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Metabolic shifts can occur in cells of the innate immune system in response to microbial infection. Whether these metabolic shifts benefit host defense and propagation of an immune response appears to be context dependent. In an arms race, host-adapted microbes and mammalian cells vie for control of biosynthetic machinery, organelles, and metabolites. Herein, we discuss the intersection of host metabolism and cell-intrinsic immunity with implications for cell fate during infection. Sensation of microbial ligands in isolation results in host metabolic shifts that imbues normal innate immune function, such as cytokine secretion. However, living microbes have an arsenal of effectors and strategies to subvert cell-intrinsic immune responses by manipulating host metabolism. Consequently, host metabolism is monitored as an indicator of invasion or manipulation by a pathogen, primarily through the actions of guard proteins and inflammasome pathways. In this review, we frame initiation of cell-intrinsic immunity in the context of host metabolism to include a physiologic “Goldilocks zone” of allowable shifts with guard circuits monitoring wide perturbations away from this zone for the initiation of innate immune responses. Through comparison of studies with purified microbial ligands, dead microbes, and live pathogens we may begin to understand how shifts in metabolism determine the outcome of host-pathogen interactions.
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Introduction

Survival of microbes and host organisms during infection depends on the acquisition of limited basic nutrients. Through catabolic and anabolic cellular chemistries that are broadly termed metabolism, host cells and microbes can generate energy equivalents, biosynthetic intermediates, macromolecules, and signaling moieties. From an evolutionary standpoint, plasticity in metabolic inputs and outputs can be viewed as beneficial to host and microbial fitness. For example, certain pathogenic strains of bacteria have evolved unique metabolic enzymes to outcompete their commensal counterparts for nutrients and colonize the intestinal lumen (1). While host and pathogens are under evolutionary pressure to develop immune strategies and virulence effectors to counter each other (2), metabolic pathways are also likely under selective pressure in this arms race. For microbes, metabolic manipulation is required for replication, dissemination, and subversion of the immune response (3). On the host side, metabolic shifts can be induced to modulate cell-intrinsic and tissue-level host defense (4, 5). Beyond direct detection of microbial ligands, host metabolic pathways are also monitored as a central node in pathogen detection, as extreme metabolic perturbations are a sign of infection and danger to the host (6–8). Despite the essentiality of bacterial metabolism for competitive niche occupancy (1), metabolite-responsive gene programs, particularly those that control virulence factors, remain unexplored in many pathogens. Bioinformatics-based mapping of enzymes encoded by bacterial genomes and consideration of the metabolic signals present at sites of infection can inform immunologists on previously underappreciated aspects of pathogenesis and the infective life cycle of host-adapted microorganisms.

First formulated to describe plant innate immune responses, the guard protein model of cell-intrinsic immunity posits that pathogens can be detected through indirectly monitoring for host manipulation by microbes (7, 9). This defense strategy can be accomplished by monitoring key cellular pathways to check the activity of a component of a given pathway. Examples of processes that are monitored by innate immune pathways for indication of pathogen invasion include organelle and cytoskeleton homeostasis, canonical signal transduction pathways, and metabolic pathways (7). One facet of innate immune cell fate involves epigenetic states recently termed “trained immunity” that encapsulates the intersection between pattern recognition receptor signaling, metabolic rewiring, and epigenetic adaptations to stimuli that we consider beyond the scope of this review and have been expertly discussed elsewhere (10–13). In this review, we will focus on innate immune monitoring of host metabolic pathways. While pattern recognition receptors (PRRs) can directly sense microbial products to mediate transcriptional and post-translational induction of cell-intrinsic immunity (6), we will consider how direct detection of pathogen associated molecular patterns (PAMPs) or damage associated molecular patterns (DAMPs) may influence host metabolism (independent of transcriptional and translation activities within the cell). Alternatively, guard circuits monitor for patterns of pathogenesis as might be ascertained through cellular readouts of metabolic pathway activity, such as accumulation or depletion of metabolites. While our current understanding of metabolic monitoring derives from experiments using select pathogens, we hypothesize that this feature of innate immunity is generalizable to other microbial infections that subvert host metabolism during pathogenesis. We take a particular interest in metabolic shifts associated with classically and alternatively activated macrophage cell fates in dictating pathogen replication and host defense. We also consider metabolic monitoring from the perspective of inflammasome signaling as a prototypical cell-intrinsic defense program. As primarily cytosolic signaling complexes, inflammasomes mediate cell-intrinsic immunity through various means with hallmarks including inflammatory caspase activation, cleavage and release of IL-1β, and membrane pore formation and cellular lysis mediated by gasdermin D (GSDMD) pores (13–15). As inflammasome activation can have drastic consequences for cellular viability and is highly inflammatory locally and systemically, we suggest that a Goldilocks zone permits physiologic shifts in metabolic pathways and metabolites that accompany adaptation to environmental nutrients and stressors. When pathogens manipulate metabolic outputs for their own purposes, these deviations from the Goldilocks zone may be sensed by guard pathways that initiate host defense strategies, including but not limited to cell-intrinsic immune responses via inflammasomes (Figure 1).




