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Abstract. 

Mitochondria have emerged as key actors of innate and adaptive immunity. Mitophagy has a 

pivotal role in cell homeostasis but its contribution to macrophage functions and host defense 

remains to be delineated. Here we showed that lipopolysaccharide (LPS) in combination with 

IFNγ, inhibits PINK1-dependent mitophagy in macrophages through a STAT1-dependent 5 

activation of the inflammatory caspases 1 and 11. In addition, we demonstrated that the inhibition 

of mitophagy triggers classical macrophage activation in a mitochondrial ROS-dependent 

manner. In a murine model of polymicrobial infection (cecal ligature and puncture), adoptive 

transfer of Pink1-deficient bone marrow or pharmacological inhibition of mitophagy promoted 

macrophage activation which favored bactericidal clearance and lead to a better survival. 10 

Reciprocally, mitochondrial uncouplers, that promote mitophagy, reverse LPS/IFNγ-mediated 

activation of macrophages and lead to immuno-paralysis with impaired bacterial clearance and 

lowered survival. In critically ill patients, we showed that mitophagy is inhibited in blood monocytes 

of patients with sepsis as compared to non-septic patients. Overall, this work demonstrates that 

the inhibition of mitophagy is a physiological mechanism that contributes to the activation of 15 

myeloid cells and improves the outcome of sepsis.  
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Introduction. 

Sepsis is one of the leading causes of morbidity and mortality in intensive care units (1). Strategies 

that blunt the inflammatory responses have failed to improve survival, whereas those that 

enhance host defenses have recently gained more attention (2, 3). Myeloid cells have a crucial 

role in the clearance of pathogens. After an initial inflammatory phase, classically activated 5 

macrophages (M1) undergo reprogramming to an alternate M2 phenotype (4). This second phase 

contributes to secondary immune suppression, known as immuno-paralysis, that occurs during 

sepsis and which counteracts the removal of infectious agents to ultimately worsen pathological 

conditions (5). The pivotal role of mitochondria in immune cells and immunity is now widely 

appreciated (6-8). In rodent models of sepsis, alterations of mitochondrial function have been 10 

described in the heart, the muscle or the liver (9-11). Reduced activity of the mitochondrial 

respiratory chain has also been demonstrated in blood leukocytes of septic patients (12). These 

mitochondrial dysfunctions have been proposed to trigger the activation of the NLRP3 

inflammasome in macrophage leading to the release of the IL-1β, in particular through 

mitochondrial reactive oxygen species (mROS) (13-15).  15 

More broadly, alterations of mitochondria have a prominent role in multi-organ failure in septic 

patients (16). Mitochondrial quality is tightly linked to mitophagy and mitochondrial dynamics. 

Classically, defective mitochondria have decreased mitochondrial membrane potential and 

enhanced fission. This leads to the stabilization and accumulation of PINK1 on the outer 

mitochondrial membrane (OMM), which activates the E3 ubiquitin-ligase Parkin and leads to its 20 

recruitment onto mitochondria. Parkin then decorates mitochondria with ubiquitin chains, which 

are sequentially phosphorylated by PINK1. The accumulation of phospho-ubiquitin chains on the 

OMM triggers the recruitment of the autophagy receptors and commits damaged mitochondria to 

mitophagy (17, 18). In rodent models of sepsis, prolonged impairment of mitophagy due to the 

ablation of Pink1 or Parkin genes results in reduced survival (13, 19). By contrast, adoptive 25 

transfer of bone marrow deficient in Dj-1, a PINK1 and Parkin partner (20, 21), protects the 
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recipient-mice against sepsis (22). Therefore, the role of mitophagy in immune cells and host 

defense remains to be clarified.  

Mitochondrial function and mitophagy are linked to mROS production (14, 23). ROS signaling 

and oxidative stress have a pivotal role in septic conditions (23, 24). LPS-induced nitric oxide 

production, which inhibits complex I, complex III and complex IV of the electron transport chain 5 

(ETC), is thought to promote mROS production (7). In activated macrophages, oxidation of 

succinate at complex II (CII) significantly augments mROS production. This results in the 

stabilization and activation of Hypoxia Inducible Factor 1 α (HIF1α) and the subsequent release 

of IL-1β (8). LPS-mediated increase in CII activity was also shown to contribute to pathogen 

clearance (25). Additionally, activation of Toll-like Receptors (TLR) 1-2-4 signaling increases 10 

mROS production through TRAF6-dependent destabilization of the complex I. mROS was 

proposed to directly contribute to macrophage bactericidal activity (26, 27). Interestingly, the 

inhibition of mitophagy has been described as a major source of mROS (14). So far, investigations 

in mouse models deficient for mitophagy argue in favor of a deleterious role of the inhibition of 

mitophagy in the outcome of sepsis. Here, we investigated the role of mitophagy in macrophage 15 

activation through in vitro and in vivo approaches and assessed the consequences of its 

modulation in mouse models of sepsis and in critically ill patients.  
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Results. 

LPS enhances mitochondrial ROS production through the inhibition of mitophagy in 

macrophages.  

Enhanced production of mROS in macrophages has been proposed to result from the 

activation of TLR 1-2-4 signaling (26). We also noticed an increase in mROS with Pam2CSK4 5 

(TLR2-6 agonist), Poly(I:C) (TLR3 agonist), and R848 (TLR7-8 agonist) (Figure 1A). The 

quantification of mitochondrial density with mitotracker green FM (a mitochondrial dye insensitive 

to Δψm) by flow cytometry revealed that increased mitochondrial density was a specific signature 

of the exposure to LPS (a component of gram-negative bacteria), relative to mROS production 

that was similarly induced by different TLR agonists (Figure 1A). An increase in mitochondrial 10 

density was also observed with live gram-negative bacteria (E. coli O55:B5), but not with the 

gram-positive bacterial strain B. subtilis (Figure S1A). This raises the possibility that the activation 

of TLR4 signaling promotes mROS production through a mechanism distinct from other TLRs. 

The inhibition of mitophagy is a major source of mROS (14). Similar to LPS-treated raw 264.7 

macrophages, raw 264.7 macrophages exposed to pharmacological inhibitors of mitophagy 15 

(Mdivi-1, 3-Methyladenine (3-MA), Apigenin and 4,5,6,7-Tetrabromobenzotriazole (TBB) (see 

supplementary information)) displayed a concomitant increase in mROS production and 

mitochondrial density (Figure1B and FigureS1B-C). This rise in mROS production and 

mitochondrial density induced by LPS was markedly enhanced by IFNγ co-treatment, and thus 

appeared as a feature of classically activated macrophages (Figure 1C). This early raise in 20 

mitochondrial density was also observed by flow cytometry and microscopy in activated raw 264.7 

macrophages transfected with an expression vector, coding for LSSmOrange-cytochrome C 

oxidase subunit VIII (MitoOrange) (Figure S1D).  

The fast time-course of LPS- and LPS/IFNγ-mediated increase in mitochondrial density in 

macrophages, associated with enhanced mROS production (Figure1D and S1A), suggests that 25 

this event stems from an inhibition of mitophagy rather than from mitochondrial biogenesis which 
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occurs slower (28). We hence measured the spectral shift of mitochondrial-targeted mKeima (mt-

mKeima) by flow cytometry, which specifically monitors autophagosomal engulfment of 

mitochondria (see supplementary information). Exposure of raw 264.7 macrophages to LPS/IFNγ 

for 6h or 18h, resulted in an increased signal corresponding to the excitation at neutral pH (no 

mitophagy) whereas the signal from mt-mKeima at acidic pH (mitophagy) was reduced. 5 

Consequently, the pH4 to pH7 ratio of mt-mKeima was reduced upon LPS/IFNγ exposure (Figure 

1E, upper panel), indicating a marked reduction in mitophagy in activated macrophages. By 

contrast, as previously reported in the literature, quantification of autophagic vacuoles using cyto-

ID (Figure 1E, lower panel) confirmed that LPS/IFNγ treatment induces autophagy in a time-

dependent manner. LPS-induced autophagy has been shown to play an important role in 10 

macrophage activation and phagocytosis (29). Our data suggest that, although overall autophagy 

is increased, organelle-targeted autophagy processes, such as mitophagy, do not follow a similar 

trend. To further confirm our observations, we also assessed the protein levels of several 

mitophagy (PINK1, Parkin, DJ-1) and mitochondrial fission (DRP-1) markers, which were all 

reduced in a time-dependent manner in Bone marrow-derived macrophages (BMDMs) (Figure 15 

1F), as well as in raw 264.7 (Figure S1E). Reduced levels of Parkin, PINK1 and their partner DJ-

1 (Park7) have been linked to defective mitophagy and autosomal recessive forms of Parkinson’s 

disease (30).  

