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Abstract

Leishmania spp are obligate intracellular parasites that infect vertebrate phagocytes, notably
macrophages. We previously reported that Leishmania amazonensis (L. am) subvert the host
cell pro-inflammatory response by dampening the macrophage NLRP3 inflammasome. No
information is available on how Leishmania infection affects inflammatory cell death termed
pyroptosis, known to limit microbial infection. Here, we provide first evidence that L.
amazonensis-infected macrophages can undergo pyroptosis when subjected to pro-
inflammatory stimuli. We analyzed the dynamics of the pyroptotic process and the fate of
intracellular amastigotes at the single cell level using spinning disk confocal microscopy and
high-content, real-time imaging. Bone marrow-derived macrophages (BMDMs) were infected
with L. am amastigotes isolated from footpad lesions and sequentially treated with
lipopolysaccharide (LPS) and adenosine triphosphate (ATP) for canonical NLRP3
inflammasome priming and activation. Real-time monitoring was performed for 240 min post
ATP addition. Longitudinal analyses revealed distinct phases of the pyroptotic process,
including rapid decay of the parasitophorous vacuole (PV) as monitored by the pH-sensitive
lysotracker fluid phase marker, progressive decrease in macrophage viability as monitored by
accumulation of the nuclear dye YO-PRO-1, followed by translocation of the luminal PV
membrane to the cell surface observed for 40% of macrophages, resulting in the extracellular
exposure of amastigotes that remained anchored to the PV membrane. Scanning and
transmission electron microscopy analyses revealed a highly polarized orientation of parasites
with exclusive exposure of the anterior pole toward the extracellular milieu, and an
attachment site forming a potential biological junction between the parasite posterior pole and
the PV membrane. We showed that the exposed parasites are resistant to the cytolytic host
cell activities linked to pyroptosis and retain their full infectious potential in reinfection
experiments using naive macrophages. Together these data uncover a novel Leishmania
immune subversion strategy that may allow stealthy parasite dissemination via the uptake of

pyroptotic host debris by uninfected phagocytes.
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I ntroduction

L. amazonensis (L. am) is one of the etiologic agents of human, localized cutaneous and
anergic diffuse cutaneous leishmaniasis in South America (Barral et al., 1991; Silveira et al.,
2004). Restriction of intracellular L. am replication in vitro and in vivo was shown to depend
on the NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) inflammasome
(Zamboni and Sacks, 2019). This intracellular sensor is induced in response to a “priming
signal” represented by cytokines or ligands of Toll-like receptors, and further activated by
damage-associated molecular patterns (DAMPSs), such as ATP. Inflammasome activation
triggers caspase-1 activity, which cleaves pro-IL-1p and pro-IL-18 into mature cytokines -
promoting an anti-microbial, pro-inflammatory immune response (Swanson et al., 2019) - and
cleaves gasdermin D that forms pores inside the macrophage plasma membrane, sustaining
IL-1pB release (Lieberman et al., 2019) and causing pyroptosis (Bergsbaken et al., 2009; Fink
and Cookson, 2006; Jorgensen et al., 2017; Shi et al., 2015). Significantly, pyroptotic cell
death contributes to a protective response against intracellular pathogens by removing the
niche for infection (Bergsbaken et al., 2009), exposing microbes to the immune system
(Jorgensen and Miao, 2015), rendering them more susceptible to anti-microbial agents
(Jorgensen et al., 2016) or directly killing them via the gasdermin D lytic activity (Liu et al.,
2016).

Even though the interaction of L. am with the NLRP3 inflammasome has attracted
considerable attention (Lecoeur, 2019; Lima-Junior et al., 2013), how pyroptosis affects
parasite survival and virulence remains to be elucidated. Here, we deployed a real-time, high-
content single-cell analysis that uncover unique features of Leishmania amastigotes during

host macrophage pyroptosis.
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Materials & Methods

Ethics statement

Animals were housed at the Institut Pasteur animal facilities accredited by the French
Ministry of Agriculture for performing experiments on live rodents. Work on animals was
performed in compliance with French and European regulations on care and protection of
laboratory animals (EC Directive 2010/63, French Law 2013-118, February 6th, 2013). All
experiments were approved by the Ethic Committee for animal experimentation (CETEA#89)
and authorized by the French ministry of higher education, research and innovation under the
reference 2013-0092 in accordance with the Ethics Charter of animal experimentation that
includes respect of the 3Rs principles, appropriate procedures to minimize pain and animal

suffering.

