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SUMMARY
Macrophages aremajor host cells for the protozoan Leishmania parasite. Depending on their activation state,
they either contribute to the detection and elimination of Leishmania spp. or promote parasite resilience.
Here, we report that the activation of the transcription factor nuclear factor erythroid 2-related factor 2
(Nrf2) in macrophages plays a pivotal role in the progression of Leishmania infantum infection by controlling
inflammation and redox balance ofmacrophages.We also highlight the involvement of the NOX2/reactive ox-
ygen species (ROS) axis in early Nrf2 activation and, subsequently, prostaglandin E2 (PGE2)/EP2r signaling in
the sustenance of Nrf2 activation upon infection. Moreover, we establish a ferroptosis-like process within
macrophages as a cell death program of L. infantum and the protective effect of Nrf2 in macrophages against
L. infantum death. Altogether, these results identify Nrf2 as a critical factor for the susceptibility of L. infantum
infection, highlighting Nrf2 as a promising pharmacological target for the development of therapeutic ap-
proaches for the treatment of visceral leishmaniasis.
INTRODUCTION

Leishmania species are intracellular protozoan parasites that

cause multiple diseases, ranging from non-lethal cutaneous

leishmaniasis to severe visceral disease, if left untreated.1 Leish-

mania infantum (L.i.) is one of the major parasite species associ-

ated with visceral leishmaniasis.2 Macrophages are the major

myeloid-derived immune cells that contribute to the detection

and elimination of Leishmania spp. However, they are also the

primary replication sites for these parasites by providing them

an environment suitable to their life cycle.3 Macrophages can

control L.i. infection through the generation of reactive oxygen

species (ROS),4 underscoring the critical role of redox balance

in determining the disease’s clinical outcome. The transcrip-

tional master regulator of cellular responses against oxidative

stress, known as nuclear factor erythroid 2-related factor 2

(Nrf2), is among the key factors that regulate the redox balance.5

Indeed, Nrf2 controls the expression of multiple anti-oxidant and

phase II enzyme genes.6 Furthermore, Nrf2 activation limits

inflammation by decreasing the transcription of pro-inflamma-

tory cytokines through nuclear factor kB (NF-kB)-based depen-

dent and independent pathways.7,8

A wide variety of intracellular pathogens, such as viruses, bac-

teria, and protozoan parasites, enhance Nrf2 activation, thus
Cell Reports 43, 114720, Septem
This is an open access article under the
leading to immune tolerance.9–11 It is well established that cuta-

neous and visceral forms of leishmaniasis upregulate the Nrf2

pathway in macrophages in response to parasite-induced ROS

production.12 Thus, in the early stages of parasite infection,

ROS-generated activation of Nrf2 constitutes a strategy devel-

oped by the parasite to subvert exposure to oxidants and survive

in macrophages.13

The regulation of Nrf2 expression by Leishmania strains in-

creases SOD1 and HO-1 anti-oxidant genes, thereby promoting

parasite persistence. Indeed, the establishment of a visceral

infection by L. donovani is dependent on the induction of HO-1

by Nrf2.12,14 This leads to a decrease in the cellular heme content,

thus inhibiting the maturation of nicotinamide adenine dinucleo-

tide phosphate (NADPH) oxidase subunits, which then sup-

presses ROS production and participates in parasite survival in

macrophages.15 Although some reports linked macrophage

ROSproduction to Leishmania elimination, the cell death program

involved in the ROS-mediated killing of Leishmania4 has not been

explored so far. Interestingly, glutathione peroxidase 4 (GPX4),

which is an identified transcriptional target of Nrf2, is crucial in

the regulation of iron-dependent non-apoptotic modes of cell

death, termed ferroptosis.16 Indeed, GPX4 prevents the accumu-

lation of toxic lipid ROS and thereby blocks the onset of ferropto-

sis.17,18 Interestingly, the lethal phenotype of Trypanosoma brucei
ber 24, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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that lacks the tryparedoxin peroxidases, distant relatives of GPX4

in higher eukaryotes,19 strongly suggests that the ferroptosis cell

death program occurs in Leishmania spp. parasites.20

While the activation of Nrf2 by Leishmania strains is well docu-

mented, the precise molecular mechanisms involved in this acti-

vation are not yet fully understood.12 However, a previous study

proposed that Leishmania donovani facilitates an immunosup-

pressive environment in macrophages through prostaglandin

E2 (PGE2)/EP2 receptor signaling.21 Moreover, PGE2 secretion

by macrophages in response to microbial infections, such as

that of the Kaposi’s sarcoma-associated herpes virus (KSHV),

is also reported. In this context, PGE2 production upon viral

infection leads to the activation of Nrf2, resulting in a permissive

microenvironment for KSHV.22

Based on the different studies that underscore the crucial role

of Nrf2 in macrophage-mediated control of L.i. infection, we hy-

pothesized that the oxidative burst and PGE2 secretion by Leish-

mania-infectedmacrophages could activate Nrf2, ultimately pro-

moting the progression of infection by protecting the parasite

against ferroptotic cell death.

The objective of our study was to investigate the role of the Nrf2

pathway L.i. infection. Specifically, we aimed to elucidate the mo-

lecular mechanism responsible for activating the Nrf2 signaling

pathway inmacrophages in response to L.i.Pharmacological inhi-

bition, or genetic deletion, of Nrf2 allowed us to define this tran-

scription factor as amajor player in the progression of L.i. infection

through its impact in the control of inflammation and redox bal-

ance of macrophages. Our findings shed light on the crucial

signaling pathways involved in the activation and maintenance

of Nrf2 activation during L.i. infection; that is, while the NOX2/

ROS axis is crucial during the early stages of infection, the

PGE2/EP2 axis plays a pivotal role in themaintenance of Nrf2 acti-

vation at the later stages. Moreover, we also demonstrated that

Nrf2 activity in macrophages protects L.i. from lipid peroxidation,

preventing the death of parasites by a ferroptosis-like process.

Finally, these pathways were also pertinent during infection of pri-

mary human macrophages, inferring that Nrf2 may be a potential

target for the treatment of visceral leishmaniasis.

RESULTS

L.i. triggers ROS and PGE2 production leading to Nrf2
activation
We previously showed that ROS production affects Leishmania

survival.4 Based on these results, we investigated the mRNA

level of NADPH oxidase subunits and iNOS in macrophages

from C57BL/6 mice in response to L.i. infection (Figure 1).

Cybb, p47, p67, and Nos2 mRNA levels were upregulated in

macrophages challenged with L.i. (Figure 1A). In line with these

results, the production of ROS and NO by macrophages

following L.i. challenge was also strongly increased (Figures 1B

and 1C).

Among the factors controlling redox balance, the transcription

factor Nrf2 is a major regulator of the cellular anti-oxidant

response.5 Interestingly, the Nrf2 mRNA and protein levels,

and its target genes, were upregulated during L.i. infection in

macrophages from C57BL/6 mice (Figures 1D and 1E). This

was supported by the gradual increase of Nrf2 nuclear transloca-
2 Cell Reports 43, 114720, September 24, 2024
tion from 4 to 48 h post-L.i. challenge (Figure 1E) and its DNA-

binding activity at 4 and 48 h post-L.i. challenge (Figure 1F).

It is well established that ROSs are key factors of Nrf2 activa-

tion.6 Here, we observed that the strong induction of ROS pro-

duction at 4 h after L.i. challenge was abolished at 24 h (Fig-

ure 1G), while Nrf2 remained activated until 48 h post-L.i.

challenge (Figures 1E and 1F). Among the immunoregulatory

mediators produced during Leishmania infection, PGE2 was

recently identified to facilitate parasite survival.21 Interestingly,

we demonstrate here inmacrophages challenged with L.i. a spe-

cific increase of mRNA and protein levels of COX-2 and prosta-

glandin E synthase (PGES); both are arachidonic acid meta-

bolism enzymes involved in PGE2 production and EP2, a PGE2

receptor, expression (Figures 1H and 1I). Consistently, PGE2

production by macrophages was progressively increased from

4 h post-L.i. challenge (Figure 1J).