Figure 1 | A Goldilocks zone of physiologic shifts in metabolic activity with guard circuits surveying wide perturbations. (A) Low concentration of a monitored metabolite or metabolic activity can lead to increased cell-intrinsic immunity through inflammasome activation in the case of low hexokinase (HK) activity or IFN production and ISG expression in low cholesterol biosynthesis. (B) Physiological range of host-adaptive changes in metabolite concentration and metabolic activity does not preclude cell-intrinsic immunity through orthogonal inflammasome activation such as monitoring for direct microbial ligands. (C) High concentration of a monitored metabolite or metabolic activity can lead to increased cell-intrinsic immunity through inflammasome activation in the case of high hexokinase (HK) activity or cholesterol accumulation. (D) A Goldilocks zone of allowed host-adaptive changes in metabolite concentration and metabolic activity without incurring cell-intrinsic immune responses such as inflammasome activation.





Monitoring host metabolism as an innate immune strategy

Here, our first example of a host guarding circuit involves the metabolic enzyme hexokinase, which normally acts as commitment step for host glucose metabolism by phosphorylating cytosolic pools of glucose to glucose-6-phosphate (16). Seminal work demonstrated that hexokinase 2 (HK2) also recognizes N-acetyl glucosamine (NAG) sugars derived from the degradation of Gram-positive bacterial peptidoglycan (PGN) (17). However, this microbial recognition inactivates HK2, ultimately resulting in the activation of the protein NLRP3, which then seeds the assembly of the NLRP3 inflammasome (Figure 2). Treatment of macrophages with chemical inhibitors of HK2, such as 2-DG, were able to recapitulate NLRP3 inflammasome activation (17). Inflammasome activation in murine bone marrow derived macrophages (BMDMs) infected with mutant strains of Staphylococcus aureus with highly labile peptidoglycan (PGN) also stimulates inflammasome activity as seen by the induction of GSDMD pore formation and IL-1β secretion that notably does not proceed to pyroptotic lysis in a process termed hyperactivation (17–19). Moreover, stimulation of BMDMs with particulate PGN from various gram-positive bacteria and direct transfection of purified NAG sugars results in NLRP3 inflammasome activation and phagocyte hyperactivation. Therefore, we posit that HK acts as a guardee within a metabolic guard pathway where an undiscovered intermediate or NLRP3 itself is the guard that activates a cell-intrinsic immune response. As glycolysis and productive HK activity have also been demonstrated to be necessary for NLRP3 inflammasome activity in other contexts (20), more work is needed to uncover if inflammasomes or other innate immune pathways survey perturbations from homeostasis whereby guard proteins are also relatively more active. Analogous paradoxical control of inflammasome signaling has recently been noted regarding the role of electron transport chain (ETC) inhibition in prevention of NLRP3 inflammasome activation that could be rescued by maintenance of ATP levels through orthogonal means (21), whereas seminal work suggests that inhibition of the ETC at complex I and III promote ROS production and NLRP3 activation (22). ROS may also act at the stage of transcriptional priming of inflammasome components including the receptor NLRP3 (23). The observation that inhibition or activation of the same metabolic pathway can activate inflammasomes suggests that hexokinase-mediated metabolism is subject to innate immune surveillance for deviation from a Goldilocks zone.