Bone Marrow-Derived Macrophage cultures

Female C57BL/6 mice were obtained from Janvier (Saint Germain-sur-I’Arbresle, France).
Bone marrow cell suspensions were recovered from tibias and femurs as described (Courret et
al., 1999). Bone marrow cells were plated at 1.5x10" cells/mL in hydrophobic Petri dishes
(Corning Life Science — 664161) and cultured for 6 days at 37°C in a 7.5% CO, air
atmosphere in complete DMEM medium (Pan Biotech — P04-03500) containing 4.5 g/L
Glucose, 2mM L-Glutamine, 1mM sodium pyruvate and 3.7 g/L NaHCO3 and supplemented
with 15% FCS (Gibco, A3160801), 10 mM HEPES (Gibco, 15630080), 50-pg/mL
Penicillin/Streptomycin (Sigma, P4333), 50 uM 2-Mercaptoethanol (Sigma, M6250) and with
75 ng/mL recombinant mouse CSF-1 (Immunotools, 1234311). Adherent bone marrow-
derived macrophages (BMDMs) were recovered after a treatment with 25 mM EDTA (Sigma)
for 30 min at 37°C. BMDMs were seeded in complete DMEM medium supplemented with 30
ng/mL rmCSF-1 into various culture-treated supports, including (i) flat bottom 96-well black
plates (Sigma, 655090) for OPERA analyses, (ii) 24-well plates (Falcon, 353047) with glass
coverslips inside for scanning electron microscopy analyses, and (iii) 6-well plates (Falcon,
353046) for amastigote isolation from infected BMDMs.

M acr ophage infection and activation
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Leishmania amazonensis amastigotes (LV79 strain, WHO - MPRO/BR/72/M1841)
expressing mCherry (Lecoeur, 2019) were isolated from footpad lesions of infected Swiss
nu/nu mice and purified as described (Courret et al., 1999). Infections were carried out at
34°C at a ratio of four amastigotes per macrophage. Leishmania donovani amastigotes (strain
1S2D, MHOM/SD/62/1S-CL2D) were isolated from infected spleens of female RjHan:AURA
Golden Syrian hamsters and purified as described (Pescher et al., 2011; Prieto Barja et al.,

2017). Infections were carried out at 37°C at a ratio of eight amastigotes per macrophage.

All pyroptosis experiments were performed after 3 days of infection using a sequential
treatment of 500 ng/ml LPS (Alpha Diagnostic, LPS11-1) for 4 hrs and 5 mM ATP (Sigma,
A26209) for different periods up to 4 hours.

Real time analysis of pyroptosis by confocal microscopy

The following fluorescent reporters were added to the cell cultures 15 mn before ATP
stimulation: Hoechst 33342 (10 ug/mL) (Invitrogen, H3570), LysoTracker Green DND-26 (1
uM) (Invitrogen, L7526), YO-PRO-1 (1 uM) (Invitrogen, Y3603). The pyroptotic process
was monitored at 34°C and 7.5% CO, using a fully automated spinning disk confocal
microscope (PerkinElmer Technologies, OPERA QEHS) with a 40x water immersion
objective (Aulner et al., 2013). Image acquisition was performed every five minutes after
ATP addition using the following sequential acquisition settings: (i) 405 nm laser line
excitation, filter 450/50 for Hoechst 33342 detection, (ii) 488 nm laser line excitation, filter
540/75 for Lysotracker DND-26 or YO-PRO-1 detection and (iii) 561 nm laser line
excitation, filter 600/40 for mCherry detection. Additionally, transmission light microscopy
images were taken for analyses of the macrophage PV area and amastigote localization.
Fifteen fields at the same focal plane were taken every 5 minutes for every channels and for
each sample. Images were transferred to the Columbus Conductor'™ Database (Perkin Elmer
Technologies) for storage and further analysis using specific scripts (Fig S1A and B) or

exported for analysis using the FIJI software.

