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Neutrophils are the most abundant leukocyte in human blood. They are critical for fighting infections and are involved in inflammatory diseases. Mitochondria are indispensable for eukaryotic cells, as they control the biochemical processes of respiration and energy production. Mitochondria in neutrophils have been underestimated since glycolysis is a major metabolic pathway for fuel production in neutrophils. However, several studies have shown that mitochondria are greatly involved in multiple neutrophil functions as well as neutrophil-related diseases. In this review, we focus on how mitochondrial components, metabolism, and related genes regulate neutrophil functions and relevant diseases.
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Introduction

Neutrophils play a central role in the innate immune system. They are the most abundant circulating white blood cells in human blood. They are recruited to infection sites or damaged tissue by a recruitment cascade that involves rolling, arrest, spreading, intravascular crawling, transendothelial migration, and in-tissue migration/chemotaxis (1–4). Neutrophils have various methods to kill invading microorganisms, including phagocytosis (5–7), neutrophil extracellular traps (NETs; and process of NETosis) (6, 8, 9), degranulation (6, 10), and respiratory burst (11, 12).

Mitochondria are one of the most important organelles in eukaryotic cells. They are the powerhouses of eukaryotic cells since this is where adenosine triphosphate (ATP) is produced efficiently by oxidative phosphorylation (OXPHOS). Mitochondria are also central signaling hubs that regulate cell death (13). Until 2003, mitochondria had been underestimated for their role in neutrophils. Utilizing multiple specific dyes, Fossati et al. identified mitochondria in neutrophils as complex networks extending through the cytoplasm (14), which kickstarted intensive research on neutrophil mitochondria. Mitochondria are now known to have several important functions in neutrophils, such as NET formation, adhesion/migration, respiration burst, development/differentiation, and death, which will be discussed in this review (Figure 1). We will also discuss diseases related to dysfunctions of neutrophil mitochondria.




Figure 1 | A schematic figure showing the involvement of mitochondria in different neutrophil functions. Created in BioRender.com.





Respiratory burst

Neutrophil respiratory burst, which involves the production of reactive oxygen species (ROS), plays an important role in controlling infections and the progression of inflammatory diseases. Here, the term ROS refers to reactive non-radical derivatives of molecular oxygen, such as H2O2, and reactive free radical species, such as O2–.

N-Formyl peptides (e.g., N-formyl-L-methionyl-L-leucyl-phenylalanine; fMLP) can stimulate neutrophil oxidative burst and produce ROS via formyl peptide receptors (FPRs) (15). Oligomycin and cyanide m-chlorophenylhydrazone (CCCP) that inhibit mitochondrial OXPHOS can reduce fMLP-induced neutrophil ROS production (15). Dihydrorhodamine (DHR) 123 was used to measure ROS production in this study. However, since mitochondrial OXPHOS also produces ROS (mitochondrial ROS, mROS), whether DHR123-indicated ROS are from mitochondrial OXPHOS or oxidative burst is unclear (15).

Another study showed that scavenging of mROS with mitochondria-targeted antioxidant SkQ1 could decrease neutrophil intracellular ROS upon cytochalasin D/fMLP stimulation in a dose-dependent manner (16). Then they investigated whether mROS directly contributes to the intracellular ROS or regulates intracellular ROS through an indirect mechanism. Intracellular ROS was labeled by the redox-sensitive dye 2′,7′-dichlorofluorescein-diacetate (DCFH-DA), which can be cleaved by intracellular esterases to form dichlorofluorescein and become fluorescent upon oxidation. Using membrane-impermeable catalase to scavenge extracellular ROS, they demonstrated that fMLP predominantly induced extracellular ROS formation, and the DCFH-DA-labeled intracellular ROS was coming from the penetration of extracellular ROS but not mROS. They also used MitoSOX to specifically label mROS, which were shown not to significantly contribute to fMLP-induced intracellular ROS accumulation. Thus, these results indicated that mROS does not directly contribute to intracellular ROS but is implicated in the NADPH oxidase (NOX)-dependent generation of extracellular ROS or transportation of extracellular ROS to the cytoplasm (16). Other mechanisms of how mROS regulate oxidative burst need further investigation. This study also found that SkQ1 can inhibit cytochalasin D/fMLP-induced degranulation based on decreased surface expression of azurophilic granule marker CD63 and specific granule marker CD66b, suggesting that mROS may influence granule exocytosis (16).

A recent study found that inhibition of complex III (cytochrome c reductase) with antimycin A can significantly reduce neutrophil superoxide O2– production (17). MitoTEMPO can accumulate in mitochondria and reduce superoxide. Pre-incubation of neutrophils with MitoTEMPO can significantly attenuate neutrophils’ ability to kill Staphylococcus aureus. This effect is not enhanced by co-incubation with MitoTEMPO and antimycin A, suggesting that electron transport complex III is critical for mROS production and required for the bactericidal function of neutrophils (17). Rice et al. found that mitochondria contribute to prolonged H2O2 production. Moreover, if neutrophils have limited glucose, mitochondria can utilize fatty acid metabolism to maintain NADPH levels to support NOX-dependent respiratory burst instead of producing mROS (18).



