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Summary  

Pathogenic protists of the genus Leishmania have evolved various strategies to exploit 

macrophages as host cells and subvert their immuno-metabolic functions to favour intracellular 

parasite survival. Surprisingly little is known on how Leishmania affects regulated cell death 

(RCD) pathways of its host cell, even though increased survival of in vitro infected 

macrophages has been reported, and chronic macrophage infection in vivo causes the 

devastating immunopathologies of leishmaniasis. To overcome this limitation and gain first 

systems-level insight into the interaction between intracellular Leishmania and the host cell 

RCD pathways, including apoptosis, pyroptosis and necroptosis, we applied transcriptomic 

analyses on L. amazonensis-infected, primary macrophages (termed LIMs) and used YO-PRO-

1 to monitor cell death by fluorescent microscopy. RNAseq analyses at day 3 post-infection 

(PI) revealed dichotomic dysregulation of more than 60% of RCD-related genes in LIMs, 

characterized by up-regulation of anti-RCD and down-regulation of pro-RCD markers, 

including key regulators common to the three forms of cell death such as casp8, fadd, tradd, 

tnfaip3, tax1bp1, birc3, and itch. This profile correlated with expression changes of 

transcription factors known to regulate RCD, including AP1 and NF-κB family members, pparγ 

and cebpβ. Consequently, LIMs showed remarkable longevity in culture for at least 50 days, 

despite a constant increase of parasite burden to about 100 parasites per cell, while non-infected 

cells were cleared from the culture in just a few days. Longitudinal expression analysis of LIMs 

at days 0, 3, 15, and 30 PI by RT-qPCR confirmed stable maintenance of this high longevity 

profile with the dichotomic decrease and increase of RCD-activators and -inhibitors, 

respectively. LIMs further showed significant resistance to RCD-inducing signals compared to 

non-infected cells, including CSF-1 deprivation (intrinsic apoptosis), actinomycin D treatment 

(extrinsic apoptosis), LPS/ATP stimulation (pyroptosis). Significantly, we extended the anti-

RCD expression pattern and RCD resistance phenotype to L. amazonensis-infected 
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macrophages recovered from lesions, thus validating our long-term in vitro infection system as 

an easily accessible model to study chronic macrophage infection. In conclusion, our analyses 

firmly document the pan-anti RCD effect of L. amazonensis on its macrophage host cell in vitro 

and in vivo and shed important new light on mechanisms underlying Leishmania chronic 

infection. 

 

 

Keywords: Leishmania amazonensis, lesional macrophage, apoptosis, pyroptosis, necroptosis, 

chronic infection. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 14, 2022. ; https://doi.org/10.1101/2022.09.14.507851doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507851
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4 

INTRODUCTION 

One key strategy shared between intracellular pathogens is their capacity to prolong host cell 

survival by hijacking pathways controlling cell death. This strategy not only safeguards the 

pathogens’ metabolic niche, but also avoids exposure to anti-microbial activities triggered by 

dying cells. This phenomenon is very well illustrated by intracellular parasites of the genus 

Leishmania that infect innate immune system such as macrophages (Ms) and dendritic cells 

(Liu and Uzonna, 2012) and exploits the phenotypic plasticity of these cells to establish a 

unique immuno-metabolic phenotype that favour parasite survival and chronic infection 

(Arango Duque and Descoteaux, 2015; Ferreira et al., 2021; Lecoeur et al., 2021; Saunders and 

McConville, 2020; Van Assche et al., 2011; Zhang et al., 2022).  

In response to intracellular microbial infections, Ms deploy an arsenal of potent anti-

microbial activities (nitric oxide, reactive oxygen intermediates, anti-microbial peptides) and 

restrict the microbes’ proliferation by limiting its access to essential nutrients (Weiss and 

Schaible, 2015). Host cell suicide represents the most extreme outcome of the anti-microbial 

response, which can trigger immune recognition and elimination of the exposed pathogen 

(Behar et al., 2011; Chow et al., 2016; Robinson et al., 2019). The process of self-destruction 

is tightly controlled through well-defined pathways of Regulated Cell Death (RCD) (Galluzzi 

et al., 2018; Jorgensen et al.; Riera Romo, 2021), including apoptosis, pyroptosis and 

necroptosis, all of which can be associated with microbial infections (Hacker, 2018; Tummers 

and Green, 2022; Xia et al., 2020). Each of these RCD pathways is characterized by specific 

activation signals that trigger defined signalling cascades, and their link to either the pro- or 

anti-inflammatory host response (Riera Romo, 2021; Tang et al., 2019). Apoptosis can be 

triggered by growth factor deprivation (intrinsic pathway) and by death factors of the TNF 

family (such as FasL, APO-2L/-3L) or actinomycin D (extrinsic pathway) (Galluzzi et al., 2018; 

Liu et al., 2016; Merkel et al., 2012). This form of RCD is orchestrated by members of the 
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caspase family that carry cysteine protease activity inducing specific proteolysis and cell 

destruction. Apoptosis is the typical non-lytic type of RCD that avoids and even suppresses 

inflammatory responses by i) releasing anti-inflammatory metabolites to modulate gene 

expression in neighbouring cells (Medina et al., 2020),  ii) secreting “come-get-me” molecules 

(Grimsley and Ravichandran, 2003), and  iii) expressing “eat-me” signals  (Grimsley and 

Ravichandran, 2003) that trigger their swift removal by macrophages (efferocytosis) before 

releasing their intracellular content(Grimsley and Ravichandran, 2003). In vivo, engulfment of 

apoptotic cells modulates the phagocyte’s immune-metabolism to resolve inflammation (Birge 

and Ucker, 2008; Kourtzelis et al., 2020). 