Figure 2 | Guard circuits sense metabolic perturbations and activate inflammasome pathways. (A) Inhibition of glycolysis via hexokinase 2 (HK2) recognition of bacterial N-acetyl glucosamine (NAG) or activation of glycolysis via increased hexokinase 1 (HK1) activity result in NLRP3 inflammasome activation. (B) Increased production of reactive oxygen species (ROS) metabolites activates the NLRP3 inflammasome, such as through the generation of oxidized lipids, and directly promotes gasdermin D (GSDMD) pore formation. (C) Alterations to homeostatic cholesterol levels can result in lysosomal or mitochondrial dysfunction that results in inflammasome activation or type I interferon (IFN) production.



Other microbial ligands, such as bacterial cell wall lipopolysaccharides (LPS) from Gram-negative bacteria, can stimulate inflammasome activation and cellular hyperactivation in human monocytes (24). Whether monocyte hyperactivation via LPS-treatment depends on deviation from a metabolic Goldilocks zone is currently unknown, but recent work has determined that treatment of monocytes with several concurrent PAMPs, including LPS, can shift normally hyperactive monocytes towards a pyroptotic phenotype likely through increased activity of the pore forming protein GSDMD and increased generation of reactive oxygen species (ROS) metabolites (25). Recent work determined that the Ragulator-Rag-mTORC1 metabolic axis can promote pyroptosis specifically at the stage of GSDMD oligomerization (26). Ragulator-Rag appears to control a portion of cellular ROS production in macrophages that may be indicative of a necessary byproduct of host metabolic activities, such as respiration (26–29). Bolstering a causal relationship between GSDMD oligomerization and ROS metabolites, further investigation demonstrated that bacterial LPS or fungal β-glucans can induce ROS in parallel to the Ragulator-Rag pathway to promote GSDMD pore formation and pyroptosis (30). These recent data and former studies suggest that diverse sources of ROS metabolites can feed into the inflammasome pathway at various stages to promote or inhibit inflammasome activities (22, 23, 26, 30–32) (Figure 2). As ROS production often coincides with mitochondrial dysfunction or microbial infection, monitoring of cellular redox state and sensation of ROS metabolites by innate immune guard proteins may contextualize danger to the host. Moreover, host-derived DAMPs that may indicate immune- or pathogen-induced tissue damage can induce cellular hyperactivation in human and mouse dendritic cells and mouse macrophages (19, 33, 34).

ROS metabolites can react with other molecules, such as lipids within cellular and microbial membranes, in addition to its signaling or damaging roles towards biological macromolecules, such as proteins and nucleic acid polymers (35–38). Indeed, oxidation of host lipids that contain double bonds in their acyl chains results in generation of bioactive metabolites that are sensed by the innate immune system and can also serve as alternative metabolic inputs for fueling cellular metabolism (39–42). One such example is oxidation of lipids in low density lipoprotein (LDL) particles in atherosclerosis or oxidation of phospholipids found in host cell membranes during neutrophil responses to damage or pathogen infection in the lung (39, 40, 43–45). These lipids, when exposed to ROS, can generate an amalgam of bioactive oxidized lipids termed oxidized PAPC (oxPAPC) (33, 39, 40). Thus, oxidized lipids are indicative of host metabolic dysfunction and damage to host cells as occurs in organismal metabolic disorders or during an immune response against invading pathogens (43–45) (Figure 2). Some studies have determined that oxPAPC can serve as a competitive inhibitor for innate immune signaling pathways as they are structurally similar to bacterial LPS. In certain contexts, oxPAPC can buffer the activities of bacterial LPS during activation of pro-inflammatory transcription downstream of TLR4 signaling or pyroptosis downstream of caspase-11 inflammasome activation (46–49). Recent work has also determined that oxPAPC can lead to dendritic cell hyperactivation through sub-lytic GSDMD pore formation and secretion of bioactive IL-1β without pyroptotic lysis (19, 33, 34, 50). Moreover, macrophages can also become hyperactivated by treatment with a microbial PAMP followed by subsequent treatment with the bioactive constituents of oxPAPC, namely PGPC and POVPC (19, 51). Cells that have been hyperactivated in response to oxidized lipids also display unique metabolic features including maintenance of mitochondrial activities and differential energy usage through glutaminolysis (41). Furthermore, ROS may intersect with the NLRP3 inflammasome activation through the oxidation of newly generated mitochondrial DNA in a process that may suggest oxidized DNA can serve as a ligand for NLRP3 (52–54). Calcium (Ca) flux is a known determinant of mitochondrial ROS production (55). Recent work also suggests that Ca mediates the release of oxidized mitochondrial DNA through mitochondrial permeability transition pores and the oligomerization of VDAC channels to control NLRP3 activation (56). These examples demonstrate host inflammasomes survey for signs of metabolic dysfunction and pathogen invasion by monitoring metabolic pathways, organelles, or damage-associated metabolites and secondary messengers.



