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SUMMARY

Hypoxia-inducible factor-1 alpha (HIF-1a) is consid-
ered a global regulator of cellular metabolism and
innate immune cell functions. Intracellular pathogens
such as Leishmania have been reported to manipu-
late host cell metabolism. Herein, we demonstrate
that myeloid cells from myeloid-restricted HIF-1a-
deficient mice and individuals with loss-of-function
HIF1A gene polymorphisms are more susceptible
to L. donovani infection through increased lipogen-
esis. Absence of HIF-1a leads to a defect in BNIP3
expression, resulting in the activation of mTOR and
nuclear translocation of SREBP-1c. We observed
the induction of lipogenic gene transcripts, such as
FASN, and lipid accumulation in infected HIF-1a�/�

macrophages. L. donovani-infected HIF-1a-deficient

mice develop hypertriglyceridemia and lipid accu-
mulation in splenic and hepatic myeloid cells. Most
importantly, our data demonstrate that manipulating
FASN or SREBP-1c using pharmacological inhibitors
significantly reduced parasite burden. As such,
genetic deficiency of HIF-1a is associated with
increased lipid accumulation, which results in
impaired host-protective anti-leishmanial functions
of myeloid cells.

INTRODUCTION

Pathogen-induced hijacking of host cell metabolism results in

the dampening of host defense mechanisms and is therefore

considered an important host-pathogen interface (Naderer and

McConville, 2008; McConville, 2016). Carbohydrate metabolism

was initially proposed to play a central role in providing a
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nutrient-rich niche for pathogen multiplication and survival, as

demonstrated in Trypanosoma cruzi, T. brucei, Toxoplasma gon-

dii, and Leishmania donovani infections (Caradonna et al., 2013;

Blume et al., 2015; Ghosh et al., 2015; Smith et al., 2017). Other

carbon sources, such as lipids, have also been proposed to

contribute to the outcome of infection (Bozza et al., 2009).

Dysregulated lipid metabolism poses a social health problem

worldwide due to the high prevalence of intertwined pathologies

such as obesity, coronary heart disease, nonalcoholic fatty liver

disease, and diabetes. In the past few years, these pathologies

have been gaining relevance in developing countries burdened

by infectious diseases. These recently found nutritional alter-

ations may favor pathogen dissemination, which poses a new

challenge in the clinics.

Hypoxia-inducible factor 1 alpha (HIF-1a) was initially identi-

fied as an oxygen-sensitive transcription factor involved in the

regulation of the homeostatic response to hypoxia (Weidemann

and Johnson, 2008; Thompson, 2016; Choudhry and Harris,

2018). In innate immune cells, HIF-1a activation in response to

pathogen-associated molecular patterns (PAMPs) (Peysson-

naux et al., 2007; Spirig et al., 2010; Cheng et al., 2014) or

pathogenic agents (Werth et al., 2010) reprograms both carbo-

hydrate and lipid metabolism and establishes an inflammatory

phenotype (Palazon et al., 2014). We and others previously re-

ported that in Leishmania-infected macrophages, metabolism

of carbohydrate and lipid is altered (Rabhi et al., 2012; Moreira

et al., 2015) and HIF-1a expression is upregulated (Degrossoli

et al., 2007; Singh et al., 2012; Alonso et al., 2019). Despite the

implications for the metabolic networks in the immune functions

of macrophages (Na et al., 2016), the impact of HIF-1a in the im-

mune-metabolic regulation of macrophages, as modeled here

with Leishmania donovani infection, remains elusive.

Herein, we demonstrate that HIF-1a is a resistance factor

against experimental visceral leishmaniasis (VL) causedbyLeish-

mania donovani. The analysis of three distinct mouse strains with

disparate susceptibility to the infection demonstrated thatHIF-1a

expression is positively associated with the capacity to resist VL.

To further dissect the role of this transcription factor, a murine

model of myeloid HIF-1a deficiency (mHIF-1a�/� mice) was

used to explore the association between HIF-1a expression

and infection outcome. Among the fewgenes altered between in-

fected HIF-1a�/� and wild-type (WT) myeloid cells, the absence

of HIF-1a prevented BCL2-interacting protein 3 (BNIP3) upregu-

lation, resulting in mammalian target of rapamycin (mTOR)

activation. Consequently, sterol regulatory element-binding pro-

tein-1c (SREBP-1c) is activated leading to the upregulation of key

lipogenic enzymes, acetyl-CoA carboxylase (ACC) and fatty acid

synthase (FASN), thus contributing to fatty acid synthesis.

L. donovani-infected mHIF-1a�/� mice developed a dysregu-

lated lipid metabolism leading to lipid accumulation in both liver

and spleen, thus favoring parasite multiplication. Pharmacolog-

ical inhibition of FASN and SREBP-1c significantly reduced the

susceptibility to infection and lipid dysregulation, demonstrating

the causal relationship between HIF-1a, lipid accumulation, and

L. donovani susceptibility. Furthermore, by associating the sin-

gle-nucleotide polymorphism (SNP) rs2057482 in human HIF1A

gene with lower levels of HIF-1a, we demonstrated the clinical

relevance of this SNP during a protozoan infection.

RESULTS

HIF-1a Expression Is Associated with Increased
Resistance against Leishmania donovani Infection
BecauseHIF-1a�/�macrophages aremore susceptible to Leish-

mania major infection (Schatz et al., 2016), we first evaluated

HIF-1a transcription levels during in vivo L. donovani infection

of three mouse strains with distinct outcomes to visceral leish-

maniasis (VL): BALB/c as susceptible, 129/Sv as resistant, and

C57BL/6 as intermediate resistant hosts (Bodhale et al., 2018).

Splenic HIF-1a transcription levels positively correlated with

increased resistance to infection: the resistant 129/Sv mice

had the highest levels of HIF-1a transcription, whereas

C57BL/6 mice had less HIF-1a transcripts and BALB/c mice

had the lowest HIF-1a levels (Figure 1A). To further dissect the

role of this transcription factor during infection, we took advan-

tage of myeloid-restricted HIF-1a�/� mice (mHIF-1a�/�), in

which LysM Cre-specific deletion affects mostly monocytes,

mature macrophages, and neutrophils (Abram et al., 2014).

Although L. donovani-infected peritoneal macrophages from

both WT and mHIF-1a�/� mice displayed a similar level of

phagocytosis (Figure 1B), we observed at 5 days post-infection

that parasite viability increases in HIF-1a�/� macrophages when

compared with WT counterparts (Figure 1C). As expected,

HIF-1a activation with iron-chelating agent deferoxamine (DFX)

resulted in lower parasite viability in WT macrophages and no

alteration in mHIF-1a�/� macrophages. We observed similar re-

sults with a distinct L. donovani strain or using a second visceral

Leishmania species, L. infantum (Figure S1A). To determine

whether L. donovani parasites display preferential tropism to-

ward WT or HIF-1a�/� macrophages, which could explain alter-

ations in parasite viability, we co-cultured CD45.1 WT and

CD45.2HIF-1a�/�macrophages and infected themwith carbox-

yfluorescein succinimidyl ester (CFSE)-labeled promastigotes.

No differences were found in the percentage of phagocytosis be-

tween WT and HIF-1a�/� macrophages (Figure S1B), indicating

that both macrophages comparably internalize the parasites.

However, higher parasite viability was observed in HIF-1a�/�

macrophages (Figure 1D), suggesting HIF-1a as a host-protec-

tive factor against infection. The analysis of prototypical

M1-like (Cxcl9 and Nos2) and M2-like (Arg1 and Fizz1) genes

(Murray et al., 2014) showed that the absence of HIF-1a drives

infected macrophages toward an anti-inflammatory phenotype,

as shown by decreased Cxcl9 and increased Fizz1 transcrip-

tional levels (Figure 1E). Furthermore, infectedHIF-1a�/�macro-

phages display an imbalance in inflammation with lower levels of

interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-a) and

higher levels of IL-10 (Figure 1F). Altogether, our results indicate

that HIF-1a levels inversely associate with Leishmania infection.

L. donovani-Infected HIF-1a�/� Macrophages Failed to
Upregulate BNIP3, Leading to the Activation of the
mTOR Signaling Pathway
To further dissect the role of HIF-1a, we analyzed macrophage

transcriptome through RNA sequencing at 6 h post-infection.

We only found 41 differentially regulated genes when comparing

infected mHIF-1a�/� and WT myeloid cells, with 27 downregu-

lated and 14 upregulated inHIF-1a�/�macrophages (Figure 2A).
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No major changes were observed between uninfected macro-

phages, suggesting that HIF-1a plays a minor role in macro-

phage basal phenotype (Figure S2). Given that HIF-1a is a

transcription factor, we focused on the genes and pathways

downregulated in L. donovani-infected mHIF-1a�/� compared

to WT.We found seven downregulated pathways in the absence

of HIF-1a, mostly related to cell response to hypoxia as expected

(Figure 2B). Among the gene transcripts, we found that BCL2/

adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) was

distinctively expressed in infected WT and HIF-1a�/� macro-

phages (Figure 2C). A quantitative PCR analysis confirmed that

Bnip3 transcriptional levels reach a maximum at 6 to 8 h post-

infection with viable L. donovani in WT macrophages, while

Bnip3 fails to be expressed in the absence of HIF-1a (Figure 2D).

Furthermore, by western blot, lower BNIP3 levels were found in

HIF-1a�/� macrophages when compared to WT macrophages

10 h post-infection (Figure 2E).