Inhibition of mitophagy is a feature of activated macrophages. 

Stat1-deficient macrophages failed to commit to classical activation as confirmed in vivo in 20 

LPS-injected Stat1-deficient mice (Figure S2A) and in vitro in Stat1-deficient BMDMs and raw 

264.7 macrophages (Figure S2B-C). Noticeably, CD64 and CD80 M1 polarization markers were 

unresponsive to LPS in Stat1-deficient BMDMs and in STAT1 siRNA transfected raw 264.7 

macrophages (Figure S2B-C). Along with this, LPS-mediated inhibition of mitophagy was absent 

in Stat1-deficient BMDMs and raw 264.7 macrophages as indicated by the normalization of the 25 
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protein levels of mitophagy markers (Figure 1F and S1E). These data highlight the inhibition of 

mitophagy as a feature of activated macrophages.  

Mitochondrial uncouplers are classically used to promote mitophagy (18, 28). As expected, 

exposure of raw 264.7 macrophages to 2,4-dinitrophenol (2,4-DNP) or carbonyl cyanide m-

chlorophenyl hydrazone (CCCP) promoted mitophagy and increased PINK1, DJ-1 and DRP1 5 

protein levels (Figure 1G and S1F). 2,4-DNP and CCCP treatment reversed LPS/IFNγ-mediated 

inhibition of mitophagy as indicated by the normalization of PINK1, Parkin, DJ-1 and DRP1 levels 

(Figure 1G and S1F). The recruitment of Parkin onto mitochondria is also a key determinant of 

the commitment of mitochondria to mitophagy. In most cell types, at steady state, PINK1 and 

Parkin are indiscernible in mitochondria. Here, in quiescent mouse peritoneal macrophages, we 10 

observed a co-localization of PINK1 and Tom20 (an OMM marker) on round-shaped mitochondria 

(Figure 2A). Parkin was also detected on isolated mitochondria in raw 264.7 macrophages (Figure 

S3A). This argues in favor of a high basal mitophagy flux in quiescent macrophages. The 

mitochondrial localization of PINK1 and the recruitment of Parkin onto mitochondria were, 

however, dampened upon LPS/IFNγ-mediated macrophage activation (Figure 2A and Figure 15 

S3A).  

LPS/IFNγ-dependent activation of macrophages is associated with high mitochondrial 

membrane potential and fused mitochondria. 

Mitophagy fluxes are intimately linked to alteration in mitochondrial dynamics as well as cell 

bioenergetics. Whereas the induction of mitophagy is associated with an increase in mitochondrial 20 

fission and a drop in Δψm, enhancement of mitochondrial fusion and high Δψm are observed 

concomitantly with the inhibition of mitophagy (31). In line with this, raw 264.7 macrophages and 

peritoneal macrophages treated with LPS/IFNγ for 6h, displayed a marked reconfiguration of the 

mitochondrial network, which became fused, denser and more connected (Figure 2A and Figure 

S3B). JC-1 dye allows visualizing mitochondria with both low (JC-1 monomers, green) and high 25 

Δψm (JC-1 aggregates, red) (Figure 2B). Image binarization of JC-1-stained macrophages 
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confirmed the robust increase in the mitochondrial network in LPS/IFNγ-treated macrophages, as 

soon as 6h (Figure 2B). 

Whereas, mainly low Δψm mitochondria were observed in quiescent macrophages, the 

proportion of high Δψm mitochondria (JC-1 aggregates) rapidly increased after the exposure to 

LPS/IFNγ (Figure 2B). The time-dependent increase in Δψm upon macrophage activation was 5 

confirmed by flow cytometry in raw 264.7 macrophages (Figure 2C). Interestingly, JC-1 

monomers were also markedly increased, further confirming that LPS/IFNγ increases the 

mitochondrial density in macrophages; and this, with a strong representation of high-Δψm 

mitochondria as shown by the concomitant increase in JC-1 aggregates (Figure 2C). The 

enhancement of Δψm in activated macrophages was confirmed by TMRM staining (Figure 2F).  10 

Inhibition of mitophagy contributes to the survival of activated macrophages.  

Within the same timeframe, oxygen consumption rate (OCR) was reduced in BMDMs exposed 

to LPS/IFNγ for 6h whereas extracellular acidification rate (ECAR) was enhanced (Figure 2D-E). 

This specificity of LPS-mediated metabolic rewiring in myeloid cells as compared to other TLRs 

agonists was also reported by others (32). This metabolic feature that was maintained 24h after 15 

exposure to LPS/IFNγ (not shown) underlies the metabolic rewiring of LPS-activated 

macrophages towards glycolysis (6, 7). Noteworthy, the OCR and ECAR profiles of BMDMs 

exposed the mitophagy inhibitor mdivi-1 were similar to those of classically activated 

macrophages (Figure 2D-E). Despite the strong reduction of OCR and the increase in ECAR, 

exposure to LPS/IFNγ did not increase cell death (Figure 2G). The survival LPS/IFNγ-exposed 20 

macrophages could be explained by mitochondrial fusion (33, 34). By contrast, the stimulation of 

mitophagy with 2,4-DNP in activated raw 264.7 macrophages enhances cell death. Therefore, 

inhibition of mitophagy may also contribute to cell survival in conditions of low respiration.  

LPS triggers the inhibition of mitophagy in myeloid cells in vivo. 

Gram-negative bacteria are the predominant species in the caecal ligation and puncture (CLP) 25 

model of polymicrobial infection (35), which we used to explore the translational relevance of our 
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in vitro findings. Female C57BL6/J mice underwent CLP- or sham-surgery. Mitophagy was 

assessed extemporaneously on freshly collected blood peritoneal leukocytes through the 

measurement of mitochondrial density by flow cytometry. Samples were collected after CLP- or 

sham-surgery at indicated time points (Figure 3, Figure S4). Blood and peritoneal leukocytes were 

incubated for 10 min with mitotracker green FM before immunostaining and then processed for 5 

flow cytometry analysis. In the blood, the proportion of monocytes (CD45+ CD115+) and 

inflammatory monocyte subpopulation (CD45+ CD115+ CD11bHi Ly6CHi) were not significantly 

affected by polymicrobial infection except 24h post CLP for inflammatory monocytes (Figure S4C 

and S4D). By contrast, monocytes and the subpopulation of inflammatory monocytes showed 

both a marked increase in mitochondrial density at 2h and 24h post-infection (Figure 3A and 3B). 10 

We also observed a robust increase in mitochondrial density in peritoneal macrophages at early 

time points (2h, 6h) after CLP surgery compared to sham surgery (Figure 3C). These changes 

were independent to the proportion of peritoneal macrophages (Figure S4E).  

CD64Hi MitotrackerHi macrophage subpopulation is highly increased during sepsis. 

As expected, peritoneal macrophages from infected mice displayed a significant rise in the 15 

levels of the macrophage activation markers CD64 (FcγRI) and CD80 (Figure S4F-G). CD64 level 

in myeloid cells has been positively correlated to the severity of sepsis (36). Accordingly, the 

increase in CD64 level in peritoneal macrophages of CLP-operated mice was more pronounced 

as compared to CD80 (Figure S4G). We identified a subpopulation of CD64Hi macrophages with 

a high mitochondrial density (CD64Hi MitrotrackerHi) whose proportion was time-dependently 20 

increased in macrophages from CLP-operated animals (Figure 3D). In non-infected animals, 

although the proportion of peritoneal CD64Hi macrophages was extremely low, mitochondrial 

density was significantly higher than in CD64Lo or CD80Lo and CD80Hi macrophages (Figure S4H-

I). To confirm that the phenotype of monocytes and macrophages observed after CLP-surgery 

was due to LPS produced by gram-negative bacteria, we assessed the impact of low (0.5mg/kg) 25 

and high (15mg/kg) doses of intraperitoneally injected LPS. Both doses lead to a similar 
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phenotype with an increase in mitochondrial density in peritoneal macrophages and blood 

monocytes, as well as a rise in CD64Hi MitrotrackerHi macrophages subpopulation as soon as 1h 

exposure (Figure S4J-L).  

LPS mediates the inhibition of mitophagy in a STAT1-dependent manner. 