Amino acid availability and protein synthesis

Host cells monitor amino acid availability through two major metabolic arms, the Ragulator-Rag-mTORC1 axis and eIF2α- and GCN2-mediated monitoring of translation and tRNA charged status (57, 58). Amino acid depletion may thus serve as a conserved contextual signal of pathogenic invasion as microbes, such as bacteria, may utilize amino acids as energy sources and building blocks for their own proteins and cell wall macromolecules (3). Moreover, viruses must take over host translation machinery for generation of viral polypeptides and new viral particles during replication (59). As translational output is related to amino acid availability, we also consider translation and protein synthesis as a potential indicator of pathogen manipulation that can intersect with cell-intrinsic immunity (58, 60).

mTORC1 is a major complex involved in broad metabolic regulation of the host cell as a switch whose kinase activity determines anabolic and catabolic processes through specific substrate recruitment (61). mTORC1 phosphorylates the anabolic targets 4E-BP1 and S6 kinase 1 to promote host translation (61). ULK1 and TFEB are catabolic regulators whose functions are repressed by mTORC1 (57). mTORC1 phosphorylation of ULK1 can directly repress autophagic activity (57, 61). Moreover, TFEB is the master transcriptional regulator of genes involved in lysosome biogenesis and autophagy (62, 63). Phosphorylation of TFEB by mTORC1 retains TFEB in the cytosol through interaction with 14-3-3 proteins (64, 65). When mTORC1 activity is diminished, such as during some pathogen infections or other nutrient depleted settings, TFEB is unleashed to translocate to the nucleus to transcriptionally activate autophagy and lysosome-dependent degradative processes to recycle host macromolecules and nutrients (63, 66). Amino acid availability is monitored by regulators of mTORC1, such as the lysosomal transporter SLC38A9, the vacuolar ATPase (v-ATPase that tethers Ragulator-Rag to the lysosome), and Ragulator-Rag (57, 61). Moreover, Ragulator-Rag is a specific regulator of TFEB as itdirectly recruits TFEB to mTORC1 for repressive phosphorylation under amino acid replete contexts (67, 68). Beyond monitoring of cytosolic and lysosomal stores of free amino acids by Sestrins, CASTOR proteins, and Ragulator-Rag to control mTORC1 activity, amino acid availability can also be monitored indirectly by the kinase GCN2 (57, 58, 61). When uncharged tRNAs accumulate, GCN2 binds to uncharged tRNAs to phosphorylate the translation regulator eIF2α to shut down translation (58).

Pathogen infection can be sensed through perturbations of amino acid availability (69). In the context of bacterial infection, amino acids can be consumed or mislocalized within the host through the action of microbial effectors and metabolism (7, 69). Intracellular bacteria may deplete or mislocalize amino acid pools via perforation of endomembranes, such as the lysosome (3, 69). Amino acid depletion can inactivate the Ragulator-Rag-mTORC1 axis and thus promote autophagy directly through ULK1 and the transcriptional activity of TFEB (57, 61). Autophagy of bacteria, also termed xenophagy, is a host defense strategy to capture cytosol invading bacteria and target them for ultimate degradation in lysosomes (69). Consistent with a pathway of membrane perforation, amino acid depletion (or potentially mislocalization) and activation of host protective xenophagy, membrane damaging effectors like the Listeria monocytogenes pore forming toxin LLO can activate xenophagy (70). Moreover, membrane perforation and delivery of bacterial effectors through syringe-like secretion systems, such as the Type III secretion systems of Shigella flexneri and Salmonella enterica serovar Typhimurium, also trigger xenophagy (71). Bacteria-induced endomembrane damage and delivery of effectors can also activate the GCN2 arm of amino acid monitoring (71, 72). Viral infection can also be detected through modulation of amino acid availability, as the eIF2alpha kinases GCN2 and protein kinase R (PKR) are required for the induction of autophagy in response to infection with herpes simplex virus 1 (HSV-1) (73). Highlighting an evolutionary host defense pressure, HSV-1 encodes a virulence product that antagonizes autophagy induction (73). Human immunodeficiency virus (HIV) can also manipulate the GCN2 pathway to suppress host translation in favor of viral replication early in infection (74). This may suggest that GCN2 and PKR control of translation and autophagy may antagonize viral infections more generally.

