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Mast cells play a key role in the regulation of innate and adaptive immunity and are involved in pathogenesis of many inflammatory and allergic diseases. The most studied mechanism of mast cell activation is mediated by the interaction of antigens with immunoglobulin E (IgE) and a subsequent binding with the high-affinity receptor Fc epsilon RI (FcεRI). Increasing evidences indicated that mitochondria are actively involved in the FcεRI-dependent activation of this type of cells. Here, we discuss changes in energy metabolism and mitochondrial dynamics during IgE-antigen stimulation of mast cells. We reviewed the recent data with regards to the role played by mitochondrial membrane potential, mitochondrial calcium ions (Ca2+) influx and reactive oxygen species (ROS) in mast cell FcεRI-dependent activation. Additionally, in the present review we have discussed the crucial role played by the pyruvate dehydrogenase (PDH) complex, transcription factors signal transducer and activator of transcription 3 (STAT3) and microphthalmia-associated transcription factor (MITF) in the development and function of mast cells. These two transcription factors besides their nuclear localization were also found to translocate in to the mitochondria and functions as direct modulators of mitochondrial activity. Studying the role played by mast cell mitochondria following their activation is essential for expanding our basic knowledge about mast cell physiological functions and would help to design mitochondria-targeted anti-allergic and anti-inflammatory drugs.
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INTRODUCTION

Mitochondria are semi-autonomous double-membrane-bound organelles of an endosymbiotic origin with various compartments for operating the metabolic reactions including the citric acid cycle, oxidative phosphorylation (OXPHOS) and fatty acid β-oxidation. These reactions lead to the increase in the synthesis of ATP and also certain metabolites being generated. Furthermore, mitochondria produce ROS, accumulate Ca2+, and contribute to the programmed cell death and cell signaling regulation (1).

Increasing evidences suggests a strong correlation between cellular metabolism and mitochondrial morphology. For example, elongated mitochondria has contributed to a high level of OXPHOS activity and attenuated when the mitochondria was fragmented showing the impact of morphology (2, 3). It is well-known that when immune cells are activated their metabolism shifts from anabolism to catabolism and different immune cells employ different mechanisms of metabolic reprogramming enabling the optimized coordination between energetic and biosynthetic processes (3–6). Effector T cells and pro-inflammatory M1-macrophages predominantly employ anaerobic glycolysis which takes place in the cytoplasm, whereas regulatory T cell and anti-inflammatory M2-macrophages employ OXPHOS and fatty acid β-oxidation through mitochondria. This kind of alternative mechanism signifies the regulatory function of the mitochondrial morphology in these cells, where the mitochondria in effector T cells and M1-macrophages are fragmented while they were elongated in regulatory T cells and M2-macrophages (4, 5, 7). Moreover, immune cell activation is equally linked to the mitochondrial dynamics with in the cell. For example, antigen-induced activation of T cells is accompanied by fragmentation of mitochondria and their translocation to the immune synapse area (4, 5, 7). Mitochondrial fragmentation and translocation to the cell leading edge is necessary for migration of T cells (4, 8) and neutrophils (9). Efferocytosis of apoptotic cells by macrophages requires mitochondrial fragmentation as well (4).

The role played by mast cells in the development of inflammatory and allergic diseases is well-known (10, 11). Mast cell functions are mediated through a wide spectrum of biologically active compounds being secreted and regulated by various mechanisms. The most studied mechanism of mast cell activation is mediated by the interaction of antigens with immunoglobulin E (IgE) and a subsequent binding with the high-affinity receptor FcεRI. This event triggers FcεRI-dependent signaling which makes the mast cells secreting mediators such as histamine, proteoglycans, neutral proteases, and various cytokines. First, the preformed mediators are released from secretory granules via a degranulation process afterwards newly synthesized mediators such as cytokines and eicosanoids are being released to the extracellular environment for inducing inflammation (12, 13).

Mitochondria are actively involved in the FcεRI-dependent mast cell activation. Antigen-mediated mast cell stimulation is accompanied by mitochondrial fragmentation and their translocation to the site of exocytosis of secretory granules via secretion of mitochondrial components (14, 15). The OXPHOS process serves as an important step for mast cell degranulation and cytokine synthesis. The uncoupling of OXPHOS inhibits the FcεRI-dependent mast cell activation, however, the mechanisms that mediate this process is not fully understood (16–19). Mitochondria play an important role in regulating the cytosolic Ca2+ level which is critical for mast cell activation as they are able to accumulate Ca2+ (20–23). Mitochondrial ROS are also involved in activating mast cell (24, 25). Special attention should be given to the transcription factors STAT3 and MITF which play an important role in the development and function of mast cells. A small pool of these transcription factors reside in the mitochondria and modulate the mitochondrial activity independently as proteins other than regulating the expression of nuclear target genes (26–29).

Further investigation of the functions of mitochondria in mast cell activation is essential as it would expand our basic knowledge about mast cell physiology and could help in designing new anti-allergic and anti-inflammatory drugs.



THE FCεRI-DEPENDENT MAST CELL ACTIVATION

Mast cells represent an important cell population of the connective tissue that maintains its homeostasis and is involved in innate as well as adaptive immunity responses (12). The role played by these type of immune cells in the pathogenesis of various inflammatory and allergic diseases is well-documented (10). The strongest association of excessive mast cell activation and the severity of symptom manifestation were observed during arthritis, bronchial asthma, allergic rhinitis, and atopic dermatitis (11). Mast cell functions are mediated through the secretion of a wide spectrum of biologically active compounds. Mediators could be divided into two categories: the preformed mediators and the newly synthesized mediators. Mast cells secretory granules contain lysosomal proteins such as β-hexosaminidase mediators (such as histamine and serotonin), glycosaminoglycans (such as heparin and chondroitin sulfates) and enzymes (such as tryptase and chymase). The second group of mediators include metabolites of arachidonic acid, cytokines, chemokines, and growth factors are synthesized only upon mast cell stimulation (12, 13, 30, 31). There are two subpopulations of mast cells—mucosal mast cells, which are characterized by the presence of tryptase without chymase and mast cells of the connective tissue that contain both enzymes. Mucosal mast cells contain low levels of histamine, but produce many cysteinyl leukotrienes (LTC4, LTD4, LTE4, LTF4). Granules in these type of mast cells are characterized by their presence of chondroitin sulfate. In turn, connective tissue mast cells are characterized by higher content of histamine and secretes high levels of prostaglandin D2 while their granules contain heparin instead of chondroitin sulfate (32, 33). However, mast cells from different tissues are highly heterogeneous in the expression of both granules and enzymes needed for their secretion according to the studies on transcriptome analysis of bone marrow–derived mast cells (BMMCs) (34).

The mechanism of FcεRI-dependent mast cell activation is well-documented in number of reviews (12, 20, 35, 36). Interaction of the antigen-IgE complex with the FcεRI receptors induces their aggregation and phosphorylation of tyrosine residues in the (Ig) α immunoreceptor tyrosine–based activation motif (ITAM) regions of β- and γ-chains by the Lyn kinase. These regions bind to the spleen tyrosine kinase (Syk) which phosphorylates the transmembrane adaptor molecule linker for activation of T cells (LAT). LAT phosphorylation activates phospholipase Cγ (PLCγ) that catalyzes the hydrolysis of phosphatidylinositol (4,5)-bisphosphate (PIP2) in the plasma membrane. Inositol trisphosphate (IP3) and diacylglycerol (DAG) generated during hydrolysis of PIP2 will induce the release of Ca2+ from intracellular stores into the cytosol and activation of the protein kinase C (PKC) thus causing the degranulation of mast cell. Also, LAT activates the small GTPase RAS which in turn stimulates mitogen-activated protein kinase (MAPK) signaling leading to cytokine production and activates phospholipase A2 (PLA2) which regulates the synthesis of eicosanoids (12, 20, 35). Crosslinking of FcεRI receptors also activates Src-family kinase Fyn which is essential for mast cell degranulation along with cytokine and leukotriene production. Fyn kinase initiates complementary signals required for IgE-dependent mast cell degranulation and when there is a Fyn deficiency, an impaired FcεRI-dependent gene expression with a defective eicosanoid and cytokine production was resulted in mast cells. With the help of the adapter protein non-T cell activation linker (NTAL) Fyn phosphorylates Grb2-associeted binder 1 (Gab2) thus activating phosphatidylinositol 3 kinase (PI3K) (36, 37). Activated PI3K phosphorylates PIP2 and produces phosphatidylinositol (3,4,5)-trisphosphate (PIP3) which subsequently activates the 3-phosphoinositide-dependent protein kinase-1 (PDK1), RAC-alpha serine/threonine-protein kinase (Akt) and Bruton's tyrosine kinase (Btk) kinases (37, 38).