To establish that Nrf2 activation in macrophages is dependent

on ROSduring the early stages of infection and on PGE2 produc-

tion at the late stages, we evaluated the DNA-binding activity of

Nrf2 in macrophages pre-treated with GSK2795039 (NOX2 in-

hibitor) or CAY10526 (PGES inhibitor) associated with AH6808

(EP2 antagonist) (Figure 1F). Accordingly, we found that the inhi-

bition of ROS production only reduced Nrf2 translocation at 4 h

post-L.i. challenge, while that of the PGE2 pathway decreased

Nrf2 activation at 48 h post-L.i. challenge (Figure 1F).

In support of these data, we employed a murine model of L.i.

visceral infection that displayed a high concentration of urinary

8-isoprostane (reflecting oxidative stress) in the early stages

post-infection (4–24 h), accompanied by a drastic decrease of uri-

nary 8-isoprostane from 48 h post-infection and thereafter (days 7

and 15 post-infection) (Figure 1K). By contrast, the PGE2 metab-

olite levels in urine increased only after 48 h post-infection (Fig-

ure 1K); surprisingly, this level remained elevated until day 15 after

infection. Moreover, this model also showed that the lack of ROS

induction and increase of the PGE2 level was associated with the

overexpression of Ptgs2, Pges, and Ptger2 mRNA in peritoneal

macrophages at day 15 post-L.i. infection (Figures 1L and 1M),

strengthening the proposed contribution of ROS during early

Nrf2 activation and the later involvement of PGE2 in the mainte-

nance of Nrf2 activation throughout L.i. infection.

To dissect how PGE2 regulates Nrf2 activity, the expression of

Nrf2 target genes (indicative of Nrf2 transcriptional activity) in

response to L.i. was evaluated in the presence of specific inhibi-

tors of signaling pathways known to activate this transcription

factor23 (Figure S1). Interestingly, the induction of HO-1, SOD1,

Srxn1, and Gclm1 in response to L.i. was strongly decreased by

PD0325 (MAPK/ERK kinase [MEK]/extracellular signal-regulated

kinase [ERK] inhibitor) and skepinone (P38 mitogen-activated

protein [MAP] kinase inhibitor), while treatment with staurosporin

(protein kinase C [PKC] inhibitor) and H89 (protein kinase A [PKA]

inhibitor) failed to modulate this gene signature. These data sup-

port the involvement of the MAP kinase signaling cascade in the

PGE2-mediated Nrf2 activation upon challenge with L.i.

ROS- and PGE2-mediated Nrf2 activation results in
opposite Leishmania proliferation outcomes
To evaluate the contribution of ROS- and PGE2-mediated Nrf2

activation to the control of L.i. proliferation by macrophages,
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Figure 1. L.i. triggered ROS and PGE2 production leading to Nrf2 activation

(A–J) All analyses were performed in vitro on peritoneal macrophages from C57BL/6 mice in response to L.i. challenge. Bars represent mean values ± SEM and

are representative of 3 biological replicates, each with 3 technical replicates.

(A) RT-qPCR analysis of NOX2 subunits and Nos2 genes after 4 h of L.i. challenge.

(B and C) ROS (B) and NO (C) production.

(D) RT-qPCR analysis of Nrf2 and its target genes 4 h post-L.i. challenge.

(E) Immunofluorescence imaging of Nrf2 cellular localization (green) at 4, 12, 24, and 48 h post-infection (nuclei were stained with DAPI, blue). Scale bars, 5 mm.

The top histogram represents the quantification of Nrf2 protein, and the bottom histogram represents the nuclear translocation of Nrf2, both compared to un-

infectedmacrophages (�L.i.). The data are represented in a fold induction relative to uninfected peritoneal macrophages. Immunoblot analysis and quantification

of Nrf2 protein after 4 and 24 h post-L.i. challenge (n = 2–3 experiments).

(F) DNA-binding ELISA quantification of the antioxidant responsive element (ARE)-nuclear binding of Nrf2 in peritoneal macrophages pre-treated with a NOX2

inhibitor (GSK2795039) or a prostaglandin E synthase (PGES) inhibitor (CAY10526) and an EP2 antagonist (AH6808) and infected with L.i. for 4 or 48 h. The data

are represented in a fold induction relative to untreated and uninfected peritoneal macrophages.

(G) ROS production at 4, 12, 24, and 48 h after L.i. challenge.

(H) RT-qPCR analysis of arachidonic acid metabolism enzymes 4 h post-L.i. challenge.

(I) Immunoblot analysis and quantification of COX2, PGES, and EP2r proteins after 4, 12, 24, and 48 h post-L.i. challenge (n = 2–4 experiments).

(J) ELISA quantification of PGE2 production by peritoneal macrophages at 4, 12, 24, and 48 h post-L.i. challenge.

(K and L) C57BL/6 mice (n = 3 mice per group) were infected (i.p.) with 503 106 L.i. for 14 days. Bars represent mean values ± SEM (n = 3 biological replicates).

(K) Urine from infected mice was collected at 4 h, 12 h, 24 h, 48 h, 72 h, 7 days, and 14 days for determination of PGE2 and 8-isoprostane levels by ELISA.

(L) ROS and PGE2 production by peritoneal macrophages from infected mice for 14 days.

(M) RT-qPCR analysis of arachidonic acid metabolism genes 14 days after infection in peritoneal macrophages.

Significance was determined by an unpaired Student’s t test (A–D, H, L, andM) or a one-way ANOVA analysis (E–G and I–K). *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001 compared to the uninfected macrophages (�L.i.). $p < 0.05, $$p < 0.01, $$$p < 0.001, and $$$$p < 0.0001 compared to the infected macrophages at

4 h (4 h + L.i.). #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 compared to corresponding control (+L.i. 4 h untreated).
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Figure 2. ROS- and PGE2-mediated Nrf2 activation promoted L.i. proliferation

(A and B) L.i. proliferation in peritoneal macrophages from Nrf2+/+ and Nrf2�/� mice pre-treated with a NOX2 inhibitor (GSK2795039) (A) or PGES inhibitor

(CAY10526) associated with an EP2 antagonist (AH6808), a 15-PGDH inhibitor (SW033291), or PGE2 (B). Bars represent mean values ± SEM and are repre-

sentative of 3 biological replicates, each with 3 technical replicates. Significance was determined by a one-way ANOVA analysis. *p < 0.05 and ****p < 0.0001

compared to untreatedmacrophages fromNrf2+/+ mice. ####p < 0.0001 compared to untreated macrophages fromNrf2�/�mice. $$$p < 0.001 and $$$$p < 0.0001

compared to the respective treated macrophages from Nrf2+/+ mice.

(C) Parasite load was quantified by RT-qPCR in Nrf2+/+ and Nrf2�/� mice infected (i.p.) with 50 3 106 L.i. for 14 days. Mice were treated with a ROS chelator

(Trolox), a cocktail of PGES inhibitor (CAY10526) and EP2 antagonist (AH6808), or a 15-PGDH inhibitor (SW033291) (n = 5 mice per group). Bars represent mean
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respective untreated Nrf2+/+ mice. #p < 0.05 compared to untreated Nrf2�/� mice. $$$$p < 0.0001 compared to the respective treated Nrf2+/+ mice.
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we examined L.i. proliferation in macrophages deficient for Nrf2

(Nrf2�/�). As expected, L.i. proliferation was prevented in macro-

phages lacking Nrf2, while the inhibition of ROS production by

GSK2795039 reciprocally restored L.i. proliferation in Nrf2�/�

macrophages (Figure 2A). Likewise, the inhibition of PGE2 pro-

duction with CAY10526 (PGES inhibitor) and treatment with

AH6808 (EP2 receptor antagonist) both decreased L.i. prolifera-

tion only in Nrf2+/+ macrophages, whereas the exogenous addi-

tion of PGE2 reciprocally increased L.i. proliferation (Figure 2B).

In parallel, treatment of Nrf2+/+ and Nrf2�/� macrophages with

SW033291, a 15 PGDH inhibitor (enzyme of PGE2 degradation),

increased L.i. proliferation only in those cells expressing this

transcriptional factor (Figure 2B), thus demonstrating that the

impact of Nrf2 in promoting L.i. proliferation involved specifically

the PGE2/EP2 axis.

