recently gained considerable attention as immunomodulators in nonviral infectious diseases.
IFN-� has been shown to protect, in a NO-dependent manner, against murine Old World leishmaniasis caused by Leishmania
major, but data in New World leishmaniasis are lacking. We found that IFN-� dose-dependently increases parasite burden in
Leishmania amazonensis- as well as Leishmania braziliensis-infected human macrophages, independent of endogenous or exoge-
nous NO. However, IFN-� significantly reduced superoxide release in Leishmania-infected as well as uninfected human macro-
phages. This decrease in superoxide production was paralleled by a significant IFN-�-mediated increase in superoxide dismutase
1 (SOD1) protein levels. Additionally, IFN-� inhibition of leishmanicidal activity was mimicked by SOD1 and antagonized by
either pharmacological or small interfering RNA-mediated inhibition of SOD1. Finally, pronounced SOD1 expression in situ was
demonstrated in biopsies from New World cutaneous leishmaniasis patients. These findings reveal a hitherto unknown IFN-�/
SOD1 axis in Leishmania infection and suggest that inhibition of SOD-associated pathways could serve as strategy in the treatment
of L. amazonensis as well as L. braziliensis infection, major human pathogens. The Journal of Immunology, 2009, 182: 2525–2531.

L eishmaniasis is endemic in several parts of the world, with
a global prevalence of more than12 million cases and
1,500,000 new cases emerging every year (1). The infec-

tion is caused by protozoan parasites of the genus Leishmania,
transmitted trough the bite of the sand fly vector. Several Leish-
mania species are able to cause a wide spectrum of clinical man-
ifestations, ranging from the mild cutaneous form, the disfiguring
mucosal form, and the life-threatening visceral form, also known
as kala-azar. Remarkable differences have been described regard-
ing host immunological responses, leishmaniasis clinical manifes-
tation, and parasite resistance between Old World cutaneous leish-
maniasis and New World cutaneous leishmaniasis in in vitro and in

vivo models (2). In Brazil, Leishmania braziliensis causes cutane-
ous and mucosal disease, and Leishmania amazonensis causes cu-
taneous and, sporadically, diffuse cutaneous or visceral disease.
The murine model of Old World leishmaniasis (Leishmania ma-
jor) has been instrumental for the elaboration of the Th1/Th2
paradigm, inasmuch as the preferential action of Th1 (IFN-�,
IL-12) or Th2 cytokines (IL-4, IL-13) results in cure or pro-
gression of the disease, respectively (3, 4). In New World hu-
man and murine leishmaniasis, this Th1/Th2 dichotomy is much
less explicit for in vitro or ex vivo cytokine production (2, 5).
Patients with localized cutaneous leishmaniasis display a di-
minished Th1 response during the early phase of disease, which
is reverted after treatment (6). In mucosal leishmaniasis, on the
other hand, an exacerbated Th1 response with increased IFN-�
and TNF-� levels is thought to provoke tissue destruction (7).
In patients with visceral leishmaniasis, characterized by immu-
nosuppression and absence of in vitro IFN-� production (8),
IFN-� was the first cytokine to show in vivo benefit (9). In
contrast to type II IFN (IFN-�), fewer data are available on the
role of type I IFN (IFN-�/�) in New World leishmaniasis. A
protective, strictly NO-dependent role has been demonstrated in
murine L. major infection for both endogenous IFN-�/� (10)
and exogenous recombinant IFN-� (11). Likewise, IFN-� en-
hanced parasite killing in human macrophages infected with L.
major (12). However, IFN-� has also been shown to antagonize
IFN-� induction of the respiratory burst (13) and Fc�RI expres-
sion (14). Therefore, we examined the possible effect of IFN-�
in New World Leishmania-infected human macrophages. We
found that IFN-� increases parasite burden in L. amazonensis-
and L. braziliensis-infected human macrophages through a su-
peroxide-dependent, NO-independent mechanism, reinforcing
the striking differences between the Old World and New World
models of leishmaniasis, which may have important therapeutic
implications.
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Materials and Methods
Reagents

All chemicals were purchased from Sigma-Aldrich; cell culture media and
sera were obtained from Invitrogen. Endotoxin-free sterile disposables
were used in all experiments. Recombinant human IFN-� (specific activity
108 IU/mg) was a gift from Serono.