THE ROLE PLAYED BY MITOCHONDRIA IN THE FCεRI-DEPENDENT MAST CELL ACTIVATION


The Energy Metabolism

For quite a long time, mitochondria were thought to exert only the bioenergetic function by uptaking the substrate from cytosol and their catabolic conversion using fatty acid oxidation or the citric acid cycle (Krebs cycle) thus causing the reduction of nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD). Further oxidation of NAD hydrogen (NADH) and FAD dihydogen (FADH2) by the electron transport chain (ETC) is linked to a proton electrochemical potential generation across the inner mitochondrial membrane. The energy of this electrochemical potential is harnessed by the ATP-synthase to produce ATP. In addition to ATP production, mitochondria are involved in the biosynthesis of pyrimidines, certain fatty acids, heme, ROS production and maintenance of Ca2+ homeostasis (1).

Adequate ATP levels in mast cells have been shown to be essential for FcεRI-dependent activation of mast cells. ATP production and oxygen consumption was increased during antigen-induced activation (26). Apparently, both glycolysis and OXPHOS could be the source of ATP in mast cells (6). FcεRI-dependent stimulation of the rat basophilic leukemia RBL-2H3 mast cells was shown to induce phosphorylation and inactivation of the M2 pyruvate kinase (M2PK) which is involved in the terminal reaction of glycolysis and pyruvate production (39).

Using a Seahorse cell metabolism analyzer, the antigen-induced stimulation of mast cells derived from the murine bone marrow has been shown to rapidly stimulate the glycolysis (40). Glycolysis suppression by dichloroacetate that inhibits the kinase of pyruvate dehydrogenase and ETC complex I inhibition by rotenone abated both degranulation and cytokine production. The competitive inhibitor of glycolysis 2-deoxyglucose also diminished both degranulation and production of cytokines upon antigen-dependent mast cell activation. However, the suppressing fatty acid oxidation by etomoxir which inhibits carnitine palmitoyltransferase-1 had no effects (40). It should be noted that mast cell sensitization only with IgE prior to antigen-induced stimulation elevates the glycolytic capacity (40). Our own data demonstrated that inhibition of glycolysis doesn't affect FcεRI-dependent degranulation of RBL-2H3 and bone marrow-derived mast cells. This indicated that the major part of the energy for degranulation is derived from mitochondrial ATP (26).

The PDH complex serves as a gatekeeper in the metabolism of pyruvate in order to maintain glucose homeostasis during the fed and fasting states. Important mast cell functions such as degranulation and cytokine secretion were found to be regulated by mitochondrial PDH. This is based on our findings that in IgE-antigen activated RBL-2H3 cells and BMMCS, serine 293 dephosphorylated PDH levels were significantly reduced, indicating the active state of this complex. Furthermore, CPI-613, a small molecule selective inhibitor of PDH, which is now in phase 2 of clinical studies for cancer treatment has severely impaired mitochondrial ATP production. This inhibitor treatment led to a 50% decrease in mast cell degranulation and completely abolished the tumor necrosis factor alpha (TNFα) secretion in RBL-2H3 cells. This effect was not a result of apoptosis as no cleaved caspase 3 was observed and was due to PDH inactivation where a significant increase in PDH phosphorylation levels indicates a decrease in the complex's activity. Moreover, the knockdown of PDH using small interfering ribonucleic acid (RNA) (siRNA) has also replicated the degranulation results. PDH depletion has greatly effected interleukin 6 (IL-6) and TNF-α levels than degranulation values which indicates a strong correlation between the loss of mitochondrial ATP and cytokine secretion during mast cell exocytosis. These findings were extended to human cord blood-derived mast cells also where both degranulation and IL-6 secretion were abolished by CPI-613, providing a future potential target for allergic diseases research (28).

The antigen-dependent stimulation of mast cell was shown to effect the extracellular signal-regulated kinase (Erk1/2) dependent phosphorylation of mitochondrial STAT3 thus causing an increase in OXPHOS activity. Inhibition of STAT3 activity has attenuated both degranulation and cytokine secretion in mast cells (26, 29). Thus, FcεRI-dependent mast cell stimulation requires both activities of glycolysis and OXPHOS.



The Mitochondrial Membrane Potential

The mitochondrial membrane potential (δΨm) plays an important role in the regulation of FcεRI-mediated mast cell degranulation. ΔΨm is generated by ETC proton pumps (complexes I, III, and IV). Along with the proton gradient, ΔΨm forms the proton electrochemical transmembrane potential (or the proton-motive force) used for ATP synthesis (41, 42). ΔΨm is a driving force for the transporting various substrates in mitochondria and for Ca2+ accumulation. High ΔΨm can induce NAD reduction (so-called reverse electron transport) that is the key contributor to mitochondrial ROS production (41–43). Membrane potential plays an important role in signal transduction and regulates the mitochondrial structural dynamics. Decreased ΔΨm is accompanied by fragmentation of the elongated mitochondria (41, 42). A significant decline of mitochondrial potential is associated with mitochondrial dysfunction. It activates the mitochondrial quality control systems including the phosphatase and tensin homolog induced kinase 1(PINK1)-parkin pathway which induces selective autophagy of defective mitochondria (mitophagy). At high ΔΨm PINK1 undergoes degradation, while ΔΨm is reduced, PINK1 accumulates on the outer surface of the mitochondria and recruits parkin ubiquitin ligase that ubiquitinylates PINK1 leading to mitophagy induction (41–43). ΔΨm decrease due to OXPHOS uncoupling attenuates mast cell activation. The uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) inhibits the antigen-induced secretion of β-hexosaminidase in rat mast cell line RBL-2H3 (16). Mitochondrial respiration inhibitors such as ETC complex I inhibitor rotenone, complex III inhibitor antimycin A, and the uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) suppress IgE-mediated degranulation of murine bone marrow mast cells and RBL-2H3 cells. This suggests that this process may depend on a high ATP level. However, antimycin A and FCCP (but not rotenone) promoted degranulation in the absence of extracellular Ca2+ via a rapid decrease of ΔΨm. Mitochondrial depolarization enhanced IgE-mediated Ca2+ release from mitochondria and intracellular stores. This can imply that uncouplers affect mast cell degranulation both via a decreased ATP level and an increased release of mitochondrial Ca2+ (17).

Many natural and synthetic compounds possess an uncoupling activity along with the uncouplers widely used in experimental work. The antibacterial and antifungal agent triclosan has an uncoupling activity. Triclosan brings about a decline in ΔΨm and ATP production and promotes mitochondrial fragmentation and ROS generation in unstimulated RBL-2H3 cells. Upon mast cell stimulation, triclosan inhibits microtubule polymerization and mitochondrial translocation to the plasma membrane and suppresses the entry of extracellular Ca2+ through the plasma membrane. The inhibited mitochondrial translocation might prevent the activation of calcium release-activated channels (CRAC) which plays a crucial role in Ca2+ from the extracellular environment indicates thattriclosan attenuates FcεRI-dependent mast cell degranulation (18, 19).

It is worth noting that some uncouplers can act as mast cell activators. In our recent study, we have shown that degranulation of RBL-2H3 mast cells is stimulated by usnic acid which is a secondary messenger in lichens and has an uncoupling activity. Usnic acid appears to act not only as a protonophore uncoupler but also as a calcium ionophore. Similar to calcium ionophore A23187, usnic acid elevated the intracellular Ca2+ level in RBL-2H3 cells acting as a trigger for degranulation (44). Thus, ΔΨm plays an important role in mast cell function, most likely due to its role in Ca2+ transport across the mitochondrial membrane.



Calcium Signaling

All stages of FcεRI-dependent mast cell activation including their degranulation, biosynthesis of eicosanoids and cytokine production are Ca2+-dependent (20–23, 45). Antigen-induced mast cell stimulation activates phosphoinositide phospholipase C (PLCγ) which catalyzes phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis in the plasma membrane. Inositol trisphosphate (IP3) induces Ca2+ release from the endoplasmic reticulum through inositol trisphosphate receptor (IP3R) channels into the cytosol (20–23, 45). Mitochondria and endoplasmic reticulum can strongly interact with each other via special contacts called mitochondria-associated membranes (MAMs) (22) with their membranes that are spaced 10–50 nm apart. Ca2+ released from endoplasmic reticulum penetrates into mitochondria through the potential-dependent porin voltage-dependent anion channels (VDAC) localized at the outer mitochondrial membrane following mitochondrial calcium uniporter (MCU) at the inner mitochondrial membrane (22, 45). ATP-dependent Ca2+ pumps sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) restore the Ca2+ pool in endoplasmic reticulum (22). The downregulation of the MCU transporter has been shown to impair FcεRI-dependent mast cell degranulation (21). An increased level of mitochondrial Ca2+ enhances OXPHOS and promotes ATP production and ROS generation. Importantly, Ca2+ release from mitochondria, mediated by Na+/Ca2+-exchanger and to a lesser extent by H+/Ca2+-exchanger, is important for maintaining of Ca2+ oscillations in the cytosol and preventing the mitochondrial Ca2+ overload (20–23, 45). Excessive accumulation of Ca2+ in mitochondria promotes the opening of the non-selective mitochondrial permeability transition pore (mPTP) which is essential for a rapid Ca2+ release from mitochondria. The mPTP complex most likely comprises ATP-synthase (F0F1), adenine nucleotide translocase (ANT) and cyclophilin D from the mitochondrial matrix (46). Both decreased ΔΨm and oxidative stress significantly increases the probability of mPTP opening which plays an important role in mast cell activation. This is supported by the fact that atractyloside and bongkrekic acid (the agonist and antagonist of mPTP, respectively) enhanced and suppressed FcεRI-mediated intracellular Ca2+ release in mast cells, respectively. Bongkrekic acid abolished the elevated antigen-induced mast cell degranulation which was observed in the absence of intracellular Ca2+ upon treatment with antimycin A or FCCP (17).