Stat1-deficient mice are defective with regards to the activation of macrophages (Figure S2A-5 

C). This phenotype was associated with an absence of reduction of the protein levels of mitophagy 

and mitochondrial fission checkpoints (Figure 1F and Figure S1E). We further explored the impact 

of STAT1 invalidation on mitophagy and showed that Stat1-deficient mice also fail to show a CLP- 

and LPS-mediated increase in mitochondrial density at 2h in both CD64Hi peritoneal macrophages 

and blood monocytes (Figure 4A and 4B). These observations were confirmed in vitro in BMDMs 10 

and raw 264.7 macrophages (Figure 4C and 4D). Additionally, changes in mROS production, 

Δψm and respiration associated with LPS/IFNγ–mediated inhibition of mitophagy were reduced 

or normalized in Stat1-deficient BMDMs (Figure 4E-G).  

STAT1 inhibits mitophagy through inflammatory caspases 1 and 11 

We then explored whether the above phenomenon was related to the inability of Stat1-deficient 15 

macrophages to commit to classical activation or to a STAT1-dependent modulation of mitophagy. 

Caspase 1 was shown to inhibit mitophagy by cleaving and inactivating Parkin subsequently to 

its translocation to mitochondria (37, 38). Interestingly, IFNγ was shown to regulate caspase 1 

levels and activity (39). We showed here that STAT1-mediated LPS/IFNγ-dependent regulation 

of caspase 1 at mRNA and protein levels in BMDMs did not affect NLRP3 levels (Figure 5A-B). A 20 

similar pattern of regulation was observed for caspase 11 in raw 264.7 macrophages (Figure S5A-

B), another key inflammatory caspase regulated and activated by LPS, which controls interleukin 

1β (IL-1β) secretion by potentiating caspase 1 activation (40). STAT1-dependent regulation of 

caspase 11 was only assessed in raw 264.7 macrophages since Stat1-deficient mice are on a 

129SV genetic background and do not express caspase 11 (41). Similarly to caspase 1 (37), the 25 

exposure of raw 264.7 macrophages to LPS/IFNγ leads to the mitochondrial translocation of 
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caspase 11 (Figure S5C). The inhibition of caspases with zVAD-FMK (Figure 5C), as well as 

RNAi-mediated gene silencing of caspase 1 or caspase 11 resulted in the abrogation of 

LPS/IFNγ-mediated drop in PINK1 protein levels in raw 264.7 macrophages (Figure S5D). This 

translates into a less pronounced increase in mitochondrial density in activated macrophages 

exposed to zVAD-FMK or caspase 1 or 11 siRNA (Figure 5D and S5E). Surprisingly, LPS/IFNγ-5 

mediated Parkin down-regulation was more pronounced upon caspase 1 or caspase 11 gene 

silencing (Figure S5D). This observation suggests that PINK1 plays a central role in LPS/IFNγ-

mediated inhibition of mitophagy in macrophages.  

The inflammatory caspases 1 and 11 degrade PINK1. 

Caspase 11 was shown to degrade TRPC1 (42); caspase 1 is endowed with similar proteolytic 10 

properties. Therefore, we speculated that caspase 1 and 11 could impact on mitophagy by 

degrading PINK1. PINK1 has a pivotal role in mitochondrial quality control and is evolutionary 

conserved (43). Using Cascleavage 2.0, Prosper 2.0 and CasDB, several conserved caspase 

cleavage sequences were identified in human, mouse and Tribolium castaneum PINK1 (T. cast. 

PINK1). Recombinant Tribolium castaneum PINK1 that retains its kinase activity as compared to 15 

human and mouse PINK1 (43-45) was used for further in vitro experiments. This active 

recombinant PINK1 was incubated with active recombinant human caspase 1 or 4 (the human 

orthologue of caspase 11) in the presence or absence of zVAD-FMK or LPS. Protein levels were 

assessed using polyacrylamide gels containing 2,2,2-Trichloroethanol (TCE), which allows 

fluorescent detection of proteins after UV exposure. Both recombinant caspase 1 and 4/11 led to 20 

reduced PINK1 levels (Figure 5E and S5F). In agreement with LPS-binding capacity of caspase 

4/11 (46, 47), the reduction of PINK1 was more pronounced when caspase 4 was incubated with 

LPS (Figure S5F). Unexpectedly, a similar observation was made for caspase 1 (Figure 5E and 

S5F). Beyond 1h incubation with recombinant caspase 4, Tribolium castaneum PINK1 was not 

anymore detectable (not shown). Oppositely to LPS, zVAD-FMK treatment reduced caspase-25 

mediated PINK1 degradation (Figure 5E and S5F).  
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LPS/IFNγ-mediated inhibition of mitophagy triggers classical activation of macrophages 

through mitochondrial ROS. 

The inhibition of mitophagy is a critical source of mROS (14) (Figure 1B and S1B). Since we 

showed that the inhibition of mitophagy is an early feature of macrophage activation, we examined 

whether mROS could directly trigger the classical activation of macrophages. Mitochondrial CI 5 

and CIII, whose activities were reduced in LPS/IFNγ-exposed raw 264.7 macrophages (Figure 

S6A), are two major sources of mROS (14, 48). We thus used rotenone and antimycin A, 

respective CI and CIII inhibitors, to promote mROS production (Figure S6B) (14). However, only 

CIII inhibition efficiently promoted an increase in macrophage activation markers in raw 264.7 

(Figure 6A and S6C). This parallels the increase in mROS, which was more pronounced with 10 

antimycin A, compared to rotenone (Figure S6B). Along with raw 264.7 macrophage activation, 

antimycin A triggered the release of inflammatory cytokines (Figure S6E). The exposure of 

BMDMs to MitoParaquat, a mROS generator, further strengthens the role of mROS in 

macrophage activation (Figure S6D). Moreover, scavenging of mROS induced by LPS/IFNγ with 

mitoTEMPOL, a mROS scavenger, or with N-acetyl-L-cystein (NAC), a general ROS scavenger, 15 

decreased raw 264.7 macrophage activation (Figure 6B and S6F). Accordingly, ROS scavengers 

also prevented LPS/IFNγ-mediated inflammatory cytokines release as well as phagocytosis of 

latex beads in raw 264.7 macrophages (Figure S6G-H). 

Inhibition of mitophagy induces the classical activation of macrophages through HIFα. 

Hypoxia-inducible Factor 1α (HIF1α) contributes to the functional reprogramming of monocytes 20 

during sepsis (49) and to the metabolic reprogramming during macrophage activation where it 

can be activated and stabilized by succinate or mROS (48, 50, 51). Accordingly, HIF-1α protein 

levels were increased by both LPS/IFNγ and mdivi-1 exposure in raw 264.7 macrophages (Figure 

S6K). Interestingly, echinomycin, a pharmacological inhibitor of HIF1α (52), blunted the activation 

of raw 264.7 macrophages triggered by LPS/IFNγ, antimycin A, MitoParaquat and mdivi-1 (Figure 25 

6C, S6D and S6I-J). In agreement with the contribution of mROS to macrophage activation, we 
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showed that mdivi-1 as well as other mitophagy inhibitors promoted classical activation of raw 

264.7 macrophages as assessed by flow cytometry or by gene expression (Figure 6D-E, Figure 

S7A-B). The inhibition of mitophagy in raw 264.7 macrophages went also along with elevated 

inflammatory cytokine release and increased phagocytosis of latex beads (Figure S7C-D). In line 

with their ability to commit raw 264.7 macrophages toward an inflammatory phenotype, 5 

pharmacological inhibitors of mitophagy boosted their bactericidal activity (Figure 6F and S7E). 

Oppositely to mdivi-1, exposure of activated raw 264.7 macrophages to the mitochondrial 

uncouplers CCCP and 2,4-DNP promotes mitophagy and reverses LPS/IFNγ-mediated inhibition 

of mitophagy (Figure 1g and S1f). This translates into a reduction of raw 264.7 macrophage 

activation as well as bactericidal activity (Figure 6G-I and S7F-G). 10 

Inhibition of mitophagy in myeloid cells protects against bacterial infection.  

We were able to translate our results in vivo in mice since the administration of mitochondrial 

uncouplers alone or in combination with LPS in mice mirrored our in vitro observations. The 

induction of mitophagy was associated with reduced mitochondrial density in peritoneal 

macrophages. More strikingly, LPS-mediated inhibition of mitophagy in peritoneal macrophages 15 

was reversed by CCCP and 2,4-DNP administration (Figure S8A-B). Then, we used a single 

intraperitoneal injection of 2,4-DNP (10mg/kg) to promote mitophagy 24h prior to CLP surgery. 