NET formation

NETs were discovered while studying the unique antibacterial mechanisms of neutrophils. When neutrophils were stimulated with interleukin-8 (IL-8), phorbol 12-myristate 13-acetate (PMA), or lipopolysaccharide (LPS), Brinkmann et al. found that extracellular filamentous structures containing DNA and histones can ensnare bacteria, such as Staphylococcus aureus, Salmonella typhimurium, or Shigella flexneri (8). The process of formation of NETs is called NETosis, which is a unique form of cell death in neutrophils (19). NETosis is essential for the host to fight against microorganisms. However, it also contributes to many pathological processes, including cancer, thrombosis, and autoimmune diseases (20, 21).

Multiple stimuli can initiate NET formation, including nicotine (22), LPS, granulocyte-macrophage colony-stimulating factor (GM-CSF), PMA, ionomycin, and alum. However, each initiates NET formation using a different mechanism, which can be categorized into two types based on the dependence of NOX: NOX-dependent and NOX-independent (Figure 2).




Figure 2 | NOX-independent NETosis can be induced by ionomycin or alum. Ionomycin works as a Ca2+ ionophore to transfer extracellular calcium (Ca2+) into cells. Alum causes lysosome acidification and rupture, which then leads to Ca2+ release. Mitochondria sense the elevation of Ca2+ in the cytoplasm and generate mitochondrial ROS (mROS). Cytoplasmic Ca2+ and mROS are both required to activate PAD4, which further induces histone citrullination and chromatin decondensation. EDTA and BAPTA-AM can chelate extracellular and cytoplasmic Ca2+, respectively, to inhibit this process. Mitochondrial inhibitor FCCP, DNP, and mitochondria complex III inhibitor antimycin can inhibit this process. mROS-specific scavenger MitoTEMPO also inhibits the pathway. Mitochondria complex V inhibitor oligomycin inhibits the retrograde proton transport, therefore leading to the increased MMP which drives enhanced NETosis. GSK488 is an inhibitor of PAD4. C III: complex III; C V: complex V. Created in BioRender.com.



PMA has been used as a stable NETosis inducer to study the mechanisms of NOX-dependent NETosis. The indispensable role of NOX was shown by using the NOX2 inhibitor DPI to significantly reduce PMA-induced NETosis, and that neutrophils from chronic granulomatous disease (CGD) patients—that have mutations in one of the genes encoding the components of the Nox2 NADPH oxidase complex—lose their ability for NETosis (19). PMA activates protein kinase C (PKC), which subsequently activates NOX2 through c-Raf/MEK/Erk to produce cytosolic ROS (23). The release of neutrophil elastase (NE) and myeloperoxidase (MPO) follows the production of ROS, causing specific histone degradation and chromatin decondensation. However, signaling components between ROS and translocation of NE from azurophilic granules and to the nucleus are not clear (24). During this process, although PMA can induce the production of mROS, PMA-induced mROS cannot drive NETosis (25). Why ROS from different sources have distinct effects on NETosis is not clear.

PMA-induced NOX-dependent NETosis needs glucose. Human neutrophils cultured in glucose-free media are unable to form NETs. Further, glycolysis inhibitor 2-deoxyglucose, but not OXPHOS inhibitor oligomycin, abolishes neutrophil’s ability to undergo PMA-induced NETosis (26). GM-CSF plus complement factor 5a (C5a)/LPS-dependent NET formation is also NOX-dependent, which is demonstrated by using NOX inhibitor DPI and neutrophils from CGD patients (27). However, it has also been shown that electron transport complex I localized on the inner membrane of mitochondria (IMM) is critical for GM-CSF plus C5a/LPS-dependent NET formation (28). This is because complex I produces nicotinamide adenine dinucleotide (NAD+), which participates in glycolysis to generate ATP. Blocking complex I with rotenone or piericidin A but not complex III or complex V leads to the inability of mouse and human neutrophils to release DNA upon stimulation with GM-CSF plus C5a (28). Optic atrophy 1 mitochondrial dynamin-like GTPase (OPA1) is one of the “mitochondria-shaping” proteins, bound to the outer space of the inner mitochondrial membrane. Patients with mutated OPA1 can develop autosomal dominant optic atrophy (ADOA). The neutrophils from some ADOA patients or OPA1-deficient mice cannot release DNA following GM-CSF plus C5a stimulation. Amini et al. further found that deficiency of OPA1 leads to the reduced activity of complex I, therefore reducing ATP production by limiting NAD+ availability in glycolysis, resulting in the inability to release DNA to extracellular space and failure of the mitochondrial network formation (28).