In contrast, necroptosis and pyroptosis are two regulated necrotic (i.e. lytic) processes 

that have been associated to potent inflammatory responses in vivo (Bergsbaken et al., 2009; 

Frank and Vince, 2019; Grootjans et al., 2017; Pasparakis and Vandenabeele, 2015). Both 

forms of RCD trigger the formation of pores in the plasma membrane (Kolbrink et al., 2020) 

that allows the release of Damage-Associated Molecular Patterns (DAMPs) (Frank and Vince, 

2019; Murao et al., 2021) and in the case of pyroptosis, the release of potent pro-inflammatory 

cytokines such as IL1β (Heilig et al., 2018). Pyroptosis is mediated by inflammasome activation 

in response to pathogenic agents or various stimuli such as toxins or ATP via intracellular 

receptors such as NOD-like receptor family, pyrin domain containing 3 (NLRP3) and absent in 

melanoma 2 (AIM2), which cause gasdermin-dependent cell lysis (Paik et al., 2021; Yu et al., 

2021). Necroptosis is a form of regulated necrosis dependent on receptor-interacting 

serine/threonine kinase 1 and/or 3 (RIPK1, RIPK3) and mixed lineage kinase domain-like 

pseudokinase (MLKL) (Grootjans et al., 2017). It has been initially identified as a backup death 

pathway in response to inhibition of caspase-8-dependent apoptosis (Holler et al., 2000), but 

can also be induced by different mediators or pathogens (Robinson et al., 2019). Despite their 

seemingly different characteristics, apoptosis, pyroptosis and necroptosis are interconnected 
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and co-regulated via key shared regulatory molecules (Bedoui et al., 2020; Place et al., 2021), 

a redundancy that likely evolved to overcome pathogen-induced suppression of individual RCD 

pathways (Tummers and Green, 2022).  

Several studies showed that Leishmania spp can dampen individual RCD pathways in 

infected macrophages (Akarid et al., 2004; Donovan et al., 2009; Lisi et al., 2005; Moore et al., 

1994; Rodriguez-Gonzalez et al., 2016). Several mechanisms were identified, such as increased 

expression of Cellular Inhibitors of Apoptosis Proteins (cIAPs), differential expression of B-

cell lymphoma 2 (BCL2) family members, decreased expression of key RCD effectors (pro-

caspase-1, RIKP3, PGAM5 and MLKL) or changes in PI3K/AKT signalling (Cianciulli et al., 

2018; Dashzeveg and Yoshida, 2015; Giri et al., 2016; Luz et al., 2018; Pandey et al., 2016; 

Roy et al., 2017; Ruhland et al., 2007; Saha et al., 2019a; Saha et al., 2019b). However, our 

current knowledge on Leishmania-mediated RCD subversion is limited to only short-term 

infections, the exclusive use of in vitro infection systems, and the lack of integrative analyses 

that allow mechanistic insight into all major RCD pathways during infection. Here we 

overcome these limitations and gain first systems-level insight into the interaction between 

intracellular Leishmania amazonensis (L. am) and apoptotic, pyroptotic and necroptotic host 

cell pathways. We provide first evidence that Leishmania-infected macrophages (termed LIMs) 

show a remarkable longevity in culture of over 50 days, which was linked to profound 

expression changes in transcription factors known to regulated RCD and increased resistance 

to the various forms of cell death. Significantly, both expression changes and cell death-

resistant phenotype were validated in in situ-infected macrophages directly isolated from mouse 

footpad lesions. Our data confirm our previous published observations on Leishmania-

dependent changes in macrophage nuclear activities and cell survival (Lecoeur et al., 2021; 

Lecoeur et al., 2020a; Lecoeur et al., 2020b), and propose our long-term in vitro infection 
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system as a useful correlate for chronic infection to investigate parasite and host factors 

involved in cell death regulation. 

 

 

MATERIAL AND METHODS 

Ethics statement.  

Six-week-old female C57BL/6 and Swiss nu/nu mice were purchased from Janvier (Saint 

Germain-sur-l'Arbresle, France). Rag2tm1Fwa (Shinkai et al., 1992) were bred at Institut Pasteur. 

All animals were housed in A3 animal facilities according to the guidelines of Institut Pasteur 

and the “Comité d'Ethique pour l'Expérimentation Animale” (CEEA) and protocols were 

approved by the “Ministère de l’Enseignement Supérieur; Direction Générale pour la 

Recherche et l’Innovation” under number #19683.  

 

Isolation and culture of bone marrow-derived macrophages.  

Bone marrow cell suspensions were recovered from tibias and femurs of C57BL/6 mice in 

DMEM medium (Gibco, Life technologies) and cultured in medium complemented with mouse 

recombinant colony-stimulating factor 1 (mrCSF-1, ImmunoTools) (Lecoeur et al., 2020a). 

Precursors were seeded for one night at 37°C in a 7.5% CO2 atmosphere at 3 x 107 cells / 12 

ml of complete medium containing 50 ng/ml of rm-CSF-1, in Petri dishes for tissue culture 

(Falcon® 100 mm TC-treated Cell Culture Dish ref OPTILUX 353003) for the removal of 

unwanted adherent cells. Unattached cells were recovered and cultured at one million cells per 

ml in non-treated Petri dishes (Greiner bio-one 664161) at 37°C in a 7.5% CO2 atmosphere for 

6 days with 50 ng/mL mrCSF-1. After detachment with 25 mM EDTA, 2 million Bone Marrow-

Derived Macrophages (BMDMs) were seeded per well in 12-well plates in 2 ml culture medium 
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containing 30 ng/mL mrCSF-1 (for fluorescence microscopy and western blot analyses) or in 

10 ml in petri dishes (for RNA isolation and RNAseq analyses). Analyses were performed from 

day 1 to day 48 post-infection. For long-term experiments, half of the medium was replaced by 

complete medium supplemented with 30 ng/mL mrCSF-1 once a week. 

 

Parasite isolation and generation of in vitro Leishmania-infected macrophages (ivLIMs). 

mCherry transgenic, tissue-derived amastigotes of Leishmania amazonensis strain LV79 

(WHO reference number MPRO/BR/72/M1841) were isolated from infected footpads of Swiss 

nude mice (Lecoeur et al., 2010). Amastigotes were added at a ratio of 4 amastigotes per 

macrophage, yielding an infection efficiency of 95% at 3 days post-infection (PI) as judged by 

fluorescence microscopy analysis of Hoechst-stained samples. LIMs were cultured at 34°C for 

3 to 50 days PI. Long-term cultures were maintained by replacing the supernatant once a week 

with a fresh complete medium containing 30 ng/ml mrCSF-1.  