In line with this, the parasite load in the liver was lower in

Nrf2�/� mice infected by L.i. (Figure 2C). As expected, treat-

ment with Trolox (ROS chelator) increased the number of L.i.

in the liver of Nrf2�/� mice but not that of the control counter-

part (Figure 2C). Interestingly, loss of function of PGE2

production by CAY10526/AH6808 reduced significantly the

number of L.i. in the liver of Nrf2+/+ mice (Figure 2C), while

gain of function of this lipid mediator through SW033291 treat-

ment strongly increased the parasite load in the liver of Nrf2+/+

mice only (Figure 2C). Altogether, these data demonstrate that

ROS and the PGE2/EP2 axis mediate Nrf2 activation to pro-

mote L.i. growth.

Nrf2 inmacrophages promotes L.i. infection through the
induction of an anti-oxidant and anti-inflammatory
phenotype
As the parasite load in the liver and spleen was significantly

decreased in Nrf2�/� mice compared to their infected wild-

type littermates (Figures 2C and 3A), we dissected how Nrf2 in

macrophages promotes L.i. infection in our visceral murine
4 Cell Reports 43, 114720, September 24, 2024
model of leishmaniasis. To this end, we evaluated ex vivo the

ability of peritoneal macrophages from Nrf2+/+ and Nrf2�/�

mice to engulf and control the proliferation of L.i. (Figures 3B–

3D). Although there was no difference in the phagocytosis ca-

pacity between macrophages from Nrf2+/+ and Nrf2�/� mice,

the proliferation of L.i. was decreased in macrophages from

Nrf2�/� mice (Figures 3B and 3C). Interestingly, the ROS and

NO production of macrophages from infected Nrf2�/� mice

was increased in response to L.i. challenge compared to macro-

phages from infected Nrf2+/+ mice (Figure 3D). In line with this,

the mRNA expression of Cybb, P47, and Nos2 was upregulated

in macrophages from infected Nrf2�/� mice, whereas the Arg-1

mRNA level was downregulated in these cells (Figure 3E).

Further analyses of the gene expression and protein level of cy-

tokines in macrophages from Nrf2+/+ and Nrf2�/� infected mice

revealed a significant increase of interleukin (IL)-b, IL-12, tumor

necrosis factor alpha (TNF-a), and IL-6 pro-inflammatory signals

in cells deficient for Nrf2, whichwasmirrored by a decrease of IL-

10 and transforming growth factor beta (TGF-b) anti-inflamma-

tory factors (Figure 3F). Consistent with the pro-inflammatory

profile of Nrf2�/� macrophages, the mRNA levels of Fcgr3a,

Fcgr2b, Itgam, and Ccr2,were also increased in these cells (Fig-

ure 3G). Collectively, these data demonstrate that Nrf2 tilts mac-

rophages toward an anti-inflammatory and anti-oxidant pheno-

type, enabling the progression of L.i. infection.

As a proof of principle that Nrf2 of macrophages is required for

L.i. resilience, we performed an adoptive transfer (AT) of Nrf2�/�

macrophages into infected Nrf2+/+ recipient mice (Figure 3H). AT

resulted in a decrease of the parasite load in the liver while simul-

taneously supporting an increase of microbicidal functions such

as ROS, as reflected by the 8-isoprostane production and NO

and cytokine production in the peritoneal cavity, reminiscent of

the effect observed in infected Nrf2�/� mice (Figure 3H). There-

fore, Nrf2 expression in macrophages likely promotes systemic

vulnerability to L.i. infection.
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Figure 3. Nrf2 promotes L.i. infection in macrophages via an anti-oxidant and anti-inflammatory phenotype

(A–G)Nrf2+/+ andNrf2�/�mice (n = 6mice per group) were infected (i.p.) with 503 106 L.i. for 14 days. Bars represent mean values ± SEM, and experiments were

repeated three times.

(A) Parasite loads in liver and spleen were quantified by RT-qPCR.

(B–D) Ex vivo phagocytosis (B) and proliferation of L.i. (C) in peritoneal macrophages and ROS andNO (D) production by peritoneal macrophages fromNrf2+/+ and

Nrf2�/� mice.

(E–G) RT-qPCR and ELISA analysis on peritoneal macrophages from in-vivo-infected Nrf2+/+ and Nrf2�/� mice of oxidative stress markers (E), cytokines (F), and

surface receptors (G).

(H) An adoptive transfer (AT) of Nrf2�/� macrophages (n = 9 mice) into Nrf2+/+ recipient mice (n = 3 mice) was performed before L.i. infection for 14 days.

8-Isoprostane, NO production, and cytokine secretion were measured in peritoneal fluids. Bars represent mean values ± SEM, and experiments were repeated

twice.

Significance was determined by an unpaired Student’s t test (A–F) except for (H), where significance was determined by a one-way ANOVA analysis. *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to infected Nrf2+/+ mice.
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The expression of Nrf2 in macrophages prevents the
death of L.i. by lipid peroxidation
To dissect how L.i. is eliminated in Nrf2�/� mice, we next eval-

uated whether the decrease in parasite proliferation was due

indirectly to an enhanced macrophage microbicidal capacity

or directly to a reduction in parasite fitness. We first confirmed

in vitro that there was no difference in the cell viability of Nrf2+/+

and Nrf2�/� macrophages infected with L.i. (Figure 4A). Given

the case, we then turned to the literature, where it has been

recently described that the accumulation of oxidative stress

induced the peroxidation of polyunsaturated fatty acids, an

essential step of ferroptosis. In addition, GPX4, a critical anti-

ferroptotic enzyme, has been annotated as a bona fide target

gene of Nrf2.24 Within this context, we consequently evaluated

whether L.i. died by ferroptosis in Nrf2�/� macrophages. To

accomplish this, we measured the lipid peroxidation of L.i. us-

ing C11-BODIPY, a redox-sensitive dye, in Nrf2+/+ and Nrf2�/�

macrophages (Figure 4B), and the number of living Leishmania

in macrophages was estimated through their luciferase activity
(Figure 4C). We observed higher lipid peroxidation of L.i. in

Nrf2�/� macrophages (Figure 4B), which was associated with

a decrease of the L.i. number (Figure 4C). Interestingly, the

addition of ferrostatin-1 (Fe-1), an inhibitor of ferroptosis, pre-

vented L.i. lipid peroxidation in Nrf2�/� macrophages, diminish-

ing their capacity to control the L.i. number (Figure 4C). These

results were supported by an increased peroxidation of L.i.

lipids associated with a drastic decrease in the number of L.i.

in Nrf2+/+ and Nrf2�/� macrophages following treatment with

cumene hydroperoxide (CuOOH), a ferroptosis inducer (Fig-

ure 4C). These findings suggested that Nrf2-induced ROS inhi-

bition protected L.i. from a microbicidal process highly resem-

bling ferroptosis.

To confirm that ROS was responsible for L.i. lipid peroxidation

and death, we studied the in vitro lipid peroxidation and viability

of L.i. in the presence of H2O2, a non-ROS radical (Figures 4D

and 4E). In the presence of H2O2, L.i. lipid peroxidation was

strongly induced, and L.i. viability was impaired. The addition

of Fe-1 protected L.i. from H2O2-induced lipid peroxidation
Cell Reports 43, 114720, September 24, 2024 5
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Figure 4. Nrf2 expression in macrophages prevents the death of L.i. by ferroptosis

(A–E) Bars represent mean values ± SEM and are representative of 3 biological replicates, each with 3 technical replicates.

(A) Viability of peritoneal macrophages from Nrf2+/+ and Nrf2�/� mice infected with L.i. for 24 and 48 h.

(B and C) Quantification of L.i. lipid peroxidation (B) and L.i. proliferation (C) in peritoneal macrophages from Nrf2+/+ and Nrf2�/� mice treated with ferrostatin-1

(Fe-1) or cumene hydroperoxide (CuOOH).

(D) Quantification of lipid peroxidation in L.i. promastigotes treated (or not) with H202 for 4 h and Fe-1.

(E) Quantification of L.i. proliferation treated (or not) with H202 for 4 h and Fe-1.

(F) Parasite load was quantified by RT-qPCR inNrf2+/+ andNrf2�/�mice infected (i.p.) with 503 106 L.i. for 14 days and treated or not with Fe-1 (n = 6 per group).

