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Abstract

Rationale—Macrophages face a substantial amount of cholesterol after the ingestion of apoptotic
cells, and the LIPA (lysosomal acid lipase) has a major role in hydrolyzing cholesteryl esters in the
endocytic compartment.

Objective—Here, we directly investigated the role of LIPA-mediated clearance of apoptotic cells
both in vitro and in vivo.

Methods and Results—We show that LIPA inhibition causes a defective efferocytic response
because of impaired generation of 25-hydroxycholesterol and 27-hydroxycholesterol. Reduced
synthesis of 25-hydroxycholesterol after LIPA inhibition contributed to defective mitochondria-
associated membrane leading to mitochondrial oxidative stress—induced NLRP3 (NOD-like
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receptor family, pyrin domain containing) inflammasome activation and caspase-1-dependent
Racl (Ras-related C3 botulinum toxin substrate 1) degradation. A secondary event consisting of
failure to appropriately activate liver X receptor—-mediated pathways led to mitigation of
cholesterol efflux and apoptotic cell clearance. In mice, LIPA inhibition caused defective clearance
of apoptotic lymphocytes and stressed erythrocytes by hepatic and splenic macrophages,
culminating in splenomegaly and splenic iron accumulation under hypercholesterolemia.

Conclusions—Our findings position lysosomal cholesterol hydrolysis as a critical process that
prevents metabolic inflammation by enabling efficient macrophage apoptotic cell clearance.
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Macrophages regulate tissue homeostasis through the uptake and catabolism of plasma
lipoproteins, thus avoiding ectopic lipid deposition.12 Tissue integrity also results from the
efficient efferocytic capacity of macrophages to prevent the leakage of immunogenic
peptides and lipid contents from dying cells.3* When macrophages ingest modified
lipoproteins or apoptotic cells, they increase their cellular contents and metabolic load.
Excess cholesterol delivered to macrophages by these pathways must be processed within
the lysosome and then re-esterified for storage leading to noncytotoxic macrophage foam
cell formation.>~" Excess cholesterol can also be exported to extracellular acceptors via
cholesterol efflux pathways to prevent the cytotoxic effects associated with elevated free
cholesterol within the endoplasmic reticulum (ER) or the formation of cholesterol crystals
within the lysosome.82 The efflux of cholesterol is governed by liver X receptors (LXRS),
which are members of the nuclear receptor superfamily that not only sense an excess of
cholesterol but also regulate genes involved in anti-inflammatory responses.’-10

LIPA (lysosomal acid lipase) is a unique acid hydrolase enzyme that breaks down fatty
material within the lysosomal compartment of cells. In humans and mice, LIPA deficiency is
associated with multiple complications, including severe dyslipidemia, abnormal liver
function, hepatomegaly, splenomegaly, and accelerated atherosclerosis because of the
accumulation of fatty deposits and the formation of pathogenic macrophage foam cells.11:12
Interestingly, myeloid cell-specific re-expression of LIPA in LIPA-deficient mice corrects
most of their inflammatory and tissue pathogenic phenotypes.13 This finding suggests that
macrophage LIPA expression plays a nonredundant role in tissue lipid homeostasis by
preventing metabolic inflammation. However, the underlying molecular mechanisms that
drive this inflammation remain to be elucidated.

In macrophages, LIPA hydrolyzes not only fatty materials on CD36 scavenger receptor—
mediated endocytosis to promote mitochondrial fatty acid oxidationl# but also cholesteryl
esters on the fusion of lipid droplets with lysosomes to support free cholesterol efflux, a
process termed lipophagy.1® This illustrates the pivotal role of LIPA at the interface of
different catabolic pathways. Of note, the unabated uptake of modified lipoprotein-derived
cholesterol and defective autophagy has been linked to sterile inflammation as a
consequence of cholesterol crystal formation within macrophage lysosomes, promoting the
assembly of the NLRP3 (NOD-like receptor family, pyrin domain containing)
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inflammasome and activation of caspase-1.16-17 Although a protective role of LIPA in
macrophages during acute parasitic infection has recently emerged,14 the contribution of
LIPA-dependent processing of cholesteryl esters in sterile inflammation remains elusive.

To test the causal relationship between lysosomal cholesterol processing and macrophage
function, we explored the role of LIPA after engulfment of apoptotic cells. We report here
that LIPA is critical for efficient efferocytosis. These effects were mediated not by defective
LC3-associated phagocytosis-engaged phagosome (LAPosome) formation or lysosomal
dysfunction. We rather report that LIPA controls the generation of 25- and 27-
hydroxycholesterol (OHC). Reduced 25-OHC after LIPA inhibition contributed to defective
mitochondria-associated membrane (MAM)-dependent mitochondrial metabolic
repurposing leading to the activation of the NLRP3 inflammasome after efferocytosis.
Activation of the inflammasome subsequently promoted defects in Racl (Ras-related C3
botulinum toxin substrate 1)-dependent phagocytic cup formation. Reduced 25- and 27-
OHC also contributed to dampen LXR activation causing mitigation of cholesterol efflux
and apoptotic cell clearance. In vivo experiments confirmed that LIPA inhibition led to
defective clearance of apoptotic cells and stressed erythrocytes by splenic and hepatic
macrophages. This process culminated in splenomegaly and splenic iron accumulation under
hypercholesterolemic conditions. Our data highlight that LIPA is integral to macrophage
efferocytic response, and they provide a framework for understanding the contribution of
LIPA to chronic inflammation.

All data and methods used in the analysis and materials used to conduct the research will be
made available to any researcher for the purpose of reproducing the results or replicating the
procedures.

All data, methods, and materials are available on personal request at the University Cote
d’Azur, Center Méditerranéen de Médecine Moléculaire (L.Y.-C).

An expanded Methods section is available in the Online Data Supplement.

Animals and Treatments

Wild-type and LdIr~/~ mice in a C57BL6/J background were obtained from the Janvier
Laboratory (Saint Berthevin, France) and fed a normal chow diet. Hyperlipidemia was
induced by feeding the mice with a Western diet (TD88137, Ssniff) for 12 weeks. Two
weeks before the end of the study, mice were challenged with subcutaneous injections every
2 days of 20 mg/kg lalistat (Enamine) solubilized in 0,5% methylcellulose 0,1% Tween 20
or with control solution. Mice were euthanized 1 day after the last injection. All animals
procedures were approved by the Institutional Animal Care and Use Committee of the
French Ministry of Higher Education and Research and the Mediterranean Center of
Molecular Medicine (Inserm U1065) and were undertaken in accordance with the European
Guidelines for Care and Use of Experimental Animals. Animals had free access to food and
water and were housed in a controlled environment with a 12-hour light-dark cycle and
constant temperature (22°C).
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Results

Optimal Clearance of Apoptotic Cells Depends on LIPA

We first made the observation that opposing regulation of LIPA activity occurred between
classical (lipopolysaccharide) and alternative (IL [interleukin]-4) macrophage activation, and
this correlated with the efferocytic capacity of these cells (Figure 1A). Thus, we examined
whether LIPA could impact efferocytosis in human THP-1 macrophages. Efferocytosis was
analyzed 30 minutes after exposure to apoptotic Jurkat cells in LIPA-deficient cells (LIPA
knockdown using siRNA or lentiviral ShRNA particles; Online Figure I1A) or LIPA-
overexpressing cells (Ovex, using stable transfection; Online Figure I1B). Remarkably, LIPA
expression modulated optimal engulfment of apoptotic cells as shown after knockdown or
overexpression (Figure 1B). These efferocytic responses paralleled BODIPY (bore-
dipyrromethene)-neutral lipid stainings in both LIPA-deficient and LIPA-overexpressing
THP-1 macrophages 30 minutes after ingestion of apoptotic cells (Figure 1C). LIPA
inhibition was next achieved with lalistat. A time-course experiment showed that the
efferocytic index was unaffected by lalistat 3 and 6 hours post-efferocytosis in THP-1
macrophages but was significantly reduced by 46% 24 hours after efferocytosis (Figure 1D
and 1E). Consistently, reduced phagocytic capacity was also observed in LIPA-deficient
murine bone marrow—derived macrophages, and lalistat treatment did not show any additive
effects in these cells (Online Figure IC). These results reveal that LIPA inhibition initiates a
sequential cascade of events that leads to impaired efferocytic response. Importantly,
quantification of BODIPY staining in a time-course experiment revealed that neutral lipid
accumulation preceded defects observed on efferocytosis after LIPA inhibition both in
THP-1 macrophages (Figure 1F) and murine primary macrophages (Online Figure 1D).
Thus, LIPA-dependent clearance of apoptotic cells is most likely the consequence on how
efferocytes initially handle cholesterol, the main neutral lipid in macrophages.