Calcium ionophore ionomycin and A23187 can drive NETosis via a NOX-independent pathway. mROS, but not NOX2-dependent ROS, is required for NOX-independent NETosis in dHL60 cells and human neutrophils (29). Mitochondrial uncouplers, such as 2,4-dinitrophenol (DNP) and carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP), dissipate the proton gradient and inhibit mitochondrial ATP synthesis. DNP and FCCP inhibit NOX-independent NETosis in a dose-dependent manner (29). Takishita et al. used dideoxycytidine to generate mitochondria-deficient ρ0 cells from HL60 cells. They also found that ρ0 cells release less DNA compared to neutrophil-like HL60 cells after stimulating with A23187, but not PMA, suggesting that mitochondria are crucial for NOX-independent NETosis (30). MitoTEMPO can attenuate A23187-induced NET formation, suggesting that mROS is the key part of the NOX-independent pathway (30, 31).

Reithofer et al. proposed a mechanism of alum-induced NETosis regarding mitochondrial membrane potential as the major driving force (32). They first found that positively charged alum has a similar effect with calcium ionophore ionomycin on activating NETosis. However, alum-induced NETosis does not require extracellular Ca2+ like ionophores. Instead, the rupture of lysosomes followed by the release of lysosome-stored Ca2+ leads to an increased production of mROS. The authors further investigated the role of the respiration chain in mROS production and NETosis. They found that rotenone, the inhibitor of complex I, does not affect alum-induced NETosis, whereas antimycin, an inhibitor of complex III, decreased alum-induced NETosis to a similar extent as DNP. The inhibition of complex V inhibits retrograde proton transport, increases mitochondrial membrane potential, and enhances alum-induced NETosis. This suggests that alum/ionophore-induced NETosis uses a different pathway from C5a/LPS-induced NETosis, which is dependent on complex I-controlled, glycolytic ATP production (32).

Ca2+ signals were found important for NOX-independent NETosis. Mitochondria will sense Ca2+ either from extracellular space or intracellular components like ER or lysosome and produce ROS in response to that. The uptake of Ca2+ by the mitochondrial calcium uniporter (MCU) is regulated by mitochondrial calcium uptake 1 (MICU1), which acts as a gatekeeper for Ca2+ flux through the MCU. In the MICU1 conditional KO model, MCU-mediated ion flux coincides with increased production of mitochondrial O2- in response to S. aureus, thereby causing MICU1 knockout neutrophils to undergo accelerated and more robust suicidal NETosis and decreased azurophilic granule degranulation (33). Both pharmacological and genetic evidence showed that peptidylarginine deiminase 4 (PAD4) is critical for chromatin decondensation and NETosis (34, 35). Activation of PAD4 requires both ROS and Ca2+ signaling (21).

Although NETs are mainly composed of chromosomal DNA, mitochondrial DNA (mtDNA) can be released to extracellular space stimulated by GM-CSF C5a (27) or ribonucleoprotein immune complexes (36), suggesting a direct involvement of mitochondria in NET formation.

Current methods used to dissect the NETosis pathway are mainly pharmacological inhibition due to the short life of neutrophils. Here, we summarize studies showing cellular components participating in the pathway in Table 1.


Table 1 | NETosis regulators.





Migration and adhesion

As the first-line defenders, neutrophils are critical for the innate immune system. The premise of nearly all functions of neutrophils is their ability to navigate and migrate to the infection or wound site. Mitochondria are one of the most important organelles in eukaryotic cells and work as a central hub for signal transduction and metabolism in the locomotion of most cells. Although mature neutrophils mainly rely on glycolysis for ATP (38), mitochondria still play an essential role in neutrophil locomotion (Figure 3). Inhibition of mitochondria by CCCP significantly reduced the migration speed of neutrophils and abolished chemotaxis (39). During chemotaxis, neutrophils release ATP from the leading edge of their cell surface to amplify chemotactic signals and direct cell orientation by feedback through P2Y2 nucleotide receptors and purinergic signaling (40). Mitochondria translocate to the front of the neutrophil, producing ATP to fuel the purinergic signaling (39). Meanwhile, P2Y2 receptors promote mTOR signaling and augment mitochondrial activity near the front of the cell (39). However, excessive mitochondrial ATP production induced by LPS impairs neutrophil chemotaxis (41). Unlike fMLP gradient-induced neutrophil ATP release from the leading edge of the cell surface, LPS uniformly disorganized intracellular trafficking of mitochondria, resulting in global ATP release that disrupted purinergic signaling, cell polarization, and chemotaxis. LPS-primed neutrophils cannot translocate mitochondria toward the leading edge in response to the fMLP gradient, but they can move their mitochondria uniformly toward the cell periphery. Neutrophil chemotaxis is impaired due to the lack of polarity. Removal of excessive extracellular ATP by adding apyrase can restore the chemotaxis of LPS-primed neutrophils (41). This study may partially explain the decreased chemotactic activity in neutrophils from septic patients compared to healthy controls (42). Zhou et al. first provided in vivo evidence that mitochondria regulate neutrophil motility in a zebrafish model (43). The gene encoding mtDNA polymerase, polg, was knocked out in a neutrophil-specific transgenic line and reduced the migration speed of neutrophils (43).