Whereas 2,4-DNP did not impact on the survival of sham-operated animals, it significantly 

reduced the survival of CLP-operated animals (Figure 7A). As expected, the mitochondrial density 

of peritoneal macrophages was reduced as a consequence of 2,4-DNP-induced mitophagy 20 

(Figure S8C). This stimulation of mitophagy translated into a decrease in macrophage activation 

as illustrated by the reduction of the proportion of CD80HiCD64Hi macrophages and lowered levels 

of plasma inflammatory cytokines (Figure 7B, S8D and S8G). The total number of peritoneal 

macrophages was not altered by 2,4-DNP (Figure S8E). This dampened macrophage activation 

resulted in a higher bacterial load in the peritoneal cavity of 2,4-DNP-injected animals (Figure 7C), 25 

with a similar trend in the liver (Figure S8F). No changes in blood bacteremia were observed (not 
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shown). We ranked peritoneal bacterial load above 1.106CFU/mL as high bacterial load and 

noticed that animals with the highest bacterial load presented a significant reduction in the 

proportion of CD64Hi MitotrackerHi macrophages in the peritoneal cavity (Figure S8H).  

Early inhibition of mitophagy in myeloid cells is predictive factors of survival upon sepsis.  

This led us to assume that the inhibition of mitophagy is protective against bacterial invasion 5 

during sepsis. In line with this, we found a significant positive correlation between mitochondrial 

density in Ly6CHi blood monocytes collected 2h after CLP surgery and the survival of animals 

over a period of 10 days (Figure 7D). More expectedly, the percentage of Ly6CHi blood monocytes 

at 2h was also correlated with mouse survival (Figure S8J) but the percentage of Ly6CHi blood 

monocytes and mitochondrial density in these monocytes were not correlated (Figure S8K). 10 

Therefore, mitochondrial density in Ly6CHi blood monocytes at early time point after polymicrobial 

infection is an independent predictor of survival. Finally, we sorted animals into short-term (<72h 

survival) and long-term (>72h survival) survivors and showed that relative to short-term survivors, 

long-term survivors had higher mitochondrial density (mitophagy inhibition) in Ly6CHi blood 

monocytes (Figure S8I).  15 

Inhibition of mitophagy in myeloid reduces bacterial load upon sepsis. 

To further confirm, the protective role of mitophagy inhibition in myeloid cells against 

polymicrobial infection, we injected C57BL6/J mice intraperitoneally with mdivi-1 (50mg/kg) 24h 

prior to sham- or CLP-surgery. The intraperitoneal injection of mdivi-1 in mice mimicked the 

increase in the proportion of CD64Hi MitotrackerHi peritoneal macrophages observed in CLP-20 

operated or LPS-injected mice (Figure S9A). Moreover, in accordance with the inhibition of 

mitophagy promoted by mdivi-1, the mitochondrial density was also increased in Ly6CHi blood 

monocytes (Figure S9B). Oppositely to 2,4-DNP-induced mitophagy, the intraperitoneal injection 

of mdivi-1, 24h prior to CLP surgery, leads to a significant increase in the survival of mdivi-1-

treated mice (Figure 7E). The increased proportion of activated macrophages in the peritoneal 25 

cavity (Figure 7F) contributes to the reduced bacterial load observed in the peritoneal cavity 
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(Figure 7G), the liver and the blood of mdivi-1-injected mice (Figure S9C-D) and their improved 

survival as compared to vehicle-treated mice. Noteworthy, the proportion of CD64Hi MitotrackerHi 

peritoneal macrophages also higher in mdivi-1-treated mice that underwent CLP surgery (Figure 

S9E) whereas the percentage of total peritoneal macrophages was not affected by mdivi-1 pre-

treatment (Figure S9F). Since our in vitro data argue in favor of a key role of PINK1-dependent 5 

mitophagy in the LPS-dependent activation of myeloid cells, we performed transplantation of 

Pink1+/+ or Pink1-/- bone marrow in C57BL6/J recipient mice (BMT Pink1+/+, BMT Pink1/-). After 5 

weeks of recovery, chimeric mice with Pink1-hematopoietic deficiency and their control that 

received PINK+/+ bone marrow underwent CLP surgery (Figure 7H). Similarly, to the 

pharmacological inhibition of mitophagy, hematopoietic deficiency in Pink1 leads to an increase 10 

in mitochondrial density in peritoneal macrophages (Figure S9G). More spectacularly, survival 

post CLP was improved in mice transplanted with Pink1-/- bone marrow (Figure 7H). This can be 

attributed, at least in part, to the increased proportion of activated macrophages (Figure 7I) and 

of CD64Hi/MitotrackerHi macrophages (Figure S9H) in the peritoneal cavity which contribute to a 

lower bacterial load in the peritoneal cavity (Figure 7J) and in the liver (Figure S9I). Noteworthy, 15 

the percentage of peritoneal macrophages did not differ between Pink1-/- and Pink1+/+ chimeric 

mice (Figure S9J). 

Inhibition of mitophagy in blood monocytes is a marker of sepsis in critically ill patients. 

Finally, we aimed to assess the clinical relevance of our in vitro and in vivo findings in mice. 

Mitochondrial density was assessed in blood monocytes of thirty-two critically ill patients within 20 

8h after their admission in intensive care unit (ICU). Blood markers of inflammation, metabolism, 

liver function, renal function, cardiac function, hemodynamics and tissue perfusion monitored 

within the same timeframe were collected from the medical records. The causes of admission as 

well as age and gender distribution of patients are depicted in table S1 (median of age, 59.5y/o 

(non-septic patients) vs 62y/o (septic patients), ns, p=0.55). Sixteen patients were presenting 25 

sepsis according to the definition of the Sepsis-3 task force (53). Mitochondrial density in blood 
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monocytes was significantly higher in septic patients as compared to non-septic patients (Figure 

8A). A similar observation was made in classical and non-classical monocytes sub-populations 

(Figure S10B). Of note, the percentage of monocytes was not significantly different between the 

two groups of patients despite a trend to be lower in septic patients (median: 9.2% (non-septic) 

vs 4.8% (septic)) (Figure S10C). The percentage of classical monocytes (CD14++CD16-) was 5 

significantly reduced in septic patients (median: 83.7% of total monocytes (non-septic) vs 68.9% 

(septic)) (Figure S10C). Non-classical (inflammatory) monocytes as well as intermediate 

monocytes displayed a non-significant trend toward an increase (Figure S10C).  

Inflammatory markers, namely C-reactive protein (CRP) and procalcitonin (PCT), have a 

pivotal role in the diagnosis of sepsis. Both were above the normal range in all ICU patients and, 10 

as expected, with significantly higher levels in septic patients (Figure 8B). PCT, as a marker of 

severe infection, was particularly increased in septic patients with a median 10-fold higher median 

value as compared to non-septic patients (Figure 8B). Other inflammatory markers such as 

leukocytes count and neutrophil count were not significantly different between the two groups 

(Figure S10D). Lactate levels are an indicator of tissue perfusion used as criteria of septic shock 15 

in patient with sepsis (53). Here, blood lactate levels did not allow to differentiate both groups of 

patients (Figure 8B). The median of blood markers of renal function (Figure S10E), metabolism 

(Figure S10F), liver function (Figure S10G), coagulation (Figure S10H), cardiac function (Figure 

S10I), tissue oxygenation and hemodynamics (Figure S10J) were almost all out of the normal 

range (normal range of healthy patients are presented in bold italic enclosed in square brackets) 20 

for both group of critically ill patients. With the exception of arterial pH, none of the recorded 

parameters allowed to discriminate between septic and non-septic patients. Therefore, 

mitochondrial density in monocytes arose as a potential biomarker of sepsis in critically ill patients 

similarly to CRP and PCT. Because of high variation among patients, we also analyzed the 

correlation between all these monitored parameters (Figure 8C). Only few parameters were 25 

significantly correlated. As expected, CRP and PCT were highly correlated (spearman r=0.82, 
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p=0.0003) (Figure 8C). Interestingly, similarly to PCT, mitochondrial density in total monocytes 

(spearman r=0.56, p=0.01), as well as classical (spearman r=0.59, p=0.006) and inflammatory 

monocytes (spearman r=0.54, p=0.01), were positively correlated to CRP (Figure 8C). These data 

further suggest that mitophagy levels in blood monocytes could be a useful marker for sepsis in 

critically ill patients. Further studies are required to assess whether this parameter is differentially 5 

altered according to sepsis severity or survival.  
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Discussion  

Altogether our observations showed that the early inhibition of mitophagy in myeloid cells 

contributes to their activation and improves the outcome of gram-negative bacterial infections and 

septic conditions in mice. The translational value of these findings was documented and 

mitophagy level in blood monocytes was highlighted as a biomarker of sepsis in critically ill 5 

patients 

The current view is that the induction of mitophagy protects against sepsis, based on the 

observation that altered mitochondrial function leads to an excessive mROS production, the 

release of mtDNA and to the activation of the NLRP3 inflammasome (14, 15, 54). Nevertheless, 

the contribution of mROS to sepsis is controversial. mROS lead to NLRP3 activation which is 10 

associated with IL-1β release and reduced survival (14, 40). However, in macrophages, mROS 

production contributes to bacterial clearance and host defense (26, 27). In addition, mROS 

scavenging with SkQ1 or MitoTEMPOL in CLP-mediated polymicrobial infection in mice 

significantly reduced survival (55). Our data demonstrating that LPS/IFNγ-mediated inhibition of 

mitophagy in macrophages leads to enhanced mROS production and triggers the activation of 15 

macrophage are in line with these observations.  