 

Isolation of ex vivo Leishmania-infected macrophages (evLIMs) from mouse lesions.  

evLIMs were isolated from footpad lesions of Rag2tm1Fwa mice obtained 2 months after the 

inoculation of amastigotes. Mice were euthanized by carbon dioxide inhalation, footpads were 

removed and placed on a 100 µm cell strainer in treated with Digestion Buffer (DB) containing 

50 U/ml DNAse I (Sigma-Aldrich), 100 U/ml collagenase II (Sigma-Aldrich), 100 U/ml 

collagenase IV (Sigma-Aldrich) and 1 U/ml dispase II (Roche Applied Science) in DMEM. 

One ml of DB was perfused in the footpad at 5 different locations for 30 minutes at 34°C. This 

step was repeated two times. evLIMs were recovered and washed (centrifugation at 50 g, 10 

min, 4 °C) before processing. For evLIMs culture, cells were placed for 1 hour at 34°C in Petri 

dishes (Falcon® 100 mm TC-treated Cell Culture Dish ref OPTILUX 353003) to remove free 
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amastigotes potentially released from cells damaged during the procedure. The supernatant 

containing evLIMs was then used for further culture. 

 

RCD induction in in vitro and ex vivo macrophages.  

Apoptosis was induced by rm-CSF1 deprivation (from 30 ng/ml to total removal) for different 

periods of time or by the addition of 5g/ml Actinomycin D (AD, #A1410, Sigma-Aldrich) for 

16 hours (Lisi et al., 2005). Pyroptosis was induced after inflammasome priming and activation 

by sequential stimulation with 500 ng/ml lipopolysaccharides from Escherichia coli O111:B4 

(# LPS11-1, Alpha Diagnostic) for 16 h and 5 mM adenosine triphosphate (ATP, # A26209, 

Sigma-Aldrich) for the time required for the analysis (1 to 8 hours). For RNAseq analyses, ATP 

was added for 30 minutes to LPS-treated cells prior to RNA isolation. Experiments were 

conducted in 12 well plates (0.5 x 106 cells per well). For long-term analyses, 50% of the 

medium was discarded and replaced by a fresh complete medium supplemented by 30 ng/ml 

mrCSF1. Apoptosis, pyroptosis and necroptosis were analysed according to recently published 

guidelines (Hu et al., 2021). 

 

Epifluorescence microscopy analyses of RCD and automated image analysis. 

Nuclei from both live and dead macrophages were stained by 1 M Hoechst 33342 

(ThermoFisher Scientific). Nuclei from apoptotic, pyroptotic and necroptotic macrophages 

were revealed by staining with by 1 M YO-PRO-1 (ThermoFisher Scientific) (Darzynkiewicz 

et al., 2011; Idziorek et al., 1995; Rosazza et al., 2020). Both markers were added to the culture 

medium and cells were incubated for 15 min at room temperature. Image acquisition was done 

using the EVOS M5000 microscope (ThermoFisher Scientific) for transmitted light, and 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 14, 2022. ; https://doi.org/10.1101/2022.09.14.507851doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507851
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

florescence signals detected at red (mCherry expressing parasites), blue (Hoechst) and green 

(YO-PRO-1) wavelengths. Five fields were acquired at the 20x objective.  

Automatic Image analysis was performed using the ImageJ software package on at least 800 

cells. Automated counting of macrophage nucleus was performed by detecting the Hoechst 

33342 signal. For morphometric analysis, macrophage area and mCherry intensity information 

(related to parasite load) were simultaneously determined for each individual macrophage. 

Graphical representations were generated with the GraphPad Prism software package. 

 

RNA extraction and transcriptional analyses by RNAseq and reverse transcription 

quantitative PCR analyses.  

RNA isolation was performed with the RNeasy+ isolation kit (Qiagen) according to the 

manufacturer’s instructions. Evaluation of RNA quality was carried out by optical density 

measurement using a Nanodrop device (Kisker, http://www.kisker-biotech.com) as previously 

described (Lecoeur et al., 2020a). Total RNA was isolated from 3 independent biological 

replicates of uninfected and Leishmania-infected macrophages.  

DNAse-treated RNA extracts were processed for library preparation using the Truseq Stranded 

mRNA sample preparation kit (Illumina, San Diego, California) according to the 

manufacturer’s instructions. An initial poly(A)+ RNA isolation step (included in the Illumina 

protocol) was performed with 1 µg of total RNA to isolate the mRNA fraction and remove 

ribosomal RNA. The mRNA-enriched fraction was fragmented by divalent ions at high 

temperatures. The fragmented samples were randomly primed for reverse transcription 

followed by second-strand synthesis to create double-stranded cDNA fragments. No end repair 

step was necessary. An adenine was added to the 3'-end and specific Illumina adapters were 

ligated. Ligation products were submitted to PCR amplification. The quality of the obtained 

libraries was controlled using a Bioanalyzer DNA1000 Chips (Agilent, # 5067-1504) and 
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quantified by spectrofluorimetric analysis (Quant-iT™ High-Sensitivity DNA Assay Kit, 

#Q33120, Invitrogen). 

Sequencing was performed on the Illumina Hiseq2500 platform to generate single-end 65 bp 

reads bearing strand specificity. Reads were cleaned using cutadapt version 1.11 and only 

sequences at least 25 nt in length were considered for further analysis. STAR version 2.5.0a 

(Dobin et al., 2013), with default parameters, was used for alignment on the reference genome 

(GRCm38 from Ensembl database 94). Genes were counted using featureCounts version 1.4.6-

p3 (Liao et al., 2014) from the Subreads package (parameters: -t gene -s 0). Transcriptomic data 

are made publicly available at the NCBI's Gene Expression Omnibus repository (Superseries 

GSE205860). The RCD-related gene list is provided for each pathway in Supplementary figure 

1. 