Epifluorescence microscopy analysis of pyroptotic macrophages

Pyroptotic BMDMs were fixed for 1 hour at room temperature (RT) in 4% paraformaldehyde
(PFA) (Electron Microscopy Sciences, 15710), then incubated with PBS containing 50 mM
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NH,4CI (Sigma, A9434) for 10 min and washed in the same buffer. Samples were incubated in
PBS containing 10 pg/mL of anti-mouse CD68 (Biolegend, 137001) or 1gG2a isotype control
(Biolegend, 400501) and 0.25% of gelatin for 1 hour at RT. After a washing step, samples
were incubated in a solution containing 10 pg/mL of anti-Rat FITC conjugated antibody
(Jackson ImmunoResearch, 712-096-153) and 0.25% of gelatin for 1 hour at RT. Finally,
samples were washed in PBS, incubated in PBS containing 10 pg/mL of Hoechst 33342
(Invitrogen, H3570) for 10 min at RT, and coverslips were mounted in Mowiol following
further washing steps in PBS and distilled water. Images were acquired using the UltraView

VOX microscope and data were analysed using the FI1JI software.

Scanning and transmission electr on micr oscopy analyses

Pyroptotic BMDMs were fixed overnight with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2) at 4°C and post-fixed in 0.1 M cacodylate buffer (pH 7.2) containing 1%
OsO4. After serial dehydration, samples were critical-point dried (Emitech K850 or Balzers
Union CPD30) and coated with gold using a sputter coater (Gatan lon Beam Coater 681).
Scanning electron microscopy observations were made with the JEOL 7600F microscope.

Images were colorized using Adobe Photoshop CS software.

For transmitted electron microscopy analysis, cells were cultured on coverslips and were
fixed with 2.5 % of glutaraldehyde (Sigma Aldrich) in PHEM buffer (120 mM PIPES, 50 mM
HEPES, 20 mM EGTA, 4mM MgCI2, pH 7.3). Post fixation was done with 1 % osmium
tetroxide (EMS 19152 2% aqueous solution, MERK) and 1.5 % ferrocyanide (Sigma Aldrich
8131) in PHEM. After dehydration by a graded series of ethanol from 25 to 95% grade 1, the
samples were infiltrated with epoxy resin as described (Loussert et al., 2012). The 70 nm
sections obtained by thin sectioning using a Leica UC 7 microtome (Leica microsystems),
were collected on formvar coated slot grids (EMS 215-412-8400) and were contrasted with
4% uranyl acetate and Reynolds lead citrate (Delta microscopies, 11300). Stained sections
were observed with a Tecnai spirit FEI operated at 120 kV. Images were acquired with FEI

Eagle digital camera.

Amastigoteisolation from pyroptotic and control macr ophages
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Supernatants of BMDM cultures (pyroptotic and control BMDMSs) were carefully replaced by
fresh medium without LPS/ATP. After scraping of adherent macrophages using a plastic cell
scrapper (Greiner bio-one, 541070) and multiple passages through a 27 gauge needle to free
amastigotes from cell remnants, isolated amastigotes were centrifuged, washed in PBS,
counted and used to assess parasite viability, the capacity of amastigotes to differentiate into

proliferating promastigotes in vitro, and amastigote virulence by infection of naive BMDMs.

Flow cytometric analysis of parasite death by YO-PRO-1 staining

Amastigotes isolated from Leishmania-infected, pyroptotic and control BMDMs were seeded
in a 96-well plate (Falcon, 353072) at a final concentration of 5x10° parasites per mL and
incubated for 10 min with YO-PRO-1™ iodide at 0.1 uM final concentration (Thermo Fisher
Scientitic, Y3603). Samples were then immediately analysed on the CytoFLEX cytometer
(Beckman Coulter) in a BSL2 containment to evaluate YO-PRO-1 incorporation. Data were
analysed using the Kaluza software package. Lesion-derived amastigotes treated with 70%
EtOH for 10 minutes were included as positive control for cell death and YO-PRO-1

incorporation.