Because BNIP3 has been shown to contribute for the repres-

sion of mTOR via interaction with Ras-related GTPase Rheb (Li

et al., 2007), we investigated whether the absence of HIF-1a

was associated with the activation of p70 S6 kinase, a down-

stream target of mTOR. For that, we evaluated by western blot

the phosphorylation status of p70 S6 kinase. We observed an in-

crease in p70 S6K phosphorylation in HIF-1a�/� macrophages,

10 h post-infection (Figure 2F), indicating that the mTOR

pathway is activated in the absence of HIF-1a. Furthermore, a

time dependency on mTOR activation was observed in

L. donovani-infected HIF-1a�/� macrophages, as increased

phosphorylation of p70 S6 kinase is not observed prior to 10 h

and is maintained until 24 h post-infection (Figure S3A). Next,

we sought to understand whether BNIP3 was responsible for

controlling mTOR activation. Small interfering RNA (siRNA)

against BNIP3 (Figure 2G) induces p70 S6K phosphorylation in

WT macrophages infected with L. donovani (Figure 2H),

demonstrating that BNIP3 represses the mTOR pathway in

L. donovani-infected macrophages. Thus, our results support

the idea that the absence of HIF-1a by impairing BNIP3 expres-

sion induces the activation ofmTORduring L. donovani infection.

SREBP1c Activation in HIF-1a�/� Macrophages Is
Responsible for De Novo Lipogenesis and Increased
In Vitro Susceptibility to L. donovani Infection
Previous works have showed that activation of the mTOR

pathway positively regulates the activity of the SREBP-1c tran-

scription factor (Porstmann et al., 2008; D€uvel et al., 2010).

SREBP-1c is well known to bind to the promoter regions of lipo-

genic genes, thus inducing lipid synthesis (Figure S3B). Although

no differences were found in the transcriptional levels of the

Srebp1c gene between infected WT and HIF-1a�/� macro-

phages (Figure S3C), we observed a significantly increased

nuclear localization of this protein in infected HIF-1a�/� macro-

phages compared to WT (Figures 3A, S3D, and S3E). Because

Figure 1. HIF-1a Expression Is Associated with Increased Resistance against Leishmania donovani Infection

(A) The Hif1a transcription levels were quantified on splenic extracts of uninfected and 14- and 28-day L. donovani-infected BALB/c, C57BL/6, and 129/SVmice.

(B) Peritoneal macrophages from WT andmHIF-1a�/� mice were infected with CFSE-labeled promastigotes. Phagocytosis was assessed 4 h post-infection by

flow cytometry.

(C) Peritoneal macrophages from WT and mHIF-1a�/� were infected and parasite burden was evaluated by quantifying L. donovani viability at 5 days

post-infection. Deferoxamine (DFX) treatment was performed 24 h post-infection.

(D) An equal amount of WTCD45.1 andHIF-1a�/�CD45.2 macrophages were co-cultured and infected with L. donovani. Parasite viability was determined. Lines

represent the cells cultured in the same well.

(E) qPCR analysis of the transcriptional levels of Cxcl9, Nos2, Arg1, and Fizz1 24 h post-infection.

(F) Cytokines (TNF- a, IL-6, and IL-10) were quantified on the supernatant of both WT and HIF-1a�/� by ELISA.

Data are shown as mean ± SD; n = 5–7 mice/group. *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant.
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SREBP-1c activation is associated with increased lipid synthesis

(Chang et al., 2006; Sone et al., 2002), we started by assessing

any potential lipid accumulation during infection. A semiquantita-

tive analysis by high-performance thin layer chromatography

(HPTLC) showed a significant increase of distinct lipid families,

such as free fatty acids and triacylglycerol, in infected HIF-1a�/�

macrophages (Figures S4A and S4B), suggesting a Leishmania-

driven lipid accumulation in the absence HIF-1a. In opposition,

activation of HIF-1a in WT macrophages using deferoxamine

(DXF) led to reduced lipid accumulation (Figure S4C). Corrobora-

tively, infected HIF-1a�/� macrophages had increased intracel-

lular neutral lipids, even in co-culture with WT macrophages

(Figures 3B–3D). Overall, acetyl-CoA is a convergent metabolite

from different carbon sources in metabolism, namely glucose,

glutamine, acetate, and lactate, that can fuel lipid synthesis.

Interestingly, we observed a significantly increased acetate con-

centration in L. donovani-infected HIF-1a�/� macrophages,

which is reduced in the presence of theSREBP-1c inhibitor fatos-

tatin A (Figures 3E and 3F). Nuclear magnetic resonance (NMR)

analysis confirmed increased uptake of 2-13C-labeled acetate

and its incorporation on the lipid fraction of infected HIF-1a�/�

macrophages (Figures 3G, S5A, and S5B), suggesting acetate

uptake as a result of enhanced fatty acid synthesis in infected

HIF-1a�/� macrophages. Additionally, increased transcriptional

levels of Slc16a3 gene that codes for monocarboxylate trans-

porter 4 (MCT4), were observed in infected HIF-1a�/� macro-

phages, which is in accordance with a higher acetate uptake in

the absence of HIF-1a (Figure 3H). To further confirm that extra-

cellular acetate is an additional source for lipid synthesis, macro-

phages were cultured in a medium supplemented with dialyzed

fetal bovineserum(dFBS),which isdeprivedofacetate (Figure3I).

A significant reduction of intracellular neutral lipids was observed

in L. donovani-infected HIF-1a�/� macrophages cultured in

acetate deprivation (Figure 3J). Medium supplementation with

acetate (5 mM) led to a significant neutral lipid accumulation in

both WT and HIF-1a�/� and macrophages (Figure 3J), providing

a causal link between acetate consumption and lipid accumula-

tion in macrophages infected with L. donovani.

Figure 2. L. donovani-Infected HIF-1a�/� Macrophages Failed to Upregulate BNIP3, Leading to the Activation of the mTOR Signaling

Pathway

(A) Genome-wide transcriptome analysis of murine WT and HIF-1a�/� macrophages infected with L. donovani for 6 h. Expression values (log2 fold) were plotted

against the adjusted p value (�log10) for the difference in expression. Annotated numbers indicate genes with significant differential expression: upregulated

(red = 14) or downregulated (blue = 27), 1.5-fold or more in infected HIF-1a�/� macrophages relative to infected WT cells.

(B) Pathway analysis of significantly downregulated genes. The genes were divided into the top eight most represented pathways. The number of differentially

expressed genes in each pathway is annotated in each bar.

(C) Genome-wide transcriptional profiles of murine WT and HIF-1a�/� macrophages infected with L. donovani (n = 4–5). Expression of genes (right margins) is

presented as centered and ‘‘scaled’’ log2 fluorescence intensity.

(D) qPCR analysis of the transcriptional levels of Bnip3 2, 6, 8, and 14 h post-infection.

(E) Western blot analysis and densitometry of BNIP3 and beta-actin.

(F) Western blot analysis and densitometry of phospho-p70 S6K, total p70 S6K, and beta-actin.

(G) Western blot analysis and densitometry of BNIP3 and beta-actin, after siBNIP3 transfection.

(H) Western blot analysis and densitometry phospho-p70 S6K, total p70 S6K, and beta-actin, after siBNIP3 transfection.

Data are shown as mean ± SD; n = 4–5 mice/group. *p < 0.05; **p < 0.01.
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Following the hypothesis that lipogenesis is occurring in

L. donovani-infected HIF-1a�/� macrophages, we analyzed

the levels of fatty acid synthase (Fasn) and acetyl-CoA carbox-

ylase (Acaca), which are two key enzymes from the de novo

fatty acid synthesis (Figure S4D). These two genes were found

to be increased in infected HIF-1a�/� macrophages (Figure 4A).

Inhibition of upstream players mTOR and SREBP-1c, with rapa-

mycin and fatostatin A, respectively, abolished the induction of

Fasn and Acaca transcription observed in infected HIF-1a�/�

macrophages (Figure 4A). The protein levels of FASN were

consistently increased in infected HIF-1a�/� macrophages

(Figure 4B). Moreover, flow-cytometric analyses of palmitate

internalization revealed no difference between WT and

HIF-1a�/� macrophages, corroborating lipogenesis as the

main source of lipid accumulation (Figure S4E). To address

the causal relationship between lipogenesis and increased

parasite growth and survival, we inhibited FASN and ACC

with C75 and Soraphen A (SorA), respectively. Both treatments

led to a reduction in parasite viability observed in HIF-1a�/�

cells (Figure 4C), along with a decrease of approximately

25% of total intracellular lipids (Figure S4F). Moreover, fatosta-

tin A significantly reduced the parasite viability in HIF-1a�/�

macrophages (Figure 4D), indicating that lipid biogenesis is

likely associated to an upstream activation of FASN by

SREBP-1c and leading to the establishment of a permissive

niche for parasite proliferation and survival. Of note, although

lipid storage and metabolism have been associated with HIF-

2 activation (Rankin et al., 2009; Liu et al., 2014), we observed

a negligible role for HIF-2 in lipid metabolism in infected mac-

rophages (data not shown). These data demonstrate that

Figure 3. SREBP1c Activation in mHIF-1a�/� Is Responsible for Acetate-Driven De Novo Lipid Accumulation and Susceptibility to Infection

(A) Immunofluorescence confocal microscopy of Leishmania-infected WT or HIF-1a�/� macrophages. At 24 h post-infection, macrophages were fixed and

probed with an anti-SREBP1c antibody; green, SREBP1c; blue, DNA (DAPI). The white arrows point to L. donovani nucleus. Scale 10 mm.