RT-qPCR was carried out in 384-well PCR plates (Framestar 480/384, 4titude, Dominique 

Dutscher) using the iTaq Universal SYBR® Green Supermix (Bio-Rad) and 0.5 μM primers 

with a LightCycler® 480 system (Roche Diagnostics, Meylan, France). Primer information for 

all targets is detailed in Supplementary table S1. Crossing Point values were determined using 

the second derivative maximum method (LightCycler® 480 Basic Software). The relative 

expression software tool (REST©-MCS) (Pfaffl et al., 2002) was used to calculate fold change 

(FC) values. The list of primers for each analyzed target gene is provided in Supplementary 

table 2. Normalization was performed with the geometric mean of the two best reference genes 

ppih and mau2 as determined by the GeNorm and Normfinder programs (data not shown). For 

statistical analysis of gene expression levels, Cp values were first transformed into relative 

quantities (RQ) and normalized (Lecoeur et al., 2020a). Nonparametric Kruskal-Wallis tests 

were performed on Log transformed Normalized Relative Quantity values. Results were 

expressed as Z-scores calculated by relative expression compared to the day 0 unpolarized 
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group (long-term analyses). Heatmaps of Z-scores were generated (R, version 4.1.2) using 

homemade scripts based on native graphical functions. 

 

In silico analyses. 

String network analyses were performed using Cytoscape V3.9.1, the interaction of TFs and 

targets were extracted from Transcriptional regulator relationships unraveled by a sentence-

based text mining database (TRRUST v2: an expanded reference database of human and mouse 

transcriptional regulatory interactions (Han et al., 2018). TF- targets gene networks were 

obtained with the ENCODE transcription Factor targets dataset. 

 

Statistical analysis.   

Statistical analysis of gene expression levels determined by RT-qPCR was performed using 

SigmaPlot Software (SigmaPlot for Windows Version 11.0, Build 11.2.0.5). Other statistical 

analyses were performed by the nonparametric Wilcoxon rank-sum test using the GraphPad 

Prism 7.03 software. 
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RESULTS AND DISCUSSION 

 

Leishmania amazonensis infected macrophages show an important increase in longevity.  

 Previous studies correlated short-term Leishmania infection with protection from cell 

death (Akarid et al., 2004; Donovan et al., 2009; Lisi et al., 2005; Moore et al., 1994; Rodriguez-

Gonzalez et al., 2016). Here we assessed the ability of primary macrophages to survive chronic 

intracellular infection with L. amazonensis (L. am), which to our knowledge was not 

investigated before. C57BL/6 BMDMs were infected with lesion-derived L. am amastigotes 

expressing mCherry (referred to as ‘in vitro Leishmania-infected macrophages’, short 

‘ivLIMs’). In contrast to non-infected macrophages, ivLIMs were able to survive in culture for 

a long time (more than 30 days) despite a substantial increase in intracellular parasite burden 

that attained over 70 amastigotes per macrophage after only two weeks of infection as judged 

by increased mCherry fluorescence intensity and the number of Hoechst 33342-stained parasite 

nuclei (Figure 1A1 and Supplementary Figure 1). This surge in parasite load correlated with 

the generation of large communal parasitophorous vacuoles and a substantial increase in mean 

macrophage area from 1789 to 14679 sq. pixels (Figure 1A2 and 3). Significantly, parasite 

burden and cell swelling of ivLIMs in long-term cultures closely matched infected LIMs 

purified from the tissue of infected RAG2-KO mice and analyzed ex vivo (termed evLIMs) 

(Figure 1B). Given the very low replication rate of intracellular amastigotes shown in vivo 

(Kloehn et al., 2015), these data also strongly support the increased lifespan of evLIMs.  

Together these data demonstrate that long-term Leishmania-infected macrophages in vitro are 

a very good correlate to chronically infected macrophages in vivo. We assessed in the following 

if increased longevity is caused by increased resistance of LIMs to RCD processes. 

.  
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L. am prevents RCD in infected in vitro and in vivo macrophages.  

Induction of intrinsic apoptosis by long-term deprivation for the anti-apoptotic growth 

factor rm-CSF1 (Becker et al., 1987) caused massive cell death in non-infected macrophages 

as judged by the increased number of YO-PRO-1 positive, apoptotic cells (Figure 2A1a) and a 

50% reduction in cell density after three days of treatment (Figure 2A2 and Supplementary 

Figure 2B, time point “a”). In contrast, less than 5% of ivLIMs were stained with YO-PRO-1 

at the same time of rm-CSF1 deprivation, with the few apoptotic cells being devoid of 

intracellular parasites, thus further sustaining the parasite’s anti-apoptotic action, which likely 

occurs in cis and cannot be transferred in trans to non-infected bystander cells (Figure 2A1b 

and 2A2). ivLIMs maintained a low apoptosis rate all along the 50-day culture (Figure 2A1b, 

c, and Figure 2A2) and displayed a 50% drop in cell density only after 26 days PI 

(Supplementary Figure 2B, time point “b”). This remarkable survival phenotype was confirmed 

in evLIMs that persisted ex vivo for 7 days in the absence of rm-CSF1 (Figure 2Ad and 

Supplementary Figure 2C) despite their high parasite load and the physical stress associated 

with their purification from infected tissue. A similar phenotype in ivLIMs and evLIMs was 

observed when triggering extrinsic apoptosis by 16-hour exposure to actinomycin D (AD) 

stimulation (Figure 2A3). Likewise, induction of NLRP3-dependent pyroptosis by LPS/ATP 

stimulation (Lecoeur et al., 2020a; Yu et al., 2021) caused substantial cell death in non-infected 

control cells (Figure 2B1a), attaining 80% of YO-PRO-1 positive cells at 8 hours of ATP 

stimulation (Figure 2B2), while only 40% of dead cells were observed in ivLIMs (Figure 2B1b, 

c and Figure 2B2) and in evLIMs (Figure 2B3).  