Cell culture

Monocytes were isolated from peripheral blood of healthy donors through
Ficoll gradient centrifugation and plastic adherence, and they were differ-
entiated in vitro into macrophages (7 days). Human monocytes and mac-
rophages were cultivated in RPMI 1640 or DMEM media supplemented
with 5% human AB serum. Macrophages were infected with L. amazonen-
sis (MHOM/BR/87/BA125) or L. braziliensis (MHOM/BR/88/BA92) and
treated after 4 h of infection with IFN-�, inducible NO synthase (iNOS)
inhibitor (NG-monomethyl-L-arginine, L-NMMA),3 NO donor (sodium ni-
troprusside, SNP), superoxide dismutase (CuZnSOD/SOD1), and/or super-
oxide dismutase inhibitor (diethyldithiocarbamate, DETC). Leishmania
spp. cultures were maintained in vitro as proliferating promastigotes in
Schneider’s medium supplemented with 10% FCS.

Quantification of parasite burden

Infected and treated macrophage monolayers were extensively washed,
stained with H&E, and amastigotes were counted by optical microscopy (in
100 cells, duplicates for each sample). Similar results were obtained with
macrophages directly cultivated upon glass coverslips or macrophages re-
moved by gentle scraping and deposited on glass slides in a cytocentrifuge
(Cytospin).

Quantification of parasite survival

After 48 h, infected and treated macrophage monolayers were extensively
washed, and medium was replaced by 0.5 ml of Schneider’s medium sup-
plemented with 10% FCS. Cultures were maintained at 23°C for 8 addi-
tional days. Intracellular survival of L. amazonensis amastigotes was quan-
tified by counting proliferating extracellular motile promastigotes (15).

Quantification of NO and superoxide

NO production in supernatants was quantified using Griess reagent (16)
and measuring its stable reaction product nitrite. Human iNOS enzymatic
activity was quantified by [14C]arginine-citrulline conversion and iNOS
mRNA expression by RT-PCR, as previously described (17). Superoxide
production was quantified by three techniques: 1) by adding hydroxyl-
amine (0.5 mM) (18) during cell culture, which converts superoxide into
nitrite plus nitrate, and which was reduced by VCl3 (19) and quantified
using Griess reagent; 2) by measuring ferricytochrome C reduction spec-
trophotometrically in the absence or presence of SOD, as described (20);

3 Abbreviations used in this paper: L-NMMA, NG-monomethyl-L-arginine; DETC,
diethyldithiocarbamate; iNOS, inducible NO synthase; siRNA, small interfering
RNA; SNP, sodium nitroprusside; SOD, superoxide dismutase.

FIGURE 1. IFN-� increases parasite burden in
Leishmania-infected human macrophages. A and B,
Monocyte-derived macrophages were infected with L.
amazonensis promastigotes (5:1 ratio). After infection,
cells were treated with increasing concentrations of
IFN- � for 48 h and the number of intracellular amas-
tigotes was quantified as described in Materials and
Methods. A, Percentage of infected cells (bars) and
number of intracellular amastigotes (dots with con-
nected line) are indicated; representative results from
three independent experiments are shown. B, Number of
intracellular amastigotes; results are expressed as per-
centage of control. Each bar represents the mean �
SEM of three donors (one-way ANOVA, Bonferroni’s
correction, �, p � 0.05). C, Monocyte-derived macro-
phages were treated with 1000 IU/ml IFN-� 24 h before
(pre) or 24 h after (post) infection with L. amazonensis
promastigotes. At 48 h of culture, the number of intra-
cellular amastigotes was quantified as described in Ma-
terials and Methods (pre vs post, one-sample t test, p �
0.69). D, Monocyte-derived human macrophages in-
fected with L. amazonensis or L.braziliensis were cul-
tured with or without IFN- � (1000 IU/ml) for 48 h and
the number of intracellular amastigotes was quantified
as described in Materials and Methods. Results are ex-
pressed as percentage of control. Each bar represents the
mean � SEM of seven donors for L. amazonensis exper-
iments and three donors for L. braziliensis experiments
(one-sample t test, ���, p � 0.0001 and �, p � 0.05, re-
spectively). E, Intracellular survival of L. amazonensis
amastigotes was quantified by transformation of prolifer-
ating extracellular motile promastigotes in Schneider’s
medium. Each bar represents the mean � SEM of eight
experiments (Student’s t test, �, p � 0.05).
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and 3) by hydroethidine (Invitrogen) staining and quantification of
bright (superoxide high) and dull (superoxide low) cells by flow cy-
tometry (FACSort; BD Biosciences) (21).