(G) RT-qPCR analysis of ferroptosis markers on peritoneal macrophages from infected Nrf2+/+ and Nrf2�/� mice treated or not with Fe-1. The experiment was

repeated twice.

Significance was determined by a one-way ANOVA analysis (A–F) except for (G), where significance was determined by an unpaired Student’s t test.

****p < 0.0001 compared to untreated peritoneal macrophages from Nrf2+/+ mice. #p < 0.05 and ####p < 0.0001 compared to untreated peritoneal macrophages

from Nrf2�/� mice. $$$$p < 0.0001 compared to untreated L.i. promastigotes.
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and improved their viability (Figures 4D and 4E). Finally, we in-

fected Nrf2+/+ and Nrf2�/� mice with L.i. in the presence or

absence of Fe-1. Given the very low persistence of Fe-1, mice

were treated each day with Fe-1. We observed that the decrease

in parasite load displayed by the Nrf2�/� mice was completely

abolished with Fe-1 treatment (Figure 4F), thus suggesting that

host-driven ferroptosis-like process is a critical mechanism of

defense against L.i. at the cellular and systemic levels.
6 Cell Reports 43, 114720, September 24, 2024
Altogether, these results argue that Nrf2 in macrophages

protects L.i. from lipid peroxidation, preventing their death by

a mechanism reminiscent of ferroptosis. These findings are

further supported by the downregulation of Gpx4, Slc40a1,

and Slc7a11 genes (negative regulators of ferroptosis) and,

conversely, an upregulation of Acsl4 and Tfrc genes (positive

regulators of ferroptosis) in macrophages from Nrf2-deficient

mice (Figure 4G).
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Pharmacological inhibition of Nrf2 reduces L.i. infection
through an oxidative and inflammatory profile of
macrophages
To validate Nrf2 as a relevant therapeutic target for visceral leish-

maniasis treatment, we used a pharmacological inhibitor of Nrf2,

such as ML-385, in mice infected with L.i. (Figure 5). Strikingly,

15 days after infection, the parasite loads in the spleen and liver

of infected mice were decreased in a similar fashion to when the

mice were treated either with ML385 or liposomal amphotericin

B (AmB), a standard treatment for visceral leishmaniasis (Fig-

ure 5A). Likewise, the proliferation of L.i. was decreased in mac-

rophages from infected mice treated with ML385, suggesting

that the pharmacological inhibition of Nrf2 promoted the micro-

bicidal function of macrophages (Figure 5B). Consistent with

these observations, the ML385 treatment of infected mice also

increased the ROS and NO production of macrophages in

response to L.i. challenge (Figures 5C and 5D). In addition, the

lipid peroxidation of L.i. in macrophages was significantly

induced by ML385 treatment (Figure 5E); this treatment also up-

regulated the mRNA and protein levels of IL-b, IL-12, TNF-a, and

IL-6 pro-inflammatory cytokines and downregulated the IL-10

anti-inflammatory cytokine (Figure 5F). Therefore, these data ob-

tained through a pharmacological approach argue in favor of the

therapeutic potential of Nrf2 modulation in the treatment of

visceral leishmaniasis.

The involvement of Nrf2 in Leishmania infection and its potential

as a therapeutic targetwas strengthenedby the comparisonof the

progression of L.i. infection between susceptible (C57BL/6) and

resistant (129/Sv) mouse strains (Figures 5G–5K). As expected,

the parasite burdens in the liver and spleen were notably lower

in 129/Svmice compared to those from the C57BL/6 background

(Figure 5G). Moreover, while the ML385 treatment resulted in a

moderate decrease of the parasite loads in the spleen and liver

of infected 129/Svmice, C57BL/6mice displayed a drastic reduc-

tion in these readouts at 15 days post-infection (Figure 5G). At the

cellular level, the proliferation of L.i. was diminished in macro-

phages derived from infected 129/Sv mice compared to those

from C57BL/6 mice (Figure 5H). Similar to the global effect in

mice from different backgrounds, the ML385 treatment slightly

reduced L.i. proliferation in 129/Sv macrophages compared to

its strong diminishing effect on cells from C57BL/6 mice (Fig-

ure 5H). Interestingly, unlike macrophages from C57BL/6 mice,

which exhibited a significant upregulation of mRNA expression

for Nrf2 along with its target genes during L.i. infection, 129/Sv

macrophages displayed no gene modulation (albeit a minor in-

duction of Ho-1 and Srxn1) (Figures 5I and 5J). This gene modu-

lationpatternwas further reflected in theNrf2DNA-binding activity

observed at 4 h post-L.i. challenge, whose increase was evident

only in C57BL/6 macrophages (Figure 5K). In summary, these

findings unequivocally demonstrate differences (at the global

and cellular levels) in L.i. proliferation, Nrf2 activation, and binding

to its specific nucleotide sequence upon L.i. challenge, according

to the mouse background.

ROS/PGE2-axis-mediated Nrf2 activation enables L.i.

proliferation in h-MDMs
To validate our findings obtained through the use of a murine

model within the human context, we challenged human mono-
cyte-derived macrophages (h-MDMs) with L.i. (Figure 6). First,

the mRNA and protein levels of Nrf2 and its target genes

(HO-1, SRXN1, NQ01) in h-MDM were strongly increased by

L.i. challenge (Figure 6A). Second, similar to our findings in the

murine model, the CYBB and P47 mRNA levels were upregu-

lated in h-MDMs challenged with L.i. (Figure 6B). In line with

this, the production of ROSs by h-MDMs following L.i. challenge

was increased during the early stage of infection (4 h), followed

by a gradual decrease as a function of time (Figure 6C);

conversely, PGE2 production by h-MDMs was progressively

increased from 4 h post-L.i. challenge (Figure 6E). Consistent

with this increased PGE2 production, PTGS2, PGES, and

PTGER2 mRNA levels were also upregulated following L.i.

challenge, while PGDS and PTGER4 were downregulated (Fig-

ure 6D). Consequently, Nrf2 nuclear translocation in h-MDMs

was gradually increased from 4 to 48 h post-L.i. challenge

(Figure 6F).

To continue our validation concerning the dynamics of Nrf2

activation by ROS and PGE2 during the early and late stages

of L.i. infection, respectively, we evaluated its nuclear transloca-

tion in h-MDMspre-treatedwithGSK2795039 (NOX2 inhibitor) or

CAY10526 (PGES inhibitor), associated with AH6808 (EP2

antagonist) (Figure 6G). As expected, Nrf2 translocation was

reduced by GSK2795039 only at 4 h post-L.i. challenge and,

subsequently, by CAY10526/AH6808 only at 48 h post-L.i. chal-

lenge (Figure 6G). As a result, L.i. proliferation was increased in

h-MDMs by GSK2795039 treatment or exogenous PGE2 deliv-

ery; the inhibition of PGE2 production by CAY10526/AH6808,

however, reduced L.i. proliferation (Figure 6H), confirming the

contribution of the ROS- and PGE2-mediated Nrf2 activation

to the control of L.i. proliferation by h-MDMs. Furthermore, the

pharmacological inhibition of Nrf2 by ML385 abrogated L.i. pro-

liferation in h-MDMs (Figure 6I). Consistent with the anti-prolifer-

ative effect of ML385, L.i. lipid peroxidation and 8-isoprostane,

ROS, and NO production were strongly increased in infected

h-MDMs treated with ML385 (Figures 6J–6M).

Altogether, these data argue that the ROS/PGE2 axis medi-

ates Nrf2 activation to control L.i. proliferation in the context of

human macrophages.

DISCUSSION

Leishmania parasites have developed clever strategies to resist

various microbicidal mechanisms, including the oxidative burst

generated by the host macrophages to limit parasite growth,

upon entering host cells. Here, we demonstrated that an in-

crease in ROS production by murine and human macrophages

during the early stages of L.i. infection leads to the efficient

control of parasite proliferation. The use of a pharmacological in-

hibitor of the NADPH oxidase (NOX2) reduced Nrf2 nuclear

translocation in murine and human macrophages, strengthening

the contribution of ROS in the early Nrf2 activation. Consistently,

L. guyanensis was recently shown to mediate the activation of

NADPH oxidase leading to the release of Nrf2 from its negative

regulator KEAP1, thus enabling its translocation of Nrf2 into

the nucleus.13

During the early stages of L.i. infection, this study reports a

counteracting dual role for ROSs. On the one hand, ROSs are
Cell Reports 43, 114720, September 24, 2024 7
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Figure 5. Pharmacological inhibition of Nrf2 reduces L.i. infection through an oxidative and inflammatory profile in macrophages

(A–F) C57/BL6mice were infected (i.p.) with 503 106 L.i. for 14 days and treated (or not) withML385 (Nrf2 inhibitor) or liposomal amphotericin B (AmB) (n = 8mice

per group).