Analysis of parasite differentiation, growth and metabolic status

Amastigote to promastigote differentiation was analyzed by SEM (as described above)
directly on amastigotes exposed on pyroptotic macrophages after 24 hours incubation in 1 mL
of promastigote culture medium at 27°C. For growth analysis in culture, purified amastigotes
were incubated at 27°C in promastigote culture medium at 10° parasites / mL. Promastigote
culture density was determined daily during 6 consecutive days by visual counting using a
Malassez chamber. The parasite metabolic status was analyzed at days 2 and 3 by resazurin
assay. Briefly, 200 ul of parasite culture was transferred into wells of a 96-well plate (Sigma,
655090) and incubated with 2.5 ug/mL of resazurin (Sigma, R7017) for 4 hours at 27°C. The
fluorescence intensity of the resazurin-derived resorufin was determined using the Tecan

Safire2 plate reader (558 nm excitation, 585 nm emission) (Lamotte et al., 2019).

Deter mination of amastigote virulence
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Amastigote virulence was assessed using two protocols. First, isolated amastigotes from
Leishmania-infected, pyroptotic and control BMDMs were added at a ratio of four parasite
per macrophages on naive BMDMs seeded on glass coverslips placed in 24-well plates. One
and two days after incubation at 34°C, amastigote-loaded BMDMs were fixed with 4% PFA
(Electron Microscopy Sciences, 15710) and incubated for 10 min in PBS containing 10
ug/mL of Hoechst 33342 (Thermo Fisher Scientitic, H3570). Image acquisition was
performed with the Axio Imager (Carl Zeiss) (405 nm laser line excitation, filter 450/50). The
number of parasites per macrophage was visually determined by counting, considering at least
one hundred macrophages. Second, the culture medium of pyroptotic macrophages was
carefully replaced by pre-warmed BMDM medium containing freshly differentiated, naive
BMDMs (1:1 ratio between naive and pyroptotic BMDMs). Three days later, live-images
combining bright field and mCherry fluorescence were acquired using the EVOS microscope
(Thermo Fisher Scientific) and analyzed with the FIJI software for infection of the naive
BMDMs.
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RESULTSAND DISCUSSION

A high-content imaging protocol for dynamic single-cell analysis of pyroptotic

macr ophages infected by L. amazonensis amastigotes

To analyze the dynamics of pyroptosis in L. am- infected macrophages, we established a new
imaging protocol combining high-content and single-cell analyses using the OPERA QEHS
confocal plate reader (Fig. 1A). Bone marrow-derived macrophages (BMDMs) were seeded
into 96 well plates (macrophage settlement). They were subsequently infected for three days
with mCherry transgenic, virulent L. am amastigotes isolated from lesions of infected Nude
mice, allowing to form characteristic communal PVs (parasite settlement). Then, LPS was
added for 225 min (NLRP3 priming) followed by staining with fluorescent reporters.
Pyroptosis was triggered after NLRP3 activation by ATP (pyroptosis induction). Dynamic
cellular changes were monitored at high-content and single-cell levels by using Hoechst
33342 (for cell number, Fig. 1B1), YO-PRO-1 (for loss of plasma membrane (PM) integrity,
Fig. 1B2) (Adamczak et al., 2014), LysoTracker green (LTG) (for PV acidity, Fig. 1B3)
(Aulner et al., 2013), and mCherry (for parasite localization, figure 1B4) (Aulner et al., 2013).
Macrophage morphology was analyzed by transmission light microscopy (TL, Fig. 1B5).
High-content analyses (HCA) were carried out in real-time up to 240 min post ATP addition.
Analyses at the population level were performed using segmentation procedures of the
Columbus™ Image Data Storage and Analysis system (Figs S1A, S1B). The analysis of
fluorescent read-outs at 240 min documented that (i) no macrophages were lost during the
analyses (Fig. 1C1), (ii) pyroptosis induction was successful (Fig. 1C2), and the PV integrity
was lost in all pyroptotic cells (Figure 1C3). Single-cell analyses using the ImageJ software

package permitted to determine macrophage / PV area and parasite location (Fig. 1D).

Rapid decay of PV precedes amastigote extracellular exposure during macrophage

pyroptosis

Pyroptosis dynamics, PV integrity and parasite localization were analyzed every 5 min after
ATP addition for a duration of 240 min in infected, LPS-primed macrophages. HCA of YO-
PRO-1 incorporation revealed that pyroptosis was asynchronous as judged by the progressive
increase in dead cells (Fig. 2A, black curve). Pyroptosis occurred with a constant rate (+18.2
+4.2% dead cells per hour). A loss of LTG staining revealed that PVs rapidly decayed (Fig.