Figure 3 | Mitochondria regulate neutrophil chemotaxis. Neutrophil mitochondria produce ATP to fuel neutrophil autocrine purinergic signaling, which is required for neutrophil chemotaxis. The production of ATP by mitochondria is through OXPHOS, coupled with an electron transport chain from complex I (C I) to complex V (C V). This is demonstrated by complexes I, III (C III), and V-specific inhibitors and/or gene knockouts. The P2Y2 receptor can recognize ATP, activate Rac, induce actin polymerization, and guide neutrophil migration. MFN2 can regulate β2 integrin activation through an unknown mechanism that affects both neutrophil adhesion and migration. MFN2 also tethers the endoplasmic reticulum (ER) with mitochondria and promotes ER Ca2+ transfer into mitochondria. Loss of MFN2 may lead to more ER Ca2+ released into the cytoplasm. Elevated cytoplasmic Ca2+ hyperactivates Rac and impairs the directionality of neutrophil migration. MCU mediates cytoplasmic and ER Ca2+ transferring into mitochondria and regulates downstream Drp1 through an unclear mechanism. Both MCU and Drp1 are involved in neutrophil migration. Sod1 and Sod2 mediate the reduction of O2- to H2O2. Loss of Sod1 or Sod2 impairs the chemotaxis of neutrophils. Created in BioRender.com.



Intracellular NOX2-dependent ROS regulates neutrophil migration by modulating actin dynamics via inducing actin glutathionylation (44). Rotenone and metformin, the mitochondria complex I inhibitors, impair the electron transport chain, increase intracellular superoxide and hydrogen peroxide, and significantly reduce neutrophil recruitment in an acute LPS-induced lung inflammation mouse model (43, 45). Both mitochondria complex I inhibitor rotenone and complex III inhibitor antimycin significantly reduced neutrophil motility in zebrafish (43). Gene knockouts of ndufs2 and uqcrc1, which are core components in complex I and III, respectively (46, 47), also resulted in a neutrophil motility reduction (43). Mitochondrial superoxide dismutase 1 and 2 (Sod1 and Sod2) mediate ROS reduction. The loss of Sod1 or 2 significantly reduces the speed of neutrophil migration, which can be rescued by N-acetylcysteine and/or MitoTEMPO. This implies that an excessive amount of intracellular ROS can inhibit neutrophil migration (43). However, this is in contrast to a certain condition where increased intracellular ROS may associate with increased neutrophil migration. Hv1/VSOP is a voltage-gated proton channel that mediates the extrusion of protons and supports intracellular ROS production (48). As expected, Hvcn1-deficient neutrophils produce more intracellular ROS. However, they exhibit stronger chemotaxis toward a low (0.25–1 µM) but not higher (10–50 µM) concentration of fMLP compared with wild-type (WT) neutrophils. Hvcn1-deficient neutrophils have a similar fMLP receptor expression and similar intracellular Ca2+ flux after fMLP stimulation compared to WT neutrophils. However, increased ERK activation was observed in Hvcn1-deficient neutrophils. The migration increase and ERK activation of Hvcn1-deficient neutrophils are NOX-dependent, supported by NADPH oxidase inhibitor DPI (49). Interestingly, they did not observe a change in migration of WT neutrophils treated with DPI, suggesting that the above migration changes in mitochondrial defect neutrophils might not be ROS-dependent. However, DPI has off-target effects where it inhibits cell redox metabolism and induces oxidative stress (50).

Recent work has highlighted the role of mitochondrial calcium homeostasis in regulating cell migration (51). Mitochondrial calcium uniporter (MCU), located on IMM, is responsible for mitochondrial calcium uptake. MCU knockdown impaired the migration of Hs578t cells, similar to the outcome of treatment with Ru360, a potent MCU inhibitor. This finding suggests that mitochondrial Ca2+ intake regulates cell migration. However, the study of MCU in neutrophils is limited by pharmacological treatment. Two independent groups have shown that MCU regulates neutrophil migration. Activation of MCU by treatment of spermine can promote primary human neutrophil chemotaxis; inhibition of MCU by Ru360 impairs the chemotaxis of human neutrophils (52) and DMSO-differentiated HL60 (dHL60) cells (43). Dynamin-related protein (Drp1) regulates mitochondrial fission, maintaining mitochondria morphology. In some circumstances, phosphorylation of Drp1 serine 616 (S616) enhances Drp1 activity causing more mitochondria fragmentation (53). In fMLP-stimulated neutrophils, inhibition of MCU can downregulate the phosphorylation of Drp1 S616 and impair neutrophil chemotaxis. Selective suppression of Drp1 by mdivi-1 inhibits neutrophil polarization and chemotaxis but not MCU expression and Ca2+ uptake, suggesting that MCU regulates neutrophil chemotaxis partially via Drp1 (52). More genetic evidence is needed to connect Drp1 and neutrophil polarization and chemotaxis.