LIPA Controls Lysosomal Cholesterol Trafficking During Efferocytosis

To better comprehend the mechanism by which LIPA modulates the efferocytic response, we
performed an assay to follow the diffusion of cholesterol within intracellular compartments.
Human THP-1 macrophages that had been cultured for 1 hour after the ingestion of [3H]-
cholesterol-prelabeled apoptotic Jurkat cells were fractionated by sucrose step gradient, and
cellular fractions were assayed for [3H]-cholesterol levels. The accumulation of cholesterol
was observed 1 hour after efferocytosis in the high-density membrane fraction (enriched in
endosomes and lysosomes) and in the plasma membrane fraction of lalistat-treated
efferocytes (Figure 1G). In contrast, reduced cholesterol content in high-density membrane
fraction was observed 1 hour after the ingestion of [3H]-cholesterol—prelabeled apoptotic
Jurkat cells in LIPA-overexpressing cells (Online Figure IE). As expected, cholesteryl esters
accumulated in the high-density membrane fraction after LIPA inhibition and to some extent
in the plasma membrane fraction (Online Figure IF). At this time point, there was no
significant difference in the amount of cholesterol diffusing in the Golgi but less diffusion of
free cholesterol occurred in the ER fraction in lalistat-treated THP-1 macrophages compared
with control cells (Figure 1G; Online Figure IF). Consistent with the accumulation of
cholesteryl esters rather than free cholesterol after LIPA inhibition, transmission electron
microscopy revealed only sparse cholesterol crystal formation in lalistat-treated THP-1
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macrophages (1 identified among >400 visualized lysosomes with similar structures; Online
Figure IG). However, we observed almost complete absence of whorl-shaped lysosomes in
these cells compared with control cells (Online Figure 1G, right), providing ultrastructural
evidence of altered lysosomal lipid composition. To strengthen these observations, human
THP-1 macrophages were cocultured in vitro with BODIPY-prelabeled apoptotic Jurkat
cells in the presence or absence of lalistat and confocal microscopy was performed to
visualize the diffusion of cholesterol within intracellular compartments. LysoTracker
staining (red) revealed that a considerable amount of BODIPY (green) was localized in the
phagolysosomal membrane surrounding the apoptotic cells (yellow staining: overlap
between green apoptotic cells and red LysoTracker staining) in lalistat-treated efferocytes
(Online Figure IH). In contrast, BODIPY (green) diffused within intracellular compartments
in control and LIPA-overexpressing THP-1 efferocytes (Online Figure IH). Performing 3-
dimensional reconstruction from confocal Z-stack images more clearly revealed the
BODIPY lining surrounding apoptotic cells in lalistat-treated THP-1 efferocytes (Figure
1H). Thus, LIPA is a key lysosomal enzyme that processes cholesteryl esters ingested from
apoptotic cells during efferocytosis.

Defective Lysosomal Cholesterol Hydrolysis Does Not Initiate LAP or Lysosomal
Dysfunction After Efferocytosis

During phagocytosis, LAP (microtubule-associated protein 1A/1B-light chain 3 (LC3)-
associated phagocytosis) is a process by which LC3-1I conjugation to phagosomes enables
phagosome-lysosome fusion, stabilization of the NOX2 (NADPH oxidase 2) complex and
apoptotic cell corpse clearance,18 and we previously reported that NOX2 translocates to
phagolysosomes in a cholesterol-dependent fashion.19 Western blot analysis of LC3-11/LC3-
I ratio showed that inhibition of LIPA in THP-1 macrophages did not alter LAP-engaged
phagosome between 0 and 6 hours after efferocytosis (Figure 2A and 2B). Although both
LC3-I and LC3-11 forms were reduced in LIPA-overexpressing THP-1 macrophages, the
LC3-11/LC3-1 ratio was also not significantly modified between 0 and 6 hours after
efferocytosis (Online Figure 11A). We also investigated active NOX complex formation by
immunostaining for p47P/9X clustering, one of the active components of the NOX2 complex.
As expected, a considerable amount of p472119X staining (red) was localized to
phagolysosomal membranes surrounding the apoptotic cells 1 hour post-efferocytosis;
however, quantification of the phagolysosomal p47#7%% staining did not reveal any difference
between the control and lalistat-treated macrophages (Online Figure 11B). Consistent with
the role of the NOX complex in controlling phagolysosomal pH,18 similar lysosomal
acidification was observed between control and lalistat-treated efferocytes as measured by
confocal microscopy 1 hour after the ingestion of apoptotic cells (Online Figure 11C) or by
flow cytometry using a LysoSensor probe (Online Figure 11D). LIPA-overexpressing THP-1
macrophages also exhibited similar lysosomal acidification response (Online Figure I1D).
Altogether, our data indicate that defective lysosomal cholesterol hydrolysis does not initiate
phagolysosome dysfunction after efferocytosis.

Defective autophagy or lysosomal biogenesis promotes macrophage apoptosis,16:20.21 and
we previously reported that defective efferocytosis could be the consequence of an excess
cholesterol accumulation that induces apoptosis.1® Western blot analysis revealed an
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increase in LC3I1/LC3-1 ratio 24 hours post-efferocytosis in lalistat-treated THP-1
macrophages, indicative of an enhanced autophagic response (Figure 2A and 2B). We also
observed an increased number of lysosomes in lalistat-treated THP-1 macrophages 24 hours
post-efferocytosis using the LysoTracker probe and flow cytometry (Online Figure IIE). The
dephosphorylated form of TFEB (transcription factor E-box) is essential for optimal TFEB
activation through translocation into the nucleus and subsequent activation of a gene
network regulating lysosomal biogenesis and autophagy.2? Inhibition of LIPA in
macrophages led to an increase in the dephosphorylated form of TFEB 24 hours after
ingestion of apoptotic cells (Figure 2A and 2B), evoking an adaptive rather than a defective
lysosomal biogenesis or autophagic response. Consistently, apoptosis was unaffected in
LIPA-deficient THP-1 efferocytes (LIPA knockdown using siRNA or lentiviral ShRNA
particles) or lalistat-treated THP-1 efferocytes (Online Figure IIF). In contrast, LIPA-
overexpressing efferocytes exhibited lower autophagic and lysosomal biogenesis responses
as shown by reduced expression of the dephosphorylated form of TFEB and both forms of
LC3-I and LC3-11 (Online Figure I11A) and reduced LysoTracker staining (Online Figure
I1E). However, apoptosis was also unaffected in these cells (Online Figure IF). Thus,
lysosomal cholesterol hydrolysis capacity dictates TFEB-dependent lysosomal biogenesis,
and this adaptive compensatory response is unlikely the cause of defective efferocytosis but
rather prevents macrophage from apoptosis.