(A) Parasite loads in liver and spleen were quantified by RT-qPCR.

(B) L.i. proliferation in peritoneal macrophages.

(C and D) ROS (C) and NO (D) production by peritoneal macrophages.

(E) Ex vivo quantification of L.i. lipid peroxidation in peritoneal macrophages.

(F) RT-qPCR and ELISA analysis of cytokines on peritoneal macrophages.

(G and H) 129/Sv mice (n = 4 mice per group) were infected (i.p.) with 503 106 L.i. for 14 days, treated (or not) with ML385 (Nrf2 inhibitor), and compared to data

from C57/BL6 mice infected with L.i.

(G) Parasite loads in liver and spleen were quantified by RT-qPCR.

(H) L.i. proliferation in peritoneal macrophages.

(I and J) RT-qPCR analysis of Nrf2 (I) and its target genes (J) on peritoneal macrophages from 129/Sv and C57/BL6 mice infected with L.i.

(K) DNA-binding ELISA quantification of the ARE-nuclear binding of Nrf2 in peritoneal macrophages from 129/Sv andC57/BL6mice infectedwith L.i. The data are

represented in a fold induction relative to untreated and uninfected peritoneal macrophages. Bars representmean values±SEM from 3biological replicates, each

with 3 technical replicates. Significance was determined by a one-way ANOVA analysis. **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to untreated mice.
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Figure 6. ROS/PGE2-axis-mediated Nrf2 activation enables L.i. proliferation in h-MDMs

(A–M) All analyses were performed in vitro on human monocyte-derived macrophages (h-MDMs) in response to L.i. challenge.

(A) RT-qPCR analysis, immunoblots, and quantification of NRF2 and its target genes after L.i. challenge.

(B) RT-qPCR analysis of NADPH oxidase subunits at 4 h after L.i. challenge.

(C) ROS production at 4, 12, 24, and 48 h after L.i. challenge.

(D) RT-qPCR analysis of arachidonic acid metabolism genes 4 h after L.i. challenge.

(E) PGE2 production by h-MDMs at 4, 12, 24, and 48 h after L.i. challenge.

(F) Immunofluorescence imaging of NRF2 cellular localization (green) and DAPI-labeled nucleus (blue) at 4, 12, 24, and 48 h after L.i. challenge. Quantification of

the nuclear translocation of NRF2 compared to uninfected h-MDMs (�L.i.). The data are represented in a fold induction relative to uninfected h-MDMs. Scale

bars, 5 mm.

(G) Quantification of nuclear translocation of NRF2 by confocal imaging (as in F) at 4 and 48 h after L.i. challenge in h-MDMs treated (or not) with GSK2795039

(NOX2 inhibitor) or CAY10526 (PGES inhibitor) and AH6808 (EP2 antagonist). The data are represented in a fold induction relative to uninfected h-MDMs.

(H) L.i. proliferation in h-MDMs treated (or not) with GSK2795039, CAY10526 and AH6808, or PGE2.

(I) L.i. proliferation in h-MDMs treated (or not) with ML385.

(J) Lipid peroxidation of L.i. in h-MDMs treated (or not) with ML385.

(K) 8-Isoprostane quantification in the culture supernatant of L.i.-challenged h-MDMs treated (or not) with ML385.

(L and M) ROS (L) and NO (M) production by h-MDMs challenged with L.i. and treated (or not) with ML385. Bars represent mean values ± SEM and are

representative of 3 biological replicates, each with 3–4 technical replicates.

Significance was determined by an unpaired Student’s t test (A, B, D, and I–M) except for (C) and (F–H), where significance was determined by a one-way ANOVA

analysis. *p < 0.05, **p < 0.01, and ****p < 0.0001 compared to uninfected h-MDM (�L.i.). $$$$p < 0.0001 compared to 4 h infected h-MDMs (4 h + L.i.). ###p < 0.001

and ####p < 0.0001 compared to untreated infected h-MDMs at 4 h. £p < 0.05, ££p < 0.01, £££p < 0.001, and ££££p < 0.0001 compared to untreated h-MDMs

(�ML385).
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involved in the direct elimination of the parasite, as demon-

strated in Nrf2-deficient mice. On the other hand, Trolox (ROS in-

hibitor) treatment led to an increase in L.i. proliferation. This
apparent conundrum is explained by the presence of Nrf2.

Indeed, the ROSs released by L.i. infection activate Nrf2 that

subsequently triggers the anti-oxidant genes, which in turn
Cell Reports 43, 114720, September 24, 2024 9
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reduce ROS production and promote L.i. proliferation. There-

fore, during the early stages of infection (4 h), ROSs contribute

to the elimination of L.i. but simultaneously activate Nrf2 as a

negative-feedback loop to regulate its production. This is

confirmed in Nrf2-deficient mice, where only the leishmanicidal

activity of ROSs is evident in an uncontrolled manner.

Following the kinetics analysis of L.i. infection revealed a

sustained activation of Nrf2 that coincides with the gradual

decrease of ROS production over time, suggesting an alterna-

tive mechanism for Nrf2 activation at the late stages of infec-

tion. Interestingly, and in agreement with the study of Saha

et al.,21 we identified PGE2 as the responsible factor for this

late phenomenon. Indeed, we demonstrated that L.i. enhances

COX-2 and PGES gene expression in murine and human mac-

rophages, which in turn increases the production of PGE2. If

the PGE2 synthase and the EP2 receptor are pharmacologically

inhibited during the late stages of infection, then Nrf2 nuclear

translocation is drastically decreased in murine and human

macrophages. This strengthens the role of the COX-2/PGES/

PGE2/EP2r axis to maintain Nrf2 activation throughout infec-

tion. The increase in parasite load in mice treated with the in-

hibitor of 15-PGDH, a PG-degrading enzyme,25 reinforces the

importance of this signaling pathway and the crucial contribu-

tion of PGE2 via EP2r, but not its metabolites, in the progres-

sion of infection. Collectively, our data show the contribution

of the NOX2/ROS axis in the early activation of Nrf2 and the

subsequent involvement of PGE2/EP2r in sustaining this activa-

tion upon L.i. infection. These data were also supported in a

murine model of L.i. visceral infection, where we demonstrated

a high concentration of urinary isoprostane, which reflects the

oxidative stress, during the early stages post-infection, while

the PGE2 metabolite levels in urine only increased at the later

stages.

The genetic deletion of Nrf2 in L.i.-infected mice identified this

transcription factor as a central factor in the progression of

visceral leishmaniasis, particularly through its role in controlling

inflammation and oxidative balance. Indeed, the parasite loads

in the liver and spleen were significantly reduced in Nrf2�/� in-

fected mice. L.i. clearance was related to a pro-inflammatory

and pro-oxidant phenotype of macrophages, demonstrating

that Nrf2 skews macrophages toward an anti-inflammatory

and anti-oxidant profile that promoted the progression of L.i.

infection. Consistent with these observations, besides the anti-

oxidant role of Nrf2,5 a recent study described an important

role for Nrf2 in the suppression of the macrophage inflammatory

response by blocking pro-inflammatory cytokine transcription.26

In fact, the AT of Nrf2�/� macrophages into infected Nrf2+/+

recipient mice ameliorated the host response to infection, which

likely interfered with the Nrf2-induced anti-inflammatory and

anti-oxidant macrophages that potentially cause the systemic

vulnerability of L.i. infection.

Similar to the data obtained with Nrf2�/� mice, the pharma-

cological inhibition of Nrf2 by the administration of ML385 in

infected mice reduced the parasite loads in the liver and

spleen, and it also oriented the phenotype of macrophages to-

ward a microbicidal pro-inflammatory and pro-oxidant profile.