(B) Representative histogram of Bodipy 493/503 staining by flow cytometry at 5 days post-infection.

(C) Intracellular neutral lipids in infected and uninfected WT and HIF-1a�/� macrophages.

(D) Intracellular neutral lipids in infected co-cultured WT CD45.1 and HIF-1a�/� CD45.2 macrophages.

(E) Acetate quantification in intracellular extracts from infected WT and HIF-1a�/� macrophages, 5 days post-infection.

(F) Acetate quantification in intracellular extracts from infected HIF-1a�/� macrophages in the absence or presence of fatostatin A.

(G) Intracellular accumulation of the 13C label that was incorporated in 2-13C-labeled acetate was determined in lysates from uninfected and L. donovani-infected

WT or HIF1a�/� peritoneal macrophages upon 24 h by NMR.

(H) qPCR analysis of the transcriptional levels of Slc16a3 24 h post-infection.

(I) Acetate concentration in RPMI media, supplemented with regular fetal bovine serum (FBS) or dialyzed FBS (dFBS).

(J) WT or HIF-1a�/� macrophages cultured in standard conditions (�), with dialyzed FBS (+ Dial. FBS), or in the presence of 5 mM acetate (+5 mM acetate) were

infected with L. donovani. Intracellular neutral lipids were quantified as abovementioned. Data are shown as mean ± SD; n = 4–11 mice/group. *p < 0.05;

**p < 0.01; ***p < 0.001.

4056 Cell Reports 30, 4052–4064, March 24, 2020



Leishmania infection of HIF-1a�/� macrophages in vitro is asso-

ciated with lipogenesis that contributes to parasite growth.

HIF-1a Deficiency in the Myeloid Compartment
Correlates with In Vivo Lipid Accumulation and Higher
L. donovani Burdens
To determine the in vivo impact of HIF-1a on parasite growth and

lipid metabolism, we infectedmHIF-1a�/� mice with L. donovani.

Assessment of parasite load at the indicated time points revealed

that mHIF-1a�/� mice exhibited higher parasite burdens in the

spleen and in the liver, compared to WTmice (Figure 5A). Splenic

and hepatic myeloid cells (gated on CD11b+Ly6C+) of infected

mHIF-1a�/� mice displayed higher intracellular neutral lipids (Fig-

ure 5B). A similar phenotype regarding parasite burden and lipid

accumulation in parasitized organs was observed using a 10-

fold lower L. donovani inoculum (Figures S6A and S6B), demon-

strating that the observed phenotype is independent of the initial

inoculum. We also observed a positive correlation between

splenic intracellular lipid content and parasite burden in 2-week-

infected mHIF-1a�/� mice (Figure 5C). Corroborating our in vitro

observations, spleen homogenates from infected mHIF-1a�/�

mice showed significantly higher transcriptional levels of Fasn

and Acaca (Figure 5D). We observed a pronounced Oil Red O

staining in frozen liver sections from infected mHIF-1a�/� mice,

indicating generalized lipid accumulation (Figure 5E). Two weeks

post-infection, higher levels of cholesterol and triglycerides were

detected in the serum ofmHIF-1a�/� mice (Figure 5F). The levels

of HDL were decreased in infected mHIF-1a�/� mice, while LDL

levels remained unaltered (Figure S6C). Similar observations

regarding lipid accumulation in the serum were made at 8 weeks

post-infection (data not shown). Because lipid dysregulation may

be a consequence of liver damage, we analyzed the levels of

aspartate and alanine transaminase (AST and ALT, respectively)

as biomarkers for hepatic injury. Both were significantly elevated

in infectedmHIF-1a�/�mice at 2weeks post-infection (Figure 5G).

Altogether, these results suggest that the absence of HIF-1a

facilitates parasite growth through lipid accumulation and dysre-

gulation of its metabolism.

Targeting Lipid Biosynthesis In Vivo Reverts mHIF-

1a�/�-Associated Susceptibility
As lipids accumulated during experimental infection of

mHIF-1a�/�mice, we then hypothesized that the blockade of lipid

synthesis would modulate the susceptibility phenotype and

improve the outcome of the infection. We infected both WT and

mHIF-1a�/� mice and treated the animals with FASN or SREBP-

1c inhibitors C75 and fatostatin A, respectively (Figure 6A). We

observed that the FASN or SREBP-1c blockade reverted the

observed susceptibility in mHIF-1a�/� mice, as parasite burden

was significantly reduced in both spleen and liver (Figure 6B).

L. donovani-infected and treated mHIF-1a�/� mice displayed

lower levels of cholesterol and triglycerides in the serum,

compared to the infected mice on placebo (Figure 6C). The levels

of ALT, AST, creatine, and urea in the serum remained unchanged

upon drug treatment, suggesting that acute treatment with C75

and fatostatin A is not associated with liver or kidney toxicity (Fig-

ures S6D and S6E). Our data suggest that lipid biosynthesis

occurring in infected mHIF-1a�/� mice contributes for the

increased susceptibility toward L. donovani infection.

Genetic Variation in Human HIF1A Promotes Increased
Parasite Viability and Lipid Accumulation
Genetic variations in human HIF1A have been reported to influ-

ence several diseases (Hlatky et al., 2007; Kim et al., 2008;

Figure 4. Increased Susceptibility to Leishmania donovani Infection in the Absence of HIF-1a Is AssociatedwithDeNovo Lipid Accumulation

(A) qPCR analysis of the transcriptional levels of Acaca and Fasn 24 h post-infection.

(B) Western blot analysis and densitometry of FASN and beta-actin 24 h post-infection.

(C) L. donovani viability was assessed 5 days post-infection, upon C75 and soraphen A (SorA) treatment.

(D) L. donovani viability was assessed 5 days post-infection, after fatostatin A treatment.

Data are shown as mean ± SD; n = 4–15 mice/group. *p < 0.05; **p < 0.01; ***p < 0.001.
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Guo et al., 2015; Wang et al., 2016). It has been described that

the mRNA expression level of HIF1A is lower in individuals car-

rying CT/TT genotypes at rs2057482 compared to CC carriers.

This SNP is localized in the 30-UTR region of HIF1A and close

to two predicted microRNA binding sites (hsa-miR-199a/b-5p

and hsa-miR-340) (Guo et al., 2015; Wang et al., 2016). There-

fore, we decided to assess whether human monocyte-derived

macrophages from healthy donors carrying different genotypes

displayed distinct L. donovani infection outcomes. First and

consistent with a previous report (Wang et al., 2016), we

observed that the transcription levels of HIF1A gene were

decreased in macrophages with the CT/TT genotype, when

compared to cells from CC carriers (Figure 7A). Furthermore,

our results showed an increase in parasite viability in CT/TTmac-

rophages, associated with lower levels of HIF1A (Figure 7B). We

also demonstrated that HIF1A levels were inversely correlated

with parasite viability (Figure 7C; p = 0.0362; r = �0.3777) and

intracellular neutral lipids (Figure 7D; p = 0.0057; r = �0.4777),

while parasite viability correlated positively with intracellular

neutral lipids (Figure 7E; p = 0.0150; r = 0.3929). Treatment of

infected macrophages from CT/TT donors with C75 led to a sig-

nificant decrease in parasite viability, in contrast to what occurs

with CC macrophages (Figures 7F and 7G). These results unveil

amajor breakthrough in our understanding of human susceptibil-

ity to parasite infection associated with a genetic variation in

human HIF1A expression that can be reverted by inhibiting lipid

accumulation through FASN blockage.

DISCUSSION

A growing body of evidence suggests that the metabolic status

of a host cell has pivotal importance for building up an adequate

immune response. However, successful pathogens have in turn

evolved and acquired complex and efficient methods to subvert

and evade immune responses by manipulating host cell meta-

bolism. Whereas several groups have proposed a role for

HIF-1a in regulating protozoan infections (Degrossoli et al.,

2007; Singh et al., 2012; McGettrick et al., 2016; Schatz et al.,

Figure 5. HIF-1a Deficiency in the Myeloid Compartment Correlates with Higher L. donovani Burdens and Systemic Lipid Dysregulation

(A) Parasite burden in the spleen and liver of WT and mHIF-1a�/� 2 and 8 weeks post-infection.

(B) Quantification of intracellular neutral lipids by flow cytometry using Bodipy 493/503, on gated splenic and hepatic CD11b+ cells.

(C) Correlation between intracellular neutral lipids on CD11b+ cells and parasite burden in the spleen of mHIF-1a�/� mice.

(D) qPCR analysis of the transcriptional levels of Acaca and Fasn in spleen homogenates.

(E) Liver sections with Oil Red O staining and H&E counterstaining.

(F and G) Cholesterol and triglycerides (F) and ALT and AST levels (G) on the spleen and liver extracts.

All data from (B) to (G) were obtained with samples from WT and/or mHIF-1a�/� 2 weeks post-infection. Data are shown as mean ± SD; n = 3–10 mice/group.

*p < 0.05; **p < 0.01; ***p < 0.001.
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2016; Alonso et al., 2019), the mechanisms behind it remain

elusive. In this study, we demonstrate the contributing role of

myeloid HIF-1a in the modulation of lipid metabolism during

L. donovani infection. We show that the absence of myeloid

HIF-1a dysregulates lipid metabolism via BNIP3/mTOR/

SREBP-1c axis upon L. donovani infection. This survival advan-

tage to the parasite is reverted by the blockade of lipid synthesis.