2A, green curve), following three distinct empirical rates: (i) a fast decay rate during the first
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45 minutes (-4.2e6 = 1.2e6 / 30 min, stage 1) leading to a 47.6% decrease of LTG
fluorescence intensity, (ii) an intermediate rate (45 to 120 minutes, -1.2e6 + 6.3e5 / 30 min,
stage 2), and (iii) a slow rate thereafter (0.58e6 *+ 0.37e6 / 30 min, stage 3). This decay may
result from ATP-induced changes of the vacuolar pH, and of PV integrity that could be
caused by osmotic changes similar to those described for lysosomes (Guha et al., 2013;
Takenouchi et al., 2009). Single-cell analyses revealed differences in the PV decay kinetics
between macrophages (Fig. S2) as well as between PVs inside a same macrophage (Fig. 2B1 -
3).

HCA analysis revealed that amastigotes were not released into the culture medium
(Fig. S2): They either remained intravacuolar (62% of macrophages) or were exposed at the
cell surface (38% of macrophages) as shown in representative cells (Fig. 2B1 and 2).
Significantly, different decay rates and parasite localizations were observed for individual
PVs, even inside the same macrophage as indicated in figure 2B2, showing three independent
vacuoles (a, b and c) that rapidly lost LTG fluorescence (stage 1). PVs (a) and (b) retained
their size and their amastigotes intracellularly (Fig. 2B2, 3) whereas PV (c) collapsed (60
min) and the luminal side of its membrane was exposed to the extracellular milieu (120 min,
stage 2). PV lumen exposure could be triggered by ATP as judged by previous reports
implicating ATP in the extracellular discharge of secretory exosomes (Andrei et al., 2004;
Bergsbaken et al., 2011), in exosome exocytosis (Qu et al., 2007), in the release of auto-
phagolysosomes and phagocytosed, intracellular particles (Bergsbaken et al., 2011,
Takenouchi et al., 2009). Amastigote exposure was confirmed by Scanning Electronic
Microscopy (Fig. S3) and occurred preferentially in macrophages displaying a rapid PV decay
(Fig. 2B, C, D). Parasite exposure did not correlate with PV size, PV number nor amastigote

number per vacuole (data not shown).

Ultrastructural analysis of amastigote attachment zone and surface exposure

Pyroptosis has been recognized as an anti-microbial strategy during bacterial infection,
capable of pathogen trapping inside dying host cells (Jorgensen et al., 2016) and directly
killing bacteria by the lytic activity of Gasdermin D (Liu et al., 2016). Our observation that
amastigotes remain attached on the surface of pyroptotic cells primed us to investigate

parasite integrity and the molecular structures underlying parasite surface retention.
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Scanning Electron Microscopy analyses (SEM) showed that 38.8 % of pyroptotic
macrophages displayed intact parasites at the cell surface (Fig. S3A), thus confirming our
results obtained with the OPERA system (Fig. 2C). Ultrastructural analysis demonstrated that
exposed amastigotes were trapped in blebbing macrophage membrane structures that are
similar to previously described membrane shedding associated with IL-1[ secretion (Pizzirani
et al., 2007). Significantly, exposed amastigotes showed a highly polarized orientation with
only the anterior pole (flagellar side) being exposed toward the extracellular milieu (Fig. 3AL,
2). This feature was also observed for pyroptotic macrophages infected with L. donovani
amastigotes, that reside in individual PVs (Fig. S3C). We next investigated the posterior
attachment zone by Transmission Electron Microscopy (TEM), which revealed an electro-
dense, membranous junction formed between parasite and PV membranes both in non-
stimulated and pyroptotic macrophages (Fig. 3B1, 3B2). This junction corresponds to a
defined attachment site - showing features similar to gap junctions - that permits amastigotes
of communal Leishmania species to be anchored to PV membranes (Benchimol and de Souza,
1981). We next performed epifluorescence microscopy analysis of CD68, a transmembrane
molecule located specifically in lysosomal compartments (Chistiakov et al., 2017), including
PVs (Antoine et al., 1998). During pyroptosis, amastigotes remained embedded in CD68
positive PV membranes, either on the surface (Figure 3C2, yellow arrow) or inside dead

macrophages (Fig. 3C2, white arrow).