Quantification of intracellular SOD1

For measurement of cytoplasmic SOD1 levels, uninfected human mono-
cytes cultured with or without IFN-� for 48 h were homogenized in cold
20 mM HEPES lysis buffer (pH 7.2) containing 1 mM EGTA, 210 mM
mannitol, and 70 mM sucrose, centrifuged at 1500 � g for 5 min at 4°C,
and supernatant was used for SOD1 ELISA (Calbiochem).

Small interfering RNA (siRNA)-mediated inhibition of SOD1

SOD1 and control siRNAs were purchased from Santa Cruz Biotechnol-
ogy, with transfection being performed according to the manufacturer’s
instructions.

Immunohistochemistry

Histological sections from New World cutaneous leishmaniasis patients
(endemic area of Jequié-Bahia, Brazil) were deparaffinized in xylene and
rehydrated in alcohol and water. Inhibition of endogenous peroxidase was
performed with a 30% hydrogen peroxide-methanol solution. Sections
were incubated with normal goat serum (30 min at 37°C) and then with
monoclonal anti-SOD1 Ab (Santa Cruz Biotechnology). Incubations with
biotinylated goat anti-mouse Ab and with streptavidin-HRP complex
(Sigma-Aldrich) were conducted for 30 min at 37°C. A positive reaction
was detected with diaminobenzidine substrate (Sigma-Aldrich), followed
by Harris hematoxylin counterstaining. Sections were examined micro-
scopically, and images were recorded with a digital camera (Nikon). This
study has been approved by the Centro de Pesquisas Gonçalo Moniz Eth-
ical Committee.

Statistical analysis

Student’s t test, one-way ANOVA, with Bonferroni’s multiple test cor-
rection, or two-way ANOVA was used, all two-tailed. Data are pre-
sented as means � SEM, and differences were considered significant at
p values of �0.05.

Results
IFN-� increases parasite burden in Leishmania-infected human
macrophages

To explore the effects of type I IFNs on New World strains of
Leishmania, we first investigated the effect of IFN-� on parasite
burden of L. amazonensis-infected human macrophages. As shown
in Fig. 1A, IFN-� increased both the percentage of infected cells
and the number of intracellular amastigotes, being effective at 10
and 100 IU/ml and optimal at 1000 IU/ml (Fig. 1B), a dose re-
sponse curve strikingly similar to our previous observations re-
garding CD64 expression (14). A fixed concentration of 1000
IU/ml IFN-� was used in all additional experiments. The IFN-�-
induced increase in parasite burden was already significant at 24 h
and slightly increased at 48 h (data not shown), which was chosen
for all additional experiments. Despite the strong donor-to-donor
variation usually observed with human macrophages, IFN-� was
able to increase parasite load in 22 of 27 donors tested, demon-
strating the reproducibility of our observations. In contrast to type
I IFN in murine macrophages (22), IFN-� exerted its effect in
human macrophages independent of the sequence of infection and
treatment, since 24 h before treatment with IFN-� or treatment
24 h after infection were equally effective in increasing parasite
load (Fig. 1C). To investigate whether the IFN-� effect was L.
amazonensis-specific, we subsequently infected human macro-
phages with L. braziliensis. IFN-� treatment increased parasite
burden to the same extent in L, braziliensis (55 � 10% increase,
n � 3) as in L. amazonensis-infected (52 � 4% increase, n � 7)
human macrophages (Fig. 1D). To evaluate if increased parasite
burden also resulted in enhanced survival of Leishmania following
IFN-� treatment, intracellular parasite survival was quantified by
transformation of amastigotes into proliferating extracellular mo-
tile promastigotes in Schneider‘s medium (15). In fact, the effect

on parasite survival was even more pronounced, since L. ama-
zonensis promastigote viability increased 3-fold following IFN-�
treatment (Fig. 1E).