Activation of the NLRP3 Inflammasome Causes Defective Efferocytosis After LIPA

Inhibition

To evaluate whether LIPA-dependent lysosomal cholesterol storage ties lysosomal
inflammation, 23 to defective efferocytosis, we next assessed the secretion of lysosomal
inflammatory markers cathepsin B, K, and IL-1p after ingestion of apoptotic cells.
Consistent with the absence of lysosomal damage after LIPA inhibition, similar secretion of
cathepsin B and K was observed between control and lalistat-treated THP-1 efferocytes
(Figure 2C; Online Figure 11A). However, higher IL-1f and IL-18 secretion was observed 3
hours after LIPA inhibition in THP-1 efferocytes (Figure 2D). Similar findings were
observed after LIPA inhibition in murine thioglycollate-elicited peritoneal efferocytes
(Online Figure 111B). The NLRP3 inflammasome, which is a well-known sensor of danger
signals, is involved in caspase-1-dependent maturation and secretion of IL-1p and 1L-18.24
Consistently, an inhibitor of NLRP3 (CP-456773) prevented the enhanced IL-1p and IL-18
secretion in lalistat-treated THP-1 efferocytes (Figure 2D). Reduced IL-1 secretion, but not
cathepsin B, was also observed in LIPA-overexpressing THP-1 efferocytes (Figure 2C;
Online Figure 111C). A time-course experiment confirmed an 100% increase in caspase-1
cleavage in THP-1 efferocytes as early as 3 hours after lalistat treatment, and this was
sustained up to 24 hours after the ingestion of apoptotic Jurkat cells in lalistat-treated
efferocytes (Figure 2E). This result was associated with an increase in FAM
(carboxyfluorescein)-Flica caspase-1 activity that could be prevented by the NLRP3
inhibitor (Online Figure 111D). Using immortalized murine NLRP3-deficient macrophages,
we confirmed the dependence of the NLRP3 inflammasome on IL-1p secretion (Online
Figure I1IE) and caspase-1 activation (Online Figure I11F) after LIPA inhibition. Inhibition
of the NLRP3 inflammasome partially restored the efferocytic index of lalistat-treated
THP-1 efferocytes (Figure 2F). CP-456773 treatment and caspase-1 deficiency also
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prevented the efferocytosis defect induced by LIPA inhibition in murine thioglycollate-
elicited peritoneal efferocytes (Online Figure 111G). Thus, lysosomal cholesterol hydrolysis
prevents the NLRP3 inflammasome-activating danger signal during efferocytosis to allow
efficient clearance of apoptotic cells.

Caspase-1 activation has been previously proposed to cleave Rac1,2® which is a canonical
Rho guanosine triphosphate (GTPase) involved in cytoskeletal reorganization and
efferocytosis.2® Transmission electron microscopy showed that the morphology of lalistat-
treated THP-1 efferocytes differed from control cells after 24 hours of culture with a less
identifiable phagocytic cup that transform from filopodia and underlying lamellipodia
(Online Figure I11H). Immunostaining for Racl (green) and F-actin (red) 6 hours after
efferocytosis revealed a considerable amount of costaining at the leading edge of membrane
ruffle formation surrounding the apoptotic cells in control macrophages (overlapping yellow
staining; Online Figure 1111, upper). In contrast, a general decrease in phagolysosome Racl
was observed after LIPA inhibition (Online Figure 111, lower). This was more clearly visible
after we performed 3-dimensional reconstruction from confocal Z-stack images (Figure 2G).
Reduced Racl protein expression was confirmed in THP-1 efferocytes after LIPA inhibition
by Western blot (Figure 2H). Pull-down activation assay confirmed reduced Racl activity
after LIPA inhibition (Figure 2H). To determine when after LIPA inhibition this decline in
cell ruffling occurs, we used impedance to perform real-time monitoring of cell protrusion
dynamics.2” These analyses revealed increased resistance in lalistat-treated THP-1
macrophages beginning 6 hours post-efferocytosis (Figure 21), a signature that followed the
inflammasome activation. We confirmed that the Racl inhibitor NSC23766, known to
selectively lower active Rac1-GTP levels, also increased resistance in control cells to the
level of lalistat-treated efferocytes (Figure 21). Inhibition of the NLRP3 inflammasome
(CP-456773 treatment) rescued Racl protein expression (Figure 2H). These findings provide
a mechanism by which inflammasome-activating danger signal contributes to the defective
efferocytic response after LIPA inhibition.

Defective Lysosomal Cholesterol Hydrolysis Repurposes MAM-Dependent Mitochondrial
Metabolism to Activate the NLRP3 Inflammasome and Dampen Efferocytosis

Recent evidence suggests that LIPA is important for mitochondrial oxidative
phosphorylation,1® and elevated mitochondrial reactive oxygen species (ROS) production
has been proposed to activate the NLRP3 inflammasome.28 Reduced metabolic flux in the
mitochondria of lalistat-treated THP-1 efferocytes was reflected by a decrease in the oxygen
consumption rate at baseline or after the inhibition of oxidative phosphorylation by
oligomycin treatment (Figure 3A; Online Figure I\VVA). The enhanced oxygen consumption
rate response was also prevented in thioglycollate-elicited peritoneal efferocytes after LIPA
inhibition or in LIPA-deficient efferocytes (Online Figure IVB). The increased capacity of
LIPA-overexpressing THP-1 cells to capture and take up apoptotic Jurkat cells was also
associated with increased oxygen consumption rate and maximal respiration response after
FCCP (carbonyl cyanide 4-[trifluoromethoxy] phenylhydrazone) treatment (Figure 3A).
These observations were further supported by reduced mitochondrial uncoupling protein 2
(ucp2) mRNA expression in lalistat-treated THP-1 efferocytes (Online Figure IVC) and
enhanced mRNA levels of heme oxygenase-1 (HmoxZ; Online Figure IVD) starting 1 hour
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after efferocytosis. Reduced mitochondrial flux and uncoupling of lalistat-treated THP-1
efferocytes paralleled an increase in mitochondrial ROS generation (Figure 3B and 3C). This
effect was most likely because of a raise in mitochondrial potential (AY ) because the
addition of the complex | inhibitor (rotenone), the complex Il inhibitor (3-nitropropionic
acid), or the succinate oxidation inhibitor (dimethyl malonate) promoted mitochondrial ROS
production in control cells but not in lalistat-treated THP-1 efferocytes (Figure 3C). These
inhibitors also resulted in an increase in IL-1p secretion in control but not in lalistat-treated
efferocytes (Figure 3D).

Calcium is a central player in mitochondria metabolic repurposing and inflammasome
activation,29:30 and different lysosomal storage diseases have been associated with calcium
flux modulation.31-33