These results demonstrate that amastigotes remain attached to pyroptotic macrophages
through strong interactions between parasite and host membranes at their attachment site (see
also Movie 1), which represents a new type of pathogen trapping in pyroptotic cells that

differs from those previously described (Jorgensen et al., 2016).

Leishmania amazonensis amastigotes ar e resistant to host cell pyroptosis and retain full

infectivity

Since bacteria can be damaged by gasdermin D during host cell pyroptosis (Liu et al., 2016),
we next investigated whether parasite viability and infectivity were affected during
macrophage pyroptosis. Amastigotes isolated from pyroptotic macrophages (A-pm) were
compared to amastigotes isolated from unstimulated control macrophages (A-cm).
Macrophage pyroptosis did not reduced parasite viability (99% of A-pm remained YO-PRO-1

negative, Fig. 4A1). Second, when pyroptotic macrophages were cultured in promastigote-
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specific medium (48 hours, 26°C), amastigotes rapidly transformed into ovoid flagellated,
motile and proliferating promastigotes that detached from macrophage remnants (Fig. 4A2).
These promastigotes showed normal growth (visual parasite counting, Fig. 4A3) and
metabolic activity (resazurin reduction data, Fig. 4A4). Finally, A-pm maintained their
capacity to establish efficient new infections (Fig. 4B). In addition, amastigotes associated to
macrophage remnants were efficiently phagocytosed by naive BMDMs and established
normal infection levels as shown by the formation of typical large communal PVs housing

numerous parasites after a 3 day co-culture (Fig. 4C3).

CONCLUSION

Here the dynamic interactions between Leishmania amastigotes and PVs in pyroptotic
BMDMs were analyzed at the population-, single-cell and ultrastructural levels. Our real-time
HCA uncovered three distinct pyroptosis phases: During stage 1, PV membrane decays (rapid
loss of PV acidity and reduced PV size). In stage 2, the PV lumen is externalized in 38% of
cells, inducing exposure of infectious, membrane-anchored amastigotes (Fig. S4). In stage 3,
cellular alterations are more sustained (80% cell death). L. am amastigotes displayed the
unique ability to preserve their viability and infectivity during macrophage pyroptosis.
Consequently, in vivo, parasite trapping to pyroptotic debris may favor parasite spreading - as
shown for other forms of host cell death — allowing for stealthy phagocytosis by freshly
recruited macrophages in the inflammatory infection site (de Menezes et al., 2016). On the
other hand, the extracellular exposure of amastigotes could expose parasites to complement-
dependent cytotoxicity that is known to control parasite load in vivo (Laurenti et al., 2004), or
to anti-leishmanial antibodies that could promote cell-mediated cytotoxicity via Fc receptor-
dependent phagocytosis. Our results will stimulate future studies designed to assess the role of

macrophage pyroptosis in Leishmania dissemination, transmission, and immune-pathology.
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FIGURE LEGENDS

FIGURE 1: Design of a real-time imaging assay to monitor amastigote location, PV

featuresand pyroptosisin L. amazonensis-infected BMDM s
A: Experimental flow chart

Mouse BMDMs were derived from bone marrow progenitors in presence of mCSF1 and
seeded in black flat bottom, tissue culture-treated 96-well plates. Five hours later, mCherry
lesion-derived amastigotes were added to BMDMs (MOI = 4:1, 72 hrs, 34°C). NLRP3 was
primed adding 500 ng/ml LPS for 3h 45 min. Then fluorescent reporters Hoechst 33342 (Ho
33342), LysoTracker Green DND-26 (LTG) and YO-PRO-1 were added. Finally, pyroptosis
was triggered by NLRP3 activation with 5 mM ATP. Real-time analyses were performed
using the OPERA QEHS confocal plate reader at 34°C, 7.5% CO, for 240 min.

B: High Content Analysisread-outs

Image acquisition was performed every 5 minutes. A representative field image is displayed
for each channel (TO time point for Ho 33342, LTG, mCherry and Transmitted Light (TL); T
= 120 min for YO-PRO-1 staining). Macrophage nuclei were stained by Hoechst 33342 (blue
channel, B1). Nuclei of pyroptotic macrophages were stained by YO-PRO-1 (green channel,
B2). PV integrity and acidity were evaluated by the LTG staining (green channel, B3).
Parasite location was determined by the mCherry fluorescence signal (red channel, B4).