It is known that mPTP opening can be reversible and facilitate the long-term Ca2+ oscillations in the cytoplasm. Meanwhile, prolonged mPTP opening results in reduced ATP production and increased ROS generation, mitochondrial swelling, disruption of the outer mitochondrial membrane, and release of proapoptotic factors from the mitochondrial intermembrane space into the cytoplasm (47).

Transient Ca2+ oscillations triggered by Ca2+ release from the intracellular stores are incapable of maintaining the degranulation of antigen-stimulated mast cells in the absence of the extracellular Ca2+ influx. Mast cell activation requires Ca2+ influx by store-operated entry (SOCE). SOCE is activated by Ca2+ depletion in the endoplasmic reticulum and subsequent influx of extracellular Ca2+. The loss of Ca2+ binding to EF-hand motifs in a luminal domain of Ca2+ sensor stromal interaction molecule 1 (STIM1) results in its oligomerization and redistribution to regions of the endoplasmic reticulum proximal to the plasma membrane where it interacts with pore-forming subunits of calcium release-activated channel (Orai1/CRACM1) forming an active CRAC (20, 48). Besides CRAC some transient receptor potential canonical (TRPC) TRPCs can participate in Ca2+ influx in FcεRI-dependent mast cell activation. For example, mast cell Fyn kinase regulates expression of TRPC1. Fyn null mast cells demonstrate a decreased expression of TRPC1, impaired Ca2+ influx and cortical F-actin depolymerization (a key step for granule-plasma membrane fusion) has resulted in a decreased degranulation (49). TRPC5 in RBL-2H3 cells associates with STIM1 and Orai1, enhances entry of Ca2+ and degranulation (50). The results obtained on the studies of non-mast cells suggest that interaction between STIM1 and Orai1 can be mediated by microtubule-directed reorganization of endoplasmic reticulum and establishment of contacts between the endoplasmic reticulum and the plasma membrane (51–53).

Mitochondria appears to play an important role in SOCE. Trafficking of STIM1 to endoplasmic reticulum-plasma membrane junctions and subsequent activation of CRAC in rat basophilic leukemia cells RBL-1 and HEK293 cells was impaired following the mitochondrial depolarization (54). The mitochondrial Ca2+ current was shown to be necessary for STIM1 oligomerization and activation in HeLa cells (55). Two steps elevation in mitochondrial Ca2+ concentration was shown in antigen-activated RBL-2H3 mast cells. The first is Ca2+ entry to mitochondria derived from the Ca2+ release from the endoplasmic reticulum. The second step is Ca2+ influx mediated by STIM1-Orai1. Inhibition of mitochondrial ETC complex I and III by rotenone and antimycin A, respectively, diminished mitochondrial Ca2+ uptake and inhibited antigen-induced degranulation (56). Mitochondrial Ca2+ uptake can maintain an active state of CRAC channels along with activation of OXPHOS and STIM1. Studies on T-lymphocytes have demonstrated that increased Ca2+ levels will lead to CRAC inactivation and the mitochondrial Ca2+ uptake in the vicinity of CRAC prevents their inactivation (8). Another mechanism that maintains the extracellular Ca2+ influx was demonstrated on HEK293T and RBL-2H3 cells, where the activity of mitochondrial Na+/Ca2+-exchanger has interfered the ROS-dependent Orai1 inactivation (57).

When intracellular Ca2+ in mast cells is elevated, it activates Ca2+-binding protein calmodulin which in turn stimulates calmodulin-dependent protein kinase (CaMK), myosin light chain kinase (MLCK), and phosphatase calcineurin (47). The importance of CaMK and MLCK activation for secretory granule exocytosis was demonstrated in the RBL-2H3 mast cells (58). Calcineurin promotes mitochondrial fragmentation and induces nuclear translocation of the transcription factors such as transcription factor EB (TFEB), nuclear factors of activated T cell (NFAT) and nuclear factor- kappaB (NF-kB) which are involved in autophagy and mitochondrial biogenesis as well as secretion of pro-inflammatory cytokines (59, 60). The activation of transcription factor NFAT, which regulates the expression of pro-inflammatory cytokines associated with the Th2-dependent immune response, strongly depends on calcineurin. The inhibited calcineurin activity reduces the secretion of both preformed and synthesized mediators. It should be noted that calcineurin inhibitors are used for therapy of atopic dermatitis and some other allergic diseases. NFAT has been shown to regulate mast cell degranulation affecting the activity of kinases protein kinase C (PKC), p38, and Erk (59, 60).

The soluble NSF attachment proteins receptor (SNARE) protein complex plays a crucial role in fusing the secretory granules with each other and with the plasma membrane. Some proteins required for its proper function are Ca2+-sensitive. Such proteins include Munc13-4, synaptotagmin II, and double C2 (Doc2α) (61–63).



Mitochondrial ROS

We have already discussed the role played by ROS in mast cell activation (25) and the present review focuses on the possible role of the mitochondrial ROS in mast cell activation.

Most mitochondrial ROS arise from ETC function (by complexes I and III, NADH dehydrogenase and cytochrome bc1 complex, respectively). Mitochondrial ROS generation depends on many factors: oxygen level, respiration rates, Ca2+ levels, and ΔΨm. For example, high ΔΨm may boost ROS production. Mitochondrial ROS can be generated as byproducts of dehydrogenase activity in the mitochondrial matrix, the proteins having Src homology 2 (p66shc) in the intermembrane space, monoamine oxidase at the outer mitochondrial membrane, and NADH oxidase (NOX4) at the inner mitochondrial membrane. Mitochondria have an efficient antioxidant system. It includes thiol-containing peptide glutathione, thioredoxins and glutaredoxins, glutathione reductases, thioredoxin peroxidases (peroxiredoxins), and superoxide reductases (64–66).

Histamine production and mast cell degranulation were shown to be attenuated by uncoupling protein 2 (UCP2), the protein of the inner mitochondrial membrane that regulates ROS generation (24). Our previous data indicated that mitochondria-targeted antioxidant SkQ1 abrogates the antigen-dependent degranulation of RBL-2H3 mast cells (67), which implies that mitochondrial ROS contribute to mast cell activation. As it will be discussed below in the part “Mitochondrial dynamics,” mast cell degranulation is accompanied by the mitochondrial fragmentation and its translocation to the plasma membrane. Preventing mitochondrial fragmentation suppresses mast cell degranulation (14). Mitochondrial ROS seem to be a vital regulator of mitochondrial fragmentation. The mitochondria-targeted antioxidants MitoQ (68–70) and SkQ1 (71) can inhibit mitochondrial fragmentation induced by uncoupling agents and oxidative stress in many cell cultures. The protective effect of the mitochondria-targeted antioxidants appears to be mediated by modulation of the activity or localization of dynamin-like proteins Drp1 and OPA1 (66, 69), as well as by regulation of the expression of genes that control mitochondrial dynamics (70, 72).

Probably, mitochondrial ROS can regulate exocytosis of mast cells by acting on Ca2+ channels in secretory granules. The main lysosomal Ca2+ channel mucolipin-1 (MCOLN1/TRPML1) is localized in the secretory lysosomes of NK cells related to secretory granules (73) and can be directly activated by mitochondrial ROS (61, 74, 75). Ca2+ release via TRPML1 leads to lysosomal fission (76) and calcineurin-dependent translocation of the nuclear transcription factor TFEB which stimulates lysosome exocytosis, autophagy, and lysosome biogenesis (61, 74, 75). The key role of mucolipin-1 in the regulation of granule exocytosis was demonstrated in experiments in which the pharmacological inhibition of phosphoinositide kinase PIKfyve, which stimulates the opening of the mucolipin-1 channel, inhibited exocytosis in mouse bone marrow-derived mast cells during FcεRI-dependent activation (77).