We first activated the 2 main lysosomal calcium pathways, the nicotinic acid adenine
dinucleotide phosphate receptor with the membrane-permeant NAADP (nicotinic acid
adenine dinucleotide phosphate) analog (NAADP-AM [acetoxymethyl]) and the mucolipin
TRPML1 (transient receptor potential channel 1) with the mucolipin synthetic agonist.
However, these treatments did not modify FAM-Flica caspase-1 activity or IL-1f secretion
(Online Figure IVE and IVF). In contrast, activation of the mitochondrial IP3R (inositol
trisphosphate receptor) with low-dose 2-aminoethyl diphenylborinate completely prevented
the inflammasome activation and IL-1p secretion in lalistat-treated efferocytes (Online
Figure IVE and IVVF). These findings suggest that inhibition of LIPA promotes
mitochondrial metabolic repurposing-dependent inflammasome activation by limiting
mitochondrial calcium flux. To directly test this hypothesis, efferocytes were loaded with the
calcium probe Fluo4-AM and calcium release from the mitochondria, a surrogate of
mitochondrial calcium content, was assessed after treatment of cells with the mitochondrial
uncoupler, carbonyl cyanide 3-chlorophenylhydrazone. We observed a striking decrease in
mitochondrial calcium release in lalistat-treated THP-1 efferocytes compared with control
cells (Figure 3E). Calcium-dependent activation of the inflammasome relies on MAMs that
comprise IP3R and chaperone proteins.30 Transmission electron microscopy highlighted
ER-mitochondria contacts in control THP-1 efferocytes, an effect that was less visible in
lalistat-treated cells (Figure 3F). The ER-localized chaperone GRP78 (78 kDa glucose-
regulated protein; BiP [binding immunoglobulin protein]) is part of the MAM
macromolecular complex and interacts with ER lipid transporters.34 Overexpression of
GRP78 normalized the mitochondrial calcium response of lalistat-treated THP-1 efferocytes
(Figure 3E) and prevented the exacerbated IL-1p secretion (Figure 3G). Consistently,
GRP78 overexpression also restored efficient efferocytosis in lalistat-treated efferocytes
(Figure 3H). Thus, we propose that LIPA is required for MAM-dependent calcium flux after
efferocytosis. This flux will repurpose the mitochondria to limit the inflammasome-
activating danger signal and allow efficient efferocytosis.

LIPA Primes the Sterol-Dependent Metabolic Reprogramming of Efferocytes

The group of Cyster recently reported that defective 25-OHC generation in the ER promotes
inflammasome activation in macrophages.3®:36 Thus, we next quantified sterol metabolites
using liquid chromatography-mass spectrometry in control and lalistat-treated THP-1
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macrophages 3 hours post-efferocytosis. Precursors of cholesterol synthesis such as
lanosterol, 24-DH (dehydro)-lanosterol, 7-DH cholesterol, and desmosterol and toxic sterols
such as a-triols (cholesterol-3p,5a,6p-triol), a-Epox (cholesterol-5a,6a.-epoxide), 7a-
OHC, and 7-ketocholesterol were not altered at this time point in lalistat-treated efferocytes
(Online Figure VA and VB). The brain-specific 24S-OHC was near the detection limit and
was unaltered in lalistat-treated efferocytes (Figure 4A). In contrast, a striking 50% to 70%
decrease in oxysterols made from free cholesterol in the ER, such as 4p-OHC and 25-OHC,
or in the mitochondria, such as 27-OHC, was observed in lalistat-treated efferocytes (Figure
4A). These decreases were not associated with significant changes in the mMRNA expression
of the related oxysterol biosynthetic enzymes in lalistat-treated efferocytes (Online Figure
VC), suggesting that LIPA inhibition impacts the production of oxysterols by limiting
substrate availability.

Part of the mechanism by which defective 25-OHC generation activates the inflammasome
relies on modulation of cholesterol biosynthetic genes.3%36 The ingestion of apoptotic cells
led to a decrease in the mMRNA expression of the biosynthetic genes Srebf2and Hmgcrin
control macrophages starting 3 hours after efferocytosis, an effect that was virtually absent
in lalistat-treated THP-1 macrophages (Figure 4B; Online Figure VD and VE). In contrast,
Srebf2 and Hmgcr mRNA expression were further intensified in LIPA-overexpressing
THP-1 macrophages 3 hours after efferocytosis (Figure 4B). Treatment of the cells with 25-
OHC restored the downregulation of Srebf2and Hmgcr mRNA expression in lalistat-treated
efferocytes (Figure 4B). These findings suggest that cholesteryl ester hydrolysis of engulfed
apoptotic cells favors the flux of free cholesterol toward the ER (Online Figure IE) to
generate 25-OHC and dampen cholesterol biosynthetic pathway after efferocytosis.
Treatment with 25-OHC partially restored the decrease in oxygen consumption rate
observed in lalistat-treated THP-1 efferocytes (Figure 4C) and rescued their mitochondrial
calcium defect (Figure 4D), offering a potential mechanism by which 25-OHC could control
ER-dependent mitochondrial proticity after efferocytosis. Consistently, treatment with 25-
OHC reduced inflammasome activation after efferocytosis in lalistat-treated THP-1
macrophages, as reflected by reduced IL-1p secretion (Figure 4E) and restored an efficient
efferocytic response (Figure 4F). Treatment of LIPA-deficient murine macrophages with 25-
OHC also rescued the defective efferocytosis of these cells (Online Figure VF). The reduced
IL-1pB secretion in LIPA-overexpressing efferocytes was also abolished after knockdown of
Ch25h by siRNA (Online Figure VG). Thus, we propose that impaired 25-OHC generation
after LIPA inhibition controls mitochondrial metabolic repurposing to activate the
inflammasome and limit subsequent clearance of apoptotic cells.

25-OHC and 27-OHC are potent endogenous LXR agonists, and LXR activation occurs after
efferocytosis to support efficient efferocytosis through upregulation of cholesterol efflux
transporters or the efferocytic receptor MertK. 1937 Thus, we next examined the expression
of LXR target genes during the course of efferocytosis and observed that the mRNA
expression of the cholesterol efflux transporters Abcal (ATP-binding cassette Al) and
Abcgl (ATP-binding cassette G1) was not altered in the early phase of efferocytosis in
lalistat-treated THP-1 macrophages (up to 6 hours) but was significantly decreased in the
late resolution phase (Online Figure VIA and VIB). Cholesterol efflux studies have
confirmed a decrease in cholesterol efflux to lipid-poor apoA-1 (apolipoprotein Al), the
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major apolipo-protein of HDL (high-density lipoprotein; Online Figure VIC) and to PEG
(polyethylene glycol)-HDL (Online Figure VID) 24 hours after the ingestion of apoptotic
cells in lalistat-treated THP-1 macrophages. In contrast, LIPA-overexpressing THP-1
efferocytes exhibited higher mMRNA expression of LXR target genes (Online Figure VIE)
and more cholesterol efflux to PEG-HDL (Online Figure VIF). We confirmed the LXR
dependency of these effects, as treatment with the synthetic LXR agonist TO901317
enhanced not only the expression of Abcal and Abcgl (Online Figure VIG) but also
cholesterol efflux to HDL in lalistat-treated THP-1 macrophages (Online Figure VIH).
Consistently, we observed reduced mRNA expression of the efferocytic receptor MertKin
lalistat-treated THP-1 macrophages 24 hours after efferocytosis (Figure 4G). In contrast,
MertK was upregulated in LIPA-overexpressing THP-1 efferocytes (Online Figure VIE). To
delineate whether LXR activation could rescue the adverse effects of LIPA inhibition on
efferocytes, stimulation of LXR activity was achieved with 25-OHC, 27-OHC, or the
synthetic LXR agonist TO901317 for 24 hours. In contrast to 25-OHC treatment, 27-OHC
or TO901317 did not prevent the inflammasome activation (Figure 4E). However, all
treatments enhanced MertK mRNA expression in control and lalistat-treated THP-1
efferocytes (Figure 4G). This could explain how 27-OHC and TO901317 partially restored
the efferocytic capacity of lalistat-treated efferocytes (Figure 4F). The relevance of this
pathway was further illustrated through the effect of the LXR agonist in synergizing with the
NLRP3 inhibitor (CP-456773) to fully restore efficient efferocytosis (Figure 4H). These
results indicate that LXR activation is a critical checkpoint by which LIPA controls the
efferocytic response.

Altogether, these findings reveal that LIPA favors efficient efferocytosis through sterol-
dependent metabolic reprogramming: (1) the ER-dependent 25-OHC generation after
lysosomal cholesterol hydrolysis will limit inflammasome-activating danger signal and
prevent Racl-dependent phagocytic cup disassembly and (2) 25- and 27-OHC generation
after lysosomal cholesterol hydrolysis will activate an LXR-dependent transcriptional
program that favors ABCA1- and ABCG1-dependent efflux of cholesterol ingested from
apoptotic cells and primes efferocytes for multiple MertK-dependent clearance of apoptotic
cells.