Finally, we demonstrate that individuals carrying an HIF1A SNP

(rs2057482) display lower transcript levels of HIF1A in macro-

phages and are more susceptible to L. donovani infection, which

positively correlates with increased lipogenesis.

HIF-1a was initially described as a master transcriptional fac-

tor in response to hypoxia and a key mediator of glycolysis (Lu

et al., 2002; Lee et al., 2004; Marı́n-Hernández et al., 2009).

Recent evidence suggests that this factor is also essential in

regulating the production of inflammatory cytokines and chemo-

attractive factors by macrophages and endothelial cells (Imtiyaz

and Simon, 2010; Palazon et al., 2014). PAMPs, including

Toll-like receptor (TLR) agonists, induce an HIF-1a-dependent

production of inflammatory cytokines in pro-inflammatory mac-

rophages (Cramer et al., 2003; Rius et al., 2008; Nicholas and

Sumbayev, 2009; Palsson-McDermott et al., 2015). By contrast,

anti-inflammatory macrophages display a more oxidative meta-

bolic profile, characterized by the utilization of oxidative phos-

phorylation and fatty acid oxidation (FAO), for which HIF-1a

has a minor role (Vats et al., 2006; Nomura et al., 2016). The

absence of HIF-1a could hypothetically drivemacrophage polar-

ization toward an anti-inflammatory and permissive profile, char-

acterized by lower levels of nitric oxide (NO) and reactive oxygen

species (ROS), which weakens the anti-Leishmania response

(Rodrigues et al., 2016; Schatz et al., 2016). In accordance

Figure 6. Targeting Lipid Anabolism Reverts

mHIF-1a�/�-Associated Susceptibility

(A) Treatment scheme with C75 and fatostatin A

(further detailed in STAR Methods). Mice were

euthanized 10 days post-infection.

(B) Parasite burden in the spleen and liver of C75 and

fatostatin A-treated and untreated WT and

mHIF-1a�/�.
(C) Cholesterol and triglycerides levels on the serum

of C75 and fatostatin A-treated and untreated WT

and mHIF-1a�/�.
Data are shown as mean ± SD; n = 4–12 mice/group.

*p < 0.05; **p < 0.01; ***p < 0.001.

with this, we observed that infected, sus-

ceptible BALB/c mice display constant

levels of HIF-1a through the course of infec-

tion. In opposition, resistant mouse strains,

such as 129/SV and C57BL/6, exhibit an in-

duction of HIF-1a transcription, suggesting

that HIF-1a expression and activation is

relevant for the establishment of an effec-

tive anti-Leishmania responses (Figure 1A).

Therefore, the levels of HIF-1a may dictate

host susceptibility or resistance, as the

absence of this factor in CD11b+ population

during L. donovani infection results in a

higher number of intracellular parasites (Figure 1C). Accordingly,

we observed a decreased NO production on infected HIF-1a�/�

macrophages when compared to WT counterpart (Figure S7A),

demonstrating that the absence of this factor leads to reduced

host microbicidal mechanisms, as previously reported (Schatz

et al., 2016). The observed susceptibility phenotype contrasts

with a previous work in which the absence of HIF1a in CD11c+

cells (C57BL/6 Cd11c-Cre+/�) rendered a protective phenotype

(Hammami et al., 2017). We assume that the differences

observed are mainly related to the type of cells deficient for

HIF1a.

In addition to this, a shift in the literature-based prototype tran-

script markers toward an anti-inflammatory phenotype, as well

as a dysregulated balance between pro- and anti-inflammatory

cytokines was observed in the absence of HIF-1a (Figures 1E

and 1F). However, additional host-driven mechanisms are

thought to be implied in the observed susceptibility in the

absence of HIF-1a. Considering the importance of an adequate

metabolic environment for the correct development of immune

responses, we hypothesized that HIF-1a deficiency in the

CD11b compartment could severely influence host metabolism

with a consequent impact on infection outcome. Although sem-

inal works in cancer metabolism have elucidated the role of

HIF-1a in glycolysis, a quite controversial role for this factor in

lipid metabolism has been established for distinct models of

pathogenesis. While a positive association between lipid accu-

mulation and HIF-1a activation has been explored (Nath et al.,

2011; Bensaad et al., 2014; Du et al., 2017), this process appears

to be cell- and context-specific, as other studies have demon-

strated the opposite (Zhang et al., 2010; Nishiyama et al.,

2012; Rahtu-Korpela et al., 2014, 2016). In our work, we found
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that the absence of HIF-1a during L. donovani infection is

associated with an increased lipogenesis driven by an upregula-

tion of ACC and FASN (Figures 3 and 4). We ascribed the

increased growth of L. donovani to a higher lipogenesis, as phar-

macological inhibition of this pathway reverted the observed

phenotype and reduced parasite growth (Figures 4C and 6B).

The blockage of fatty acid synthesis has already been explored

as a therapeutic approach in several diseases. Indeed, blockade

of FASN with C75 has been explored in the context of sepsis

(Idrovo et al., 2016), hemorrhagic shock (Kuncewitch et al.,

2016), colitis (Matsuo et al., 2014), and cancer (Kuhajda et al.,

2000; Flavin et al., 2010), while the ACC inhibitor soraphen A

was shown to have an impact in experimental autoimmune

encephalomyelitis (Berod et al., 2014) and graft-versus-host dis-

ease (Raha et al., 2016). Therefore, these molecules could be

included in the therapeutics arsenal against VL.

Given that HIF-1a is a transcriptional factor, we performed an

RNA-sequencing approach of infected WT and HIF-1a�/� gene

expression profile to ascertain the mechanism behind the

observed phenotype. Our results show that, in the absence of

HIF-1a, infected macrophages downregulate several pathways

associated with hypoxia (Figure 2B). Interestingly, we observed

that Bnip3 was the most significantly altered gene, which was

upregulated in infected WT macrophages, while no transcrip-

tional changes were observed in HIF-1a�/� macrophages

(Figure 2C). This gene has a promoter region that is a direct

target of transcriptional activation via HIF-1a, which is steadily

induced in hypoxia (Chinnadurai et al., 2008). Alongside with

this, BNIP3 has been shown to repress mTORC1 activation via

interaction with Rheb GTPase (Li et al., 2007), which suggests

that BNIP3 directly interferes with cellular metabolism through

the modulation of mTOR function. Accordingly, our results

show that in the absence of HIF-1a, BNIP3 expression is main-

tained at basal levels, and consequently, mTOR is activated,

as observed by the increased phosphorylation status of mTOR

direct target S6 kinase (Figure 2F). Of note, even though BNIP3

is a pro-apoptotic protein, we found no differences on the levels

of autophagy or cell death between L. donovani-infectedWT and

HIF-1a�/� macrophages (data not shown). One of the most

important functions regulated by mTOR is the activation of

SREBP-driven lipid synthesis, which is crucial for the mainte-

nance and establishment of cell growth programs (Laplante

and Sabatini, 2009; Caron et al., 2015; Mao and Zhang, 2018).

SREBP-1c is a master promotor of lipogenesis via activation of

a specific transcriptional program (Horton et al., 2002; Joseph

et al., 2002; Eberlé et al., 2004; Xiao and Song, 2013). Consis-

tently, we demonstrated that the activation of fatty acid synthesis

is driven by mTOR/SREBP-1c activation as blockage of these

factors with rapamycin or fatostatin A reverts lipid accumulation

and, consequently, the increased susceptibility of mHIF-1a�/�

mice (Figures 4A and 6B). Therefore, this represents a different

avenue in our understanding of host-pathogen interaction in

which BNIP3 may play a major role in the susceptibility of para-

site infection.

We observed that acetate was used as an additional carbon

source for the lipid synthesis and accumulation in HIF-1a�/�

macrophages, which is consistent with an increased acetate up-

take in infected HIF-1a�/� macrophages. The role of acetate in

promoting lipid biogenesis as well as its incorporation in lipid

droplets in both mammalian cells and pathogenic agents has

already been described in certain experimental conditions

(Howard, 1977; Rivière et al., 2009; Liu et al., 2016). The synthe-

sis of acetyl-CoA from acetate is known to be induced via

SREBP-1c activation, which indicates a role for acetate in lipo-

genesis. Consistently, isotope-labeling experiments using

sodium acetate-2-13C showed that infectedmHIF-1a�/� macro-

phages have an increased uptake of acetate and incorporation in

the lipid fraction (Figures 3G, S5A, and S5B), explaining the

Figure 7. Genetic Variation in Human HIF1A Promotes Increased Parasite Viability and Lipid Accumulation

(A) qPCR analysis of the transcriptional levels of HIF1A in human macrophages from donors with the CC and CT/TT genotype at rs2057482.

(B) L. donovani viability 5 days post-infection.

(C–E) Correlation between parasite viability and HIF1A transcriptional levels (C), HIF1A transcriptional levels and intracellular neutral lipids (D), and parasite

viability and intracellular neutral lipids (E).

(F and G) L. donovani viability after C75 treatment in macrophages with the CC (F) and CT/TT (G) genotype, respectively.

Data are shown as mean ± SD; **p < 0.01.

4060 Cell Reports 30, 4052–4064, March 24, 2020



increased lipogenic flux in these cells. We also observed an

increased expression of MCT4 that has been shown to uptake

lactate, pyruvate, or acetate. Conversely to acetate, pyruvate

and lactate supplementation did not lead to increased lipid accu-

mulation in HIF-1a�/�-infected macrophages (Figure 3J; data

not shown). Furthermore, although we observed a decrease in

lipid accumulation in infected HIF-1a�/� macrophages cultured

in the absence of acetate (Figure 3J), we cannot exclude the

contribution of other sources for the observed phenotype.