In conclusion, we provide here first evidence for active, Leishmania-driven pan-

inhibition of macrophage RCD pathways, reminiscent of other intracellular pathogens such as 
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cytomegalovirus that inhibit apoptosis and necroptosis (Brune and Andoniou, 2017) or Coxiella 

burnetii that interferes with host cell apoptosis and pyroptosis (Cordsmeier et al., 2019). 

 

The anti-RCD phenotype of ivLIMs is controlled at the transcriptional level.  

To gain first insight into parasite subversion strategies that can be linked to host cell 

longevity, we applied RNAseq analysis on uninfected BMDMs and ivLIMs at day 3 PI and 

monitored the effect of infection on genes involved in different RCD pathways. As judged by 

the Odds ratios and False Discovery Rates (FDR), more than 60% of the genes linked to 

apoptosis, pyroptosis and necroptosis show significant expression modulation (Figure 3A1). 

Mapping these changes across different categories of genes known to promote or inhibit RCD 

revealed a regulatory dichotomy that causes dual inhibition via (i) down-modulation of pro-

RCD genes that encode for surface receptors, signaling molecules, and components of key RCD 

complexes, and (ii) up-regulation of caspases, inflammasome and necrosome inhibitors (Figure 

3A2). We further revealed differential expression in LIMs of key regulators that are shared 

across all RCD pathways, including down-regulation of caspase-8 and fadd, and up-regulation 

of the two potent RCD inhibitors tax1bp1 and tnfaip3 (Figure 3A3), the latter one known to 

counteract apoptosis, pyroptosis and necroptosis (Priem et al., 2020). This expression pattern 

was confirmed by RT-qPCR in both ivLIMs from long-term infection and evLIMs obtained 

from infected lesions, the latter one showing the strongest expression of tax1bp1 and tnfaip3 

(Figure 3B).  

In conclusion, our data uncover a regulatory dichotomy that inhibits host cell RCD by 

inhibiting pro- and at the same time promoting anti-RCD gene expression. Increased expression 

of tnfaip3 was previously observed in L. am infected BALB/c BMDMs (Lecoeur et al., 2020a) 

and L. infantum infected THP1, RAW 264.7 cells and BMDMs (Gatto et al., 2020; Roy et al., 
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2017), suggesting this factor as a key regulator in pan-RCD inhibition during Leishmania 

infection.  We next investigated the effect of L. am infection on the different RCD pathways by 

mapping our RNAseq results onto the apoptotic, pyroptotic and necroptotic pathways, and 

validating observed expression changes in more detail by RT-qPCR analyses of ivLIMs from 

long-term infection and evLIMs obtained from infected lesions.   

 

Dichotomic inhibition of apoptotic pathways in ivLIMs and evLIMs.  

Mapping our expression results on the apoptotic pathways confirmed the dichotomic 

regulation we observed during L. am infection (Figure 4A1 and A2).  Several expression 

changes explain the observed inhibition of extrinsic apoptosis, including down-modulation of 

(i) the surface receptors fas, tnfrsf1a, and tnfrsf10b, (ii) the adaptor molecules traf5 and tradd, 

and (iii) the effector caspases casp3 and casp6. This pathway is further inhibited by the up-

regulation of tnfaip3/tnip1/taxbp1, the caspase inhibitor birc6, and the inhibitor of caspase-

activated DNase dffa (Figure 4A1). We further observed decreased expression of several 

components of the AP1 transcription factor complex (i.e. fos, fosb, fosl1, junb), which possibly 

leads to the decreased expression of pro-apoptotic effectors such as bcl2l11 (bim) (Whitfield et 

al., 2001) (Figure 4A1).  A similar regular dichotomy was observed for intrinsic apoptosis 

showing (i) down-modulation of pro-apoptotic igf1r and the caspases casp12, casp2, and casp8, 

and (ii) up-regulation of aven that stabilizes the anti-apoptotic molecule bcl2l1 and inhibits 

Apoptotic Protease Activating Factor 1 (APAF1) known to form one of the central hubs in the 

apoptosis regulatory network that triggers caspase activation (Chau et al.; Kutuk et al., 2010). 

Conversely, we further observed expression changes that did not fit this dichotomy, such as (i) 

down-modulation of the anti-apoptotic Bcl2 molecule that was previously observed in L. 

mexicana-infected DCs (Rodriguez-Gonzalez et al., 2022), or (ii) up-regulation of pro-
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apoptotic BID, which however may not be cleaved to its active form since ivLIMs show reduced 

expression of calpain1 (capn1) and components of the PIDDosome - a multiprotein complex 

that drives activation of caspase-2 (Figure 4A1).  Importantly, L. am infection also seems to 

prevent a key step in apoptotic cell death represented by Mitochondrial Outer Membrane 

Permeabilization (MOMP) (Dadsena et al., 2021), which is a key checkpoint in apoptosis that 

activates the caspase cascade. The induction of MOMP is regulated by pro-apoptotic members 

of the BCL2 family that were down regulated in ivLIMs (i.e. bax, pmaip1, bcl2l11, bbc3), and 

anti-apoptotic mcl1 that was upregulated in ivLIMs as previously observed in other 

experimental Leishmania infection systems (Giri et al., 2016; Ruhland et al., 2007).  

We validated these expression changes observed at day 3 PI in ivLIMs from long-term 

infection and evLims obtained from mouse lesions using RT-qPCR (Figure 4B). Significantly, 

in contrast to short-term infections (day 3 PI), both ivLIMs at day 30 and evLIMs obtained after 

two months of in vivo infection showed increased expression of the anti-apoptotic regulator 

bcl2, which further strengthens the anti-apoptotic phenotype in these heavily infected cells 

(Figure 4B). These fine-tuned, transcriptomic changes in the LIMs RCD pathways are 

reminiscent of our previous analysis of the anti-inflammatory LIMs phenotype (Lecoeur et al., 

2020a) and quite unique compared to other infectious systems that inhibit host cell RCD  by (i) 

direct degradation of pro-apoptotic effectors (Chlamydia trachomatis) (Pirbhai et al., 2006), ii) 

activation of the pro-survival kinases Akt and Extracellular signal-Regulated Kinases 1 and 2 

(Coxiella burnetti) (Voth and Heinzen, 2009), or iii) direct inhibition of the initiator caspase- 8 

(various viruses) (Mocarski et al., 2011). 