Interestingly, the evaluation of the effect of ML385 on the

infection course compared to the reference treatment AmBi-
10 Cell Reports 43, 114720, September 24, 2024
some27 showed similar effects of the two molecules, high-

lighting the potential of ML385 for the treatment of visceral

leishmaniasis.

Currently, the cell death programs of the Leishmania genus

remain poorly defined. There is a handful of data suggesting

apoptosis as a potential type of death in Leishmania spp. How-

ever, key apoptotic proteins involved in mammalian apoptosis

have not been reported in the Leishmania genus.28 In this

work, we show that ROS-induced lipid peroxidation leads to a

decrease in L.i. viability, suggesting that ferroptosis could be

one type of death program present in Leishmania. In this context,

it was recently demonstrated in Trypanosoma brucei, a parasite

belonging to the Trypanosomatidae family like Leishmania spe-

cies, that its death could also involve ferroptosis upon lipid

peroxide accumulation.19 To further support the occurrence of

ferroptosis in L.i., here we demonstrated that L.i. infection in

macrophages that genetically invalidated, or pharmacologically

inhibited, the Nrf2 activity induced an oxidative burst leading to

lipid peroxidation of parasites and their death. Therefore, the

anti-oxidant effect of Nrf2 in macrophages protected L.i. against

lipid peroxidation and the ferroptosis death program. How Nrf2

activity in macrophages regulates the lipid peroxidation of Leish-

mania constitutes an intriguing avenue that is currently under

investigation.

While targeting the Nrf2 pathway in leishmaniasis presents an

interesting therapeutic angle, the study’s limitations underscore

the need for a more comprehensive understanding of the role of

Nrf2 across different host cells and in the context of the diverse

species of Leishmania. Broadening the research to include

various immune cells and human tissue models, alongside

comparative studies across different forms of leishmaniasis,

would provide a more robust foundation for evaluating Nrf2 inhi-

bition as a therapeutic strategy.

In conclusion, L.i. infection induces the successive production

of ROS and PGE2 by macrophages leading to the activation of

Nrf2 (Figure 7). This activation is responsible for the onset of an

anti-oxidant and anti-inflammatory phenotype in macrophages

favoring the progression of visceral leishmaniasis. In addition,

we identify a ferroptosis-like cell death program of L.i. and the

protective effect of Nrf2 activity in macrophages against this par-

asite’s death. Finally, we highlight Nrf2 as a critical factor for the

susceptibility of L.i. infection. Synthetic inhibition of Nrf2 activity

may, hence, constitute promising compounds for the treatment

of visceral leishmaniasis.

Limitations of the study
In this study, we showed that L.i. exploits macrophage transcrip-

tion factor Nrf2 to promote its resilience within the host. To

demonstrate the activation of Nrf2 in response to L.i., we quan-

tified this transcription factor specifically in the nucleus by immu-

nofluorescence. Moreover, the evaluation of Nrf2 DNA-binding

activity post-L.i. challenge, mirroring its nuclear translocation

has allowed us to demonstrate that L.i. challenge induced Nrf2

nuclear translocation. However, due to the lack of specificity of

our antibodies directed against Nrf2, we had difficulty identifying

Nrf2 in the nuclear fraction by western blot. Thus, it will be neces-

sary to assess other clones in future experiments. We also

propose the pharmacological inhibition of Nrf2 for therapeutic



Figure 7. Schematic illustration of the ROS-

and PGE2-mediated Nrf2 activation in mac-

rophages leading to an increased resilience

of L.i

L.i. infection induces the successive contribution

of the NOX2/ROS axis in early Nrf2 activation and

PGE2/EP2r signaling in the sustainment of Nrf2

activation. This activation is responsible for the

onset of an anti-oxidant and anti-inflammatory

phenotype in macrophages favoring the progres-

sion of visceral leishmaniasis. In addition, we

establish a macrophage-driven ferroptosis-like

process as a cell death program of L.i. and the

protective effect of Nrf2 in macrophages against

L.i. killing.
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purposes in leishmaniasis, using mouse models and specifically

targeting macrophages in humans. Leishmaniasis is a complex

tropical disease present in various forms, which affects multiple

internal organs and can be fatal if untreated. The disease’s

complexity is compounded by the diversity of Leishmania spe-

cies involved, each with potentially different pathogenesis and

immune evasion strategies. In our study, we used L.i. as a critical

model for studying visceral leishmaniasis. Our study does not

consider the diversity of L.i. strains, and whether our findings

can be applicable to cutaneous leishmaniasis remains to be

elucidated. Finally, Nrf2 plays a protective role in cells by regu-

lating the expression of anti-oxidant enzymes and detoxifying

proteins. Its inhibition, particularly in the context of an infectious

disease like leishmaniasis, which involves oxidative stress as a

part of the host-parasite interaction, could potentially exacer-

bate the disease or lead to off-target effects that need to be

determined.
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Antibodies

Mouse anti-Cox2 BD Transduction Laboratories Cat# 610204

RRID:AB_397603

Rabbit anti-Pges Invitrogen Cat# 702796

RRID:AB_2734827

Rabbit anti-Ptger2 Invitrogen Cat# MA5-35750

RRID:AB_2849650

Mouse anti-bactin Santa Cruz Biotechnology Cat# sc-69879

RRID:AB_1119529

Rabbit anti-Nrf2 Invitrogen Cat# MA5-42371

RRID:AB_2911512

Goat anti-Rabbit IgG Alexa FluorTM 488 Invitrogen Cat# A-11008

RRID:AB_143165)

Mouse anti-Heme Oxygenase Santa Cruz Biotechnology Cat# sc-136960

RRID:AB _2011613

Mouse anti -NQO1 Santa Cruz Biotechnology Cat# sc-32793

RRID:AB_628036

Rabbit anti-Nrf2 Santa Cruz Biotechnology Cat# sc-13032

RRID:AB_2263168

Biological samples

Blood Peripheral Blood Mononuclear Cells

(PBMCs)

French Blood Institute N/A

Chemicals, peptides, and recombinant proteins

AH6809 (EP2 antagonist) Sigma-Aldrich Cat# A1221-5MG

Trolox Sigma-Aldrich Cat# 238813-1G

GSK2795039 (NOX2 inhibitor) Sigma-Aldrich Cat# SML2770-1MG

SW033291 (15-PGDH inhibitor) Sigma-Aldrich Cat# SML1485-5MG

ML385 (Nrf2 inhibitor) Sigma-Aldrich Cat# SML1833-25MG

CAY10526 (pges inhibitor) Sigma-Aldrich Cat# SML2530-5MG

NS-398 (Cox-2 inhibitor) Sigma-Aldrich Cat# N194-5MG

Ferrostatin-1 Sigma-Aldrich Cat# SML0583-25MG

PGE2 Cayman Chemical Cat# CAYM14010-10

Liposomal amphotericin B (Ambisome) This paper N/A

Hydrogen peroxide Thermo Scientific Cat# 202465000

RIPA Buffer Sigma-Aldrich Cat# R0278

Recombinant Human M-CSF PeproTech Cat# 300-25

Ficoll 1.077 ± 0.001 g/mL GE Healthcare Cat# 17-1441-02

DMEM Sigma-Aldrich Cat# D0822-500ML

Fetal Bovin Serum Invitrogen Cat# 10082147

RPMI 1640 Fisher Scientific Cat# 12027599

Penicillin-streptomycin Fisher Scientific Cat# 11548876

5-amino-2,3-dihydro-1,4-phthalazinedione Sigma-Aldrich Cat# A8511

PD0325901 Selleckchem Cat# S1036

Skepinone-L Clinisciences Cat# HY-15300

H89 Sigma-Aldrich Cat# B1427-5MG

Staurosporin Sigma-Aldrich Cat# 19-123

(Continued on next page)
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Sulfanilamide Fisher Scientific Cat# 11479893

naphthylethylenediamine dihydrochloride Sigma-Aldrich Cat# 222488-5G

G418 sulfate (geneticin) Fisher Scientific Cat# 10131027

luciferase substrate Promega Cat# E2520

Critical commercial assays

BODIPYTM 581/591 C11 (Lipid Peroxidation

Sensor)