A careful mechanistic examination into how membrane permeability might lead to depletion of amino acids is needed. Experiments utilizing lysomotrophic damaging peptides such as L-leucyl-L-leucine methyl ester (LLOMe) have also demonstrated that an organelle homeostasis and endomembrane monitoring system exists (75, 76). This system employs ESCRT-III machinery presumably for membrane repair or degradation of damaged membrane sections through multivesicular body production analogous to membrane repair activities that occur at the plasma membrane (76, 77). For a larger magnitude of membrane or organelle damage, a galectin-Ragulator-Rag dependent mechanism is activated (75, 76). Endomembrane damage may lead to long-term depletion of amino acids through inhibited catabolism. We speculate that a burst of amino acids may also have evolved a sensor as an indication of danger or damage to the host. Whether amino acid monitoring pathways such as Ragulator-Rag can respond to increases in amino acid concentration beyond physiological levels is currently unknown. The Ragulator-Rag pathway can also respond to mitochondrial dysfunction presumably to activate mitophagy of damaged mitochondria (78). Therefore, Ragulator-Rag may serve as a master regulator of endomembranes and organelle homeostasis through integration of host metabolic state and amino acid pools.

As suggested by study of pathogen activation or evolved subversion of GCN2 and Ragulator-Rag-mTORC1, protein translation and dysfunction may serve as a contextual cue of pathogen invasion or manipulation of the host (60, 69). We will consider the monitoring of the unfolded protein response (UPR) and endoplasmic reticulum (ER) stress as a host defense strategy (7, 60). Several intracellular bacteria utilize ER-derived compartments for replication such as Legionella pneumophila (3, 79, 80). Moreover, viruses often remodel ER and mitochondrial membrane sites as replication sites for production of new viral particles (3, 59). Legionella encodes a type IV secretion system to remodel the ER compartment for its replicative needs (81, 82). Consequently, UPR can become activated after bacterial and viral infection (83–85). Legionella also encodes type IV secretion system delivered effectors that appear to limit host translation that may suggest subversion of ER stress (81, 82, 86).  Recent work provides direct evidence that inhibition of host translation using vesicular stomatitis virus infection and chemical inhibitors as models can activate cell-intrinsic immunity through caspase-3 and GSDME dependent pyroptosis. In this pathway, labile members of the BCL2 family with high constitutive turnover act as a guard circuit to monitor changes in translation output and initiate cell death (87). HSV-1 has evolved mechanisms to subvert the activation of caspase-3 and subsequent GSDME-mediated pyroptosis through the action of the protein ICP27 (87). Prior studies also suggest that ER stress can induce secretion of cleaved IL-1β and pyroptosis through diverse mechanisms (88, 89). Downregulation of host translation may further subvert immune responses at large that require de novo translation of pro-inflammatory cytokines or cell-intrinsic defense proteins, but this translation shutdown may come with the cost of induction of cell-intrinsic immune programs such as pyroptosis in certain contexts.