 

Dichotomic inhibition of the pyroptotic pathway in ivLIMs and evLIMs.  
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Pyroptosis represents an inflammasome-induced form of cell death that is promoting 

microbial elimination (Xia et al., 2019). Our RNAseq results reveal transcriptomic inhibition 

of this pathway by yet another dichotomic regulation (Figure 5A) that affects key steps in 

pyroptosis induction. First, NLRP3 inflammasome priming and activation steps were inhibited 

by (i) down-modulation of activating components such as eif2ak2, p2rx7, mavs, or ptpn22 

(Kelley et al., 2019; Paik et al., 2021) and (ii) up-regulation of the de-activating components 

fbxl2, nlrc3, or nlrp10) (Swanson et al., 2019) of this pathway.  These results are in accordance 

with our previous studies of short-term L. amazonensis-infected BALB/c primary dendritic 

cells and BMDMs (Lecoeur et al., 2020a; Lecoeur et al., 2020b). Second, subsequent NF-B-

mediated, pro-inflammatory responses were inhibited by (i) down modulation of various 

activators, including surface receptors (i.e. the cd14/lbp/ly96/tlr4 complex, il1r1, il18r1/il18rap 

and tnfrsf1a), the adaptor molecule myd88 and the protein kinase mapk14, and (ii) up-regulation 

of inhibitors of the pathway such as tnip1, tnfaip3, tax1bp1, nlrc3, sarm, sirt1 and sirt2. The 

dual inhibition of the TLR/NF-B signaling pathway was further associated with reduced 

expression of transcription factors that control the gene expression of different inflammasome 

components (trp53, zfp36 and stat1) (Christgen et al.; Gupta et al., 2001; Haneklaus et al., 2017) 

explaining the reduced expression of nlrp3, nlrc4, nlrp1b, mefv, casp1, pycard and  CASPASE-

1 substrates (il18 and il1) in ivLIMs.  

In conclusion, similar to apoptosis and even necroptosis (see Supplementary Figure 4), 

Leishmania dampen the pyroptosis pathway by a unique transcriptomic subversion strategy 

distinct from other pathogens which interfere with the pyroptotic response by (i) blocking 

NLRP1, NLRP3 or caspase-1 activation (e.g. Kaposi’s sarcoma-associated herpesvirus, 

Mycobacterium tuberculosis; cowpox virus) (Gregory et al., 2011; Rastogi et al., 2021; Ray et 

al., 1992), (ii) preventing AIM2 activation by avoiding bacterial DNA release into the 

macrophage cytosol (Legionella pneumophila) (Ge et al., 2012), (iii) inhibition of gasdermin D 
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cleavage (SARS-CoV2) (Ma et al., 2021), or (iv) inhibition of the NF-B signaling pathway 

(Hepatitis B virus) (Yu et al., 2017). In the following, we exploited our RNAseq results to 

investigate the basis of the observed dichotomic regulation of the LIMs RCD pathways by 

investigating changes in the transcription factor landscape.  

 

Pan-RCD inhibition in ivLIMs correlates with important changes in the host cell 

transcription factor landscape.  

We previously reported that Leishmania infection stalls Dendritic Cells (DCs) 

maturation and inflammasome activation by subverting the Transcription Factor (TF) landscape 

of these cells (Lecoeur et al., 2020b), which we have recently extended to infected BMDMs 

(Lecoeur et al., 2021). We, therefore, mined our RNAseq for changes in TF expression in LIMs 

that may explain the anti-RCD phenotype. We revealed significant expression changes in 

ivLIMs at day 3 PI compared to non-infected controls in 88 transcripts for TFs or TF 

components, most of which were reduced in abundance following infection (Figure 6), 

including members of the AP1 complex and the NF-kB family previously linked to cell death 

gene expression (Ameyar et al.; Barkett and Gilmore, 1999). A direct link between the reduced 

TF abundance and the dichotomic expression changes in LIMs could be established for (i) stat1 

and trp53 regulating caspase gene expression (Chin et al., 1997; Gupta et al., 2001; Xu et al., 

2014), (ii) trp53 controlling expression of fas, bbc3, ppmaip1, bcl2l11 and bax ((Aubrey et al., 

2018), (iii) ppar γ, which is increased during infection and inhibits the expression of pro-

apoptotic bax (Arnett et al., 2018), and iv) NF-κB transcription factor family that regulates 

birc2, nlrp3, pycard and il1β and is itself inhibited at various levels during Leishmania infection 

(Cornut et al., 2020; Lecoeur et al., 2021; Lecoeur et al., 2020a). Reduced expression of NF-

κB family members is likely regulated at epigenetic levels as we have previously shown for 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 14, 2022. ; https://doi.org/10.1101/2022.09.14.507851doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.14.507851
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

L.am-infected BALB/c macrophages (Lecoeur et al., 2020a). Similarly, links between increased 

TF abundance and dichotomic expression changes for pparγ and its target genes mcl1 and bid 

(Arnett et al., 2018; Bonofiglio et al., 2011) or cebpβ that regulates tnfaip3 expression (Lai et 

al., 2013) were also established.  