Invitrogen Cat# D3861

AlamarBlueTM Cell Viability Reagent Invitrogen Cat# DAL1025

Nuclear Extract Kit Active Motif Cat# 40010

TransAM� Nrf2 Active Motif Cat# 50296

Verso cDNA kit Thermo Fisher Scientific Cat# AB1453B

LightCycler SYBR Green I Master Roche Diagnostics Cat# 4887352001

High Pure PCR Template preparation kit Roche Diagnostics Cat# 11796828001

PGEM EIA Kit Cayman Chemical Cat# 514531

PGE2 EIA Kit Cayman Chemical Cat# 514010

8-Isoprostane EIA Kit Cayman Chemical Cat# 516351

Human IL-1beta Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7261-88 RRID:AB_2575054

Human IL-10 Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7106-22 RRID:AB_2575001

Human/Mouse TGF-beta uncoated ELISA Thermo Fisher Scientific Cat# 88-8350-88 RRID:AB_2575211

Human IL-6 Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7066-88 RRID:AB_2574995

Human TNF alpha Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7346-88 RRID:AB_2575097

Human IL-12p70 Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7126-88 RRID:AB_2575023

Mouse IL-1beta Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7013-22 RRID:AB_2574942

Mouse TNF alpha Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7324-22 RRID:AB_2575076

Mouse IL-10 Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7105-88 RRID:AB_2574997

Mouse IL-6 Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7064-22 RRID:AB_2574986

Mouse IL-12 Uncoated ELISA Kit Thermo Fisher Scientific Cat# 88-7121-88 RRID:AB_2575018

ClarityTM Western ECL Substrate Biorad Cat# 1705060

Total RNA Miniprep Super Kit BioBasic Cat# BS784

Human pan monocyte isolation kit Miltenyi Biotec Cat# 130-100-629

Experimental models: Organisms/strains

C57BL/6J The Jackson laboratory Cat # JAX: 000664, RRID: IMSR_JAX:

000664

Nfe2l2+/+ and Nfe2l2�/� mice Itoh et al.29 N/A

129S2/SvPasOrlRj Janvier Labs Cat # SC-129SV-M

Leishmania infantum-luc MHOM/MA/67/

ITMAP-263

Laboratory of Dr. Jean-Loup Lemesre N/A

Oligonucleotides

qPCR primers, see Table S1: Primer

sequences

This paper N/A

Software and algorithms

GraphdPad Prism 8.0 for Windows GraphPad Software, La Jolla California USA https://www.graphpad.com/scientific-

software/prism/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
All mouse experiments were performed according to protocols approved by the institutional ethics committee CEEA - 001 ‘‘Comité

d’éthique en expérimentation animale de la Fédération de Recherche en Biologie de Toulouse (FRBT)’’ (ethics committee number

122, US006/CREFFRE) with permit number 6555–2016082912056664 and 2019112715257559 in accordance with European legal
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and institutional guidelines (2010/63/UE) for the care and use of laboratory animals. All mice were bred in the same facility, and age-

matched wild type mice were first co-housed with genetically modified mice just after weaning at 3 weeks old for at least 4 weeks

before use. At the start of the experiments, animals weighed (mean ± SD) 24 ± 0.36 g and were 6-week-old male. Animals were

housed in 425 3 266 3 185 mm cages (Tecniplast, 1291H Type III H, France) and given access to maintenance food (Global Diet,

Harlan, France) and water ad libitum. The photoperiod was adjusted to 12 h light and 12 h dark and ambient temperature was

maintained at 20�C +/� 1�C. Environmental enrichment included bedding and one hut. The experimenters were blinded to the

mice genotype for monitoring animals. The Nfe2l2+/+ and Nfe2l2�/� (C57BL/6) mice have been provided by Dr. Itoh and bred in

our facility.33,34 The C57BL/6J mice and 129/Sv mice were purchased from Janvier Labs.

Leishmania cell culture
The cloned line of Leishmania infantum (MHOM/MA/67/ITMAP-263) and the axenic amastigotes expressing luciferase activity

(L.i.-luc) have been provided by J.L Lemesre.4 For animal and macrophage infection and in vitro experiments, the parasites were

transformed in promastigotes by changes in culture conditions (25�C and RPMI 10% fetal calf serum Cat# 10082147 with G418

at 50 mg/mL, Cat# 10131027). Medium was changed every 3 days.

METHOD DETAILS

Visceral leishmaniasis model
For the in vivo experiments, a visceral infection was established by inoculating i.p. 503 106 stationary phase promastigotes into

6-week-old male mice.4 At 14 days after infection, the liver, spleen and peritoneal macrophages were removed aseptically. Mice

were treated with an ROS chelator (Trolox23 40 mg/kg, Sigma-Aldrich) every 2 days; a cocktail of PGEs inhibitor (CAY1052629

5mg/kg, Sigma-Aldrich) and prostanoid receptor antagonist 2 (AH680821 5mg/kg, Sigma-Aldrich) every 2 days; a 15-PGDH inhibitor

(SW03329130 at 10 mg/kg, Sigma-Aldrich) every 2 days; an Nrf2 inhibitor (ML38531 at 10 mg/kg, Sigma-Aldrich) every two days; or

liposomal amphotericin B (Ambisome 3 mg/kg, Sigma-Aldrich) at day 0, 1, 2, 3, 4 and 10. Mice were treated with Fe-132 (10 mg/kg,

Sigma-Aldrich) each day.

For adoptive transfers, peritoneal macrophages from three Nfe2l2�/� donor mice were collected and transferred (i.p.) into the cor-

responding Nfe2l2+/+ recipient mouse model (n = 6) 10 h before L.i. infection. Liver and spleen were isolated and peritoneal macro-

phages were harvested 14 days after infection.

Mouse peritoneal macrophages isolation
Resident peritoneal cells were harvested by washing the peritoneal cavity with sterile 0.9% NaCl. Collected cells were centrifuged

and the cell pellet was suspended in DMEM with 5% FBS (Cat# D0822-500ML). Cells were allowed to adhere for 2 h at 37�C, 5%
CO2. Non-adherent cells were then removed by washing with PBS.

Purification and generation of monocyte-derived macrophages
Monocytes were isolated from blood Peripheral Blood Mononuclear Cells (PBMCs) from healthy donors obtained from the EFS Tou-

louse Purpan (France). Briefly, PBMCs were isolated by centrifugation using standard Ficoll-Paque density (Cat# 17-1441-02), ac-

cording to the manufacturer’s instructions. The cells were re-suspended in RPMI-1640 supplemented with 10% of fetal calf serum

(FCS, Cat# 10082147), 1% penicillin (100 IU/mL) and streptomycin (100 mg/mL) (Cat# 11548876). Monocytes were separated by

negative selection using Pan monocyte isolation kit (Cat# 130-100-629). Cells were cultured in RPMI-1640 (Cat# 12027599) supple-

mented with 10% FCS, 100 IU/mL penicillin, 100 mg/mL streptomycin, 10 ng/mLM-CSF (Cat# 300-25) for 5 days at 37�C under a 5%

CO2 humidified atmosphere.

Reverse transcription and Real-time PCR
Adherent murine peritoneal macrophages were pre-treated 24 h before L.i. challenge (parasite-to-macrophage ratio 5:1) with

PD0325901 MEK/ERK inhibitor (Cat# S1036), Skepinone-L (P38 MAPK inhibitor) (Cat# HY-15300), H89 (PKA inhibitor) (Cat#

B1427-5MG), Staurosporin (PKC inhibitor) (Cat# 19–123).

The mRNA of interest was isolated using the biobasic Kit (Cat# BS784) using the manufacturer’s protocol. Synthesis of cDNA was

performed according to the manufacturer’s recommendations (Cat# AB1453B). RT–qPCR was performed on a LightCycler 480 sys-

tem using LightCycler SYBR Green I Master (Cat# 4887352001). The primers were designed with the software Primer 3. Glyceralde-

hyde-3-phosphate dehydrogenase (Gapdh) mRNA was used as the invariant control. Serially diluted samples of pooled cDNA were

used as external standards in each run for the quantification. Primer sequences are listed in Table S1.