LIPA Orchestrates Disposal of Stressed Erythrocytes and Apoptotic Cells In Vivo

Taking advantage of a publicly available gene expression data set from Immgen (http://
immgen.org), we observed that efferocytosis markers, LXR target genes, and heme and iron
homeostasis markers were predominantly expressed not only in peritoneal macrophages but
also in specialized tissue-resident macrophages, paralleling LIPA expression and lysosome
markers (Online Figure VIIA). This finding suggested an important interplay between LIPA,
cholesterol homeostasis, and tissue-resident macrophage lysosomal and erythrophagocytic
functions. The in vivo contribution of LIPA to efferocytosis was next studied using 2
different models. The use of lalistat treatment over LIPA-deficient mice was chosen to avoid
an inflammatory phenotype that could origin from embryogenesis.12 We intravenously
injected either fluorescently labeled stressed erythrocytes (stressed red blood cells [SRBCs])
or apoptotic lymphocytes (ALSs) into mice treated with lalistat or vehicle for 2 weeks and
examined their macrophage efferocytic capacity in spleen and liver 16 hours later. SRBCs
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and ALs were retrieved in the liver and spleen (Online Figure VIIB) and accumulated within
different leukocyte populations gated by flow cytometry as CD11b/°F4/80'"t myeloid cells,
CD11b'9F4/80igh Kupffer cells (KCs) or red pulp macrophages (RPMs), and
CD11bNigNF4/80NigN \whether these cells are the newly identified transient macrophage
population (T-macs) or a subpopulation of myeloid cells (Figure 5A).38 In the liver, SRBCs
and to a lesser extent ALs promoted the appearance of T-macs or a subpopulation of myeloid
cells (Figure 5A). Both T-macs and KCs ingested labeled SRBCs or ALs (Figure 5B; Online
Figure VIIC). A small fraction of myeloid cells also ingested fluorescent sSRBCs or ALs
(Figure 5B; Online Figure VIIC). Lalistat treatment reduced the ability of KCs and T-macs
to phagocytose labeled SRBCs and ALs (Figure 5B; Online Figure VIIC). However, lalistat
also induced a compensatory increase in the number of myeloid cells that had phagocytosed
labeled ALs (Online Figure VIIC). In the spleen, RPMs were the most abundant cell
population that efficiently cleared labeled SRBCs and ALs (Figure 5C; Online Figure VIID).
Lalistat treatment reduced the efferocytic capacity of RPMs (Figure 5C; Online Figure
VIID), and there was a specific compensatory upregulation of the number of myeloid cells
that had ingested ALs (Online Figure VVIID). The enhanced number of immature myeloid
cell with efferocytic capacity after lalistat treatment was a specific response to the injection
of ALs, most likely reflecting the initiation of an inflammatory response secondary to
release of find-me or danger signals in this context.2” We thus conclude that LIPA promotes
the disposal of stressed RBCs and apoptotic cells in hepatic and splenic macrophage
populations.

LIPA Inhibition Precipitates Hypercholesterolemia-Associated Efferocytosis Defects

Previous studies have documented defective efferocytosis and splenomegaly under
hypercholesterolemic conditions.2 Thus, high-fat diet-fed hypercholesterolemic Ld/r”~ mice
were next treated with lalistat for 2 weeks. An analysis of macrophage numbers in the spleen
(RPMs), liver (KCs), adipose tissue macrophages, and peritoneal macrophages (Online
Figure VIIIA) revealed a specific increase in RPMs and KCs, probably to compensate for
efferocytosis defects, but not in adipose tissue macrophages or peritoneal macrophages
(Online Figure VIIIB). Consistent with this observation, reduced mRNA expression of
efferocytic markers (ie, MertK, Axl, and Gas6) was downregulated by lalistat treatment
along with enhanced inflammatory markers including 1118 (Figure 5D). RPMs from lalistat-
treated animals also exhibited reduced cell surface expression of CD206 (the mannose
receptor C-1 [MRC1]; Online Figure VIIIC). Mechanistically and in line with our in vitro
studies, LIPA inhibition led to a compensatory increase in lysosomal biogenesis in RPMs
and KCs with no changes in lysosomal acidification as quantified by flow cytometry (Online
Figure VIIID). This result correlated with enlarged spleen and higher splenic IL-1 levels in
lalistat-treated animals, whereas other inflammatory parameters were unaffected (Table).
Senescent RBCs are normally phagocytosed by macrophages in the spleen and liver, and
defective erythrophagocytosis leads to splenic iron deposition.3%40 Thus, we assessed iron
stores in lalistat-treated animals. Splenic iron accumulation was histologically evident and
was largely confined to the red pulp in lalistat-treated animals (Figure 5E). Plasma, liver, and
adipose tissue iron and ferritin concentrations were normal in lalistat-treated animals (Figure
5F and 5G; Table), but an increased iron concentration was confirmed in the spleen (Figure
5F). Ferritin concentrations were also increased by >200% in the spleens of lalistat-treated
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animals but did not reach statistical significance (£=0.07; Figure 5G). Thus, our data support
a critical in vivo role of LIPA in the efferocytic capacity of tissue-resident macrophages
under hypercholesterolemic conditions, which is required for tissue integrity by maintaining
immune and tissue lipid homeostasis.
Discussion

Macrophage lipid accumulation and defective clearance of apoptotic cells are central events
in many metabolic disorders. However, the specific molecular mechanisms linking lipid
accumulation to inflammation in macrophages are still not completely understood. We have
now uncovered a novel mechanism by which LIPA controls macrophage inflammatory
response by limiting continued clearance of apoptotic cells. Notably, our mechanistic studies
demonstrated that lysosomal cholesterol hydrolysis mediated by LIPA orchestrated the
timely production of 25-OHC and 27-OHC during efferocytosis, which modulated
inflammasome activation and the generation of endogenous LXR ligands. Although
activation of the inflammasome after LIPA inhibition led to defects in Rac1-dependent
phagocytic cup formation, decreased production of LXR ligands resulted in reduced
cholesterol efflux and MertK expression impeding subsequent apoptotic cell clearance
(Figure 6). Importantly, our findings indicate that in vivo inhibition of this pathway reduced
the clearance of ALs and stressed erythrocytes by splenic- and hepatic-resident macrophages
leading to splenomegaly and splenic iron accumulation on hypercholesterolemic challenge.
Collectively, these findings demonstrate the importance of macrophage lysosomal
cholesterol hydrolysis linking metabolism and inflammation under homeostatic and disease
conditions.