Rabhi et al. (2012, 2016) demonstrated that Leishmania para-

sites co-localizewith intracellular lipid droplets. However, whether

lipids are used as a high-energy source to feed amastigotes (De

Cicco et al., 2012) or as a shield to protect them from host micro-

bicidal mechanisms (Bailey et al., 2015) remains to be addressed.

Our preliminary data show that infected HIF-1a�/� macrophages

display higher levels of lipid peroxidation (data not shown), sug-

gesting a role for lipids in protecting L. donovani parasites from

killing by host cells. The mechanistic events that explain how

the absence of HIF-1a results in the increased activation of these

lipogenic factors remain to be deciphered. One hypothesis could

be that an initial peak of ROS production by infected HIF-1a�/�

macrophages could trigger SREBP-1c activation and consequent

lipid production (Liu et al., 2015). No major alterations were

observed in peroxynitrite and superoxide anion accumulation in

infected macrophages early after infection (data not shown),

although other sources, such as mitochondrial ROS production,

remain to be addressed. Alternatively, HIF-1a may induce lipo-

genesis due to activation of upstream TLR2 and TLR4, which

are triggered upon Leishmania infection (Becker et al., 2003; Kropf

et al., 2004; Tuon et al., 2008; Silvestre et al., 2009) and have been

associated to macrophage lipid accumulation (Feingold et al.,

2012). Indeed, TLR2 and TLR4 activation with Pam3CSK4 and

LPS, respectively, increases intracellular neutral lipids in the

absence of HIF-1a (Figure S7B). Thus, HIF-1a may restrict lipid

accumulation through alterations of TLR signaling, although this

hypothesis requires further studies.

Genetic variations in human HIF1A have been reported to

influence the developing risk and prognosis of many types of hu-

man malignancies, such as cancer and coronary artery disease

(Hlatky et al., 2007; Kim et al., 2008; Guo et al., 2015; Wang

et al., 2016). Among HIF1A polymorphisms, rs2057482 has

been associated with a lower expression of HIF-1a. This SNP

is localized in the 30-UTR region of the HIF1A gene, a site that

has been demonstrated to be under the control of miR-199a,

capable of repressing HIF-1a transcription (Wang et al., 2016).

Our results demonstrated that genetic variation in HIF1A may

contribute to regulate parasite growth in macrophages. Thus,

in macrophages from individuals with the CT/TT genotype at

rs2057482, in which HIF-1a expression is lower, parasite growth

is higher than the observed in macrophages from CC carriers.

Moreover, we observed that lower levels of HIF-1a are positively

correlated with higher levels of lipids (Figure 7). High frequencies

of the rs2057482 SNP in regions with a high number of VL cases

(Asia,�34.88%, and sub-Saharan Africa,�46.02%; available on

https://www.ncbi.nlm.nih.gov/snp) may identify HIF-1a as a ma-

jor host factor that regulates resistance and susceptibility to VL.

Therefore, it would be of interest to perform clinical studies as-

sessing the impact of such polymorphism in patients.

In conclusion, our data identified HIF-1a as a host-protective

factor against L. donovani infection. Absence of HIF-1a results

in elevated lipogenesis, creating an intracellular milieu conducive

for parasite growth and survival, thus supporting the hypothesis

that lipid accumulation is important for Leishmania survival within

host cells (Rabhi et al., 2016; Rodrı́guez et al., 2017; Semini et al.,

2017). Our demonstration that pharmacological compounds

targeting lipid synthesis modulate susceptibility to parasite

infection that may aid the development of therapies for VL cure.
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Nobrega and Dr. Margarida Correia Neves for providing the Ly5.1 mice and Dr.

Nuno Alves for the cell sorting.

AUTHOR CONTRIBUTIONS

Conceptualization and Methodology, I.M., D.M., B.S., F.R., C.C., A.C., A.G.C.,

J.E., and R.S.; Investigation, I.M., C.F., D.M., G.E.G.K., A.M.B., R.J.D.-O.,

L.G.G., N.B., C.C., and R.S.; Formal Analysis, I.M., C.F., D.M., G.E.G.K.,

E.T., R.J.D.-O., L.G.G., N.B., A.D., C.-J.B., J.E., and R.S.; Visualization, I.M.,

B.S., J.E., and R.S.; Writing – Original Draft, I.M., B.S., J.E., and R.S.; Super-

vision, J.E. and R.S.; Resources, T.S., L.B., B.S., J.E., and R.S.; Funding

Acquisition, B.S., J.E., and R.S.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 2, 2019

Revised: January 14, 2020

Accepted: February 26, 2020

Published: March 24, 2020

REFERENCES

Abram, C.L., Roberge, G.L., Hu, Y., and Lowell, C.A. (2014). Comparative anal-

ysis of the efficiency and specificity of myeloid-Cre deleting strains using

ROSA-EYFP reporter mice. J. Immunol. Methods 408, 89–100.

Alonso, D., Serrano, E., Bermejo, F.J., and Corral, R.S. (2019). HIF-1a-regu-

lated MIF activation and Nox2-dependent ROS generation promote Leish-

mania amazonensis killing by macrophages under hypoxia. Cell. Immunol.

335, 15–21.

Bailey, A.P., Koster, G., Guillermier, C., Hirst, E.M., MacRae, J.I., Lechene,

C.P., Postle, A.D., and Gould, A.P. (2015). Antioxidant role for lipid droplets

in a stem cell niche of Drosophila. Cell 163, 340–353.

Becker, I., Salaiza, N., Aguirre, M., Delgado, J., Carrillo-Carrasco, N., Kobeh,

L.G., Ruiz, A., Cervantes, R., Torres, A.P., Cabrera, N., et al. (2003). Leishmania

lipophosphoglycan (LPG) activates NK cells through Toll-like receptor-2. Mol.

Biochem. Parasitol. 130, 65–74.

Bensaad, K., Favaro, E., Lewis, C.A., Peck, B., Lord, S., Collins, J.M., Pinnick,

K.E., Wigfield, S., Buffa, F.M., Li, J.L., et al. (2014). Fatty acid uptake and lipid

storage induced by HIF-1a contribute to cell growth and survival after hypoxia-

reoxygenation. Cell Rep. 9, 349–365.

Berod, L., Friedrich, C., Nandan, A., Freitag, J., Hagemann, S., Harmrolfs, K.,

Sandouk, A., Hesse, C., Castro, C.N., Bähre, H., et al. (2014). De novo fatty

acid synthesis controls the fate between regulatory T and T helper 17 cells.

Nat. Med. 20, 1327–1333.

Bligh, E.G., and Dyer, W.J. (1959). A Rapid Method of Total Lipid Extraction and

Purification. Canadian J. Biochem. Physiology. https://www.nrcresearchpress.

com/doi/pdf/10.1139/o59-099.

Blume, M., Nitzsche, R., Sternberg, U., Gerlic, M., Masters, S.L., Gupta, N.,

and McConville, M.J. (2015). A Toxoplasma gondii gluconeogenic enzyme

contributes to robust central carbonmetabolism and is essential for replication

and virulence. Cell Host Microbe 18, 210–220.

Bodhale, N.P., Pal, S., Kumar, S., Chattopadhyay, D., Saha, B., Chattopad-

hyay, N., and Bhattacharyya, M. (2018). Inbred mouse strains differentially

susceptible to Leishmania donovani infection differ in their immune cell meta-

bolism. Cytokine 112, 12–15.

Bozza, P.T., et al. (2009). Lipid droplets in host-pathogen interactions. Clin.

Lipidol. 4, 791–807.

Caradonna, K.L., Engel, J.C., Jacobi, D., Lee, C.H., and Burleigh, B.A. (2013).

Host metabolism regulates intracellular growth of Trypanosoma cruzi. Cell

Host Microbe 13, 108–117.

Caron, A., Richard, D., and Laplante, M. (2015). The roles of mTOR complexes

in lipid metabolism. Annu. Rev. Nutr. 35, 321–348.

Chang, Y., Edeen, K., Lu, X., De Leon, M., and Mason, R.J. (2006). Keratino-

cyte growth factor induces lipogenesis in alveolar type II cells through a sterol

regulatory element binding protein-1c-dependent pathway. Am. J. Respir. Cell

Mol. Biol. 35, 268–274.

Cheng, S.-C., Quintin, J., Cramer, R.A., Shepardson, K.M., Saeed, S., Kumar,

V., Giamarellos-Bourboulis, E.J., Martens, J.H., Rao, N.A., Aghajanirefah, A.,

et al. (2014). mTOR- and HIF-1a-mediated aerobic glycolysis as metabolic ba-

sis for trained immunity. Science 345, 1250684–1250684.

Chinnadurai, G., Vijayalingam, S., and Gibson, S.B. (2008). BNIP3 subfamily

BH3-only proteins: mitochondrial stress sensors in normal and pathological

functions. Oncogene 27 (Suppl 1), S114–S127.

Choudhry, H., and Harris, A.L. (2018). Advances in hypoxia-inducible factor

biology. Cell Metab. 27, 281–298.

Cramer, T., Yamanishi, Y., Clausen, B.E., Förster, I., Pawlinski, R., Mackman,

N., Haase, V.H., Jaenisch, R., Corr, M., Nizet, V., et al. (2003). HIF-1a is essen-

tial for myeloid cell-mediated inflammation. Cell 112, 645–657.