The results obtained from the studies of various cell types suggest that mitochondrial ROS can also affect antigen-dependent mast cell activation by modifying activities of MAPK and transcription factors NF-κB and NFAT. Stimulating the mitochondrial ROS production by antimycin A induces Erk1/2 phosphorylation and interleukin 8 (IL-8) secretion by polymorphonuclear leukocytes from human peripheral blood (78). There is evidence indicating that mitochondrial ROS are involved in activating P38 MAPK (79, 80) and c-Jun N-terminal kinases (JNK) (81). Mitochondria-targeted antioxidants can inhibit the phosphorylation of all three mentioned kinases (81–83).

Mitochondrial ROS can stimulate NF-κB signaling by activating the kinase (IKK) of the inhibitor of NF-κB (IκB), which promotes its proteasome degradation and induces nuclear translocation of NF-κB (81, 84). Mitochondrial ROS-dependent activation of IKK can be mediated by several mechanisms, including the formation of intermolecular disulfide bonds in NF-κB essential modulator (NEMO), a component of the IKK complex (85).

The activity of another important transcription factor, NFAT, also depends on mitochondrial ROS. It has been shown that NFAT nuclear translocation is abolished in T cells deficient in the mitochondrial ubiquinol-cytochrome C reductase subunit, the Riske iron-sulfur protein (Uqcrfs1), which is involved in the generation of ROS (86).

Figure 1 shows schematically possible function of mitochondrial ROS in the antigen-dependent mast cell stimulation.
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FIGURE 1. Mitochondrial ROS (mtROS) can be involved in the activation of mast cells by various mechanisms: (i) participating in the fragmentation of mitochondria; (ii) regulating degranulation by stimulation of Ca2+-channels TRPML1 localized to secretory lysosomes; (iii) affecting the activity of MAP kinases and transcription factors NF-κB and NFAT.




The Mitochondrial Dynamics

The research evidences indicates that mitochondrial reticulum is a highly dynamic structure. Depending on the cell requirements, mitochondria can both alter their localization using the cytoskeleton and modulates their morphology by fusion and fragmentation. Mitochondrial fusion is regulated by the GTPases mitofusin1 (Mfn1) and mitofusin2 (Mfn2) at the outer mitochondrial membrane and by OPA1 at the inner mitochondrial membrane. Mitochondrial fragmentation is mediated mainly by the GTPase Drp1 which is localized in the cytosol is being inactive (2, 3).

Inhibiting Drp1 activity by mitochondrial division inhibitor 1 (mDivi-1) or downregulation of Drp1 expression using siRNA suppresses mitochondrial fragmentation and translocation, attenuates mast cell degranulation but does not affect de novo biosynthesis of mediators. The translocation of mitochondria to the plasma membrane was observed in the mast cells isolated from the skin of atopic dermatitis patients. Furthermore, Drp1 and calcineurin were upregulated in the skin of those patients (14). The number of cristae in mitochondria of RBL-2H3 mast cells was found to increase upon the antigen-induced stimulation (87). Generally, the number of cristae increases as OXPHOS activity enhances (7). Furthermore, IgE-dependent stimulation of laboratory of allergic diseases 2 (LAD2) mast cells was shown to be accompanied by secretion of mitochondrial particles, mitochondrial DNA, and ATP in the absence of cell death (15).

Drp1 activity depends on its phosphorylation on Ser616 and Ser637. Dephosphorylation of Drp1 on Ser637 by Ca2+-dependent phosphatase calcineurin promotes the recruitment of Drp1 to the mitochondrial surface. Drp1 activation requires phosphorylation on Ser616 which is executed by various MAPK kinases including Erk1/2 (2). Calcineurin activation occurs in response to an increased intracellular Ca2+. Apart from Drp1 activation, calcineurin triggers nuclear translocation of transcription factors TFEB, NFAT, and NF-kB involved in the biogenesis of mitochondria and lysosomes, autophagy, and secretion of pro-inflammatory cytokines. Activation of the NFAT transcription factor that regulates the expression of the pro-inflammatory cytokines involved in T helper type 2 (Th2) dependent immune response strongly depends on calcineurin (60).

The role of the Drp1-dependent reorganization of mitochondrial reticulum in T cell activation is well-studied. Mitochondrial fragmentation that occurs during the differentiation of effector T cells is accompanied by a disassembly of ETC complexes and reducing OXPHOS activity (7). Upon T cell activation, mitochondria are translocated to the area of the immunological synapse. Mitochondrial Ca2+ uptake interferes with Ca2+-dependent inactivation of CRAC channels and thus facilitates the increased and stabilized extracellular Ca2+ influx (88). The Erk1/2-dependent phosphorylation of Drp1 and the subsequent mitochondrial fragmentation were shown to be necessary for the T cell migration as it requires local ATP production at the cell leading edge and activation of the motor protein myosin (89, 90).

Notably, that Drp1 can exert functions distinct from the regulation of mitochondrial fragmentation. Drp1 has been shown to be involved in postsynaptic endocytosis in neurons (91). Drp1 was also shown to be involved in the pore formation for exocytosis of thrombocyte granules (92).

These data suggest that Drp1-mediated mitochondrial fragmentation upon antigen-induced mast cell stimulation can regulate degranulation by maintaining Ca2+ homeostasis and the local ATP production. At the same time, the effects of Drp1 on mast cell degranulation may be associated not only with the influence of Drp1 on mitochondrial fragmentation but also with its direct role in the exocytosis.



The Mitochondrial STAT3 and MITF

It's important to discuss the issue of two transcription factors, STAT3 and MITF, which have a small pool localized in mast cell mitochondria. The transcriptional switch induced by these proteins allows the cells to shift their metabolism rapidly in response to altered conditions.

FcεRI-dependent mast cell activation is accompanied by Erk1/2-dependent phosphorylation of STAT3 on Ser727 and its translocation to mitochondria. This affects the ETC complex III activity and elevates ATP production, but the influence on the activity of complexes I and II cannot be ruled out. The selective small-molecule inhibitor of STAT3 Stattic and the mitochondria-targeted inhibitors Mitocur-1 and Mitocur-3 (the curcumin conjugated with the triphenylphosphonium lipophilic cations) suppress both degranulation and cytokine production by mast cells in vitro and in vivo (26, 29).

Mitochondrial STAT3 can modulate mast cell activation affecting ETC activity, ROS production, Ca2+ homeostasis, and mitophagy. Rotenone-induced mitochondrial ROS mediate phosphorylation of STAT3 on Ser727 and its subsequent translocation to mitochondria. In its turn, mitochondrial STAT3 facilitates ATP production affecting predominantly the activity of ETC complexes I and II and decreases ROS generation. Therefore, STAT3 senses and regulates ROS levels (27, 93). Mitochondrial STAT has been also shown to bind to the mPTP component cyclophilin D and prevent its opening which can be one of the crucial mechanisms of ROS generation inhibition (94). Furthermore, mitochondrial STAT3 was shown to increase the mitochondrial and intracellular levels of Ca2+ (27). There is also evidence indicating that mitochondrial STAT3 inhibits mitophagy (95).

Pyruvate dehydrogenase complex (PDC) is the main regulator of Kreb's cycle and it's a complex made up of 3 subunits including pyruvate dehydrogenase PDH (2 subunits E1α, β), dihydrolipoamide acetyltransferase (E2) and dihydrolipoamide dehydrogenase (E3). For the conversion of pyruvate to acetyl-CoA, an activated dephosphorylated PDC catalyzes the oxidative decarboxylation step, thus regulating the citric acid cycle inside mitochondria. For the mast cell function during FcεRI-dependent activation an increase in OXPHOS activity and ATP production was observed (26). MITF whose major function is to regulate the differentiation of melanocytes and osteoclasts (96) was also found in mast cells (97). The studies on lysyl-tRNA synthetase (LysRS), diadenosine tetraphosphate (Ap4A), histidine triad nucleotide-binding protein 1 (HINT1) in FcεRI-dependent stimulated mast cells highlights the transcriptional activity of MITF in mast cells and describes the LysRS-Ap4A-HINT-MITF signaling pathway (98, 99). Interestingly, peroxisome proliferator–activated receptor γ coactivator 1 α (PGC-1 α) an important coactivator for regulating OXPHOS genes for maintaining the mitochondrial biogenesis was found to be regulated by MITF (100) in melanoma cells. Most recently MITF as a protein was found to be partially localized in the mitochondria and found to interact with pyruvate dehydrogenase E1α subunit (PDH E1α) in mast cells. Allergic stimulation has activated the PDH thus causing its detachment from MITF in IgE-DNP treated RBL-2H3 cells and bone marrow–derived mast cell. Also an impaired degranulation, ATP production, oxygen consumption and the reduction of TNFα and IL-6 cytokines with CPI-613 (PDC inhibitor) treatment in cord blood–derived mast cell explains the importance of PDH complex during mast cells function. A decreased PDH activity with MITF overexpression in bone marrow–derived mast cell and RBL-2H3 cells indicates the importance of protein interactions in mitochondria. Also, MITF was found to associate with phosphorylated PDH after CPI-613 treatment clearly emphasizes the regulatory role of MITF for maintaining the PDH activity during allergic stimulus (28). However, the mitochondrial MITF localization and function other than regulating the PDC activity during allergic activation remains unclear.