It has been shown that LIPA is essential for breaking down fatty material within the
lysosomal compartment of macrophages on receptor-mediated endocytosis of lipoprotein,
lysosome biogenesis, or lipophagy,1415:20 but the relevance to efferocytosis has not yet been
addressed. Our findings reveal that LIPA activity follows the efferocytic capacity of
polarized macrophages and controls the lysosomal degradative capacity under nonpolarizing
culture conditions raising several interesting questions for future study. First, the dual role of
LIPA for optimal alternative macrophage activation,14 and efferocytosis, as detailed in the
present study, might be interconnected in vivo to promote tissue repair and metabolic
homeostasis.! The findings of reduced LIPA activity in classically activated macrophages
and enhanced inflammasome activation after LIPA inhibition also indicate that LIPA might
be more susceptible to exogenous inflammatory stimuli. Thus, it will be of interest to
determine whether LIPA may prime macrophages prior activation. Indeed, a switch between
classically and alternatively activated macrophages was previously associated to different
oxidative stress responses that prime macrophage prior activation,41:42

Second, why enhanced oxidative stress does not initiate apoptosis after LIPA inhibition
needs to be defined. Although our data exclude a role of NOX in promoting cholesterol-
dependent apoptosis susceptibility,1° they do not rule out why mitochondrial oxidative stress
and associated inflammasome activation are not linked to pyroptosis or other forms of
apoptosis. One explanation could be the absence of second signals that triggers apoptosis (2-
hit models)® or the level of aggressiveness of the first signal. For instance, we found
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occasional cholesterol crystals in macrophages after LIPA inhibition and no sign of
lysosomal damage after apoptotic cell clearance despite higher NLRP3 inflammasome
activation. These findings contrast with the activation of the NLRP3 inflammasome by
cholesterol crystals relying on lysosomal damage and the subsequent proteolytic activation
of cathepsins.®17 This could be the consequence of an accumulation of cholesteryl ester
after LIPA inhibition rather than free cholesterol, which is the source of cholesterol crystal
formation in lysosomes.*3 Another possibility for the lack of apoptosis induction after LIPA
inhibition could involve formation of new lysosomes to face cholesterol accumulation that
has been previously shown to prevent cell death.2 It also remains an open question as to
how exactly the origin and level of mitochondrial ROS, which depends on the balance
between the reverse electron transport of the electron transport chain and the mitochondrial
potential (Ay,),** leads to oxidative damage to DNA, proteins, and lipids and subsequent
apoptosis. It would be of interest to determine whether absence of ROS-mediated mtDNA
release after LIPA inhibition may have limited activation of the AIM2 (absent in melanoma
2) inflammasome under efferocytic condition because AIM2 has redundant function with the
NLRP3 inflammasome, 38 and activates apoptosis.

How does LIPA control optimal clearance of apoptotic cells? Our findings suggest that
inhibition of lysosomal cholesteryl ester hydrolysis limited the generation of free cholesterol
that could reach sites of oxysterol generation after the digestion of apoptotic cells. These
oxysterols include 25-OHC and 27-OHC that could prime efferocytes for subsequent
apoptotic cell clearance by at least 2 independent mechanisms. We first observed an
unexpected mechanism that involves defective production of 25-OHC in the ER, which
impaired the repression of cholesterol biosynthetic genes post-efferocytosis but also
prevented MAM-dependent mitochondrial metabolic repurposing and subsequent activation
of the inflammasome. This activation reduced Rac1l activity and subsequently disorganized
phagocytic cups. Although it was recently shown that defective 25-OHC generation in
macrophages promotes inflammasome activation, 3536 the present study positions this
observation in the context of efferocytosis and provides new insights into the underlying
mechanisms. Indeed, we found that (1) LIPA controls the generation of 25-OHC after
efferocytosis and (2) 25-OHC controls the MAM-dependent calcium flux to repurpose
mitochondrial metabolism. Under normal physiological conditions, calcium primarily
promotes ATP synthesis by stimulating enzymes of the Krebs cycle and oxidative
phosphorylation in the mitochondria. This increased metabolic rate would consume more
oxygen resulting in increased respiratory chain electron leakage and mitochondrial ROS
levels as it is observed in control efferocytes. After LIPA inhibition, reduced mitochondrial
calcium influx may have dampened oxidative phosphorylation and UCP (uncoupling
protein)-2—dependent proton leaks across the inner mitochondrial membrane but at the same
time reduced A¥, consumption exacerbating mitochondrial ROS generation.2829 Restoring
MAM-dependent calcium flux through GPR78 overexpression was sufficient to prevent the
inflammasome activation after LIPA inhibition mimicking the effect of 25-OHC. Future
studies will be required to understand whether MAM formation during efferocytosis is also
linked to mitochondrial fission.#> Nevertheless, this mitochondrial checkpoint is crucial for
the efferocytic response of macrophages as the inflammasome activation after LIPA
inhibition reduced Racl expression and activity. Decreased levels of Racl and F-actin
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polymerization in membrane ruffles after the ingestion of apoptotic cells caused cytoskeletal
changes and impaired pseudopod formation. Similar modulation of focal adhesion dynamics
was previously observed under cholesterol-loading conditions in LIPA-deficient cells.*6 In

our setting, this modulation contributed to reduce efferocytic capacity after LIPA inhibition.

Consistent with 25-OHC and 27-OHC being potent LXR agonists in macrophages,’-10 we
next observed a delayed response in LXR target gene activation after LIPA inhibition in
efferocytes leading to impaired cholesterol efflux and reduced efferocytic capacity.1937 We
confirmed that reduced LXR activation was independent of, and synergized with, the
modulation of Rac1 signaling pathway to impede efficient apoptotic cell clearance.?’
Interestingly, in other lysosomal storage diseases such as Niemann-Pick type C disease, in
which cholesterol accumulates within late endosomes, it has been reported that Niemann-
Pick type C cells exhibit a defect in 25-OHC and 27-OHC in response to LDL (low-density
lipoprotein) and fail to repress SREBPs (sterol regulatory element-binding proteins) and
LXRs.4849 Our findings extend these observations, and we propose that LIPA-dependent
cholesteryl ester hydrolysis, which is upstream of endosomal Niemann-Pick type C—
dependent cholesterol trafficking, might be an earlier enzymatic step that governs oxysterol
generation and LXR activation during efferocytosis. Thus, LIPA-dependent lysosomal
cholesterol hydrolysis orchestrates the timely cholesterol-dependent inflammasome
activation and transcriptional efferocytic response of macrophages.

On a daily basis, over 100 billion white and red blood cells are turned over through
efferocytosis to prevent the inflammatory consequences associated with the accumulation of
apoptotic debris and to maintain tissue homeostasis.8:26 Although the splenomegaly of
LIPA-deficient mice has been associated with extramedullary hematopoiesis,12 the spleen
does not support hematopoiesis in humans under injury-free conditions,?° arguing that
defective efferocytosis is most likely the culprit of the inflammatory phenotype and
splenomegaly of LIPA mutation carriers.1! Considerable data support that dying cells are
normally phagocytosed by macrophages in the spleen and liver, and apoptotic bodies are
rapidly broken down into their molecular constituents, including iron and lipids, which must
be recycled or transported back into the circulation.3%40 Challenging mice with stressed
RBCs or ALs revealed that LIPA inhibition attenuated the efferocytic capacity of not only
RPMs but also KCs. Under hypercholesterolemic disease conditions, we found that LIPA
inhibition caused the spontaneous accumulation of iron in the spleen along with enhanced
splenic IL-1B content. These findings could have major relevance not only for current
enzyme replacement therapy for LIPA mutation carriers but also to better elucidate the
recent genome-wide association studies that have reinforced LIPA as a susceptibility gene
for cardiovascular diseases along with reduced LIPA activity.51:52
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hydroxycholesterol
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reactive oxygen species
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Novelty and Significance
What Is Known?

. Macrophages accumulate a substantial amount of cholesterol after the
ingestion of apoptotic cells.

. LIPA (lysosomal acid lipase) is an endocytic enzyme that hydrolyzes
cholesteryl esters into free cholesterol.

. LIPA deficiency causes macrophage foam cell formation and tissue
inflammatory phenotypes.

What New Information Does This Article Contribute?

. LIP A hydrolyzes cholesteryl esters from ingested apoptotic allowing efficient
oxysterol production to transcriptionally prime macrophages for cholesterol
efflux and clearance of apoptotic cells via liver X receptor activation.

. LIPA allows 25-hydroxycholesterol generation to repurpose mitochondrial
metabolism, preventing activation of the NIrp3 (NOD-like receptor family,
pyrin domain containing) inflammasome and Racl (Ras-related C3 botulinum
toxin substrate 1)-dependent phagocytic cup disassembly.