Cholesterol and innate immunity

Monitoring of central host metabolites or biosynthetic pathways could serve as a strategy to detect invasion or manipulation of the host by pathogenic microbes. A prime example of internal monitoring of host metabolite deviation for activation of innate immune responses is the monitoring of cholesterol content and biosynthesis (90). Most microbes are not thought to generate their own cholesterol though some can incorporate cholesterol into viral envelopes or bacterial cellular membranes (3, 59, 91). Moreover, cholesterol is thought to be consumed by some species of bacteria, such as Mycobacterium tuberculosis (92–94). Cholesterol is a major component of host cell membranes and as such microbes have evolved ways to utilize the presence of cholesterol for targeting of toxins, microbial entry into the cell, and as fuel sources (90, 91). Necessarily, the host has also evolved mechanisms to modulate the abundance and location of cholesterol stores to decrease susceptibility to intoxication and infection (90). As with other examples provided above, monitoring of cellular cholesterol may represent an example of a Goldilocks guarding circuit as distinct cell-intrinsic immune responses are triggered by diminished cholesterol biosynthesis as well as cholesterol overload (Figure 2).

Host cholesterol is derived from exogenous sources through extracellular uptake or de novo biosynthesis (95). Cholesterol found within extracellular low-density lipoprotein (LDL) can be internalized by host cells through the action of endocytosis downstream of the LDL receptor (LDLR) (95). Once cholesterol is in the lysosome, it can be imported into cellular membrane pools via NPC1 and NPC2 (96). Alternatively, cholesterol can be synthesized within host cells through the action of genes under the transcriptional control of the master regulator SREBP2 (97). Notably, LDLR is also under transcriptional control of SREBP2 (95). In addition to being incorporated into host membranes, cholesterol can be stored within lipid droplets within cells or secreted from cells through efflux pathways whereby the intracellular concentration of cholesterol is adaptively maintained in a Goldilocks zone (95).

During organismal metabolic dysfunction, cholesterol can accumulate to high concentrations and form cholesterol crystals that damage lysosomes (98). Lysosomal damage in response to cholesterol accumulation results in activation of the NLRP3 inflammasome, secretion of bioactive IL-1β, and pyroptotic cell death (98). An inflammasome seeded by the protein AIM2, which binds directly to cytosolic DNA, can be activated in response to mitochondrial DNA (mtDNA) (99). Type I interferons (IFNs) and production of the metabolite 25-hydroxycholesterol (25-HC) can inhibit cholesterol synthesis and limit AIM2 inflammasome activation likely through restraining cholesterol driven mitochondrial dysfunction (99, 100). While these studies demonstrate that type I IFNs can restrain AIM2 activation likely at the level of endogenous host-derived ligands such as mitochondrial DNA, AIM2 is an IFN stimulated gene (ISG) and thus transcriptionally induced by type I IFN signaling that can promote sensation of pathogenic DNA from bacteria and viruses in the host cytosol (101–103). Further work suggests that diminished cholesterol biosynthesis can also result in a cell-intrinsic immune response through the production of type I IFN and subsequent ISGs (104, 105) (Figure 2). As the implicated cGAS-STING IFN-inducing pathway also involves sensing of cytosolic DNA, mitochondrial dysfunction and release of mitochondrial DNA may be a common trigger of cell-intrinsic immune pathways downstream of inhibition of cholesterol biosynthesis or cholesterol accumulation (99, 104). Thus, innate immune pathways have evolved mechanisms to survey both accumulation of cholesterol and inhibition of cholesterol biosynthesis.

Host signaling from the plasma membrane is dependent on cholesterol content as cholesterol promotes the formation of signaling competent lipid rafts (106). Certain PRRs and cytokine receptors likely require cholesterol-dependent lipid rafts for efficient signal transduction in response to microbial infection and inflammation (106, 107). However, cholesterol presence in the plasma membrane can also be detrimental to the host response as it serves as a ligand for bacterial pore-forming toxins known as cholesterol-dependent cytolysins (CDCs) (90, 105). Moreover, some bacteria and viruses utilize cholesterol or related receptors, such as LDLR, for entry into the host (3, 59, 91). Thus, the regulation of production, import, storage, and export of cholesterol are likely under innate immune control to prevent infection (90). If pathogens or host metabolic dysfunction perturb these cholesterol control pathways beyond the Goldilocks zone of normal physiological concentrations, cell intrinsic immune responses are activated (Figure 1).