Classically, mitophagy is assessed by western blotting and microscopy. Such strategies are 

not easily applicable to macrophages in vivo at early time points following bacterial infection. To 

overcome this technical issue, we first showed that the assessment of mitochondrial density by 

flow cytometry is a reliable marker of mitophagy. Then, we transposed this approach to freshly 20 

collected blood and peritoneal fluid in mice and critically ill patients. This cytometry approach 

allowed us to track mitophagy extemporaneously in subsets of immune cells extemporaneously 

as soon as 1h post-infection. While our study focused on early time points, most of previous 

studies that investigated mitophagy in the context of sepsis considered time points beyond 24h. 

Earlier reports described an induction of mitophagy during sepsis (13, 56, 57). Our data do not 25 
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oppose such previous studies but rather bridge a gap by focusing at early stages of macrophage 

activation. In vitro, we observed that LPS/IFNγ-exposed BMDMs displayed a drop in the protein 

levels of mitophagy checkpoints. After this initial decrease, we noticed an increase in PINK1, 

Parkin and DRP1 protein levels in BMDMS exposed to LPS/IFNγ over 18h (not shown). Therefore, 

after an initial decrease upon macrophage activation, mitophagy is re-activated in response to the 5 

deleterious impact of a perpetuated inhibition of mitophagy. 

Our study also portrays the metabolic shifts associated with macrophage activation and 

LPS/IFNγ-mediated inhibition of mitophagy. A drop in the Δψm is a well-characterized trigger that 

initiates PINK1-dependent mitophagy (17, 31). In line with this, we found that LPS/IFNγ-mediated 

inhibition of mitophagy in macrophages is linked to a rise in Δψm with hyperfused mitochondria. 10 

Classically, such a phenotype is related to enhanced OXPHOS (6, 58). Nevertheless, in 

LPS/IFNγ-activated macrophages mitochondrial respiration drops, whereas extracellular 

acidification increases. This underlies their glycolytic shift (6-8). Of note, this metabolic profile is 

a feature LPS/IFNγ-activated macrophages as the activation state triggered by the TLR2 ligand 

Pam3CysSK4 is associated with a different metabolic signature characterized by an increased 15 

extracellular acidification rate along with an increased oxygen consumption (32). Interestingly, by 

inhibiting mitophagy with mdivi-1, we observed a metabolic rewiring similar to this observed in 

LPS/IFNγ-activated macrophages. Similarly, Pink1-deficiency is associated to a fall in 

mitochondrial respiration, a reduction in CI, CIII and CIV activity and a metabolic reprogramming 

towards glycolysis (59, 60). Along with these changes, Pink1-deficient myocytes exhibit a 20 

pronounced increase in Δψm compared to wild-type myocytes (61) which further consolidates the 

idea that mitophagy inhibition contributes to the metabolic rewiring associated to macrophage 

activation. In Pink1-deficient mouse embryonic fibroblasts, the maintenance of cell viability 

involves HIF-1α subsequently to its activation by mROS (60). In our settings, we showed that 

mROS and HIF-1α also have a pivotal role in macrophage activation following LPS/IFNγ-mediated 25 
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mitophagy inhibition.  

Whereas mROS can be generated by the activation of various TLR agonists (26), we showed 

that upon macrophage activation mROS generated in a mitophagy-dependent manner are 

exclusively triggered by LPS. In addition to TLR4, STAT1 signaling holds a central position in 

LPS/IFNγ-mediated macrophage activation (4, 62). We demonstrated that STAT1 is directly 5 

involved in LPS/IFNγ-mediated inhibition of mitophagy. Interestingly, a link between STAT1 and 

mitochondrial function was previously suggested (63-65). Our work also showed that the 

activation of STAT1 signaling results in the inhibition of mitophagy in a caspase 1- and caspase 

11-dependent manner. These interconnected inflammatory caspases are involved in LPS-

dependent activation of the NLRP3 inflammasome, pyroptosis and IL-1β release (40, 66). Upon 10 

activation of the NLRP3 inflammasome, caspase 1 was shown to translocate to mitochondria to 

block mitophagy by degrading Parkin (37, 38). Here we showed that the pan-caspase inhibitor z-

VAD or siRNA targeting caspase 1 abrogate LPS/IFNγ-mediated down-regulation of PINK1 

protein levels and subsequently inhibited mitophagy. Since caspase 1 and caspase 11 have 

related functions, we also investigated them. We discovered common functions with regards to 15 

the LPS/IFNγ-mediated mitophagy inhibition. First, we found that both caspase 1 and 11 are 

STAT1 target genes. Whereas STAT1-dependent regulation of caspase 1 was unknown, the 

levels of caspase 11 levels were previously shown to be upregulated by IFNγ but without 

demonstration of STAT1 involvement (39). Additionally, similarly to caspase 1, we showed that 

caspase 11 translocates to mitochondria upon LPS/IFNγ-mediated macrophage activation. More 20 

interestingly, using recombinant proteins, we showed that both caspase 1 and 11 were able to 

degrade PINK1. A similar property was previously depicted for caspase 11 towards TRPC1 (42). 

Besides this action, caspase 11 was shown to act as an intracellular sensor binding LPS (46, 47). 

Interestingly, the presence of LPS markedly increased the propensity of caspase 11 for degrading 

PINK1. Unexpectedly, we made similar observation for caspase 1. This further strengthens the 25 
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hypothesis of coordinated action of these two inflammatory caspases to block mitophagy by 

degrading PINK1 upon STAT1 activation and the presence of LPS intracellularly.  

We studied the scope of this in vitro findings in vivo in murine models of polymicrobial infection 

(CLP) and endotoxemia (LPS injection). We showed with pharmacological modulators of 

mitophagy, as well as with transplantation of Pink1-deficient bone marrow, that the inhibition of 5 

mitophagy in myeloid cells leads to their activation, contributes to the reduction of bacterial 

infection and is associated with a better survival. These data also raise preliminary evidences of 

a potential therapeutic interest of pharmacological targeting of mitophagy in myeloid cells of septic 

patients. As we showed that the early measurement of mitochondrial density in blood monocytes 

by flow cytometry upon the onset of sepsis is a reliable marker of mitophagy level; this parameter 10 

was assessed in critically ill patients hospitalized in ICU with or without sepsis. Interestingly, we 

observed that mitochondrial density in blood monocytes (marker of mitophagy inhibition) was 

significantly increased in septic patients as compared to non-septic patients. Similarly to blood 

procalcitonin, a biomarker of severe infection classically used in the diagnosis of sepsis, 

mitochondrial density in blood monocytes was significantly correlated with blood level of C-15 

reactive protein and only with this parameter among twenty blood biomarkers (inflammation, 

organ-dysfunction, tissue perfusion, hemodynamic). Therefore, we propose mitophagy level in 

blood monocytes as a biomarker of sepsis. Future studies will be required to investigate the level 

of mitophagy in blood monocytes according to sepsis severity, survival as well as type of infection 

in order to evaluate whether this parameter could be helpful in personalized patient care. 20 

Regarding the type of infection, our in vitro and in vivo findings in mice showed that the inhibition 

of mitophagy in myeloid cells is a feature of LPS and gram-negative infections. Among the set of 

critically ill patients studied, sepsis was not likely related to gram-negative infection in all cases. 