Intracellular Ca2+ is mainly stored in the endoplasmic reticulum (ER), and the juxtaposition of ER and mitochondria is essential due to the low affinity of MCU for Ca2+ (51). Mitofusin2 (MFN2) stabilizes the contact between ER and mitochondria. MFN2 is involved in neutrophil migration and adhesion. Mazaki et al. found that interfering with MFN2 expression using short-hairpin RNA (shRNA) can significantly suppress the chemotaxis of neutrophil-like dHL60 cells (54). The Deng group found that MFN2-knockdown dHL60 cells have slower chemotaxis and failed to firmly adhere to endothelial cells (55), which is consistent with an in vitro study by Mazaki et al. They also extend their finding to an in vivo zebrafish model, showing that MFN2-knockout neutrophils failed to recruit to the zebrafish tail wound, and a thioglycollate-induced mouse peritonitis model that showed fewer neutrophils was recruited to the peritoneal cavity in neutrophil-specific MFN-2 knockout mice (55). Also, transfecting an artificial ER-mitochondria tether (56), mimicking MFN2, can rescue the chemotaxis defect in MFN2 knockdown dHL60 cells (55).

In collaboration with Deng’s group, our group investigated the mechanism of the adhesion defect in MFN2 knockdown dHL60 cells (57). Using microfluidic devices, we identified that MFN2 knockdown dHL60 cells have defects on β2 integrin-dependent slow rolling and arrest but not P-selectin glycoprotein ligand-1 (PSGL-1)-dependent rolling. MFN2 knockdown dHL60 cells have reduced formyl peptide receptor (FPR) expression and FPR-dependent (fMLP stimulation) and independent (PMA stimulation) β2 integrin activation defects. MFN2 knockdown dHL60 cells also show defects in actin polymerization after fMLP or PMA stimulation and Mn2+-induced cell spreading on ICAM-1. We demonstrated that MFN2 knockdown HL60 cells are deficient in differentiating to neutrophil-like dHL60 cells by assessing the nuclear morphology and maturation markers CD35 and CD87. Using the CD87 maturation marker, we found that in a mature CD87high population, MFN2 knockdown HL60 cells still show defects in cell slow rolling, adhesion, and β2 integrin activation, indicating that besides effects on differentiation, MFN2 is directly involved in regulating β2 integrin activation. Please note that in these mature populations, MFN2 only affects integrin extension (which is reported by the KIM127 antibody), but not headpiece opening (which is reported by the mAb24 antibody), under PMA stimulation. This suggests that MFN2 might be important for the conformational changes of bent-open to extended-open β2 integrins, which is an alternative allosteric pathway of β2 integrins we observed before (58–61), in addition to the conical switchblade model (62).

A migrasome is an extracellular organelle in migrating cells newly discovered by Yu’s group (63). During neutrophil migration, intracellular components can be released to extracellular space to form migrasomes, which is called mitocytosis. TSPAN9, a member of the tetraspanin family, is a key regulator of migrasome formation. In TSPAN9-/- mice, neutrophils produced fewer migrasomes than those in WT. The number of TSPAN9-/- neutrophils that can maintain mitochondria membrane potential (MMP) is reduced compared with WT, suggesting a defect in mitochondrial quality control. To directly link mitocytosis and mitochondrial quality control and exclude the other effects caused by TSPAN9 knockout, Jiao et al. compared MMP of both bone marrow and spleen neutrophils between TSPAN9-/- and WT. Since spleen neutrophils migrated a long distance while bone marrow neutrophils did not, there was less difference in MMP of bone marrow neutrophils than of spleen neutrophils, suggesting that migrasomes are mainly responsible for mitochondrial quality control (63).



Development and differentiation

During the differentiation of neutrophils, metabolism reprogramming that limits glycolytic activity while engaging mitochondrial respiration is required. Riffelmacher et al. defined five stages of neutrophil development: myeloblasts (MBs), myelocytes (MCs), metamyelocytes (MMs), band cells (BCs), and neutrophils (PMNs) (64). Taking advantage of Map1lc3b-GFP transgenic mice, they found stable autophagic flux in MBs and MCs and reduced flux in MMs and BCs, which is consistent with Tfeb and Atg7 expression changes. Their further use of Atg7fl/fl-Vav-Cre mice revealed that knockout of Atg7 causes defects in neutrophil differentiation. Similar results were seen in Atg5fl/fl-Mx1-Cre mice, indicating that this phenomenon is not Atg7-specific. Immature neutrophils only prevalent in Atg5 -/- CD45.2+ but not WT CD45.1+ cells in bone marrow chimeric mice prove that differentiation is independent of autophagy during development. Metabolic analysis showed metabolic reprogramming during G-CSF-induced neutrophil differentiation. The increased extracellular acidification rate (ECAR) and decreased oxygen consumption rate (OCR) of Atg7-/- myeloblasts suggest that metabolic reprogramming limits glycolysis and engages mitochondrial respiration. Depletion of free fatty acids (FFAs) was found in Atg7-/- but not Atg7+/+ myeloblasts. Atg7-/- neutrophil lipid droplet accumulation and colocalization of autophagosomes with lipid droplets suggest that degradation of lipid droplets is mediated by autophagy. Overall, this study showed that autophagy-mediated lipolysis provides free fatty acids to support the fatty acid β-oxidation (FAO) and OXPHOS pathway to produce ATP, which is essential for neutrophil differentiation (64).