Macrophage morphology was evaluated by cell area (TL, B5). Scale bar = 20 pm.
C: HCA quality controls

HCA analyses were performed at the population level analyzing 15,000 cells per well. Three
quality controls were performed by: i) monitoring macrophage numbers to control that no
cells were lost during the analysis (C1), ii) analyzing the percentage of dead macrophages
(YO-PRO-1 positive) 4 hours post ATP addition to control for efficient pyroptosis induction
(C2, at least 70% of death must be observed at this time point), and iii) assessing LTG
fluorescence at TO and T240 to monitor PV presence (TO) and pyroptosis associated with the
complete loss of PV staining (T240, C3).

D: Single cell analyses
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Merged pictures (Ho 33342, LTG, mCherry and TL images) of representative infected
macrophages (T0). Identification and quantification of areas of PVs (a), (b) and (c) and

parasite location were performed using the Image J software. The unit of PV area is square

pixels (s.p.).

FIGURE 2: Real-time multiparametric analysis of pyroptotic, L. amazonensis-infected
macr ophages.

Pyroptosis was induced in L. amazonensis-infected BMDMs by LPS and ATP. Real-time
analyzes were performed using the QEHS High Content Imaging System to follow

macrophage pyroptosis features and amastigote location during 240 minutes.
(A) High content analysis of PV acidity and macr ophage pyroptosis.

Macrophage pyroptosis (mean YO-PRO-1 positive macrophages + SEM, black curve) and PV
acidity (mean LTG fluorescence £ SEM, green curve and green area, respectively, n= 2
independent experiments) were monitored. Three stages were delineated according to the

decay rate of LTG fluorescence.
(B) Real-time, single cell monitoring of infected macr ophages during pyroptosis.

Merged images for Hoechst 33342, LTG, mCherry fluorescence and TL acquired from two
representative macrophages during the first 150 min. Acquisition was performed before ATP
addition (TO) and during the pyroptosis stages defined in figure 2Al. (B1) Macrophage
displaying 2 PVs with different LTG decay rates and maintaining amastigotes intracellularly.
(B2) Macrophage displaying 3 PVs (a, b, c¢), with one exposing amastigotes to the
extracellular milieu (c). (B3) Area of PVs (a), (b) and (c) from the macrophage displayed in
B2. Scale bar = 20 pm.

(C) Single cell monitoring of surface amastigote exposition during pyroptosis.

The percentage of macrophages exposing amastigotes at their surface was determined every

30 min (single cell analysis, n= 384 macrophages). The three pyroptosis stages are indicated.
(D) Relationship between amastigote location and L TG staining decay.

The time point at which LTG staining is lost is indicated for macrophages with intracellularly
trapped (black dots) or surface exposed (white dots) amastigotes. The statistical significance

between the 2 groups is indicated (p value).
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FIGURE 3: Amastigote exposur e during macrophage pyroptosis.
Pyroptosis was induced in L.amrinfected BMDMSs by LPS and ATP stimulation.

(A) SEM analysis of a representative pyroptotic macrophage exposing amastigotes (red
colorization) at the cell surface (1). Zoomed picture (2) highlights the unique orientation of
attached parasites with the flagellar pocket pointing towards the extracellular milieu (white
arrow). (B) TEM images showing the Attachment Site (AS, red arrowheads) of an amastigote
in untreated (1) and pyroptotic (2) macrophages. Note the strong unaltered PV membrane at
the AS in the pyroptotic macrophage that contrasts with altered nearby membranes. White
arrowheads point to the PV membrane. "PV" indicates the PV lumen. (C) Epifluorescence
microscopy analysis of CD68 staining (green channel), mCherry-parasites (red channel), and
Hoechst 33342-stained macrophage nucleus (blue channel). BMDMs were analyzed before
(1) and after ATP addition (2). White and yellow arrows indicate amastigotes embedded in
compact CD68" membranes or attached to CD68" membranes but exposed to the extracellular

milieu, respectively.

FIGURE 4: Amastigotes derived from pyroptotic macr ophages are viable and virulent.

Parasites isolated from pyroptotic (A-pm) and control unstimulated (A-cm) macrophages

were compared.