Nevertheless, the contribution of LPS in the inhibition of mitophagy in blood monocytes of critically 

ill patients cannot be excluded as our group recently showed, using a new high sensitive mass 25 

spectrometry method, that the blood levels of LPS are significantly higher in septic vs non-septic 
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patients whatever the type of infection (67). This phenomenon is likely due to the translocation of 

gram-negative bacteria because of the alteration of barrier functions in septic patients without 

regards of the primary infection. This will have to be studied with respect to mitophagy level in 

blood monocytes of critically ill patients. Finally, this work raises the hypothesis of the use of 

pharmacological modulators of mitophagy in septic patients. This strategy may enhance host 5 

defense and reverse sepsis-induced immuno-paralysis. Additionally, our data suggest that 

therapeutics endowed with mitophagy-modulating properties should be investigated in the context 

of septic patients. Such investigations should, in particular, explore the impact of antibiotics as 

recent studies highlighted important consequences of several classes of antibiotics on 

mitochondrial function (68). This may help understanding some unexplained therapeutic failure 10 

with certain antibiotics.  
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Methods 

Reagents and antibodies. 

See supplementary information. 

Bacterial load 

Peritoneal fluids and liver homogenates were subjected to serial 10-fold dilutions and cultured on 5 

5% sheep blood agar (Oxoid) plates. Colony-forming units (CFUs) were quantified after 24h of 

incubation at 37°C in anaerobic conditions. 

Recombinant protein assay 

Recombinant proteins were stored à -80°C until used in PBS containing 15% glycerol. 

Recombinant T. Castaneum PINK1 (260ng) was incubated at 37°C with recombinant human 10 

caspase 1 (1U) or caspase 4/11 (1U) for indicated duration in 50µL assay buffer (50mM Hepes 

pH7.2, 50mM NaCl, 0.1% CHAPS, 10mM EDTA, 5% Glycerol, 10mM DTT). Then, proteins were 

denaturated for 5min at 100°C in Laemmli buffer and loaded on 2,2,2-trichloroethanol (TCE) gel 

(mini protean TGX, stain-free, 4-20% from Biorad). Proteins were visualized by UV 

transillumination.  15 

Cellular studies 

Raw 264.7 cells were obtained from ATCC (TIB-71) and cultured in RPMI 1640 medium 

containing L-glutamine supplemented with 10% FBS plus antibiotics (100 μg/ml penicillin, 100 

μg/ml streptomycin). Murine bone marrow-derived macrophages (BMDMs) were generated from 

C57BL/6J mice and cultured in RPMI 1640 medium containing L-glutamine supplemented with 20 

10% FBS, 20% L929-conditioned media plus antibiotics. Peritoneal macrophages were harvested 

from C57BL/6J mice by puncture of the peritoneal cavity after injection of 5mL of cold PBS 2mM 

EDTA (no thioglycollate elicitation). Peritoneal macrophages were allowed to attach for 12h (raw 

264.7 cell medium). The medium was renewed after this period.  

In vitro cell stimulation 25 

See supplementary information. 
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Oxygen consumption rate (OCR) and Extracellular Acidification rate (ECAR) 

Real-time OCR and ECAR in BMDMs were determined with a Seahorse XF96e Extracellular Flux 

Analyzer (Agilent Technologies). 4x104 cells/well in 6-8 wells were used for each condition. The 

assay was performed in DMEM-based medium according to manufacturer’s instructions. Four 

consecutive measurements were performed under basal conditions and three after the sequential 5 

addition of the following respiratory chain complex inhibitors (Mito Stress assay). OCR and ECAR 

data were normalized per µg of protein per well. 

Cytokine quantification 

Cytokines were measured, at the indicated time points, on cell culture media or mouse plasma 

according to manufacturer’s instructions of luminex-based multiplex assays.  10 

Macrophage activation  

Cells were suspended in PBS 2mM EDTA. Fcγ Receptors were saturated with FcR blocking 

reagent according to manufacturer’s instructions. After a washing step, cells were stained with 

anti-mouse CD64-APC, anti-mouse CD80-PE or anti-mouse CD86-PE antibodies according to 

the manufacturer’s instruction (Miltenyi Biotec). Cells were maintained on ice until flow cytometry 15 

analysis.  

Mitochondrial density  

For in vitro studies, after stimulation, cells were incubated for 20min at 37°C in a humidified CO2 

incubator with pre-heated PBS containing 200nM mitotracker green FM. Cells were rinsed and 

resuspended in PBS 2mM EDTA. Cells were maintained on ice until flow cytometry analysis. For 20 

in vivo studies, hemolysis was performed on freshly collected blood samples or leukocytes 

obtained from peritoneal fluid. After rinsing, cells were incubated with PBS containing 200nM 

mitotracker green FM for 20min and saturated with FcR blocking reagent according to 

manufacturer’s instructions. After a washing step, cells were stained with anti-mouse CD45-

Viogreen; CD115-PE; Ly6G-VioBlue; Ly6C-APC; CD64-APC; CD80-PE; CD86-PE; F4/80-25 

PerCP-Vio700; CD11b-APC-Vio770. Flow cytometry analysis was performed with a BD LSR II 
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Cytometer. For human studies, a similar procedure was used. After hemolysis and rinsing, cells 

were incubated with PBS containing 200nM mitotracker green FM for 20min. After a washing 

step, cells were placed on ice and stained with anti-human CD33-PE-Vio770, CD16-BV 421, anti-

human CD14-BV 605), CD66b-APC-Vio770. Flow cytometry analysis was performed with a BD 

FACS Canto Cytometer.  5 

Mitochondrial ROS production and Mitochondrial membrane potential  

After stimulation, cells were incubated for 20 min at 37°C in a humidified CO2 incubator with pre-

heated PBS containing 2.5μM mitosox red (mROS) or 5μM JC-1 or 50nM TMRM (mitochondrial 

membrane potential). Cells were rinsed, re-suspended in PBS 2mM EDTA and analysezed by 

flow cytometry.  10 

Flow cytometry assessment of Autophagy and Mitophagy 

After stimulation, cells were stained with cyto-ID autophagy detection kit according to the 

manufacturer’s instructions. Flow cytometry analysis was performed with a BD LSR II Cytometer. 

For flow cytometry assessment of mitophagy, raw 264.7 cells were transfected with mitochondial 

mKeima (mt-mKeima) expression vector or empty vector using JetPEI macrophages according 15 

to manufacturer’s intructions. 24h after the transfection, the medium was changed and cells were 

exposed to LPS/IFNγ or vehicle for 6h or 24h. The spectral shift of mitochondrial-targeted mKeima 

(mt-mKeima) was assessed by flow cytometry using a BD LSRII Flow cytometer. During 

mitophagy, mKeima-expressed in mitochondria that are engulfed into lysosomes are excited at 

561nm due to low lysosomal pH. In mitochondria that are not committed to mitophagy, mKeima 20 

is maintained in a neutral pH environment and emits a signal when excited at 406nm (69).  

Gentamycin Protection assay  

Raw 264.7 macrophages were exposed to 3-MA, 2,4-DNP or CCCP only prior to gentamycin 

protection assay. E. coli-GFP were added at a multiplicity of infection (MOI) of 10 into the medium 

of raw 264.7 cells and incubated for 1h at 37°C. Medium was then refreshed with medium 25 
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containing gentamycin in order to eliminate non phagocytized E. coli-GFP. Phagocytosis and 

intracellular lysis E. coli-GFP were followed by flow cytometry (see supplementary information). 

Phagocytosis assays 

Cells were stimulated and incubated at 37 °C with carboxylate-modified polystyrene, fluorescent 

red latex beads (∼2-μm diameter) at a ratio of 50 beads/cell in the culture medium. After the 18h 5 

incubation, cells were washed with ice-cold PBS and analyzed by flow cytometry.  

Flow cytometry analysis. 

Unless specified, flow cytometry was performed with a BD LSR II flow cytometer. All flow 

cytometry data were then analyzed with FlowJo V10 software. 

Mitochondria isolation  10 

Mitochondria were isolated with a mitochondria isolation kit (Miltenyi Biotec) using anti-Tom22 

antibodies coupled with magnetic microbeads, according to manufacturer’s instructions.  

Western blot analysis 

See supplementary information. 

Microscopy 15 

For JC-1 and mitotracker green staining and cells transfected with pMito-LSSmOrange or empty 

vector, cells were plated on glass coverslips. After stimulation, glass coverslips were mounted in 

cold PBS and directly visualized with Axio imager 2 (Carl Zeiss Microscopy GmbH). For 

immunostaining, cells were frown on Labtek slides. After stimulation, cells were fixed with 4% 

paraformaldehyde by incubating for 10 minutes at 4°C. Cells were then permeabilized by 20 

incubating with PBS containing 0.1% Triton X-100. Blocking was carried out with PBST (PBS + 

0.1% Tween 20) supplemented with 1% BSA and 10% Goat serum at 4°C for 30 min. Cells were 

then incubated with primary at 4°C overnight in a humidified chamber. Cells were then washed 

and incubated with specific secondary antibody conjugated with a fluorophore for 1 hour under 

humidified chamber in the dark. Preparations were visualized with a Leica SP2 confocal 25 

miscroscope. Images were analyzed with Image J software.  
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Quantitative PCR 

See supplementary information. 