Tanimura et al. found that both ER stress and unfolded-protein reactions (UPRs) are involved in neutrophil differentiation (65). During HL60 differentiation into neutrophils induced by ATRA, the ER-stress marker BiP expression is reduced. Treatment of 4-phenylbutyric acid (4-PBA), a chemical chaperone that can reduce ER stress, on HL60 cells can increase CD11b expression and induce morphological change. Detection of cleaved activating transcription factor (ATF) 6 and ATF4 suggests the activation of UPR in non-treated HL60 cells. Co-treatment of ATRA and UPR inhibitors on HL60 cells hindered its differentiation into neutrophils functionally and morphologically. Since both processes require ATP, they further investigated the role of mitochondrial ATP supply by using oligomycin. They found that disrupted neutrophil differentiation as a result of oligomycin treatment inhibited XBP-1 activation (65).

MFN2 conditional knockout/down mice were used to examine the role of MFN2 in neutrophil development. Luchsinger and colleagues found that in a competitive repopulation assay, Mfn2fl/fl-Vav-Cre and Mfn2fl/fl CD11b+Gr1+ myeloid cells show similar numbers in the bone marrow (66). However, they did not further study different myeloid cell populations. Zhou et al. also found that there is no significant difference in neutrophil frequencies between Mfn2fl/fl-S100A8-Cre+ and Cre- lines. Of note, both the MFN2 transcript and protein were reduced by 50% in neutrophils of these mice (55, 57). The incomplete deletion of MFN2 suggests that the S100A8-Cre line may be too late for neutrophil differentiation studies. Our group used dHL60 cells to show that the MFN2 knockdown causes a neutrophil differentiation defect based on several maturation markers, including CD35, 87, 18, and nucleus segmentation (57).



Others

Human neutrophils produced more mROS in hypoxia ex vivo (67). The addition of MitoTEMPO accelerates neutrophil apoptosis, suggesting that mitochondrial O2– is needed for neutrophil survival. Neutrophils in hypoxia also display higher mitochondrial membrane potential compared to those in normoxia. Glycerol-3-phosphate dehydrogenase 2 (GPD2) is the mitochondrial component of glycerol 3-phosphate shuttle and produces mROS. To test whether GPD2 is involved in the hypoxia-induced mROS in neutrophils, Wilson et al. used iGP-1 to inhibit GPD2 and found that this inhibition led to decreased HIF-1a expression and mROS, suggesting that neutrophils use GPD2 to produce mROS and stabilize HIF-1a. Importantly, inhibition of GPD2 activity with the pro-apoptotic iGP-1 abrogates neutrophil phagocytosis of heat-killed S. aureus and degranulation, indicating that GPD2 activity is essential for neutrophil survival and key effector functions (67).



Neutrophil mitochondria-associated diseases

Neutrophil dysfunctions in mitochondria have been linked to many diseases (Table 2). Systemic lupus erythematosus (SLE) is an autoimmune disease, and low-density granulocytes, a pro-inflammatory subset of neutrophils, from SLE patients spontaneously form more NETs. Ribonucleoprotein immune complexes (RNP-IC) are prevalent in lupus patients and can induce NETosis through an mROS-dependent manner and release oxidized mtDNA. Both in vitro and ex vivo experiments showed that oxidized mtDNA is highly inflammatory (36).


Table 2 | Neutrophil mitochondria-associated diseases.



Atherosclerosis is a chronic inflammatory disorder where the roles of neutrophils in pathology are well recognized (71). NETs have been observed in atherosclerosis environments in mice and humans (72). Wang et al. used lethally irradiated low-density lipoprotein receptor-deficient mice (Ldlr−/−) with transplanted bone marrow from WT mice and transgenic mice containing mitochondrial catalase (mCAT), which can reduce mitochondrial oxidative stress (mitoOS) to examine the neutrophil-specific mitoOS in atherosclerosis in aged settings. As a result, aged mCAT→Ldlr−/− chimeric mice had significantly less aortic root atherosclerotic lesions, fewer lesional neutrophils, and decreased NETs, compared with aged controls, suggesting the pathological role of mitoOS in atherosclerosis (68).