PAMP and cytokine induced alteration of host metabolism for defense

Macrophages have plasticity in terms of functional polarization states with common prototypical cell states being defined as pro-inflammatory for M1-like macrophages or homeostatic and tolerogenic for M2-like macrophages (108). While this paradigm was defined with in vitro polarizations, tissue-resident macrophages or recruited macrophages likely adopt a wider breadth of functional states along a continuum in vivo (109). However, these classifications are useful for describing the intersection of PAMP- or cytokine-induced changes to host metabolism, and their potential effects on host defense or microbial replication (108).

As stated above, many host-adapted microbes have evolved mechanisms to interact with host cell lipids and sterols such as cholesterol (90, 91). For example, CDCs can intoxicate cells and damage membranes potentially leading to cell death of innate immune cells (90, 105). PRRs and cytokine receptors are thought to impact plasma membrane cholesterol content through distinct mechanisms. TLR2, TLR7, and TLR9 signaling through MyD88 in myeloid cells can increase cholesterol import and biosynthesis (105). This process of cholesterol import occurs through activation of the protein Akt and mTORC2, which can synergize with SREBP2 (105, 110). As described above, transcriptional activity of SREBP2 results in increased cholesterol uptake and biosynthesis (95, 97). PRRs that stimulate the production of type I IFNs can also modulate cholesterol localization and production (90). Type I IFN signals through IFNAR1 and IFNAR2 to recruited kinases Tyk2 and Jak1/2 to activate the transcription factors STAT1 and STAT2 (111). STAT1/2 heterodimers can downregulate genes involved in cholesterol biosynthesis and cholesterol import, while also allowing for removal of cholesterol from cellular membranes through upregulation of the enzyme cholesterol 25-hydroxylase (Ch25h) (111–113). Ch25h can produce the metabolite 25-HC from cholesterol (90). 25-HC mediates several events that result in decreased cholesterol content of cellular membranes by activating the ER resident enzymes ACAT1 and ACAT2 to esterify cholesterol for storage in lipid droplets (90, 95, 97). 25-HC also can inhibit the activity of SREBP2 thus downregulating cholesterol synthesis and uptake (90, 97). Type I and type II IFN signaling on host cells can result in cholesterol esterification and relocation from cellular membranes that is protective in the context of CDC treatment (105). Moreover, 25-HC treatment alone can result in depletion of cholesterol from host cell membranes that results in inhibition of viral entry (112, 113). While alteration of cholesterol homeostasis is a conspicuous outcome of IFN signaling, IFNs can also reprogram host cell metabolism in other pleiotropic ways including increased fatty acid oxidation, oxidative phosphorylation, and expression of ISGs that may impact cell-intrinsic immunity and pathogenesis (114, 115).

Further considering a canonical M1-like cell state through the LPS-TLR4 axis in macrophages has uncovered metabolic shifts that can promote inflammation, restrict essential cofactors or nutrients, and deliver potentially toxic molecules to microbial replication sites. The enzyme NOS2 is regulated by the transcription factor NF-κB that is commonly activated downstream of pro-inflammatory cytokine receptors and many families of PRRs including TLRs (116). NOS2 can produce reactive nitrogen species (RNS), specifically NO radicals, from the amino acid arginine (108, 116) (Figure 3). Conversely, M2 polarized macrophages express arginase that may act to further limit anti-microbial NO production by limiting arginine levels (108). M2 macrophages are polarized through cytokines such as IL-4. M2 macrophages have metabolic shifts towards fatty acid oxidation and oxidative phosphorylation (108). Some pathogens, including Salmonella, replicate better in M2 macrophages that may depend on these metabolic shifts and glucose metabolism (117, 118). Salmonella appears able to induce or enrich for M2-like macrophages in part through action of the effector SteE (119–121). Sensing of microbial invasion by several mechanisms can also induce the production of ROS, such as superoxide and hydrogen peroxide. Downstream of TLR engagement, a TRAF6 dependent mechanism can activate ROS production from phagosome-proximal mitochondria (122). Moreover, NADPH oxidase, which sits within the phagosome membrane, can produce anti-microbial ROS downstream of phagocytosis or BAI1 sensing of bacterial LPS (123, 124) (Figure 3). After phagocytosis, the phagosome resident v-ATPase can also lower intra-luminal pH that can have direct and indirect anti-microbial activity, such as through combination with ROS to generate hypochlorous acid (125) (Figure 3). Finally, M1 polarized macrophages also express the metabolic and host defense protein Irg1 (126). M1 polarized macrophages have a break in the TCA cycle as described above through conversion of arginine into citrulline and NO, but also have an additional break in the TCA cycle that results from type I IFN responses and subsequent repression of IDH1 (127–130). IDH1 repression can lead to accumulation of citrate within activated macrophages (129, 130). As TCA cycle intermediates accumulate due to a defective TCA cycle, IRG1 can utilize aconitate to produce itaconate (126, 129, 130). Itaconate can further lead to accumulation of succinate as it acts as an inhibitor of SDH (131). Itaconate has been described to have direct anti-bacterial activities and was recently shown to be directly delivered to pathogen containing phagosomes by RAB32 (132) (Figure 3). Itaconate can also post-translationally modify inflammasome related proteins, such as NLRP3 and murine GSDMD, further highlighting that metabolites control cell-intrinsic immune responses and functional cell fate decisions through diverse mechanisms (133, 134).