CONCLUSION AND FUTURE DIRECTIONS

Mast cells play an important role in the pathogenesis of various inflammatory and allergic diseases. Mitochondria are actively involved in many stages of FcεRI-dependent mast cell activation. Based on literature data summarized in this review we try to present scheme of the function of mitochondria in the antigen-dependent mast cell stimulation (Figure 2).


[image: Figure 2]
FIGURE 2. The role played by mitochondria in the antigen-dependent mast cell stimulation. Binding of the antigen complex to IgE (Ag-IgE) causes aggregation of FcεRI receptors and recruits the Lyn kinase which phosphorylates (P) ITAM regions of FcεRI with subsequent recruitment of the Syk kinase. This kinase activates the adapter molecule LAT that further stimulates phospholipase PLCγ and small GTPase RAS. PLCγ hydrolyzes PIP2 with the production of IP3 and DAG. IP3 causes Ca2+ release from endoplasmic reticulum (ER) through IP3R channels. Mitochondria interact with ER and uptake the released Ca2+ via the potential-dependent transporter system VDAC-MCU. In mitochondria, Ca2+ enhances OXPHOS and ROS and ATP production. Local Ca2+ oscillations occur due to the activity of the mitochondrial Na+/Ca2+-exchanger (NCX) and SERCA pumps localized in ER. Ca2+ release from ER causes activation and oligomerization of the calcium sensor STIM1. After the microtubule-dependent ER translocation to the plasma membrane, STIM1 binds to the pore-forming subunits of CRAC Orai1. This maintains the current of the intracellular Ca2+. The activated GTPase RAS stimulates phospholipase PLA2 and activates MAPK signaling cascade leading to the biosynthesis of eicosanoids and cytokine production. Furthermore, MAPK kinase Erk1/2 induces phosphorylation of the transcription factor STAT3 and its translocation to mitochondria. There it enhances OXPHOS and ATP production but prevents excessive ROS generation and mitophagy. A pyruvate dehydrogenase complex (PDC) regulating mitochondrial MITF along with STAT3 could also play a potential role in regulating the antigen-induced stimulation of mast cells. An elevated level of intracellular Ca2+ activates calmodulin (CaM) followed by stimulation of the phosphatase calcineurin (CaN) which together with MAPK kinases induces Drp1-dependent mitochondrial fragmentation along. Fragmented mitochondria are translocated to the plasma membrane. Suppression of fragmentation or translocation of mitochondria attenuates the antigen-dependent mast cell degranulation. The main function of mitochondria seems to be as following: they maintain intracellular Ca2+ current preventing of Ca2+- and ROS-dependent inactivation of the CRAC channels. The accumulation of the intracellular Ca2+ is also important for activating certain proteins that play an important role in SNARE complex function which is necessary for fusion of the secretory lysosomes with each other and with the plasma membrane.


Investigation of the functions of mitochondria in mast cell activation is essential as it would expand the basic knowledge about mast cell physiology and would help to design new anti-allergic and anti-inflammatory drugs targeted to mitochondria. The data summarized in the review indicate the promising potential of uncouplers, mitochondria-targeted antioxidants, and Drp1 and STAT3 inhibitors to reduce FcεRI-activation of mast cells. However, a wealth of information was obtained solely from in vitro studies of mast cell degranulation without estimation of cytokines and eicosanoids secretion. There is an urgent need for in vivo research to investigate the therapeutic potential of the drugs targeted to mitochondria.
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ABBREVIATIONS

ANT, adenine nucleotide translocase; Ap4A, diadenosine tetraphosphate; ATP, adenosine triphosphate; BMMCs, bone marrow–derived mast cells; Ca2+, calcium ions; CaMK, calmodulin-dependent protein kinase; CRAC, calcium release-activated channels; DAG, diacylglycerol; DNP, 2,4-dinitrophenol; Doc2α, double C2; Drp1, dynamin related protein 1; Erk1/2, extracellular signal-regulated kinase; ITAM, (Ig) α immunoreceptor tyrosine–based activation; ETC, electron transport chain; FAD, flavin adenine dinucleotide; FADH2, FAD dihydogen; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone; FcεRI, high-affinity IgE receptor; Gab2, Grb2-associeted binder 1; HINT1, histidine triad nucleotide-binding protein 1; IgE, immunoglobulin E; IKK, IκB kinase; IL-6, Interlukin 6; IL-8, Interlukin 8; IP3, inositol trisphosphate; IP3R, inositol trisphosphate receptor; IκB, inhibitor of nuclear factor kappa B; JNK, c-Jun N-terminal kinases; LAD2, laboratory of allergic diseases 2; LAT, linker for activation of T cells; LysRS, lysyl-tRNA synthetase; M2PK, M2 pyruvate kinase; MAPK, mitogen-activated protein kinase; MCU, mitochondrial calcium uniporter; mDivi-1, mitochondrial division inhibitor 1; Mfn1, mitofusin1; Mfn2, mitofusin2; MITF, microphthalmia associated transcription factor; MLCK, myosin light chain kinase; mPTP, mitochondrial permeability transition pore; NAD, nicotinamide adenine dinucleotide; NADH, NAD hydrogen; NEMO, NF-κB essential modulator; NFAT, nuclear factors of activated T cell; NF-kB, nuclear factor- kappaB; NOX4, NADH oxidase; NTAL, non-T cell activation linker; OPA1, dynamin-like 120 kDa; Orai1, calcium release-activated calcium channel protein 1; OXPHOS, oxidative phosphorylation; p66shc, proteins having Src homology 2; PDC, pyruvate dehydrogenase complex; PDH, pyruvate dehydrogenase; PDH E1α, pyruvate dehydrogenase E1α subunit; PGC-1 α, peroxisome proliferator–activated receptor γ coactivator 1 α; PINK1, phosphatase and tensin homolog induced kinase 1; PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase C; PLCγ, phospholipase Cγ; RBL-2H3, rat basophilic leukemia; ROS, reactive oxygen species; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; siRNA, small interfering ribonucleic acid (RNA); SNARE, soluble NSF attachment protein receptor; STAT3, signal transducer and activator of transcription 3; STIM1, stromal interaction molecule 1; Syk, spleen tyrosine kinase; TFEB, transcription factor EB; Th2, T-helper type 2; TNFα, tumor necrosis factor alpha; TRPC, Ca2+ transporters transient receptor potential canonical; TRPML1, mucolipin 1 TRP or MCOLN1 channel; UCP2, uncoupling protein 2; Uqcrfs1, ubiquinol-cytochrome C reductase, Rieske iron-sulfur polypeptide 1; VDAC, voltage-dependent anion channels.



REFERENCES

 1. Skulachev VP, Bogachev AV, Kasparinsky FO. Principles of Bioenergetics. Berlin; Heidelberg: Springer Science & Business Media (2012).

 2. Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. J Cell Biol. (2016) 212:379–87. doi: 10.1083/jcb.201511036

 3. Rambold AS, Pearce EL. Mitochondrial dynamics at the interface of immune cell metabolism and function. Trends Immunol. (2018) 39:6–18. doi: 10.1016/j.it.2017.08.006

 4. Angajala A, Lim S, Phillips JB, Kim J-H, Yates C, You Z, et al. Diverse roles of mitochondria in immune responses: novel insights into immuno-metabolism. Front Immunol. (2018) 9:1605. doi: 10.3389/fimmu.2018.01605

 5. Breda CN de S, Davanzo GG, Basso PJ, Saraiva Câmara NO, Moraes-Vieira PMM. Mitochondria as central hub of the immune system. Redox Biol. (2019) 26:101255. doi: 10.1016/j.redox.2019.101255

 6. Michaeloudes C, Bhavsar PK, Mumby S, Xu B, Hui CKM, Chung KF, et al. Role of metabolic reprogramming in pulmonary innate immunity and its impact on lung diseases. J Innate Immun. (2020) 12:31–46. doi: 10.1159/000504344

 7. Buck MD, O'Sullivan D, Klein Geltink RI, Curtis JD, Chang C-H, Sanin DE, et al. Mitochondrial dynamics controls T cell fate through metabolic programming. Cell. (2016) 166:63–76. doi: 10.1016/j.cell.2016.05.035

 8. Desdín-Micó G, Soto-Heredero G, Mittelbrunn M. Mitochondrial activity in T cells. Mitochondrion. (2018) 41:51–7. doi: 10.1016/j.mito.2017.10.006