De Cicco, N.N.T., Pereira, M.G., Corrêa, J.R., Andrade-Neto, V.V., Saraiva,
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 785 anti-mouse NK-1.1

(clone PK136)

Biolegend Cat#: 108749; RRID:AB_2564304

APC anti-mouse I-A/I-E (clone M5/

114.15.2)

Biolegend Cat#: 107614; RRID:AB_313329

Brilliant Violet 605 anti-mouseCD11c (clone

N418)

Biolegend Cat#: 117334; RRID:AB_2562415

PE/Cy7 anti-mouse CD11b (clone M1/70) Biolegend Cat#: 101216; RRID:AB_312799

Brilliant Violet 711 anti-mouse Ly-6G (clone

1A8)

Biolegend Cat#: 127643; RRID:AB_2565971

PerCP/Cy5.5 anti-mouse Ly-6C (clone

HK14)

Biolegend Cat#: 128012; RRID:AB_1659241

APC anti-mouse CD45.2 (clone 104) Biolegend Cat#: 109814; RRID:AB_389211

PE anti-mouse CD45.1 (clone A20) Biolegend Cat#: 110708; RRID:AB_313497

Mouse monoclonal anti-fatty acid synthase

(G-11)

Santa Cruz Biotechnology Cat#: Sc-48357; RRID:AB_627584

Rabbit monoclonal anti-beta-actin (N-21) Santa Cruz Biotechnology Cat#: Sc-130656; RRID:AB_2223228

Peroxidase AffiniPure Goat Anti-Rabbit IgG

(H+L)

Jackson Immunoresearch Cat#: 111-035-144; RRID:AB_2307391

Peroxidase AffiniPure Goat Anti-Mouse IgG

(H+L)

Jackson Immunoresearch Cat#: 115-035-003; RRID:AB_10015289

SREBP1 antibody Novus Biologicals Cat#: NB100-2215SS; RRID:AB_922504

Alexa Fluor 488 goat anti-rabbit IgG (H+L) ThermoFisher Technologies Cat#: A11008; RRID:AB_143165

BNIP3 Antibody (BH3 Domain Specific) Antibodies Online Cat#: ABIN388117

P70 S6 Kinase Antibody Cell Signaling Technologies Cat#: 9202S; RRID:AB_331676

Phospho-p70 S6 Kinase (Thr389) Antibody Cell Signaling Technologies Cat#: 9205S; RRID:AB_330944

HIF-1a Antibody Cell Signaling Technologies Cat#: 14179S; RRID:AB_2622225

Chemicals, Peptides, and Recombinant Proteins

Dulbecco’s Modified Eagle Medium

(DMEM)

ThermoFisher Technologies Cat#: 10938025

RPMI medium 1640 ThermoFisher Technologies Cat#: 31870025

L-glutamine (200 mM) ThermoFisher Technologies Cat#: 25030081

HEPES buffer solution (1M) ThermoFisher Technologies Cat#: 15630056

Penicillin-Streptomycin (10 000U/ml) ThermoFisher Technologies Cat#: 15140122

Phosphate Buffered Saline (PBS) pH 7.4

(10x)

ThermoFisher Technologies Cat#: 70011044

UltraPure Distilled Water Dnase/Rnase free ThermoFisher Technologies Cat#: 10977035

Oil Red O Sigma-Aldrich Cat#: O0625

Recombinant human M-CSF Peprotech Cat#: 300-25

Recombinant murine M-CSF Peprotech Cat#: 315-02

C 75 Tocris Cat#: 2489

Fatostatin A Tocris Cat#: 4444

Deferoxamine Mesylate Salt Sigma-Aldrich Cat#: D9533
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lipopolysaccharide from Escherichia coli

O26:B6

Sigma-Aldrich Cat#: L-8274

Pam3CSK4 Invivogen Cat#: 112208-00-1

TRI reagent Sigma-Aldrich Cat#: T9424

Tissue-Tek O.C.T. compound Sakura Finetek, VWR Cat#: 4583

Complete EDTA-free Protease Inhibitor

Cocktail Tablets

Roche Cat#: 11873580001

Halt Protease and Phosphatase Inhibitor

Cocktail (100x)

ThermoFisher Scientific Cat#:78440

SuperSignal West Femto Maximum

Sensitivity Substrate

ThermoFisher Scientific Cat#: 34094

HiMark Pre-stained Protein Standard ThermoFisher Scientific Cat#: LC5699

PageRuler Prestained Protein Ladder, 10 to

180 kDa

ThermoFisher Scientific Cat#: 26616

Phenol:Chloroform:Isoamyl Alcohol

25:24:1, Saturated with 10mM Tris, pH 8.0,

1mM

Sigma-Aldrich Cat#: P3803

Formalin solution, neutral buffered, 10% Sigma-Aldrich Cat#: HT501128

Percoll GE HealthCare Cat#: 17-0891-01

Histopaque-1077 Sigma-Aldrich Cat#: 10771

Chloroform Carlo Erba Reagents Cat#: 438603

Methanol Sigma-Aldrich Cat#: 34885-M

Hexane Sigma-Aldrich Cat#: 296090

Acetic acid glacial Carlo Erba Reagents Cat#: 401424

Diethyl ether Sigma-Aldrich Cat#: 676845

Paraformaldehyde Sigma-Aldrich Cat#: P6148

Sulfuric acid 96% PanReac AppliChem Cat#: 131058.1212

Copper (II) sulfate pentahydrate Sigma-Aldrich Cat#: C7631

Sodium phosphate dibasic dihydrate Carlo Erba Reagents Cat#: 480227

Corn Oil, delivery for fat-soluble

compounds

Sigma-Aldrich Cat#: C8267

Dimethyl sulfoxide Sigma-Aldrich Cat#: 276855

Albumin from bovine serum Sigma-Aldrich Cat#: A7906

Fetal Bovine Serum ThermoFisher Scientific Cat#: 10270106

Fetal Bovine Serum, dialyzed, US origin ThermoFisher Scientific Cat#: 26400044

Sodium acetate-2-13C Cortecnet Cat#: CC3395P

Sodium pyruvate (100 mM) ThermoFisher Scientific Cat#: 11360070

Sodium acetate Sigma-Aldrich Cat#: S-2889

Sodium DL-lactate Sigma-Aldrich Cat#: 71720-25G

Opti-MEM Reduced Serum Media ThermoFisher Scientific Cat#: 31985047

Lipofectamine RNAiMAX Transfection

Reagent

ThermoFisher Scientific Cat#: 13778075

Critical Commercial Assays

SensiFAST cDNA Synthesis Kit Bioline Cat#: BIO-65054

SensiFAST Sybr Hi-ROX kit Bioline Cat#: BIO-92005

DC protein Assay Kit II Bio-rad Cat#: 5000111

CellTrace CFSE Cell Proliferation Kit ThermoFisher Scientific Cat#: C34570

Trans-Blot Turbo Mini Nitrocellulose

Transfer Packs

Bio-rad Cat#: 1704158

Maxima Probe/ROX qPCR Master Mix (2x) ThermoFischer Scientific Cat#: K0231

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Kit for Creatinine detection Spinreact Cat#: 1001113

Kit for GOT/AST detection Spinreact Cat#: 1001162

Kit for GPT/ALT detection Spinreact Cat#: 41282

Kit for Cholesterol detection Spinreact Cat#: 1001093

Kit for HDL detection Spinreact Cat#: 1001098

Kit for LDL detection Spinreact Cat#: 41023

Kit for Urea detection Spinreact Cat#: 41043

Kit for Triglycerides detection Spinreact Cat#: 1001314

Kit for Acetic Acid detection (ACS Analyzer

Format)

Megazyme Cat#: K-ACETAF

KASP V4.0 2X Mastermix 96/384, Low Rox LGC Group Cat#: KBS-1016-002

KASP by Design (KBD) Primer Mix (for

HIF1A rs2057482 and HIF1A rs11519465)

LGC Group https://www.biosearchtech.com/products/

pcr-kits-and-reagents/genotyping-assays/

kasp-genotyping-chemistry/

kasp-on-design-kbd

TNF alpha Mouse Uncoated ELISA Kit with

Plates

Invitrogen Cat#: 88-7324-22

IL-6 Mouse Uncoated ELISA Kit with Plates Invitrogen Cat#: 88-7064-22

IL-10 Mouse Uncoated ELISA Kit with

Plates

Invitrogen Cat#: 88-7105-22

Silencer Select Bnip3 siRNA ThermoFisher Scientific Cat#: 4390771

Experimental Models: Organisms/Strains

C57BL/6J mice Jackson Laboratories Cat#: 000664

C57BL/6-Ly5.1 mice Dr. Cláudia Nóbrega and Dr. Margarida

Correia-Neves (ICVS, Braga)

N/A

BALB/c mice Dr. Bhaskar Saha (NCCS, Pune) N/A

129/Sv mice Dr. Bhaskar Saha (NCCS, Pune) N/A

mHIF-1a�/� mice Prof. Rui Appelberg (IBMC, Porto) N/A

Leishmania donovani MHOM/IN/82/Patra1 Dr. Baptiste Vergnes (IRD, Montpellier) N/A

Leishmania infantum ITMAP 263 Dr. Baptiste Vergnes (IRD, Montpellier) N/A

Leishmania donovani MHOM/ IN/83/AG83 Dr. Bhaskar Saha (NCCS, Pune) N/A

Oligonucleotides

Oligonucleotides Table S1

Software and Algorithms

GraphPad Prism v6 GraphPad Software https://www.graphpad.com

FlowJo FlowJo LLC https://www.flowjo.com

CFX Manager Bio-rad https://www.bio-rad.com/en-pt/product/

cfx-manager-software?