Rheumatoid arthritis (RA) is another chronic inflammatory disease, where osteoclasts play a vital role in the development and progression of bone loss. The receptor activator of nuclear factor kappa B ligand (RANKL) is an important factor that drives bone destruction by activating osteoclasts (73). Neutrophils highly express RANKL and activate osteoclastic bone resorption (74). Contis et al. performed a quantitative proteomic analysis of purified neutrophils isolated from synovial fluid (SF) and blood from RA patients. They found that only SF neutrophils from RA patients displayed oxidative stress gene expression signatures. They further found that SF from RA patients had a higher number of mtDNA copies than osteoarthritis patients. Moreover, the mtDNA copy number was higher in SF from RA patients with a higher disease activity score of 28, indicating that mtDNA is associated with disease severity. They also found that mtDNA can induce RANKL expression in neutrophils from healthy donors in vitro. Their findings suggest that neutrophils could release mtDNA in SF, which increases neutrophil RANKL expression and induce osteoclastic bone loss, forming an autocrine loop model contributing to RA progression (69).

Adult-onset Still’s disease (AOSD) is a rare type of inflammatory arthritis that features fever, rash, and joint pain. Elevated levels of NETosis are found in AOSD patients (75). Liao et al. found that MitoTEMPO but not DPI can significantly inhibit AOSD patient-serum-induced NET formation, suggesting that elevated NETs in AOSD patients are mROS-dependent. They further investigated the role of IL-18 in the NETs of AOSD and found that MitoTEMPO and calcium chelator BAPTM-AM can suppress IL-18-induced NET formation. They conclude that IL-18 can induce calcium influx into neutrophils leading to mROS production and NETosis (37).

A unique subset of neutrophils regulates the lung metastasis of breast cancer in a mitochondria-dependent way (70). Tumor-associated aged neutrophils, defined by CXCR4+CD62Llow, increased in the peripheral blood and lung metastasis in the 4T1 breast tumor model and mouse mammary tumor virus-polyoma middle tumor-antigen (MMTV-PyMT) model. Further, the blood of breast cancer patients had a higher proportion of aged neutrophils compared with patients with breast fibroadenoma. Transcriptomic analysis showed that transcription factor SIRT1 is upregulated in aged neutrophils. SIRT1 can induce NETosis, which is different compared with PMA induction in the following ways: 1) SIRT1-induced NETosis is independent of NOX and PAD4 signaling; 2) mitochondrial DNA dominates the components of SIRT1-induced neutrophil extracellular traps; and 3) SIRT1 agonist SRT1720 can activate the mitochondrial permeability transition pore. Immunofluorescence and scanning electron microscope images show that tumor-associated aged neutrophils can capture tumor cells and promote tumor cell retention in the lung through NETs. Moreover, the SIRT1 knockdown can significantly reduce lung metastasis (70).

In cancer, neutrophils may promote tumor progression by suppressing T-cell (76–78) and NK-cell (79) activity. However, the tumor microenvironment (TME) is usually glucose-limited. As mentioned above, neutrophils mainly use glycolysis to produce energy; therefore, the glucose-limited TME may inhibit glycolysis-dependent neutrophil functions. Using 4T1 breast cancer tumor-bearing mice, Rice et al. showed that 4T1 tumors elicit the expansion of c-Kit+ neutrophils, which may indicate immaturity (18). These c-Kit+ neutrophils have increased mitochondrial metabolism that shows higher ATP synthase-dependent and maximal OCR, greater MMP, and higher expression of complexes I and IV. Moreover, these c-Kit+ neutrophils use mitochondrial fatty acid oxidation to support stronger NADPH oxidase-dependent ROS production while limiting glucose compared to neutrophils from naïve mice. The authors further hypothesize that tumor-produced stem cell factor (SCF), a c-Kit ligand, maintains mitochondrial metabolism via the c-Kit–SCF axis. Indeed, after using c-Kit antibody blockade or SCF-null tumors, neutrophil number and mitochondrial activity are decreased. They conclude that tumor-elicited c-Kit signaling is responsible for the increased neutrophil number and neutrophil oxidative adaptation. In the coculture assay, tumor-elicited neutrophils stimulated with PMA can induce significantly more T-cell death and suppress T-cell proliferation and interferon-γ (IFN-γ) production compared to neutrophils from naïve mice. Further, suppressing neutrophil glycolysis by 2-deoxy-D-glucose pretreatment did not abolish the T-cell killing ability of tumor-elicited neutrophils. Consistent with their mouse data, they found that neutrophils from peripheral blood of ovarian cancer patients have higher ATP synthase-dependent OCR.



Discussion

Neutrophil mitochondria participate in many neutrophil functions, such as respiratory burst, NET formation, migration, adhesion, differentiation/development, and degranulation. Dysfunction of neutrophil mitochondria is associated with many human diseases, such as cancer, lupus, and rheumatoid arthritis. In-depth investigations of mitochondria help people realize the heterogeneous and complicated nature of the neutrophil population, providing new insights into neutrophil biology and uncovering new targets to treat diseases.