. LIPA orchestrates disposal of stressed erythrocytes and apoptotic
lymphocytes in vivo.

Everyday, billions of dying cells are phagocytosed through efferocytosis to prevent the
inflammatory consequences associated with the accumulation of apoptotic debris.
Therefore, it has been proposed that defective efferocytosis impairs tissue homeostasis.
Here, we found that LIPA-dependent lysosomal cholesterol hydrolysis is essential to
maintain an efficient efferocytic response. In vivo, defective clearance of stressed
erythrocytes and apoptotic lymphocytes after LIPA inhibition led to an enhanced
inflammatory response, culminating in splenomegaly under hypercholesterolemia. Thus,
by controlling lysosomal cholesterol hydrolysis, LiPA links the macrophage efferocytic
response to chronic inflammation.
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Figure 1. LIPA (lysosomal acid lipase) expression controls efferocytic capacity and lysosomal
cholesterol trafficking

A, Correlations between LIPA activity and the efferocytic index in human THP-1
macrophages exposed for 16 hours to medium alone (MO0), 50 ng/mL lipopolysaccharide
(LPS; M1) or 15 ng/mL IL (interleukin)-4 (M2). B, THP-1 macrophages were transduced
with empty or LIPA ShRNA lentiviral particles or transfected with scrambled (Scbl) or LIPA
SiRNA before incubation with CellTracker Deep Red-prelabeled apoptotic Jurkat cells
(ultra-violet or UV-Jurkat) and quantification of the efferocytic index by flow cytometry.
LIPA-overexpressing cells (Ovex) were also used in this assay. C, BODIPY (bore-
dipyrromethene) staining was quantified by flow cytometry in THP-1 macrophages after
modulation of LIPA expression (as described above) and exposure for 30 minutes to
apoptotic Jurkat cells. Data are expressed as the mean fluorescence intensity (MFI). The
dotted line represents the BODIPY-neutral lipid content into nonefferocytic control cells. D,
E, THP-1 macrophages (CD64*%) were incubated for the indicated times in the presence or
absence of 10 pmol/L lalistat together with CellTracker Deep Red-prelabeled apoptotic
Jurkat cells, and the efferocytic index was quantified by flow cytometry. F, THP-1
macrophages incubated in the presence or absence of 10 umol/L lalistat were stimulated
with apoptotic Jurkat cells for the indicated times. BODIPY staining was quantified by flow
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cytometry. Inset depicts a representative histogram at the indicated time point. G, Control or
lalistat-treated THP-1 efferocytes, cultured for 1 hour after the ingestion of [3H]-cholesterol—
prelabeled apoptotic Jurkat cells, were fractionated by sucrose step gradient, and fractions
were assayed for [3H]-cholesterol incorporation as described in the Methods section. H,
Representative 3-dimensional reconstruction from confocal Z-stack images of an ingested
apoptotic cell prelabeled with BODIPY (green) and localized within a phagolysosome
(stained with LysoTracker Deep Red). Cells were counterstained with DAPI (nuclear
staining). Arrows indicate BODIPY clusters in phagocytic cells (8-10 different confocal
images were analyzed per condition from experiments performed in triplicate). The data are
given as the mean=SEM of at least 2 experiments performed in triplicate. * £<0.05 vs
controls. ER indicates endoplasmic reticulum.
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Figure 2. Defective lysosomal cholesterol hydrolysis promotes lysosomal damage—independent
inflammasome activation after efferocytosis causing subsequent Racl (Ras-related C3 botulinum
toxin substrate 1)-dependent phagocytic cup defects

A, Representative immunoblots of LC3I/11 and phospho-Tfeb (transcription factor E-box)
from control or lalistat-treated THP-1 macrophages incubated for 30 minutes with apoptotic
Jurkat cells and cultured for various times. B, Kinetics of band densities normalized to
HSP90 (heat shock protein 90) are shown for the indicated times. C, Cathepsin B secretion
levels from control or lalistat-treated THP-1 efferocytes cultured for the indicated times after
the ingestion of apoptotic cells and expressed in ng/mL. D, IL (interleukin)-1p and 1L-18
secretion levels (expressed in pg/mL) from control or lalistat-treated THP-1 efferocytes
cultured for 3 hours after the ingestion of apoptotic cells in the presence or absence of 25
nmol/L NIrp3 (NOD-like receptor family, pyrin domain containing) inflammasome inhibitor
(CP456773). The dotted lines represent IL-1p and IL-18 secretion levels into nonefferocytic
control cells. E, Immunoblot of caspase-1 from control or lalistat-treated THP-1
macrophages incubated for 30 minutes with apoptotic Jurkat cells and cultured for various
times and quantification of cleaved caspase-1. F, Control and lalistat-treated THP-1
macrophages were incubated in the presence or absence of 25 nmol/L NIrp3 inflammasome
inhibitor (CP456773) together with CellTracker Red-prelabeled apoptotic Jurkat cells, and
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the efferocytic index was quantified by flow cytometry 16 hours later. G, THP-1
macrophages incubated in the presence or absence of 10 umol/L lalistat were stimulated
with CellTracker Deep Red-prelabeled apoptotic Jurkat cells for 30 minutes. After an
additional culture period, the cells were counterstained with Racl (green), F-actin (red), and
DAPI (nuclear staining); a 3-dimensional reconstruction from confocal Z-stack images is
provided. H, Immunoblots of Racl from control or lalistat-treated THP-1 macrophages
cultured for 3 hours after the ingestion of apoptotic Jurkat cells in presence or absence of 25
nmol/L of the NIrp3 inflammasome inhibitor (CP-456773). Rac1-GTP is for Racl bind to
GTP, the active form of Racl. I, Real-time evaluation of macrophage protrusion dynamics
by impedance reading of control or lalistat-treated THP-1 efferocytes in presence or absence
of the Racl inhibitor, NSC23766. The data are given as the mean+SEM of 2 to 5
independent experiments performed in triplicate. */<0.05 vs controls. #P<0.05 treatment
effect. a.u. indicates arbitrary units.
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Figure 3. Defective lysosomal cholesterol hydrolysis restrains mitochondria-associated
membrane (MAM)-dependent mitochondrial metabolic repurposing after efferocytosis to
activate the inflammasome and subsequent efferocytic defects

A, Oxygen consumption rate (OCR) recordings of control, lalistat-treated, or LIPA
(lysosomal acid lipase)-overexpressing (Ovex) THP-1 macrophages under the indicated
conditions. B, Representative histograms and (C) quantification of mitochondrial reactive
oxygen species (ROS) generation using the MitoSox probe by flow cytometry in control and
lalistat-treated THP-1 efferocytes cultured for 3 hours after ingestion of apoptotic cells in the
presence or absence of 10 mmol/L of the succinate oxidation inhibitor (dimethyl malonate
[DMM]) or 1 umol/L of the succinate dehydrogenase inhibitor (3-nitropropionic acid [3-
NPA]) or 1 umol/L of rotenone. Data are expressed as mean fluorescence intensity (MFI). D,
IL (interleukin)-1p secretion levels in these cells at the end of the incubation period. E,
THP-1 macrophages were transduced with empty or GPR78 overexpressing adenoviral
particles and loaded for 30 minutes with the fluorescent calcium probe Fluo4-AM
(acetoxymethyl) before the start of the efferocytosis experiment. Control and lalistat-treated
THP-1 macrophages were then incubated for 30 minutes with apoptotic Jurkat cells before
treatment with carbonyl cyanide 3-chlorophenylhydrazone (CCCP) to release mitochondrial
calcium. Mitochondrial calcium content was calculated as the difference in mean
fluorescence intensity between conditions treated with or without CCCP. F, Representative
transmission electron microscopy images of control or lalistat-treated THP-1 efferocytes
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showing endoplasmic reticulum (ER)-mitochondria contacts (scale bar, 1 um). G, IL-1p
secretion levels (H) and efferocytic index from control and GPR78 overexpressing THP-1
macrophages incubated in the presence or absence of 10 umol/L lalistat and cultured for 3
hours after the ingestion of apoptotic Jurkat cells. The results are expressed as the mean
+SEM of at least 2 independent experiments performed in triplicate. */<0.05 vs controls.
#P<0.05 treatment effect. AC indicates apoptotic cell.