ID=aed9803d-cb4d-

4ecb-9263-3efc9e650edb

Fiji ImageJ https://fiji.sc

Other

CD14 Microbeads, human MACS Miltenyi Biotec Cat#: 130-097-052

MS columns MACS Miltenyi Biotec Cat#: 130-041-301

BODIPY 493/503 ThermoFisher Scientific Cat#: D3922

BODIPY FL C16 ThermoFisher Scientific Cat#: D3821

DAF-FM Diacetate ThermoFisher Scientific Cat#: D23844

DAPI (4’,6-Diamidino-2-Phenylindole,

Dihydrochloride)

ThermoFisher Scientific Cat#: D1306

(Continued on next page)
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ricardo

Silvestre (ricardosilvestre@med.uminho.pt) This study did not generate new unique reagents. There are no restrictions to the

availability of data generated in this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Wild-type (WT) C57BL/6 were purchased from Charles River Laboratories and Hif1aflox/flox mice crossed with lysozyme M-driven Cre

(LysMCre)-transgenic mice on a C57BL/6 background, here identified as myeloid-restricted HIF-1a deficient mice (mHIF-1a�/�), were

kindly provided by Dr. Rui Appelberg (I3S; Porto, Portugal). C57BL/6 WT, mHIF-1a�/� mice, BALB/c and 129/SV were bred and main-

tained inaccreditedanimal facilitiesat theLifeandHealthSciencesResearch Institute (ICVS).Micewerehoused ingroupsof3-6, inHEPA

filter-bearing cages, under 12-h light/dark cycles. Autoclaved chow and water were provided ad libitum and cages were enriched with

nesting materials (paper towels). Males and females with 8-12 weeks were used. Due to colonymanagement and animal availability, all

the invitroexperimentswereperformedwithmaleswhile in vivo infectionexperimentswereperformedwithmixed-gendergroups (Tables

S2andS3). Experimental animal proceduresagreedwith theEuropeanCouncil Directive (2010/63/EU) guidelines thatwhere transposed

into Portuguese law (Decree-Lawn.�113/2013, August 7th). Experimentswere conductedwith the approval of the UMinhoEthical Com-

mittee (process no. SECVS 074/2016) and compliedwith the guidelines of the Committee andNational Council of Ethics for the Life Sci-

ences (CNECV). RS has an accreditation for animal research given from Portuguese Veterinary Direction (Ministerial Directive 1005/92).

Parasite culture and staining
Cloned lines of virulent Leishmania donovani (MHOM/IN/82/Patra1 andMHOM/ IN/83/AG83) and L. infantum (ITMAP 263) weremain-

tained with weekly subpassages at 27�C in complete RPMI 1640 medium, supplemented with 10% heat-inactivated fetal bovine

serum, 2 mM L-glutamine, 100 U/ml penicillin plus 100 mg/ml streptomycin and 20 mM HEPES buffer. Only parasites under ten

passages were used in the experimental work. L. donovani promastigotes were stained with carboxyfluorescein succinimidyl ester

(CFSE). Briefly, parasites were centrifuged and washed with warm phosphate-buffered saline (PBS) twice and then labeled with 5 mM

CFSE (103 106 parasites/ml of PBS) for 10minutes, at 37�C. The parasites were subsequently washed twice with PBS to quench the

excess of fluorescence and suspended in complete RPMI.

Macrophage culture and in vitro infections
For peritoneal macrophages, peritoneal exudate was recovered after injection of ice-cold PBS in the peritoneal cavity. Cells were

washed, resuspended in complete RPMI and plated at a density of 1 3 106/ml. Non-adherent cells were removed through washing

4 hours after plating.

Bone marrow precursors from WT and HIF-1a�/� mice were recovered and differentiated in macrophages using recombinant

M-CSF. Precursors were plated at 0.5 3 106 cells/ml with 20 ng/ml of M-CSF. Growth factor was renewed at day 4 post-differenti-

ation. The macrophages were used 7 days after differentiation.

Peripheral blood mononuclear cells (PBMCs) were enriched from blood from healthy volunteers using a density gradient with

Histopaque 1077. The mononuclear phase was recovered and washed with PBS. Next, cells were labeled with magnetic CD14

MicroBeads and CD14+ monocytes were positively separated using an MS column. Human CD14+ monocytes were differentiated

in macrophages using recombinant M-CSF. Briefly, monocytes were plated at 13 106 cells/ml with 20 ng/ml of M-CSF. Growth fac-

tor was renewed at day 4 post-differentiation. The macrophages were used 7 days after differentiation.

Macrophages were infected with L. donovani promastigotes at a 1:10 ratio. After 4 hours of incubation, non-phagocytosed para-

sites were removed, and cells were recovered. Macrophages were treated with C75 (40 mM), sorA (500 nM) or deferoxamine (DFX;

500 mM), 24 hours post-infection, for two hours, or left untreated as control. Following drug treatment, macrophages were left in cul-

ture for 4 days. Fatostatin A (10 mM) was added 24 hours post-infection and left until analysis at day 5 post-infection. To assess if

these drugs have a direct effect on the parasites, axenic promastigotes (starting with 1 3 106 parasites/ml) were treated with

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lab Vision PermaFluor Aqueous Mounting

Medium

ThermoFisher Scientific Cat#: TA-030-FM

HPTLC silica gel 60 (25 aluminum sheets) Merck Cat#: 1.05547.0001

MicroAmp Fast Optical 96-well reaction

plate

Applied Biosystems by Life Technologies Cat#: 4346906

Multiplate PCR Plates 96-well, clear Bio-rad Cat#: MLL9601
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C75, fatostatin A and sorA and cultured until stationary phase. Parasites were fixated with 2% PFA and counted daily, for 4 days,

using a Neubauer chamber. No major alterations were found, suggesting that the used drugs do not impact on parasite biology

(Figure S7C).

METHOD DETAILS

Parasite viability
Five days post-infection, the parasite viability was performed by adapting the Parasite Rescue Transformation Assay (Jain et al.,

2012). Briefly, culture media was renewed, and the plates were further sealed and placed in an incubator at 27�C to allow the

conversion of amastigotes in promastigotes. The parasites were counted as abovementioned upon 7 days of incubation at 27�C.
Similar results were obtained in parallel by following the rescue protocol (Jain et al., 2012) and giemsa staining counting.

SNP selection and genotyping
The rs2057482 single nucleotide polymorphism (SNP) analyzed was selected based on their putative functional consequences.

Genomic DNA was isolated from whole blood using the QIAcube automated system. Genotyping was performed using KASPar

assays in an Applied Biosystems 7500 Fast Real-Time PCR system. Quality control for the genotyping results was achieved with

negative controls and randomly selected samples with known genotypes.

Experimental Leishmania infection
Micewere infectedwith 103 106 (intravenous route) or 1003 106 (intraperitoneal route) stationary L. donovanipromastigotes.Weight and

generalwell-beingweremonitoredduring the infection. FASN inhibitorC75wasadministered via intraperitoneal route, atdays2, 4, 6 and8

post-infection (10mg/kg). Control animals were equally injected with vehicle (sterile PBSwith 5%DMSO). Fatostatin A was administered

via intraperitoneal route at days 3, 4, 5 and 6 post-infection (15 mg/kg). Control animals were equally injected with vehicle (sterile corn oil

with 5% DMSO). Mice were anesthetized with volatile isoflurane and blood was withdrawn by cardiac puncture. Euthanasia by cervical

dislocation was performed following this procedure. The bone marrow, liver and spleen were recovered for further analysis. The bone

marrowwas flushed from the femurs and tibias and precursorswerewashedwith PBS and frozen for DNAextraction. The liver and spleen

weremechanically resuspendedandcellswere recovered for flowcytometry andDNAextraction. Liver cell suspensionsweresubjected to

a Percoll gradient (40/80) to isolate hepatic leukocytes. DNAwas extracted using the phenol-chloroform-isoamyl alcohol method. Briefly,

an aqueous suspension with approximately 13 106 cells was mixed with a mixture of phenol-chloroform-isoamyl alcohol (25:24:1). After

centrifugation, the aqueous phasewas recovered and incubated overnight with 3M sodium acetate and absolute ethanol. The DNApellet

was washed twice with 70% ethanol and resuspended in RNase/DNase-free water. Parasite burden was assessed, using a TaqMan-

based qPCR assay for detection and quantification of L. donovani kinetoplastid DNA. Total cholesterol, triglycerides, LDL, HDL, acetate,

creatine, urea, ALT and AST levels were quantified in the serum using an AutoAnalyzer, using reagents from the same provider.

Oil Red O staining
The liver was perfused with saline solution (portal vein perfusion) and fixed overnight with 10% (w/v) formalin. The samples were then

embedded in Tissue-Tek O.C.T. compound and frozen in liquid nitrogen. After sample section on the cryostat (8 mm), the slides were

stained with Oil Red O solution and bright field images were acquired on a BX6 microscope.