In conclusion, Leishmania has evolved nuclear subversion strategies that change gene 

expression control by manipulating the host cell TF landscape, which itself may be regulated 

by infection-induced changes in epigenetic regulation (Lecoeur et al., 2020a). Transcriptional 

subversion of RCD pathways seems a common theme during intracellular infection, with 

various viruses (kaposi virus,  Human T Lymphotropic virus-1, Hepatitis viruses), intracellular 

bacteria (Rickettsia rickettsii, Legionella pneumophila) and other parasites (Toxoplasma 

gondii) promoting NF-κB activation to generate an anti-apoptotic profile of their host cell 

(Clifton et al., 1998; Heussler et al., 2001; Losick et al., 2010; Zamaraev et al., 2020). In 

contrast, we and others have clearly established that Leishmania has evolved multiple strategies 

to inhibit the TLR/NF-κB and TNFR/NF-κB pathways to avoid a leishmanicidal, pro-

inflammatory response (Figure 5) (Lecoeur et al., 2020a). As a result, these parasites were 

constrained to adopt alternative strategies to interfere with macrophage RCD processes to keep 

their host cell alive, which proposes Leishmania as a powerful new biological tool to probe 

mechanisms underlying macrophage cell death and longevity.  
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Conclusion 

Our results uncover a potent and persistent pan-inhibitory effect of intercellular L. 

amazonensis on macrophage RCD in vitro and in vivo that sustains parasite long-term survival 

and enables chronic infection. Pleotropic inhibition is regulated at transcriptional levels and 

consequence of changes in the TF landscape, which cause important expression changes that 

dampen the pro-RCD and enhance the anti-RCD components specific to apoptosis, pyroptosis 

and necroptosis, as well as components that are shared between these different forms of cell 

death. The mechanisms underlying Leishmania-mediated subversion of TF-dependent 

expression control are different from the strategies developed by other pathogens, which 

include NF-κB-mediated induction of anti-RCD genes or degradation of pro-RCD mediators 

(Abu-Zant et al., 2007; Robinson and Aw, 2016). Our recent reports on epigenetic and 

metabolic reprogramming of LIMs (Lecoeur et al., 2020a; Zhang et al., 2022) suggest that 

changes in TF expression may be regulated by DNA and histone modifications, non-coding 

RNAs, or changes in host cell glycolytic energy-production and expression of intermediate 

metabolites that have been linked to RCD resistance (Huang et al., 2015; Huang et al., 2013; Li 

et al., 2021; Pradelli et al., 2010). Our study opens important new questions on (i) the parasite-

released factors that modulate epigenetic, transcriptional and metabolic control in infected 

LIMs, (ii) the complex interplay between these levels of control in establishing the anti-

inflammatory and anti-RCD LIMs phenotype, and (iii) the possibility to design novel host-

directed strategy that can rescue the pro-inflammatory and pro-RCD pathways to eliminate 

intracellular parasites and clear chronic infection.  
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FIGURE LEGENDS 

 

Figure 1: BMDMs in vitro and macrophages in vivo are permissive to chronic infection by 

L. amazonensis amastigotes.   

(A1) Uninfected BMDMs (day 0) and cells infected with mCherry-transgenic L. amazonensis 

amastigotes at day 3 and 30 post-infection were analyzed by fluorescence microscopy using an 

EVOS M5000 microscope (20x objective). Macrophage nuclei and parasites were respectively 

revealed by Hoechst 33342 staining (blue fluorescence) and mCherry expression (red 

fluorescence). Superpositions of fluorescence and bright field images are shown. (A2) Violin 

plots representing the median and quartiles of BMDM area (squared pixels) during long-term 

infection. *, p < 0.0001. (A3) Correlation between cell area and mCherry fluorescence (raw 

integrated density) in individual BMDMs at days 15 and 30 post-infection. Linear regression 

curve, R
2
 and p-value are indicated. (B) Lesional macrophages obtained from RAG2-KO mouse 

60 days after infection and analyzed ex vivo by fluorescence microscopy by Hoechst 33342 

staining (blue fluorescence, macrophage nuclei) and mCherry transgenic expression (red 

fluorescence, parasites). 

 

Figure 2: In vitro and in vivo chronically infected macrophages show a global resistance 

to RCD processes.  

(A1) Cells were exposed to rm-CSF1 deprivation to induce intrinsic apoptosis. Cell death was 

monitored by YO-PRO-1 staining (green color) and fluorescence microscopy in vitro in non-

infected (A1a) and L. amazonensis-infected BMDMs (ivLIMs) at days 3 (A1b) and 30 (A1c) 

post-infection as well as ex vivo in lesional macrophages (evLIMs) 7 days after isolation (A1d, 

see legend of Figure 1 for details). Analyses were performed using an EVOS M5000 

microscope with a 20x objective. Macrophage nuclei were stained with Hoechst 33342 (blue 

color) and parasites were revealed by mCherry (red color). (A2) Percent of YO-PRO-1 positive, 

apoptotic cells during long-term rm-CSF1 deprivation in non-infected (NI, dotted line) and 

infected (ivLIMs, continuous line) macrophages is shown. Macrophage numbers were 

estimated microscopically based on the Hoechst 33342 signal (n = 5 fields). (A3) Percent of 

YO-PRO-1 positive cells in presence of DMSO (vehicle control) and following induction of 

extrinsic apoptosis by 16-hour treatment with Actinomycin D (AD)of ivLIMs at days 3, 15 and 

30 PI and of evLIMs. Mean values and SEM for three independent experiments are shown. 

Statistical differences between non-infected and infected groups are indicated by the 
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corresponding p values: *, p < 0.03; **, p < 0.005; ***, p < 0.0001.  (B1) Pyroptosis was 

triggered in BMDMs by overnight LPS stimulation and 4h ATP treatment, and cell death was 

monitored by YO-PRO-1 staining in non-infected controls (NI, B1a), ivLIMs after 3 days (B1b) 

and 30 days of infection (B1c) and in evLIMs right after their isolation from infected footpads 

(dB1). (B2) Eight-hour kinetic analysis of pyroptosis in ivLIMs induced at days 3, 15 and 30 

post-infection. (B3) Pyroptosis rates in non-infected BMDMs (NI), ivLIMs and evLIMs in 

response to LPS stimulation and 4-hour-ATP treatment. The difference in YO-PRO-1 positive 

cells between infected and non-infected cells is indicated by the δ values. 