Quantification of L. infantum in liver and spleen
L. infantumDNAwas purified using High Pure PCR Template preparation kit (Cat# 11796828001). The LightCycler PCR and detection

system () was used for amplification and quantification. For amplicon detection, LightCycler SYBRGreen I Master (Cat# 4887352001)

was used on a LightCycler 480 system.

Primers (50GTGGGGGAGGGGCGTTCT30, 50ATTTTACACCAACCCCCAGTT30) bind to conserved regions of kDNA minicircle.
16 Cell Reports 43, 114720, September 24, 2024
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Proliferation and phagocytosis assays
Adherent murine peritoneal macrophages were pre-treated 24 h before L.i. challenge (parasite-to-macrophage ratio 5:1) with

GSK279503935 (10 mM Cat# SML2770-1MG), AH680821 (Cat# A1221-5MG, 10 mM), SW03329 (10 mM, Cat# SML1485-5MG),

NS398 (10 mM, Cat# N194-5M), CAY10526 (10 mM), PGE2 (1 mMCat# CAYM14010-10) or ML385 (10 mM). To evaluate, phagocytosis

and proliferation of L.i., the macrophages were challenged with L.i.-luc for 30 min at 37�C (phagocytosis) and for 24 h at 37�C (pro-

liferation). Macrophage were then lysed and the luciferase substrate (Cat# E2520) was added. The luciferase activity was measured

with a luminometer (Envison, PerkinElmer).

ROS and NO production, ELISA cytokine Titration, and EIA lipid quantification
The ROS production by macrophages was measured by chemiluminescence monitoring in the presence of 5-amino-2,3-dihydro-

1,4-phthalazinedione (luminol, Cat# A8511)) using a thermostatically (37�C) controlled Envision (PerkinElmer) continuously for 1 h af-

ter L.i. challenge quantification was performed using the area under the curve expressed in counts x seconds. For nitrite release,

Griess reagent was used to quantify the concentration of nitrite, which is a stable product of NO. Briefly, culture medium of macro-

phages was incubated with equal volumes of a solution containing 1% sulfanilamide (Cat# 11479893) and 0.1% naphthylethylenedi-

amine dihydrochloride (Cat# 222488-5G) in 2.5% phosphoric acid. After 30 min at room temperature, the absorbance was read at

550 nm by comparison with standard solutions of sodium nitrite prepared in the same culture media. The cytokine releases were

evaluated by ELISA in cell supernatants or in peritoneal fluids (IL-1b, IL-12, IL-6, TNFa, TGFb, IL-10 BD Biosciences, R&D Systems)

according to the manufacturer’s instructions. The 8-isoprostane (Cat# 514531), PGE2 (Cat# 514010) and PGEM (Cat# 514531) were

quantified using EIA kits, as recommended by the manufacturer’s protocols.

Immunoblotting
Total protein lysates were extracted according to standard procedures. After protein transfer, the membranes were incubated with

either anti-Cox2 antibody (Cat# 610204, RRID: AB_397603), anti-Pges (Cat# 702796, RRID: AB_2734827), anti-Ptger2 (Cat# MA5-

35750, RRID: AB_2849650), anti-HMOX1 (Cat# sc-136960 RRID: AB _2011613), anti-NQO1 (Cat# sc-32793 RRID: AB_628036), anti-

Nrf2 (Cat# sc-13032 RRID: AB_2263168) or anti-b-actin (Cat# sc-69879, RRID: AB_1119529). Immunoblottings were revealed using

a chemiluminescent substrate ECL substrate (Cat# 1705060) and the images were acquired on a ChemiDoc Imaging System (Bio-

rad). Protein amounts were quantified using Fiji (ImageJ) software and normalized to the loading control b-actin. In eachwestern blot,

the molecular weight (kDa) of the most adjacent molecular weight marker is shown.

Fluorescence imaging confocal microscopy
Murine or human macrophages were fixed with PBS containing 4% paraformaldehyde. After permeabilization and blocking, cells

were incubated at 4�C with anti-Nrf2 antibody (Cat# MA5-42371, RRID: AB_2911512) and then an anti-rabbit Alexa 488 antibody

was used (Cat# A-11008 (also A11008), RRID: AB_143165). Nuclei were stained with DAPI. All microscopy imagery was performed

with an Operetta high content quantitative confocal imaging (PerkinElmer). For each condition, 60 000 cells were analyzed. The stain-

ing was representative of three independent experiments. At least sixty-fields/well with a minimum of 3Z planes were analyzed with

integrated Columbus image analysis software. Image analysis was performed and the cells-total number, mean/well cell–Alexa Fluor

intensity, was computed. Nuclear translocation of Nrf2 was obtained by Alexa 488 fluorescence intensity in DAPI fluorescence in-

tensity. Briefly, images were acquired using Operetta High Content Analysis system (Revvity) with 20x Air/0.45 NA. DAPI and Nrf2

were excited with the 360-400nm and 460-490nm excitation filters respectively. Nuclei were segmented with ‘Find nuclei’ building

block of the Harmony Analysis Software (Revvity). Intensity of Nrf2 labeling in the nuclei: ROI were calculated using the ’Calculate

Intensity Properties’ building block and normalized by intensity values of the background noise, for each well.

Nuclear protein extraction and DNA-binding activity
Peritoneal macrophages from wild-type mice were previously treated for 24 h with the NOX2 inhibitor GSK2795039 at 10 mM (Cat#

SML2770-1MG), or the PGEs inhibitor CAY10526 at 10 mM (Cat# SML2530-5MG) and the EP2 receptor inhibitor AH6808 (10 mM,

Cat# A1221-5MG). After washing with PBS�/�, macrophages were infected with L.i. (1/5 ratio) for 4 h or 48 h. Nuclear proteins

were isolated according to the manufacturer instruction (Cat# 40010). Nrf2 TransAM ELISA-kit (Cat# 50296) was used to evaluate

Nrf2 DNA-binding activity. The absorbance was measured at 450 nm on a microplate reader (Envision PerkinElmer).

Leishmania lipid peroxidation
To measure lipid peroxidation of Leishmania infantum parasites in macrophages, L.i. was incubated with C11-BODIPY (581/591)

(Cat# D3861) at 2 mM, in Opti-MEM medium for 2 h at 25�C. After washes with PBS, L.i. was resuspended in RPMI 10% FBS in

the presence (or absence) of H202 at 100 mM (Cat# 202465000), or ferrostatin-1 (Cat# SML0583-25MG) at 20 mm for 4 h at 37�C. Lipid
peroxidation was assessed bymeasuring the fluorescence of C11-BODIPY at 488 nm using (BD FORTESSA or PerkinElmer Envision

plate reader).

L.i. (pre-incubated with C11-BODIPY) was also challenged with mouse peritoneal macrophages (Nrf2 +/+) or (Nrf2 �/�) pre-treated
(or not) with ML385 (10 mM, Cat# SML1833-25MG), or with h-MDM pre-treated with ML385 (10 mM, Cat# SML1833-25MG). After

1h30 of infection, cells were washed with PBS to remove extracellular L.i. and incubated for 4 h. Lipid peroxidation was assessed
Cell Reports 43, 114720, September 24, 2024 17



Article
ll

OPEN ACCESS
bymeasuring the change in fluorescence of C11-BODIPY at 488 nm using direct fluorescence reading with the plate reader (Envision

PerkinElmer).

Cell viability
Cell viability of L.i.-infected macrophages or L.i. promastigotes alone was assessed using the AlamarBlue proliferation assay (Cat#

DAL1025), according to the manufacturer’s instructions. AlamarBlue reagent was incubated for 4 h. The fluorescence intensity was

measured with a fluorescence plate reader (Varioskan Thermo fisher scientific) with an excitation of 560 nm and an emission of

590 nm. The results were expressed as the percentage of viable cells compared to uninfected macrophages.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyses in this study were performed using GraphPad Prism software (GraphPad v9.5). Data are shown as mean ±

standard error of themean (SEM) and are representative of at least three biological replicates with 3 technical replicates unless other-

wise stated. Statistical significance analysis was determined by using unpaired Student’s t-test or one-way ANOVA analysis. The

statistical parameters for each experiment are reported in the respective figure legend. Significance was assumed with p < 0.05

and is indicated in the figures.
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