Flow cytometry
Bodipy 493/503 (3 mg/ml) and Bodipy FL C16 (1 mM)were diluted in complete media and add to adherent cells for 30minutes at 37�C.
DAF-FM (2 mg/ml) was diluted in PBS and incubated for 30 minutes at 37�C. The cells were then washed with PBS, detached and

analyzed. Before analysis, cells stained with DAF-FM were left to rest for 20 minutes, to complete de-esterification of intracellular

diacetates. Surface staining was performed with the following antibodies: BV605 anti-mouse CD11c, clone N418; APC anti-mouse

I-A/I-E, clone M5/114.15.2; BV785 anti-mouse NK1.1, clone PK136; PE/Cy7 anti-mouse CD11b, clone M1/70; BV711 anti-mouse

Ly6G, clone 1A8; PerCP/Cy5.5 anti-mouse Ly6C, clone HK14. Samples were acquired on a LSRII flow cytometer (BD Biosciences)

and data analyzed using FlowJo software. The gating strategy for myeloid cells is depicted on Figure S7D.

High performance liquid chromatography
Glucose and lactate were quantified in cell culture supernatant using HPLC technology (Gilson bomb system); HyperREZ XP

Carbohydrate H+ 8mM. Samples were filtered with a 0.2 mm filter and the mobile phase (0.0025M H2SO4) was similarly filtered and

degasified for 30 minutes. Each sample was analyzed using the following running protocols (sensitivity 8): 15 minutes at a constant

flux of 0.7ml/min at 54�C for glucose and lactate detection. The peakswere detected in a refractive index detector (IOTA 2, Reagents)

and integration was performed using Gilson Uniprot Software, version 5.11.

Lipid extraction and HPTLC analysis
Lipid extraction was performed using amodified Bligh and Dyer, 1959methodology. Macrophages were lysed in ice-cold lysis buffer

containing 50 mM Tris, pH 7.4, 1% Triton X-100, 150 mM NaCl, 10% glycerol, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM
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Na3VO4, 25 mM sodium-b-glycerophosphate, 1 mM DTT, 0.5 mM PMSF and protease inhibitors. A chloroform-methanol-water

solution (2:1:0.8 v/v) was added to the lysates (70mg), which were left in intermittent shaking for two hours. The initial phases were

separated by centrifugation (730 g, 20 min at 4�C) and the supernatant was collected. A water-chloroform solution (1:1) was added

to the supernatant and the organic phase was collected after centrifugation (730 g, 20min at 4�C). The extracted lipids were analyzed

by high performance thin layer chromatography (HPTLC) using hexane-diethyl ether-acetic acid solvent (60:40:1 v/v). For detection,

the plates were sprayed in a carbonization solution with 8% CuSO4 and 10% H3PO4 and heated at 110�C for 20 minutes. The lipid

bands were then analyzed by densitometry using the Fiji software.

Quantitative PCR analysis
Total RNA was isolated from cells with TRI reagent, according to the manufacturer instructions. RNA concentration was determined

by OD260measurement using a NanoDrop spectrophotometer. Total RNA (10-200ng) was reverse-transcribed using the SensiFAST

cDNA Synthesis Kit. Real-Time quantitative PCR (qRT-PCR) reactions were run for each sample on a Bio-Rad CFX96 Real-Time

System C1000 Thermal Cycler. Primer sequences were obtained from Alfagene and thoroughly tested. The RT product was

expanded using the SensiFAST SYBR Hi-ROX kit and the results were normalized to the expression of the housekeeping gene 18

s. After amplification, cycle threshold-values (Ct-values) were calculated for all samples and gene expression changes were analyzed

in the CFX Manager Software.

Western blot
Approximately 1-4 3 106 macrophages were lysed in ice-cold lysis buffer containing 50 mM Tris, 0.25 M NaCl, 2 mM EDTA, 1%

NP-40, 10% glycerol, complemented with protease/phosphatase cocktail inhibitor. The samples were left resting on ice for 30 mi-

nutes and then sonicated in an ultrasonic bath for additional 30 minutes. Following centrifugation (13.000 g, 30 minutes, at 4�C), the
lysates (ten to twenty-five micrograms of protein) were subjected to SDS-PAGE electrophoresis and the proteins were transferred to

mini nitrocellulose membranes by the Trans Blot Turbo Transfer System. The membranes were then incubated with primary anti-

bodies (1/1000 for each primary antibody) and with horseradish peroxidase-coupled secondary reagents. Detection was made

with SuperSignal West Femto Maximum Sensitivity Substrate. Primary antibodies were directed against BNIP3, Phospho-p70

S6k kinase (Thr389), p70 S6 kinase, FASN and b-actin.

Enzyme-linked Immunosorbent Assay
The levels of cytokines were determined in the supernatant of WT and HIF-1a�/� macrophages, 5 days post-infection, using TNF-a,

IL-6 and IL-10 Mouse ELISA, following manufacturer’s instructions.

Macrophage transfection
Bone marrow-derived macrophages were differentiated, as previously described. At the 7th day of differentiation, BNIP3 silencing

was induced, using small interfering RNA (siRNA) technology. Briefly, a lipid-based transfection was performed with Lipofectamine

RNAiMAX Transfection Reagent. The siRNA/lipid complexes were added to macrophage culture during 4h, in Opti-MEM Reduced

Serum Media. Then, the complexes were removed and cells were left resting in complete RPMI for 14 hours. Cell viability was

unaltered in BNIP3-silenced conditions, when compared to scramble control and untransfected cells. Macrophage infection was

performed as already described and samples were stored for western blot and quantitative PCR, 10 and 24 hours post-infection,

respectively.

Immunofluorescence
Peritoneal macrophages were cultured and infected in coverslips, as abovementioned. Upon 24 hours of infection, cells were fixated

during 30 minutes with 10% formalin, at room temperature. Next, ice-cold methanol was added for ten minutes and cells were

washed three times with PBS. To block non-specific antibody binding, the coverslips were incubated for one hour with 10% bovine

serum albumin, at room temperature. The primary rabbit anti-SREBP-1c antibody was incubated at room temperature for two hours

(1/200). The coverslips were washed three times with PBS. The secondary Alexa Fluor 488-labeled goat anti-rabbit IgG (H+L)

antibody was incubated during one hour at room temperature. Following three washes with PBS, the nuclei were stained with

DAPI during 10 minutes. The coverslips were mounted in Permafluor Mountant and appropriately sealed. Images were acquired

on an Olympus FluoView FV1000 confocal laser scanning microscope.

Nuclear Magnetic Resonance
Bonemarrow-derivedmacrophages fromWT andmHIF-1a�/�mice were cultured in the presence of 5mM sodium acetate-2-13C for

24 hours, 3 days post-infection. The cells were recovered and washed twice with PBS. After centrifugation, the pellet was resus-

pended in methanol (4 ml/g of cells) and water (0.85 ml/g of cells) and left on ice for 10 minutes. Chloroform (4 ml/g of cells) and water

(2 ml/g of cells) were then added, followed by an additional 10 minutes on ice. The organic and aqueous phases were separated by

centrifugation and stored at �80�C. After solvent evaporation in a speed-vacuum concentrator, the aqueous phases were sus-

pended in 600 mL D2O containing 2 mM NaN3 and 0.29 mM TSP. All NMR experiments were performed at 25�C in a Bruker Avance

II+ spectrometer, operating at a frequency of 800.33 MHz for 1H, equipped with a 5mm three channel probe (TXI-Z H/C/N/-D). For all
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samples were acquired: an 1H-NMR spectra (noesygppr1d pulse program, with 64 k points, 96 scans, using a spectral window of

20.55 ppm, 4 s relaxation delay and 10 ms mixing time) and a 1H-13C Heteronuclear Single Quantum Coherence spectra (hsqcetg-

psisp2 pulse program, with 512 points in F1 and 2048 points in F2, 128 scans, using a sweepwidth of 165 ppm in F1 and 16 ppm in F2

and 1.5 s relaxation delay). Spectra processing was performed using Topspin3.2 software and the resonances volumes on the
1H-13C-HSQC spectra were determined using the same software.

Cell sorting
Peritoneal macrophages from Ly5.1 WT and mHIF-1a�/� mice were co-cultured for two hours (1:1 ratio) and infected with

L. donovani, as previously described. At the fifth day of infection, macrophages were recovered by detachment with a solution of

10 mM ethylenediaminetetraacetic acid (EDTA). Surface staining with PE anti-mouse CD45.1, clone A20 and APC anti-mouse

CD45.2, clone 104 was performed and cells were sorted using BD FACSAria II. A similar number of purified WT and HIF-1a�/�

macrophages were used to assess parasite viability.

RNA sequencing
Reads were trimmed using Trimmomatic v0.36 with the following options: TRAILING:30, SLIDINGWINDOW:4:20 andMINLEN:30. All

other options used the default values. Quality check was performed on raw and trimmed data to ensure the quality of the reads using

FastQC v0.11.5 and MultiQC v1.5. The quantification was performed with Kallisto v0.44. Differential expression analysis was

performed in R v3.5.0 using the DESeq2 v1.20.0 and volcano plots were produced with the ggplot2 package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with the GraphPad Prism 6 software. A one-way analysis of variance (ANOVA) followed by a

Bonferroni’s post hoc test was employed for multiple group comparisons. A Mann-Whitney test of variance and Kruskal-Wallis

non-parametric test were performed accordingly with the correspondent experimental design. The statistical details of each exper-

iment can be found in figure legends and the data is presented as mean ± SD. Statistically significant values are as follows: *p < 0.05,

**p < 0.01, ***p < 0.001.

DATA AND CODE AVAILABILITY

The accession number for the RNA-seq data generated during this study reported in this paper is Gene Expression Omnibus (GEO):

GSE145136.
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