 9. Zheng X, Chen M, Meng X, Chu X, Cai C, Zou F. Phosphorylation of dynamin-related protein 1 at Ser616 regulates mitochondrial fission and is involved in mitochondrial calcium uniporter-mediated neutrophil polarization and chemotaxis. Mol Immunol. (2017) 87:23–32. doi: 10.1016/j.molimm.2017.03.019

 10. Sismanopoulos N, Delivanis D-A, Alysandratos K-D, Angelidou A, Therianou A, Kalogeromitros D, et al. Mast cells in allergic and inflammatory diseases. Curr Pharm Des. (2012) 18:2261–77. doi: 10.2174/138161212800165997

 11. Theoharides TC, Alysandratos K-D, Angelidou A, Delivanis D-A, Sismanopoulos N, Zhang B, et al. Mast cells and inflammation. Biochim Biophys Acta. (2012) 1822:21–33. doi: 10.1016/j.bbadis.2010.12.014

 12. da Silva EZM, Jamur MC, Oliver C. Mast cell function: a new vision of an old cell. J Histochem Cytochem. (2014) 62:698–738. doi: 10.1369/0022155414545334

 13. Krystel-Whittemore M, Dileepan KN, Wood JG. Mast cell: a multi-functional master cell. Front Immunol. (2016) 6:620. doi: 10.3389/fimmu.2015.00620

 14. Zhang B, Alysandratos K-D, Angelidou A, Asadi S, Sismanopoulos N, Delivanis D-A, et al. Human mast cell degranulation and preformed TNF secretion require mitochondrial translocation to exocytosis sites: relevance to atopic dermatitis. J Allergy Clin Immunol. (2011) 127:1522–31.e8. doi: 10.1016/j.jaci.2011.02.005

 15. Zhang B, Asadi S, Weng Z, Sismanopoulos N, Theoharides TC. Stimulated human mast cells secrete mitochondrial components that have autocrine and paracrine inflammatory actions. PLoS ONE. (2012) 7:e49767. doi: 10.1371/journal.pone.0049767

 16. Mohr FC, Fewtrell C. The relative contributions of extracellular and intracellular calcium to secretion from tumor mast cells. Multiple effects of the proton ionophore carbonyl cyanide m-chlorophenylhydrazone. J Biol Chem. (1987) 262:10638–43.

 17. Suzuki Y, Yoshimaru T, Inoue T, Ra C. Mitochondrial Ca2+ flux is a critical determinant of the Ca2+ dependence of mast cell degranulation. J Leukoc Biol. (2006) 79:508–18. doi: 10.1189/jlb.0705412

 18. Weatherly LM, Shim J, Hashmi HN, Kennedy RH, Hess ST, Gosse JA. Antimicrobial agent triclosan is a proton ionophore uncoupler of mitochondria in living rat and human mast cells and in primary human keratinocytes. J Appl Toxicol. (2016) 36:777–89. doi: 10.1002/jat.3209

 19. Weatherly LM, Nelson AJ, Shim J, Riitano AM, Gerson ED, Hart AJ, et al. Antimicrobial agent triclosan disrupts mitochondrial structure, revealed by super-resolution microscopy, and inhibits mast cell signaling via calcium modulation. Toxicol Appl Pharmacol. (2018) 349:39–54. doi: 10.1016/j.taap.2018.04.005

 20. Ma H-T, Beaven MA. Regulators of Ca2+ signaling in mast cells: potential targets for treatment of mast cell-related diseases? Adv Exp Med Biol. (2011) 716:62–90. doi: 10.1007/978-1-4419-9533-9_5

 21. Furuno T, Shinkai N, Inoh Y, Nakanishi M. Impaired expression of the mitochondrial calcium uniporter suppresses mast cell degranulation. Mol Cell Biochem. (2015) 410:215–21. doi: 10.1007/s11010-015-2554-4

 22. Marchi S, Patergnani S, Missiroli S, Morciano G, Rimessi A, Wieckowski MR, et al. Mitochondrial and endoplasmic reticulum calcium homeostasis and cell death. Cell Calcium. (2018) 69:62–72. doi: 10.1016/j.ceca.2017.05.003

 23. Trebak M, Kinet J-P. Calcium signalling in T cells. Nat Rev Immunol. (2019) 19:154–69. doi: 10.1038/s41577-018-0110-7

 24. Tagen M, Elorza A, Kempuraj D, Boucher W, Kepley CL, Shirihai OS, et al. Mitochondrial uncoupling protein 2 inhibits mast cell activation and reduces histamine content. J Immunol. (2009) 183:6313–9. doi: 10.4049/jimmunol.0803422

 25. Chelombitko MA, Averina OA, Vasilyeva TV, Pletiushkina OY, Popova EN, Fedorov AV, et al. Mitochondria-targeted antioxidant SkQ1 (10-(6'-plastoquinonyl)decyltriphenylphosphonium bromide) inhibits mast cell degranulation in vivo and in vitro. Biochemistry. (2017) 82:1493–503. doi: 10.1134/S0006297917120082

 26. Erlich TH, Yagil Z, Kay G, Peretz A, Migalovich-Sheikhet H, Tshori S, et al. Mitochondrial STAT3 plays a major role in IgE-antigen–mediated mast cell exocytosis. J Allergy Clin Immunol. (2014) 134:460–9.e10. doi: 10.1016/j.jaci.2013.12.1075

 27. Yang R, Rincon M. Mitochondrial Stat3, the need for design thinking. Int J Biol Sci. (2016) 12:532–44. doi: 10.7150/ijbs.15153

 28. Sharkia I, Erlich TH, Landolina N, Assayag M, Motzik A, Rachmin I, et al. Pyruvate dehydrogenase has a major role in mast cell function, and its activity is regulated by mitochondrial microphthalmia transcription factor. J Allergy Clin Immunol. (2017) 140:204–14.e8. doi: 10.1016/j.jaci.2016.09.047

 29. Erlich TH, Sharkia I, Landolina N, Assayag M, Goldberger O, Berkman N, et al. Modulation of allergic responses by mitochondrial STAT3 inhibitors. Allergy. (2018) 73:2160–71. doi: 10.1111/all.13467

 30. Wernersson S, Pejler G. Mast cell secretory granules: armed for battle. Nat Rev Immunol. (2014) 14:478–94. doi: 10.1038/nri3690

 31. Pejler G, Hu Frisk JM, Sjöström D, Paivandy A, Öhrvik H. Acidic pH is essential for maintaining mast cell secretory granule homeostasis. Cell Death Dis. (2017) 8:e2785. doi: 10.1038/cddis.2017.206

 32. Razin E, Mencia-Huerta JM, Stevens RL, Lewis RA, Liu FT, Corey E, et al. IgE-mediated release of leukotriene C4, chondroitin sulfate E proteoglycan, beta-hexosaminidase, and histamine from cultured bone marrow-derived mouse mast cells. J Exp Med. (1983) 157:189–201. doi: 10.1084/jem.157.1.189

 33. Moon TC, St Laurent CD, Morris KE, Marcet C, Yoshimura T, Sekar Y, et al. Advances in mast cell biology: new understanding of heterogeneity and function. Mucosal Immunol. (2010) 3:111–28. doi: 10.1038/mi.2009.136

 34. Akula S, Paivandy A, Fu Z, Thorpe M, Pejler G, Hellman L, et al. Quantitative in-depth analysis of the mouse mast cell transcriptome reveals organ-specific mast cell heterogeneity. Cells. (2020) 9:211. doi: 10.3390/cells9010211

 35. Elieh Ali Komi D, Wöhrl S, Bielory L. Mast cell biology at molecular level: a comprehensive review. Clin Rev Allergy Immunol. (2020) 58:342–65. doi: 10.1007/s12016-019-08769-2

 36. Parravicini V, Gadina M, Kovarova M, Odom S, Gonzalez-Espinosa C, Furumoto Y, et al. Fyn kinase initiates complementary signals required for IgE-dependent mast cell degranulation. Nat Immunol. (2002) 3:741–8. doi: 10.1038/ni817

 37. Sibilano R, Frossi B, Pucillo CE. Mast cell activation: a complex interplay of positive and negative signaling pathways. Eur J Immunol. (2014) 44:2558–66. doi: 10.1002/eji.201444546

 38. Kim MS, Rådinger M, Gilfillan AM. The multiple roles of phosphoinositide 3-kinase in mast cell biology. Trends Immunol. (2008) 29:493–501. doi: 10.1016/j.it.2008.07.004

 39. Ryu H, Walker JKL, Kim S, Koo N, Barak LS, Noguchi T, et al. Regulation of M2-type pyruvate kinase mediated by the high-affinity IgE receptors is required for mast cell degranulation. Br J Pharmacol. (2008) 154:1035–46. doi: 10.1038/bjp.2008.148

 40. Phong B, Avery L, Menk AV, Delgoffe GM, Kane LP. Cutting edge: murine mast cells rapidly modulate metabolic pathways essential for distinct effector functions. J Immunol. (2017) 198:640–4. doi: 10.4049/jimmunol.1601150