Oxygen consumption 

After stimulation, 4 x 106 cells were re-suspended in 1mL of pre-heated PBS at 37°C. Oxygen 

consumption was measured with Clark’s electrodes. 5 

Respiratory chain complex activity 

Cells pellets were homogenized, and enzyme activities were measured by spectrophotometric 

methods as previously described (70). 

Mouse studies 

C57BL/6 mice were obtained from Charles River (France). Pink1-/- mice and control littermates 10 

were obtained from the Jackson Laboratory (USA). Animals were housed in a temperature- and 

humidity-controlled facility and fed a standard chow diet. Experiments were performed with age-

matched female mice (8-12 weeks old). Cecal ligation and puncture (CLP) surgery was carried 

out as previously described (71). Blood sampling was performed by a retroorbital puncture in mice 

anaesthetized with isoflurane. Peritoneal washing was performed after euthanasia. 5mL of 2mM 15 

EDTA PBS were injected intraperitoneally and recovered by peritoneal puncture. Endotoxemia 

was induced by intraperitoneal injection of LPS (E. coli serotype O55:B5) administered at 0.5 or 

15mg.kg-1 for 24h. 2,4-dinitrophenol was prepared in PBS and given by intraperitoneal injection 

(10 mg.kg-1, single dose) 24h prior sham or CLP-surgery or LPS injection. In vivo toxicity of 2,4-

DNP was extensively documented, with a LD50 of 72mg/kg reported in mice (72). Mdivi-1 (Bio-20 

Techne) was diluted in sterile saline (1% DMSO) and gently sonicated before IP injection 

(50mg/Kg) to obtain a homogenous suspension. Control mice received vehicle only (5mL/kg, PBS 

plus 1% DMSO). 

Bone marrow transplantation (BMT) 8 week-old female C57BL6/J recipient mice were 

irradiated with 11 Gy to trigger full medullary aplasia before transplantation. Suspension of bone 25 

marrow cells were prepared from femurs of 6 week-old male Pink1+/+ or Pink1-/- mice. Recipient 



28 
 

mouse was injected with about 2 × 106 bone marrow cells through the tail vein. C57BL6/J recipient 

mice were given water containing enrofloxacin 5mg/kg for 2 weeks after transplantation. CLP was 

performed on chimeric mice after five weeks of recovery after BMT. 

Human studies. 

Critically ill patients aged ≥ 18 years admitted to the intensive care unit (ICU) of Dijon university 5 

hospital receiving at least one life support therapy for organ failure (e.g. mechanical ventilation, 

vasopressors or inotropic agents, renal replacement therapy, high flow nasal cannula) with or 

without sepsis were eligible for inclusion (observational study “Myelochondria”). Baseline severity 

of illness was assessed using the Simplified Acute Physiology Score (SAPS II), and the degree 

of baseline organ dysfunction was quantified using the Sequential Organ Failure Assessment 10 

(SOFA) score. Patients were prospectively classified into subgroups according to the sepsis-3 

definition (53). Only blood samples collected on EDTA-coated tubes for routine hematology 

analysis (< 8 hours since admission in ICU) were used for flow cytometry analysis of mitochondrial 

density in blood monocytes. Biological parameters obtained within a similar timeframe were 

recovered from the medical records.  15 

Statistical analysis 

Statistical differences were analyzed with GraphPad Prism 8. Comparisons of two groups were 

calculated with unpaired Student's t-test with Welch’s correction. For comparisons with more than 

two groups, Brown-Forsythe and Welch ANOVA tests method were used. Correction for multiple 

comparisons was performed with the two-stage set-up method of Benjamini, Krieger and 20 

Yekutieli. For survival experiments, statistical significance was tested by Gehan-Breslow-

Wilcoxon test. Correlations were analyzed with Spearman’s rank correlation. A P value of less 

than 0.05 was considered statistically significant. Results are presented as mean ± s.e.m with the 

exception of human studies for which the median is presented. All experimental values were 

obtained from the measurement of distinct samples and non-repeated measures of the same 25 

sample. Experiments were repeated at least two times with the exception of CLP experiment and 
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intraperitoneal LPS injection experiments in order to reduce the number of animals used 

according to the 3R rules and the requirements of the institutional animal care and use committee 

of the Université de Bourgogne-Franche-Comté. For microscopy and western blotting 

experiments, representative data are presented in the Figures.  

Study Approval. 5 

All studies with mice were conducted in accordance with the local guidelines for animal 

experimentation. Protocol no. 2512 and APAFIS#22339-2019100909387172v2 were approved 

by the institutional animal care and use committee of the Université de Bourgogne-Franche-

Comté. All procedures performed in studies involving human participants were in accordance with 

the ethical standards of the institutional research committee (comité de protection des personnes 10 

(CPP), reference number 2013-A00095-40) and with the 1964 Helsinki declaration and its later 

amendments. All enrolled patients and/or their next of kin were informed and consent authorizing 

the use of biological samples was documented in the medical records of the patients by the 

investigator. The observational study “Myelochondria” is registered under the ClinicalTrials.gov 

identifier NCT04439617. 15 

General methods statements. 

No samples, mice, or studies were removed from the analyses with the exception of unexpected 

premature death during CLP or intraperitoneal LPS injection experiments. Experiments were not 

blinded and samples were not randomized in this study. Tissue culture samples were evaluated 

for mycoplasma contamination. 20 
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Figure legends 

 

Figure 1. Macrophages activation is associated with the early inhibition of mitophagy 
A-D. Flow cytometry assessment of mitochondrial ROS (upper panel) and mitochondrial density 
(lower panel) in raw 264.7 macrophages (A) exposed to TLR agonists, (B) mitophagy inhibitor 5 

(mdivi-1) or (C-D) to LPS and IFNγ alone in combination for 24h or specified duration (n=3 per 
condition). E. Flow cytometry assessment of mitophagy in raw 264.7 macrophages with mt-
mkeima (upper panel) or autophagic vacuole formation with cyto-ID autophagy detection kit (lower 
panel) in raw 264.7 macrophages exposed to LPS/IFNγ. (n=3 per condition). F-G. Immunoblots 
of mitophagy and mitochondrial fission checkpoints on protein lysates from (F) stat1+/+ or stat1-/- 10 

BMDMs exposed to LPS/IFNγ or (G) from raw 264.7 macrophages exposed for 24h to LPS/IFNγ 
alone or in combination with a mitophagy inducer (2,4-DNP, 1µM) (Densitometry: ratio to β-actin 
is presented above the immunoblots). Bar graphs represent mean ± s.e.m. with overlaid individual 
values; # P<0.05, ## P<0.01, ### P<0.001 determined by ANOVA corrected for multiple comparison; 
* P<0.05, *** P<0.001 determined by Student’s t-test with Welch’s correction. 15 
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Figure 2. LPS/IFNγ-mediated inhibition of mitophagy is associated with metabolic 
reprogramming of macrophages. 
A-B. Mitochondrial network of (A) mouse peritoneal macrophages or (B) raw 264.7 macrophages 5 

exposed to vehicle (veh) or LPS/IFNγ for 6h (A) immuno-stained for Tom20 in combination or not 
with PINK1 or (B) stained with JC-1 (right panels represent the image binarization of JC-1 stained 
macrophages). Scale bars: 10µm. C. Flow cytometry assessment of mitochondrial density and 
mitochondrial membrane potential in raw 264.7 macrophages exposed to LPS/IFNγ and stained 
with JC-1 (n=3 per time point). D-E. (D) Oxygen consumption (OCR) and extracellular acidification 10 

(ECAR) profile measured with Seahorse XFe96 analyzer on BMDMs exposed to vehicle (Veh.), 
LPS/IFNγ for 6h or Mdivi-1 for 24h (n=8 per condition). F. Flow cytometry assessment of 
mitochondrial membrane potential with TMRM in raw 264.7 macrophages exposed to LPS/IFNγ 
for 6h (n=3 per condition). G. Cell death assessed by low cytometry (annexin V - PI) in raw 264.7 
macrophages exposed to vehicle (veh) or LPS/IFNγ and 2,4 DNP alone or combination for 18h. 15 