 

Figure 3: Transcriptomic inhibition of RCD pathways in ivLIMs and evLIMs.  

(A) RNAseq analysis of RCD genes (Supplementary table 1) in non-infected BMDMs and 

ivLIMs at day 3 post-infection. The percentage of regulated genes implicated in apoptosis, 

pyroptosis and necroptosis (A1) and the fold expression change for different categories of genes 

implicated in RCD (A2) are shown. RNAseq-based global transcriptomic analysis related to 

apoptosis, pyroptosis (and also necroptosis). Odds Ratios (OR) and False Discovery Rates 

(FDR) values for each pathway are indicated. *, p < 0.051; **, p < 0.04; ***, p < 0.02. The 

Venn diagram (A3) indicates expression changes in ivLIMs compared to non-infected BMDMs 

for the shown genes that are either specific or shared between the different RCD pathways. The 

letter color corresponds to the observed expression changes (p < 0.05): red, increased 

abundance; green, reduced abundance; black, no change.  (B) Heat map of RT-qPCR analysis 

of the common RCD regulators (see center of the Venn diagram shown in A3) in ivLIMs at 

days 3, 15 and 30 post-infection, and lesion-derived evLIMs. Expression changes were 

calculated relative to non-infected control BMDMs.  

 

Figure 4: The anti-apoptotic phenotype of ivLIMs and evLIMs correlates with dual 

transcriptomic repression of the corresponding pathway.  

(A) Subversion of extrinsic (A1) and intrinsic (A2) apoptosis pathways in ivLIMs at day 3 post-

infection as assessed by RNAseq analysis. Significantly increased (linear FC > +1.25) and 

decreased (linear FC < -1.25) mRNA abundances are depicted in red and green color, 

respectively. (B) Heatmap of transcriptomic changes observed by RT-qPCR analysis in ivLIMs 

at days 3, 15 and 30 PI (n = 3 independent experiments) and in lesion-derived evLIMs (n = 4 

RAG2-KO mice). The analysed transcripts were selected based on our RNAseq results obtained 

with ivLIMs on day 3 PI.  
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Figure 5: The anti-pyroptotic phenotype of ivLIMs and evLIMs correlates with dual 

transcriptomic repression of the corresponding pathway.  

(A) Subversion of inflammasome priming and activation steps, and pyroptosis in ivLIMs at day 

3 PI as assessed by RNAseq analysis. Significantly increased (linear FC > +1.25) and decreased 

(linear FC < -1.25) mRNA abundances are depicted in red and green color, respectively.  (B) 

Heatmap of transcriptomic changes observed by RT-qPCR analysis in ivLIMs at days 3, 15 and 

30 PI (n = 3 independent experiments) and in lesion-derived evLIMs (n = 4 RAG2-KO mice). 

The analysed transcripts were selected based on our RNAseq results obtained with ivLIMs at 

day 3 PI. 

 

Figure 6: STRING network analysis.   

Expression changes observed by RNAseq analysis for transcription factors and apoptosis-

/pyroptosis-related target genes ivLIMs compared to uninfected control at day 3 PI. 

Significantly up-regulated (linear FC > +1.25) and down-regulated (linear FC < -1.25) genes 

are depicted in red and green color respectively. Sta1, nf-b, trp53, ppar and cebp represent 

TFs that are known to regulate target genes implicated in the apoptosis and pyroptosis 

pathways. 

 

 

 

 

SUPPLEMENTARY FIGURE LEGENDS  

 

Supplementary figure 1: Monitoring of the L. amazonensis amastigote load in ivLIMs. 

C57BL/6 BMDMs were seeded on glass coverslips, infected with mCherry L. amazonensis 

amastigotes. Parasite load was monitored for up to 15 days PI. Parasite nuclei were revealed by 

Hoechst 33342 staining (A), counted by fluorescence microscopy and the number of parasites 

per infected macrophage was plotted against time until day 15 PI (B). 

 

Supplementary figure 2: Assessment of YO-PRO-1 staining in ivLIMs and evLIMs.  

(A) BMDMs infected with mCherry-transgenic L. amazonensis amastigotes (ivLIMs) were 

stained with the nuclear marker Hoechst 33342 (blue) and the cell death marker YO-PRO-1 

(green) and monitored microscopically using an EVOS M5000 microscope (20x objective).  

Note that the single apoptotic cell enlarged in the insert is non-infected (mCherry negative). (B) 
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Time course of BMDM (dotted line) and LIMs (continuous line) cell density in culture (one 

representative experiment is shown out of two). The number of macrophages was determined 

by counting 5 fields. Projections of the time corresponding to a 50% reduction in macrophage 

number are indicated for both non-infected (a) and infected (b) cultures. (C) Representative 

picture of evLIMs maintained in complete medium for 15 days post-isolation. Superposition of 

images of macrophage nuclei (Hoechst 33342 staining), dead macrophages (YO-PRO-1 

staining) and parasites (mCherry fluorescence). 

 

Supplementary figure 3: RNAseq analysis.  

PCA analysis (A) and Volcano plots (B) of expression changes observed non-infected BMDMs 

(NI) or L. amazonensis-infected BMDMs (I) at 3-day PI that were untreated (Ctrl) or treated by 

LPS (LPS) or LPS and ATP (LPS_ATP) (n = 3 independent biological replicates).  

 

Supplementary figure 4: Transcriptomic analysis of the anti-necroptosis phenotype in 

ivLIMs and evLIMs.  

(A) Subversion of the necroptosis pathway in ivLIMs at day 3 PI as assessed by RNAseq 

analysis. Significantly up-regulated (linear FC > +1.25) and down-regulated (linear FC < -1.25) 

genes are depicted in red and green color respectively. (B) Heatmap of transcriptomic changes 

observed by RT-qPCR analysis in ivLIMs at days 3, 15 and 30 PI (n = 3 independent 

experiments) and in lesion-derived evLIMs (n = 4 RAG2-KO mice). The analysed transcripts 

were selected based on our RNAseq results obtained with ivLIMs on day 3 PI. 
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