 41. Perry SW, Norman JP, Barbieri J, Brown EB, Gelbard HA. Mitochondrial membrane potential probes and the proton gradient: a practical usage guide. Biotechniques. (2011) 50:98–115. doi: 10.2144/000113610

 42. Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas SS, et al. Mitochondrial membrane potential. Anal Biochem. (2018) 552:50–9. doi: 10.1016/j.ab.2017.07.009

 43. Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu S-S. Calcium, ATP, and ROS: a mitochondrial love-hate triangle. Am J Physiol Cell Physiol. (2004) 287:C817–33. doi: 10.1152/ajpcell.00139.2004

 44. Chelombitko MA, Firsov AM, Kotova EA, Rokitskaya TI, Khailova LS, Popova LB, et al. Usnic acid as calcium ionophore and mast cells stimulator. Biochim Biophys Acta Biomembr. (2020) 1862:183303. doi: 10.1016/j.bbamem.2020.183303

 45. Rizzuto R, De Stefani D, Raffaello A, Mammucari C. Mitochondria as sensors and regulators of calcium signalling. Nat Rev Mol Cell Biol. (2012) 13:566–78. doi: 10.1038/nrm3412

 46. Bernardi P, Rasola A, Forte M, Lippe G. The mitochondrial permeability transition pore: channel formation by F-ATP synthase, integration in signal transduction, and role in pathophysiology. Physiol Rev. (2015) 95:1111–55. doi: 10.1152/physrev.00001.2015

 47. Bohovych I, Khalimonchuk O. Sending out an SOS: mitochondria as a signaling hub. Front Cell Dev Biol. (2016) 4:109. doi: 10.3389/fcell.2016.00109

 48. Holowka D, Calloway N, Cohen R, Gadi D, Lee J, Smith NL, et al. Roles for Ca2+ mobilization and its regulation in mast cell functions. Front Immunol. (2012) 3:104. doi: 10.3389/fimmu.2012.00104

 49. Suzuki R, Liu X, Olivera A, Aguiniga L, Yamashita Y, Blank U, et al. Loss of TRPC1-mediated Ca2+ influx contributes to impaired degranulation in Fyn-deficient mouse bone marrow-derived mast cells. J Leukoc Biol. (2010) 88:863–75. doi: 10.1189/jlb.0510253

 50. Ma HT, Peng Z, Hiragun T, Iwaki S, Gilfillan AM, Beaven MA. Canonical transient receptor potential 5 channel in conjunction with Orai1 and STIM1 allows Sr2+ entry, optimal influx of Ca2+, and degranulation in a rat mast cell line. J Immunol. (2008) 180:2233–9. doi: 10.4049/jimmunol.180.4.2233

 51. Smyth JT, DeHaven WI, Bird GS, Putney JW Jr. Role of the microtubule cytoskeleton in the function of the store-operated Ca2+ channel activator STIM1. J Cell Sci. (2007) 120:3762–71. doi: 10.1242/jcs.015735

 52. Wu S, Chen H, Alexeyev MF, King JA, Moore TM, Stevens T, et al. Microtubule motors regulate ISOC activation necessary to increase endothelial cell permeability. J Biol Chem. (2007) 282:34801–8. doi: 10.1074/jbc.M704522200

 53. Shen WW, Frieden M, Demaurex N. Remodelling of the endoplasmic reticulum during store-operated calcium entry. Biol Cell. (2011) 103:365–80. doi: 10.1042/BC20100152

 54. Singaravelu K, Nelson C, Bakowski D, de Brito OM, Ng SW, Capite JD, et al. Mitofusin 2 regulates STIM1 migration from the Ca2+ store to the plasma membrane in cells with depolarized mitochondria. J Biol Chem. (2011) 286:12189–201. doi: 10.1074/jbc.M110.174029

 55. Deak AT, Blass S, Khan MJ, Groschner LN, Waldeck-Weiermair M, Hallström S, et al. IP3-mediated STIM1 oligomerization requires intact mitochondrial Ca2+ uptake. J Cell Sci. (2014) 127:2944–55. doi: 10.1242/jcs.149807

 56. Takekawa M, Furuno T, Hirashima N, Nakanishi M. Mitochondria take up Ca2+ in two steps dependently on store-operated Ca2+ entry in mast cells. Biol Pharm Bull. (2012) 35:1354–60. doi: 10.1248/bpb.b110576

 57. Nissim TB, Zhang X, Elazar A, Roy S, Stolwijk JA, Zhou Y, et al. Mitochondria control store-operated Ca2+ entry through Na and redox signals. EMBO J. (2017) 36:797–815. doi: 10.15252/embj.201592481

 58. Funaba M. Degranulation in RBL-2H3 cells: regulation by calmodulin pathway. Cell Biol Int. (2003) 27:879–85. doi: 10.1016/S1065-6995(03)00177-X

 59. Bornhövd EC, Burgdorf WHC, Wollenberg A. Immunomodulatory macrolactams for topical treatment of inflammatory skin diseases. Curr Opin Investig Drugs. (2002) 3:708–12.

 60. Ma Z, Jiao Z. Mast cells as targets of pimecrolimus. Curr Pharm Des. (2011) 17:3823–9. doi: 10.2174/138161211798357827

 61. Settembre C, Fraldi A, Medina DL, Ballabio A. Signals from the lysosome: a control centre for cellular clearance and energy metabolism. Nat Rev Mol Cell Biol. (2013) 14:283–96. doi: 10.1038/nrm3565

 62. Woo SS, James DJ, Martin TFJ. Munc13-4 functions as a Ca2+ sensor for homotypic secretory granule fusion to generate endosomal exocytic vacuoles. Mol Biol Cell. (2017) 28:792–808. doi: 10.1091/mbc.e16-08-0617

 63. Klein O, Sagi-Eisenberg R. Anaphylactic degranulation of mast cells: focus on compound exocytosis. J Immunol Res. (2019) 2019:9542656. doi: 10.1155/2019/9542656

 64. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol Rev. (2014) 94:909–50. doi: 10.1152/physrev.00026.2013

 65. Shanmugasundaram K, Nayak BK, Friedrichs WE, Kaushik D, Rodriguez R, Block K. NOX4 functions as a mitochondrial energetic sensor coupling cancer metabolic reprogramming to drug resistance. Nat Commun. (2017) 8:997. doi: 10.1038/s41467-017-01106-1

 66. Forrester SJ, Kikuchi DS, Hernandes MS, Xu Q, Griendling KK. Reactive oxygen species in metabolic and inflammatory signaling. Circ Res. (2018) 122:877–902. doi: 10.1161/CIRCRESAHA.117.311401

 67. Chelombitko MA, Fedorov AV, Ilyinskaya OP, Zinovkin RA, Chernyak BV. Role of reactive oxygen species in mast cell degranulation. Biochemistry. (2016) 81:1564–77. doi: 10.1134/S000629791612018X

 68. Pletjushkina OY, Lyamzaev KG, Popova EN, Nepryakhina OK, Ivanova OY, Domnina LV, et al. Effect of oxidative stress on dynamics of mitochondrial reticulum. Biochim Biophys Acta. (2006) 1757:518–24. doi: 10.1016/j.bbabio.2006.03.018

 69. Solesio ME, Prime TA, Logan A, Murphy MP, Del Mar Arroyo-Jimenez M, Jordán J, et al. The mitochondria-targeted anti-oxidant MitoQ reduces aspects of mitochondrial fission in the 6-OHDA cell model of Parkinson's disease. Biochim Biophys Acta. (2013) 1832:174–82. doi: 10.1016/j.bbadis.2012.07.009

 70. Yin X, Manczak M, Reddy PH. Mitochondria-targeted molecules MitoQ and SS31 reduce mutant huntingtin-induced mitochondrial toxicity and synaptic damage in Huntington's disease. Hum Mol Genet. (2016) 25:1739–53. doi: 10.1093/hmg/ddw045

 71. Rogov AG, Goleva TN, Trendeleva TA, Ovchenkova AP, Aliverdieva DA, Zvyagilskaya RA. New data on effects of SkQ1 and SkQT1 on rat liver mitochondria and yeast cells. Biochemistry. (2018) 83:552–61. doi: 10.1134/S0006297918050085

 72. Xiao L, Xu X, Zhang F, Wang M, Xu Y, Tang D, et al. The mitochondria-targeted antioxidant MitoQ ameliorated tubular injury mediated by mitophagy in diabetic kidney disease via Nrf2/PINK1. Redox Biol. (2017) 11:297–311. doi: 10.1016/j.redox.2016.12.022

 73. Clement D, Goodridge JP, Grimm C, Patel S, Malmberg KJ. TRP channels as interior designers: remodeling the endolysosomal compartment in natural killer cells. Front Immunol. (2020) 11:753. doi: 10.3389/fimmu.2020.00753