Bar graphs represent mean ± s.e.m. with overlaid individual values; # P<0.05, ## P<0.01, ### 
P<0.001 determined by ANOVA corrected for multiple comparison; ** P<0.01, *** P<0.001 
determined by Student’s t-test with Welch’s correction. 
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Figure 3. Polymicrobial infection triggers the early inhibition of mitophagy in myeloid cells.  
A-B. Flow cytometry assessment of the mitochondrial density in (A) total monocytes (CD45+ 
CD115+ CD11bHi) and in (B) inflammatory monocyte subpopulation (CD45+ CD115+ CD11bHi 5 

Ly6CHi) in the blood of C57BL6/J mice after sham- or cecal ligation and puncture (CLP) surgery 
(n=3-4 sham; n=5 CLP). c. Flow cytometry assessment of the mitochondrial density of peritoneal 
macrophages (CD45+ F4/80Hi CD11bHi) in peritoneal fluid of mice operated as in A-B. D. Flow 
cytometry assessment of mitochondrial density in CD64Hi MitotrackerHi subpopulation of 
peritoneal macrophages of mice operated as in A-B. Graphs with plots represent mean plus 10 

individual values; # P<0.05, ## P<0.01, ### P<0.001 determined by ANOVA corrected for multiple 
comparison. 
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Figure 4. Polymicrobial infection and endotoxemia trigger the early inhibition of mitophagy 
in myeloid cells in a STAT1-dependent manner. 
A-B. Flow cytometry assessment of CD64Hi MitotrackerHi peritoneal macrophages subpopulation 5 

and mitochondrial density in blood monocytes of stat1+/+ or stat1-/- mice after (A) sham- or cecal 
ligation and puncture (CLP) surgery (n= 6-7 sham; n=5.-7 CLP) or (B) intraperitoneal injection of 
saline (sal.) or LPS (0.5mg/kg, 24h) (n= 5-7 sal.; n=5-7 LPS). C-D. Flow cytometry assessment 
of mitochondrial density in (C) stat1+/+ or stat1-/- BMDMs or in (D) raw 264.7 macrophages targeted 
with control (CTL) or stat1 siRNA then exposed to vehicle (veh. ) or LPS/IFNγ for 24h. E-F. Flow 10 

cytometry assessment of (E) mitochondrial ROS production and (F) mitochondrial membrane 
potential in raw 264.7 macrophages targeted with control (CTL) or stat1 siRNA then exposed to 
vehicle (veh.) or LPS/IFNγ for 24h. G. Oxygen consumption profile measured with Seahorse 
XFe96 analyzer on stat1+/+ or stat1-/- BMDMs exposed to vehicle (Veh.) or LPS/IFNγ for 6h (n=6-
8 per condition ).Graphs with plots represent mean plus individual values; Bar graphs represent 15 

mean ± s.e.m. with overlaid individual values; # P<0.05, ## P<0.01, ### P<0.001 determined by 
ANOVA corrected for multiple comparison. 
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Figure 5. LPS/IFNγ inhibits mitophagy in macrophages through the STAT1-dependent 
regulation of caspase 1. 
A-B. Caspase 1 expression in stat1+/+ or stat1-/- BMDMs exposed to vehicle or LPS/IFNγ for 18h 5 

or indicated duration assessed by (A) qPCR or (B) immunoblotting (n=3 per condition). C-D. 
Assessment by (C) immunoblotting or (D) flow cytometry of the impact of zVAD-FMK-dependent 
inhibition of caspases on LPS/IFNγ-dependent inhibition of mitophagy in raw 264.7 macrophages 
exposed to vehicle or LPS/IFNγ for 18h (n=3 per condition) (Densitometry: ratio to β-actin is 
presented above the immunoblots). E. Proteolytic activity of recombinant human caspase 1 10 

(hCASP1) against recombinant Tribolium Castaneum PINK1 (T. Cast. PINK1) in the presence of 
zVAD-FMK and LPS (100ng/mL) alone or in combination. Protein levels were assessed with 
2,2,2-trichloroethanol (TCE) gels after UV trans-illumination (table above presents densitometry 
data). Bar graphs represent mean ± s.e.m. with overlaid individual values; # P<0.05, ## P<0.01, 
### P<0.001 determined by ANOVA corrected for multiple comparison. 15 
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Figure 6. The inhibition of mitophagy triggers classical activation of macrophages through 
mitochondrial ROS.  
A. Flow cytometry assessment of classical macrophage activation in raw 264.7 cells exposed to 5 

antimycin A for 6h. B-C. Flow cytometry assessment of classical macrophage activation in raw 
264.7 cells exposed to LPS/IFNγ for 18h alone or in combination with (B) the mitochondrial ROS 
scavenger MitoTEMPOL or with (C) the HIF1α inhibitor echinomycin (n=3 per condition). D-I. 
Assessment of macrophage activation profile by (D, G) flow cytometry, (E, H) gene expression 
and (F,I) bactericidal activity in raw 264.7 cells (D-E, G-H) incubated (24h) or (F, I) pre-incubated 10 

(24h) with (D-F) the mitophagy inhibitor mdivi-1 or (G-I) the mitophagy inducer CCCP (n=3 per 
condition). Bar graphs represent mean ± s.e.m. with overlaid individual values; # P<0.05, ## 
P<0.01, ### P<0.001 determined by ANOVA corrected for multiple comparison; * P<0.05, *** 
P<0.001 determined by Student’s t-test with Welch’s correction. 
  15 
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Figure 7. Inhibition of mitophagy in myeloid cells protects against bacterial infection and 
improves survival during sepsis. 
A. Survival curve of C57BL6/J mice treated with saline (sal.) or 2,4-DNP (10mg/kg) 24h prior to 5 

sham- or cecal ligation and puncture (CLP) surgery (sham, n=5 per group; CLP, n=13 per group). 
P value was determined by Gehan-Breslow-Wilcoxon test. B. Percentage of classically activated 
macrophages (% of CD11bHi F4/80Hi macrophages) in C57BL6/J mice treated as in A (n=7 per 
condition). C. Bacterial load in the peritoneal cavity of C57BL6/J mice treated as in A (n=8 per 
condition). D. Correlation of the mitochondrial density in Ly6CHi blood monocytes 2h after CLP 10 

surgery versus the survival after CLP surgery (n=26). r and p values were determined by 
Spearman’s rank correlation. E. Survival curve of C57BL6/J mice treated with vehicle or mdivi-1 
for 24h prior to CLP surgery (CLP + Veh., n=15 ; CLP + mdivi-1, n=15). P value was determined 
by Gehan-Breslow-Wilcoxon test. F-G. Percentage of classically activated macrophages (F) (% 
of CD11bHi F4/80Hi macrophages) and bacterial load (G) in the peritoneal cavity of C57BL6/J mice 15 

treated as in e (n=6-7 per condition) H. Survival curve of C57BL6/J mice transplanted with Pink1+/+ 
(BMT Pink1+/+) or Pink1-/- bone marrow (BMT Pink1-/-) 5 weeks prior to CLP surgery (BMT Pink1+/+, 
n=13; BMT Pink1-/-, n=15). P value was determined by Gehan-Breslow-Wilcoxon test. i. Flow 
cytometry assessment the percentage of classically activated macrophages (% of CD11bHi 
F4/80Hi macrophages) in the peritoneal cavity of mice which underwent transplantation and 20 

surgery as in H (n=11-12 per group). J. Bacterial load in the cavity of mice which underwent 
transplantation and surgery as in H (n=11-12 per group). Graphs with plots represent mean plus 
individual values; * P<0.05 determined by Student’s t-test with Welch’s correction. 
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Figure 8. Increased mitochondrial density in blood monocytes is a biomarker of sepsis in 
critically ill patients. 
A. Flow cytometry assessment of mitochondrial density in blood monocytes of critically ill patients 
(intensive care unit (ICU) patients) without (n=16) or with sepsis (n=16) according to sepsis-3 task 5 

force criteria. B. Levels inflammatory and tissue perfusion biomarkers in the blood of critically ill 
patients as described in A. Data were collected from patient medical record and were not available 
for all patients (n are indicated above graphs). Graphs represent median plus individual values. 
Median value of each group is presented at the bottom of each graph. Normal range of healthy 
patients are presented in bold italic enclosed in square brackets. * P<0.05, ** P<0.01, *** P<0.001 10 

determined by Student’s t-test with Welch’s correction. C. Correlation matrix of blood biomarkers 
in critically ill patients as described in A (n= 15-32). * P<0.05, ** P<0.01, *** P<0.001 were 
determined by Spearman’s rank correlation. 
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