(A) Assessment of viability and amastigote-to-promastigote differentiation capacity. (1)
FACS analysis of YO-PRO-1 incorporation of isolated amastigotes and ethanol-killed
parasites (positive control for cell death). Percentages of YO-PRO-1" parasites are indicated.
(2) SEM pseudo-colored image of a representative pyroptotic macrophage 4 hours after
pyroptosis induction and maintained in promastigote medium (27°C, 48 hours). Promastigotes
were colored in red. (3) Growth curves for A-pm and A-cm (27°C). (4) Assessment of
metabolic activity of A-pm- and A-cm-derived promastigotes (raw resorufin fluorescence
values are shown). (B) Evaluation of amastigote virulence. A-pm and A-cm were added to
cultures of naive BMDMs for one and two days. Parasite number per macrophage is shown (n
= 2 independent experiments). (C) Evaluation of the capacity of amastigotes attached to
pyroptotic remnants to infect naive macrophages. Naive BMDMs were added to pyroptotic L.

aminfected macrophages in fresh medium (34°C, 3 days) and analysed by epifluorescence
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and phase contrast microscopy. Representative fields and a cropped zoomed area are shown
(upper and lower panels, respectively). Pyroptotic macrophages at day 0 (1) and 3 (2). The
loss of mCherry fluorescence was probably due to parasite death in absence of host cells. (3)

Pyroptotic macrophages at day 3 post addition of naive macrophages (Representative pictures,
n = 2 independent experiments).
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L egend to supplementary figures

SUPPLEMENTARY FIGURE 1. Automatic image analysis procedure to monitor

macr ophage pyroptosis and PV featuresin L. amazonensis-infected BMDMs.

Live imaging was performed with the OPERA plate reader every 5 minutes following
pyroptosis induction (ATP addition). Images were transferred to the Columbus Conductor™
Database (Perkin Elmer Technologies) and analyzed using the integrated Image analysis
building blocks. The sequential image segmentation process showing the identification and
counting of Hoechst-stained living/dead macrophages are shown for YO-PRO-1-stained
dying cells (A) and LTG-stained PVs (B).

SUPPLEMENTARY FIGURE 2: Characteristics of PVs and amastigotes during
pyroptosis. A representative field of infected macrophages showing 3 time points
corresponding to the 3 stages defined in figure 2A was followed during the pyroptotic
process. The merged fluorescence and bright field images illustrate the contrasting behavior
of LTG-stained PVs and mCherry-expressing amastigotes in Hoechst 33342-stained
macrophages. Note the different location of amastigotes, either within PV (black arrow) or

exposed to the outside milieu (white arrow) at the 240 min time point.

SUPPLEMENTARY FIGURE 3: Exposed amastigotes are attached through their

posterior poleto pyroptotic macrophages

Scanning Electron Microscopy (SEM) was performed on L. amazonensis (A, B) and L.
donovani (C)-infected BMDMs. (A) Representative image of a macrophage population during
pyroptosis after 3 hours of ATP stimulation. Amastigotes are attached to dead macrophages
and exposed to the extracellular milieu (red colorization). (B) Representative image of an
untreated, living and healthy macrophage population. Note the presence of numerous big
globular cells corresponding to heavily infected macrophages harboring large PVs. (C)
Cropped and zoomed image showing a representative pyroptotic L. donovani-infected
BMDM. Note that the exposition at the cell surface of L. donovani amastigotes (olive
colorization) is similar to that of L. amazonensis parasites and reveal the parasite flagellar

pocket pointing towards the extracellular milieu (arrow).
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SUPPLEMENTARY FIGURE 4: Synthetic graphical abstract recapitulating the fate of
intracellular Leishmania during macrophage pyroptosis.

The triggering of pyroptosis in Leishmania-infected macrophages by ATP leads to two
different scenarios. In both cases, PVs decay with a loss of LTG fluorescence, with or without
shrinkage: In 61% of macrophages, a slow reduction of LTG staining occurs, with PV
maintained in cellula and intracellular trapping of virulent amastigotes (upper part). In 39% of
macrophages, PVs decay faster and the inner part of the PV membrane is exposed on the
macrophage surface (Exposure of the Luminal side of the parasitophorous Vacuole, ELV).
ELV leads to the polarized exposure of virulent amastigotes that are maintained embedded in
PV- membranes (lower part). Parasite exposure occurs only during the first two stages of

pyroptosis. The third stage is associated to more pronounced cellular alterations.
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