 74. Zhang X, Cheng X, Yu L, Yang J, Calvo R, Patnaik S, et al. MCOLN1 is a ROS sensor in lysosomes that regulates autophagy. Nat Commun. (2016) 7:12109. doi: 10.1038/ncomms12109

 75. Di Paola S, Medina DL. TRPML1-/TFEB-dependent regulation of lysosomal exocytosis. Methods Mol Biol. (2019) 1925:143–44. doi: 10.1007/978-1-4939-9018-4_12

 76. Goodridge JP, Jacobs B, Saetersmoen ML, Clement D, Clancy T, Skarpen E, et al. TRPML1-mediated modulation of dense-core granules tunes functional potential in NK cells. bioRxiv [Preprint]. (2018) 305862. doi: 10.1101/305862

 77. Shaik GM, Dráberová L, Heneberg P, Dráber P. Vacuolin-1-modulated exocytosis and cell resealing in mast cells. Cell Signal. (2009) 21:1337–45 doi: 10.1016/j.cellsig.2009.04.001

 78. Sundqvist M, Christenson K, Björnsdottir H, Osla V, Karlsson A, Dahlgren C, et al. Elevated mitochondrial reactive oxygen species and cellular redox imbalance in human NADPH-oxidase-deficient phagocytes. Front Immunol. (2017) 8:1828. doi: 10.3389/fimmu.2017.01828

 79. Emerling BM, Platanias LC, Black E, Nebreda AR, Davis RJ, Chandel NS. Mitochondrial reactive oxygen species activation of p38 mitogen-activated protein kinase is required for hypoxia signaling. Mol Cell Biol. (2005) 25:4853–62. doi: 10.1128/MCB.25.12.4853-4862.2005

 80. Wang C, Shao L, Pan C, Ye J, Ding Z, Wu J, et al. Elevated level of mitochondrial reactive oxygen species via fatty acid β-oxidation in cancer stem cells promotes cancer metastasis by inducing epithelial–mesenchymal transition. Stem Cell Res Ther. (2019) 10:175. doi: 10.1186/s13287-019-1265-2

 81. Park J, Min J-S, Kim B, Chae U-B, Yun JW, Choi M-S, et al. Mitochondrial ROS govern the LPS-induced pro-inflammatory response in microglia cells by regulating MAPK and NF-κB pathways. Neurosci Lett. (2015) 584:191–196. doi: 10.1016/j.neulet.2014.10.016

 82. Rehman H, Liu Q, Krishnasamy Y, Shi Z. The mitochondria-targeted antioxidant MitoQ attenuates liver fibrosis in mice. J Physiol. (2016) 8:14–27.

 83. Shagieva G, Domnina L, Makarevich O, Chernyak B, Skulachev V, Dugina V. Depletion of mitochondrial reactive oxygen species downregulates epithelial-to-mesenchymal transition in cervical cancer cells. Oncotarget. (2017) 8:4901. doi: 10.18632/oncotarget.13612

 84. Zinovkin RA, Romaschenko VP, Galkin II, Zakharova VV, Pletjushkina OY, Chernyak BV, et al. Role of mitochondrial reactive oxygen species in age-related inflammatory activation of endothelium. Aging. (2014) 6:661–74. doi: 10.18632/aging.100685

 85. Herb M, Gluschko A, Wiegmann K, Farid A, Wolf A, Utermöhlen O, et al. Mitochondrial reactive oxygen species enable proinflammatory signaling through disulfide linkage of NEMO. Sci Signal. (2019) 12:eaar5926. doi: 10.1126/scisignal.aar5926

 86. Sena LA, Li S, Jairaman A, Prakriya M, Ezponda T, Hildeman DA, et al. Mitochondria are required for antigen-specific T cell activation through reactive oxygen species signaling. Immunity. (2013) 38:225–36. doi: 10.1016/j.immuni.2012.10.020

 87. Chen H-Y, Chiang DM-L, Lin Z-J, Hsieh C-C, Yin G-C, Chun Weng I, et al. Nanoimaging granule dynamics and subcellular structures in activated mast cells using soft X-ray tomography. Sci Rep. (2017) 7:40458. doi: 10.1038/srep40458

 88. Quintana A, Schwindling C, Wenning AS, Becherer U, Rettig J, Schwarz EC, et al. T cell activation requires mitochondrial translocation to the immunological synapse. Proc Natl Acad Sci USA. (2007) 104:14418–23. doi: 10.1073/pnas.0703126104

 89. Baixauli F, Martín-Cófreces NB, Morlino G, Carrasco YR, Calabia-Linares C, Veiga E, et al. The mitochondrial fission factor dynamin-related protein 1 modulates T-cell receptor signalling at the immune synapse. EMBO J. (2011) 30:1238–50. doi: 10.1038/emboj.2011.25

 90. Simula L, Pacella I, Colamatteo A, Procaccini C, Cancila V, Bordi M, et al. Drp1 Controls effective T cell immune-surveillance by regulating T cell migration, proliferation, and cMyc-dependent metabolic reprogramming. Cell Rep. (2018) 25:3059–73.e10. doi: 10.1016/j.celrep.2018.11.018

 91. Itoh K, Murata D, Kato T, Yamada T, Araki Y, Saito A, et al. Brain-specific Drp1 regulates postsynaptic endocytosis and dendrite formation independently of mitochondrial division. eLife. (2019) 8:e44739. doi: 10.7554/eLife.44739

 92. Koseoglu S, Dilks JR, Peters CG, Fitch-Tewfik JL, Fadel NA, Jasuja R, et al. Dynamin-related protein-1 controls fusion pore dynamics during platelet granule exocytosis. Arterioscl Thromb Vasc Biol. (2013) 33:481–8. doi: 10.1161/ATVBAHA.112.255737

 93. Mohammed F, Gorla M, Bisoyi V, Tammineni P, Sepuri NBV. Rotenone-induced reactive oxygen species signal the recruitment of STAT3 to mitochondria. FEBS Lett. (2020) 594:1403–12. doi: 10.1002/1873-3468.13741

 94. Meier JA, Hyun M, Cantwell M, Raza A, Mertens C, Raje V, et al. Stress-induced dynamic regulation of mitochondrial STAT3 and its association with cyclophilin D reduce mitochondrial ROS production. Sci Signal. (2017) 10:472. doi: 10.1126/scisignal.aag2588

 95. You L, Wang Z, Li H, Shou J, Jing Z, Xie J, et al. The role of STAT3 in autophagy. Autophagy. (2015) 11:729–39. doi: 10.1080/15548627.2015.1017192

 96. Hershey CL, Fisher DE. Mitf and Tfe3: members of a b-HLH-ZIP transcription factor family essential for osteoclast development and function. Bone. (2004) 34:689–96. doi: 10.1016/j.bone.2003.08.014

 97. Lee Y-N, Nechushtan H, Figov N, Razin E. The function of Lysyl-tRNA synthetase and Ap4A as signaling regulators of MITF activity in FcϵRI-activated mast cells. Immunity. (2004) 20:145–51. doi: 10.1016/S1074-7613(04)00020-2

 98. Carmi-Levy I, Yannay-Cohen N, Kay G, Razin E, Nechushtan H. Diadenosine tetraphosphate hydrolase is part of the transcriptional regulation network in immunologically activated mast cells. Mol Cell Biol. (2008) 28:5777–84. doi: 10.1128/MCB.00106-08

 99. Yannay-Cohen N, Carmi-Levy I, Kay G, Yang CM, Han JM, Michael Kemeny D, et al. LysRS serves as a key signaling molecule in the immune response by regulating gene expression. Mol Cell. (2009) 34:603–11. doi: 10.1016/j.molcel.2009.05.019

 100. Haq R, Shoag J, Andreu-Perez P, Yokoyama S, Edelman H, Rowe GC, et al. Oncogenic BRAF regulates oxidative metabolism via PGC1α and MITF. Cancer Cell. (2013) 23:302–15. doi: 10.1016/j.ccr.2013.02.003

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chelombitko, Chernyak, Fedorov, Zinovkin, Razin and Paruchuru. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Role Played by Mitochondria in FcεRI-Dependent Mast Cell Activation



		Introduction



		The FcεRI-Dependent Mast Cell Activation



		The Role Played by Mitochondria in the FcεRI-Dependent Mast Cell Activation



		The Energy Metabolism



		The Mitochondrial Membrane Potential



		Calcium Signaling



		Mitochondrial ROS



		The Mitochondrial Dynamics



		The Mitochondrial STAT3 and MITF







		Conclusion and Future Directions



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

The Role Played by Mitochondria in
FceRI-Dependent Mast Cell
Activation





OPS/images/fimmu-11-584210-g001.gif
Degranulation

Cytokine synthesis ~ foctor





OPS/images/fimmu-11-584210-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