Current research studying mitochondria and their components rely heavily on pharmacological inhibitors. Thus, the off-target effects of these inhibitors may lead to misleading interpretations. Gene editing of mitochondria-specific genes (33, 43, 55, 57) provides more precise interpretations of the function of different mitochondrial components in regulating neutrophil functions. However, the global knockout of most mitochondrial genes will cause severe developmental defects. Thus, several investigations were performed in the neutrophil-like HL60 cell line. Whether these findings are consistent in primary neutrophils remains to be further investigated. The conditional knockout using the Cre-loxP system provides a tool to study mitochondrial components in mouse neutrophils. Some cres, such as MRP8-cre (S100a8-cre) (80, p.; 55, 81) and Ly6G-cre (82, 83), are specific for neutrophils. The LysM-cre (80, 84, 85) targets both neutrophils and monocytes/macrophages. Since neutrophils are short-lived cells, even the genes of mitochondrial components are knocked out, and some cres are not efficient in eliminating protein expression of mitochondrial components. For example, in our study using MFN2flox/floxMRP8cre mice (57), we found that MFN2 protein expression is only decreased by 50-60% in peripheral blood neutrophils. A cre expressing in an earlier stage of hematopoietic differentiation, such as Vav1-cre (80, 86), might increase the knockout efficiency but will lose the specificity to neutrophils.

An alternative to studying the roles of mitochondrial components in neutrophils is to use HoxB8-expressing neutrophil progenitors (87). HoxB8 expression blocks the terminal differentiation of progenitors into monocytes or granulocytes (88, 89). Gene editing can be done in HoxB8 neutrophil progenitors. HoxB8 neutrophil progenitors can differentiate into neutrophils in vitro (90–94) and in vivo (95, 96). These will provide a powerful tool to study the involvement of mitochondrial components in mouse neutrophils.

There are strategies to perform gene editing in human neutrophils and study the roles of mitochondrial components. One is using a highly effective di-peptide caspase inhibitor, Q-VD.OPh, to inhibit apoptosis in long-time in vitro culture of human neutrophils (97). However, whether it is possible to perform gene editing of human neutrophils in this system and whether this culture will affect some neutrophil functions is not clear. A better strategy is to use human-induced pluripotent stem cells (iPSCs), perform gene editing on them, and differentiate them into neutrophils (98–101). This may be the best strategy to study the roles of mitochondrial components in human neutrophils.

Besides nuclear genome-encoded genes of mitochondrial components, mitochondrial DNA also encodes genes that are associated with many diseases, such as Leigh syndrome (102–104), NARP (neuron, ataxia, and retinitis pigmentosa) syndrome (105), and Leber hereditary optic neuropathy (106, 107). Thus, mitochondrial gene editing is critical for studying the roles of mitochondria in human neutrophils. Several techniques to edit mitochondrial genes were highlighted in previous reviews (108, 109). One of the techniques used a modulated Cas9-CRISPR gene-editing technique by appending a gene targeting guide RNA to an RNA transport-derived stem loop element (RP-loop) and expressing the Cas9 enzyme with a preceding mitochondrial localization sequence (110). Another technique is using an interbacterial toxin, DddA, which catalyzes cytidine deamination within double-stranded DNA. Fusions of the split-DddA halves, transcription activator-like effector array proteins, and a uracil glycosylase inhibitor resulted in RNA-free DddA-derived cytosine base editors (DdCBEs) that catalyze C·G-to-T·A conversions in human mtDNA with high targeting specificity and product purity (111). Later, another technique using transcription-activator-like effector (TALE)-linked deaminases (TALEDs) can catalyze A·T-to-G·C conversions in human mtDNA (112). These mitochondrial gene-editing techniques will bring new insights into studying the roles of mitochondria in neutrophil functions.
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Systemic lupus
erythematosus (SLE)

ADOA
Atherosclerosis

Rheumatoid arthritis (RA)

Adult-onset still’s disease
(AOSD)

Breast cancer lung
metastasis

Cancer immunosuppression

Neutrophil phenotype/neutrophil deficiency

SLE low-density granulocytes spontaneously release NETs enriched in oxidized mtDNA, leading to enhanced pro-
inflammatory and interferogenic potential.

The neutrophils from ADOA patients carrying OPA1 mutations cannot release DNA following GM-CSF/C5a stimulation
Aged mice display high mitochondrial oxidative stress and enhanced atherosclerosis development.

Synovial fluid neutrophils from rheumatoid patients display a gene expression signature of oxidative stress that leads to
mtDNA release.

IL-18 induced mtDNA release from neutrophils, resulting in increased levels of NETs enriched in oxidized mtDNA in
plasma from AOSD patients.

Tumor-associated aged neutrophils release mitochondria-dependent NETs capturing tumor cells and promoting tumor cell
retention in the lung.

Tumor-elicited neutrophils maintain mitochondrial metabolism in glucose-limited TME to generate ROS and suppress
T cells.
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