IFN-� inhibition of leishmanicidal activity of human
macrophages is NO-independent

Since Mattner et al. (11) had demonstrated that the protective effect of
IFN-� in murine leishmaniasis was strictly iNOS-dependent, we in-
vestigated possible NO production and/or iNOS expression in un-
treated and IFN-�-treated Leishmania-infected macrophages. First,
nitrite levels were quantified in cell supernatants in the absence or in
the presence of an iNOS inhibitor (2 mM L-NMMA) or a NO donor
(1 mM SNP), as a positive control. Nitrite levels above background
(2–3 �M) were not detected in macrophage culture supernatants, in-
dependent of infection or treatment (Fig. 2A). As expected, SNP treat-
ment induced significant accumulation (up to 90 �M) of nitrite in cell
supernatants (Fig. 2A). Second, we did not detect iNOS enzymatic
activity by [14C]arginine-citrulline conversion, nor did we detect
iNOS mRNA expression by RT-PCR in four donors tested, indepen-
dent of treatment or infection (data not shown). In contrast, [14C]argi-
nine-citrulline conversion was easily detected in IFN-� plus LPS-
stimulated murine macrophages used as a positive control (data not
shown). Third, we investigated whether endogenous or exogenous
NO might interfere with in vitro killing of Leishmania-infected hu-
man macrophages or with its inhibition by IFN-�. Both basal and
IFN-�-induced parasite burden remained unaltered in the presence of

FIGURE 2. IFN-� impairs NO-independent parasite killing in human
macrophages. Human macrophages were treated 4 h after infection with IFN-�
(1000 U/ml) in the absence or presence of an iNOS inhibitor (2 mM
L-NMMA) or a NO donor (1 mM SNP). A, Supernatants were collected after
48 h; nitrite was measured using the Griess reaction. Each bar represents the
mean � SEM of four donors. B, Intracellular survival of L. amazonensis amas-
tigotes was quantified by transformation of proliferating extracellular motile
promastigotes in Schneider’s medium. Each bar represents the mean � SEM
of four experiments (two-way ANOVA, IFN-�, �, p � 0.05).
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L-NMMA (Fig. 2B). Surprisingly, parasite survival did not signifi-
cantly decrease by NO-generating SNP treatment, even at supraphysi-
ological nitrite levels (�90 �M). Moreover, IFN-� was still able to
strongly increase parasite survival, independent of an excess of ex-
ogenous NO (Fig. 2B). Two-way ANOVA confirmed IFN-� as an
independent determinant of Leishmania survival ( p � 0.037),
whereas SNP/L-NMMA were not ( p � 0.84), and, more importantly,
no significant interaction was observed between the effect of IFN-�
and SNP/L-NMMA upon parasite survival ( p � 0.43).

IFN-� impairs superoxide release of uninfected and
Leishmania-infected human macrophages

Since IFN-� impaired human macrophage leishmanicidal activity
by an apparently NO-independent mechanism, we next investi-
gated if this phenomenon might be superoxide-dependent. Super-

oxide production by human macrophages was constitutive, but it
gradually increased during the first 4 h of infection with L. ama-
zonensis (data not shown), as previously demonstrated for Leish-
mania chagasi infection (23). Conversely, IFN-� treatment re-
duced superoxide release at 24 and 48 h of treatment, compared
with untreated infected human macrophages (two-way ANOVA:

FIGURE 3. IFN-� reduces superoxide release by Leishmania-infected
human macrophages. A, L. amazonensis-infected human macrophages
were cultured with or without IFN-� (1000 U/ml) in the presence of hy-
droxylamine (0.5 mM), and supernatant was collected at 2, 24, and 48 h.
Superoxide production was quantified as described in Materials and Meth-
ods. Each bar represents the mean � SEM of seven donors (two-way
ANOVA: IFN-�, �, p � 0.05; time, ���, p � 0.0001; interaction, p �
0.18). B and C, Uninfected monocytes were cultured for 48 h in the absence
or presence of IFN-� and stained with hydroethidine for 45 min, and during
the last 15 min cells were triggered with PMA. Superoxide production was
measured through flow cytometry technique. Each bar represents the
mean � SEM of four donors. D, Uninfected monocyte-derived macro-
phages were cultured for 48 h in the absence or presence of IFN-� and
triggered with PMA or fMLP for 30 min. Superoxide was measured spec-
trophotometrically by ferricytochrome C reduction in the absence or pres-
ence of SOD, as described in Materials and Methods. Each bar represents
the mean � SEM of three donors.

FIGURE 4. IFN-� induces SOD1 expression in human monocytes. Un-
infected human monocytes were cultured with or without IFN-� (1000
U/ml). SOD1 expression of protein extraction of these cells was quantified
by ELISA. Each bar represents the mean � SEM of seven donors (Stu-
dent’s t test, �, p � 0.023).

FIGURE 5. SOD1 and SOD1 inhibitor DETC reciprocally regulate par-
asite killing in Leishmania-infected human macrophages. Infected human
macrophages were cultured in the presence of SOD1 (175 U/ml) protein or
DETC (2 mM). A, Supernatant in the presence or absence of hydroxyl-
amine (0.5 mM) was collected at 48 h. Superoxide production was quan-
tified as described in Materials and Methods. Each bar represents the
mean � SEM of three donors (one-way ANOVA, p � 0.025; Bonferroni’s
correction, p � 0.05). B, Number of intracellular amastigotes was quanti-
fied as described in Material and Methods. Results are expressed as per-
centage of control. Each bar represents the mean � SEM of five donors
(one-way ANOVA, p � 0.0005; Bonferroni’s correction, ���, p � 0.0001
and �, p � 0.05).
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IFN-�, p � 0.023; time, p � 0.0001), although no significant
interaction was observed between IFN-� and time (two-way
ANOVA: interaction, p � 0.37) (Fig. 3A). Additonally, IFN-�
treatment reduced superoxide release triggered by PMA and fMLP
in uninfected human monocytes and macrophages (Fig. 3B–D),
suggesting that IFN-� down-regulates human macrophage super-
oxide release triggered by several stimuli, instead of simply an-
tagonizing the L. amazonensis effect.

IFN-� up-regulates the expression of SOD1 in human
monocytes

Due to its primarily cytoplasmic location, the SOD1 isozyme
rather than mitochondrial SOD2 or extracellular SOD3 might be

responsible for the decrease in superoxide release measured
upon IFN-� treatment. Therefore, we decided to evaluate the
role of IFN-� in the regulation of SOD1 expression. We de-
tected an almost 3-fold increase of SOD1 in soluble protein
extracts of IFN-�-human uninfected monocytes when compared
with control cells (Fig. 4) (Student’s t test, p � 0.023), as quan-
tified by ELISA.

SOD1 and SOD1 inhibitor DETC reciprocally regulate parasite
killing in Leishmania-infected human macrophages

To test the hypothesis that SOD1 might be involved in Leish-
mania killing due to a decrease of superoxide release, DETC (a
SOD1 inhibitor) and purified SOD1 enzyme were used. As ex-
pected, DETC enhanced superoxide release by 65%, whereas
addition of SOD1 enzyme reduced superoxide release by 40%
(Fig. 5A) (one-way ANOVA, p � 0.025; Bonferroni’s correc-
tion, p � 0.05). As shown in Fig. 5B, parasite burden was
strongly correlated to superoxide release and reciprocally reg-
ulated by both stimuli: SOD1 treatment led to a 124% increase
in parasite load, whereas SOD1 inhibition by DETC resulted in
total elimination of intracellular infection (Fig. 5B) (one-way
ANOVA, p � 0.0005; Bonferroni’s correction, p � 0.0001, p �

FIGURE 6. SOD1 inhibitor antagonizes IFN-� inhibition of leishmani-
cidal activity. A, Infected human macrophages were treated with IFN-�
(1000 U/ml) and/or SOD inhibitor (2 mM DETC). Intracellular survival of
L. amazonensis amastigotes was quantified by transformation of prolifer-
ating extracellular motile promastigotes in Schneider’s medium. Each bar
represents the mean � SEM of four experiments. B, Infected human mac-
rophages were previously transfected or not with SOD1 siRNA and were
cultured with or without IFN-�. Number of intracellular amastigotes was
quantified as described in Materials and Methods. Each bar represents the
mean � SEM of eight donors (one-way ANOVA, ���, p � 0.0005; Bon-
ferroni’s correction, p � 0.001). C, Supernatant in the presence or absence
of hydroxylamine (0.5 mM) was collected at 24 and 48 h. Superoxide
production was quantified as described in Materials and Methods. Each bar
represents the mean � SEM of three donors (two-way ANOVA: SOD1
siRNA, ��, p � 0.0015; time, �, p � 0.030; interaction, p � 0.37).

FIGURE 7. In situ expression of SOD1 in biopsies of New World cu-
taneous leishmaniasis patients. A representative biopsy of four patients
with typical mononuclear inflammatory infiltrate (magnification �400) is
shown. A, Negative IgG1 isotype control; B, anti-SOD1 mAb. Arrows
show SOD1-positive macrophages.
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0.05), further stressing the importance of superoxide in human
macrophage leishmanicidal activity.

Pharmacological or siRNA-mediated SOD1 inhibition
antagonizes IFN-�-mediated blunting of leishmanicidal activity

To test the hypothesis that IFN-�-impaired Leishmania killing was
mediated by SOD1, SOD1 inhibitor DETC and SOD1 siRNA were
used in the absence or presence of IFN-�. As shown in Fig. 6A,
DETC treatment completely antagonized the IFN-�-induced in-
crease in parasite burden. Additionally, SOD1 siRNA significantly
reverted (one-way ANOVA with Bonferroni’s correction, p �
0.001) antileishmanicidal-IFN-� activity (Fig. 6B). Again, resto-
ration of human macrophage leishmanicidal activity by SOD1
siRNA (Fig. 6C) was paralleled by significantly increased super-
oxide levels (two-way ANOVA, p � 0.0015). However, similar to
Fig. 3A, no significant interaction was observed between siRNA
and time (two-way ANOVA, interaction, p � 0.37).

SOD1 is expressed in situ in biopsies of New World cutaneous
leishmaniasis patients

To explore a possible in vivo role for SOD1 in human leishman-
iasis, we investigated whether SOD1 might be expressed in situ in
cutaneous lesions of New World cutaneous leishmaniasis patients.
As shown in Fig. 7, cutaneous biopsies of leishmaniasis patients
presented a remarkable density of mononuclear inflammatory in-
filtrate, mainly composed of macrophages. These cells displayed
pronounced SOD1 expression with intracytoplasmic patterns of
staining (Fig. 7B), whereas no staining was observed with a control
mAb (Fig. 7A).

Discussion
After a few decades of confinement as merely antiviral cytokines,
type I IFNs (IFN-�/�) have gained considerable attention as im-
munomodulators in nonviral infectious diseases in recent years
(24). However, no apparent picture of a protective vs deleterious
role for type I IFNs emerges from the literature, with often con-
trasting effects for different doses and/or treatment schemes (25).
We found that IFN-� dose-dependently increases parasite burden
in Leishmania-infected human macrophages through a superoxide-
dependent, NO-independent mechanism. Our results emphasize
the striking differences between the human and murine models of
Old World vs New World leishmaniasis, considering the conflict-
ing role of type I IFN, as well as its dependence on NO. This
implies that in vivo IFN-� production in human leishmaniasis
might be deleterious, especially in clinical forms with high parasite
burden, such as diffuse cutaneous and visceral leishmaniasis, de-
spite the encouraging results in the murine (11) and human (12) L.
major model. However, a small-scale clinical trial of topical IFN-�
in human leishmaniasis caused by L. major was unsuccessful (26),
showing neither a deleterious nor a protective effect of IFN-� treat-
ment. In light of our present results, SOD-directed therapy, rather
than type I IFN therapy, might be a valuable therapeutic option in
human leishmaniasis. Most likely candidates are diffuse cutaneous
leishmaniasis patients with typically nonhealing lesions and abun-
dant parasitism, commonly refractory to standard antimonial treat-
ment. In addition to a more pronounced effect upon parasite sur-
vival (Fig. 6A), pharmacological SOD inhibition seems more
plausible than does siRNA-mediated SOD inhibition from an eco-
nomical and clinical point of view. Moreover, the superior effect of
DETC, as compared with SOD1 siRNA, might be partially medi-
ated through inhibition of other host (mitochondrial SOD2 and
extracellular SOD3) or even Leishmania SOD isoforms. A role for
parasite SOD in intramacrophage survival has been previously de-
scribed in L. tropica (27) and L. chagasi (28). Interestingly, treat-