Circ Res. Author manuscript; available in PMC 2019 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Viaud et al.

Page 26

A B '© % O Control, 3h post efferocytosis
6 O Control, 3h post efferocytosis s m Lalistat, 3h post efferocytosis
s m Lalistat, 3h post efferocytosis 3 O Lipa Ovex, 3h post efferocytosis
& S12 ® 25-0HC
8 2
24 4
8 €
i) 2 8
o
2 .
22 @
51 © 4
® * x
< * il
[e]
0 o0
24S-OH 4p-OH 25-OH 27-OH Effero
Cholesterol Cholesterol Cholesterol  Cholesterol cytosis L I * J [ I *
300 N.
c oy 600 O Control, 3h post efferocytosis —S
[} S~ W L alistat, 3h post efferocytosis
2 250 g8
[ £ 8
co
85200 £ $a00
Qw N O
== T =
3 £150 os
25 T =
gE 5%
3 <
S Ewo Apoptotic cells _§ gZOO
g8 ge
3 50 1 oAControl, post efferocytosis s =
o ®ALalistat, post efferocytosis 0
0 20 40 60 80 100 Basal 250HC
E Time (min) E
O Control, 3h post efferocytosis
20 - W Lalistat, 3h post efferocytosis 16h post efferocytosis
* 40 L™
* * o Control i ¥ o
m Lalistat ,
= #
4
£15 » .30
g ) 3
S 5 *
o
@ 10 20
3 ]
z 5 10
0 0
Basal 250HC 270HC TO901317 Basal 250HC 270HC TO901317
G 16h post efferocytosis H 16h post efferocytosis
06 1 G Control # 40 1 Control 4 # ¥y
m Lalistat m Lalistat * 8 * 8
) ;
5 o 30
S04 ]
< £ *
Z £ 20
E g
v o
T 02 2
= ]
9 0 70901317
Basal 250HC 270HC TO901317 =
Basal TO901317 CP-456773 CP-456773

Figure 4. Lysosomal cholesterol hydrolysis governs the efferocytic response by controlling
oxysterol production
A, Oxysterol metabolites (24S-, 48-, 25- and 27-hydroxy(OH)cholesterol) were determined

by liquid chromatography-mass spectrometry (LC-MS). B, Effects of LIPA (lysosomal acid
lipase) inhibition, LIPA overexpression, and 25-OHC treatment (5 pmol/L) on Srebf2and
Hmgcr mRNA expression in THP-1 macrophages 3 hours post-efferocytosis. Quantified
transcript levels (normalized to m36B4) are expressed in arbitrary units (a.u.). C, Oxygen
consumption rate (OCR) recordings of control and lalistat-treated THP-1 efferocytes in the
presence or absence of 5 pmol/L 25-OHC. D, Control and lalistat-treated THP-1
macrophages, preloaded for 30 minutes with the fluorescent calcium probe Fluo4-AM
(acetoxymethyl), were incubated for 30 minutes with apoptotic Jurkat cells in presence or
absence of 5 umol/L 25-OHC. Release of mitochondrial calcium was achieved at the end of
the experiment by treating cells with carbonyl cyanide 3-chlorophenylhydrazone (CCCP).
Mitochondrial calcium content was calculated as the difference in mean fluorescence
intensity between conditions treated with or without CCCP. E, IL-1p secretion levels from
control or lalistat-treated THP-1 efferocytes cultured for 3 hours after the ingestion of
apoptotic cells in the presence or absence of 5 umol/L 25-OHC, 5 pmol/L 27-OHC or 3
umol/L LXR agonist (TO901317). F, Control and lalistat-treated THP-1 macrophages were
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incubated under the same conditions as described above, and the efferocytic index was
quantified by flow cytometry 16 hours later. G, MertK transcript levels (hormalized to
m36B4) were determined under the same conditions as described in F and expressed in a.u.
H, Control and lalistat-treated THP-1 macrophages were incubated in the presence or
absence of 3 umol/L liver X receptor (LXR) agonist (TO901317) and 25 nmol/L NlIrp3
(NOD-like receptor family, pyrin domain containing) inflammasome inhibitor (CP-456773)
together with CellTracker Red-prelabeled apoptotic Jurkat cells and the efferocytic index
was quantified by flow cytometry 16 hours later. The results are expressed as the mean
+SEM of 2 to 5 independent experiments. *£<0.05 vs controls. #£<0.05 treatment effect.
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Figure 5. Inhibition of lysosomal lipid hydrolysis promotes defective efferocytosis in vivo leading
to pathogenic inflammation and splenic iron deposition under hypercholesterolemia

A, Representative dot plots of gating for F4/80N9"CD11bint KCs, F4/80!°WCD11bNigh
myeloid cells, and F4/80M9hCD11bNi9h tMd in the liver (top) and F4/80M9NCD11bint RPMs
and F4/80!°%CD11bM9" myeloid cells in the spleen (bottom) 16 hours after intravenous
injection of CellTracker* stressed erythrocytes (stressed red blood cells [sRBCs], red) or
apoptotic lymphocytes (ALs; UV-T, green). Black dot plots represent cells gated on CD45*
leukocytes in the liver and spleen, and the red or green dot plot overlays show CellTracker*
cells. Quantification of (B, C) the efferocytic index of each cell type in the liver (myeloid,
transient macrophage population [T-mac], and ketocholesterol [KC]) or the spleen (myeloid
and RPM). D, mRNA expression of efferocytic and inflammatory markers in 12-week high-
fat-fed wild-type (WT) or Lalr”~ mice treated for the past 2 weeks with subcutaneous
injections of either saline or 20 mg/kg lalistat every 2 days. E, Perl’s Prussian stain for ferric
iron in the spleens of these mice (original magnification, 40x and 100x). F, Iron levels and
(G) ferritin levels in spleen, liver, and adipose tissue of WT or saline and lalistat-treated Ldllr
~~mice on a high-fat diet. The data are expressed as the mean+SEM of 4 to 6 animals per
group. *A<0.05 vs saline-injected control or Ld/r”~ mice.
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Figure 6.
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Table

Effects of Lalistat Treatment on Metabolic and Inflammatory Markers

Saline-Treated Ldr~—

Lalistat-Treated Ldr~/~

Body weight, g 24.9740.32 24.60£1.02
Epididymal adipose tissue, mg 563+133 485498

Spleen, mg 109+13 178+37 %
Plasma cholesterol levels, mg/mL 2.14+0.26 2.18+0.25
Plasma triglyceride levels, mg/mL 3.69+0.85 4.42+0.19
Plasma ALT levels, U/L 8.71+1.24 9.77+0.64
Plasma AST levels, U/L 16.31+3.48 17.63+0.31
Plasma BUN levels, mg/dL 13.74£3.2 16.5£1.5

Plasma cystatin C levels, mg/L 0.11+0.01 0.11+0.01
Plasma iron levels, mg/L 6.19+1.77 6.49+1.44
Plasma ferritin levels, mg/L 0.34+0.03 0.34+0.01
Plasma IL-1b levels, pg/mL ND 21.545.9

Splenic IL-1b content, pg/mg protein 114+29 331+37%

Page 30

ALT indicates alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; IL, interleukin; and ND, not determined.

*
FP<0.05 vs saline-treated mice.
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