ment of infected human macrophages with purified SOD1 in vitro
led to strongly increased parasite burden and the appearance of
large parasitophorous vacuoles (R. Khouri and J. Van Weyen-
bergh, unpublished results), reminiscent of typical nodular lesions
in diffuse leishmaniasis (29). Moreover, the same histopathological
pattern was observed in CBA mice infected with L. amazonensis,
but not with L. major (30), confirming the striking differences be-
tween New World and Old World Leishmania species. Addition-
ally, when compared with L. major, L. amazonensis was highly
resistant to NO-mediated leishmanicidal activity in murine mac-
rophages in vitro (31, 32), but Mukbel et al. (32) found parasite
killing to be dependent on superoxide production, in agreement
with our findings. In parallel with New World leishmanial infec-
tion, killing of M. tuberculosis was shown to be NO-independent
in human macrophages (33), and M. bovis bacterial load was sig-
nificantly increased upon IFN-�/� treatment (34). Hence, type I
IFN inhibition of human macrophage leishmanicidal and bacteri-
cidal activity in vitro uncovers a striking similarity to TGF-� (35,
36), the major macrophage-deactivating cytokine. However, mac-
rophage deactivation induced by both cytokines seems to operate
through distinctive mechanisms. Although in this study, the IFN-
�-mediated increase in parasite burden was superoxide-dependent,
Chang et al. (37) have demonstrated that TGF-� has no effect upon
superoxide levels during L. chagasi infection in human macro-
phages. Besides their antagonistic effect upon H2O2 (13), HLA-DR
(38), transferrin receptor (39), and CD64 (14), IFN-� and IFN-�
seem to exert opposite effects on macrophage microbicidal activity
(this study and Refs. 23, 34, 40). Taken together, an opposite role
for type I and type II IFN might be a generalized finding in human
infections with intracellular pathogens. Likewise, increased sus-
ceptibility to opportunistic infections has been occasionally de-
scribed (41, 42) as an undesirable side effect during treatment of
viral infections or cancer with type I IFN, without further evidence
of the molecular and cellular mechanism(s) involved.

In this study, we have unexpectedly identified human SOD1 as
an IFN-regulated protein, which had not been revealed in several
microarray studies (43–46), including in human PBMCs (44–46).
Since a significant increase of SOD1 protein was only observed
following 48 h of IFN-� treatment, and array experiments have
been limited to 2–24 h of IFN treatment (43–46), a delayed and,
most probably, intermediate protein synthesis-dependent mecha-
nism of SOD1 mRNA induction cannot be excluded. However, the
absence of IFN regulation of SOD1 in previous studies might be
due to posttranscriptional and/or cell-specific mechanisms. There-
fore, an increase in SOD1 mRNA in monocytes might have been
obscured in total PBMC RNA studies (44, 45). In fact, a major part
of the in vivo effect of IFN-� might be monocyte- or myeloid
cell-specific, as previously suggested by us in multiple sclerosis
(14, 47) and recently demonstrated in an experimental autoimmune
encephalomyelitis model (48).

Finally, further research will be necessary to explore the role of
superoxide and/or SOD1 in the in vivo effects of IFN-�, of par-
ticular interest in immune-mediated and neurodegenerative dis-
eases, such as multiple sclerosis, where IFN-� is currently a major
therapeutic option (49), or HTLV-1-associated myelopathy/tropi-
cal spastical paraperesis, where IFN-� has been recently intro-
duced (50).
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