Figure 3 | Host-adapted delivery of potentially toxic metabolites for control of intracellular pathogens. Sensation of PAMPs, cytokines, and IFNs can promote cell-intrinsic immune responses such as generation of antimicrobial metabolites. Upregulation of NOS2 can produce NO radicals from the amino acid Arginine. TLR driven mitochondrial ROS (mtROS) or phagocytosis- and BAI1-induced NADPH oxidase production of ROS. ROS can cooperate with low pH environment created by pumping H+ ions into the vesicle lumen via the action of v-ATPase to form hydrogen peroxide and hypochlorous acid. Accumulation of TCA intermediates based on break in the TCA cycle in activated macrophages allows for Irg1 production of anti-microbial itaconate that can be delivered to a pathogen-containing phagosome via RAB32.





Microbe manipulation of the host

Virus and bacteria are expert metabolic engineers who aim to shift host metabolism towards favorable conditions for microbial replication (3, 59). While listing all the effectors and pathogens that can promote metabolic rewiring is beyond the conceptual aims of this section, we mention common and broad metabolic nodes that many microbes seem to prefer and have evolved mechanisms to induce within cells. Viral infections likely have different metabolic needs depending on the infective life cycle of the virus. For example, during lytic replication of certain viruses there is a need for increased supply of nucleotides, amino acids, and fatty acids for quick replication (59). Conversely, during latent viral infections there is less demand on nutrients and an emphasis on infection of naturally long-lived cells, such as neurons, or viral strategies to prolong cell viability in the case of oncogenic viruses (3, 59). Bacteria also manipulate their hosts to promote metabolism that benefits replicative needs (3, 91).

A major axis that is targeted by viruses and bacteria alike is the mTOR pathway as we have already discussed with specific inputs such as amino acid availability and control of mTORC1 activity (57, 61). Promoting the PI3K and Akt arms of mTOR activation maintains translation and cell growth while inhibiting apoptotic cell death (61). Moreover, upregulation of glucose uptake can promote mTOR activity (61). AMPK senses host energetic state by surrogate through monitoring AMP levels. AMPK negatively regulates mTORC1 in response to high AMP to ATP ratios (61). Thus, modulation of AMPK activities is also a strategy that viruses and bacteria can use to promote pro-microbe metabolic shifts (3, 59). Many pattern recognition receptor and cytokine receptor pathways can activate mTORC1 and mTORC2 which promotes production of conventionally secreted pro-inflammatory cytokines and IFNs. For example, innate immune responses to HSV-1 infection require mTORC2 and mTORC1 downstream of TLR3 signaling for optimal IFN production and viral suppression (135). As discussed above, autophagy may directly and indirectly inhibit viral and bacterial infective life cycles through capture of microbes during xenophagy (69).

As mentioned above, oxidative phosphorylation and fatty acid oxidation can naturally be promoted within IL-4 stimulated (M2) macrophages (108). Consequently, several viruses and bacterial pathogens replicate well within cells that have these metabolic parameters likely because fatty acid oxidation results in generation of acetyl-CoA (3). Acetyl-CoA, in cells with an intact TCA cycle, can generate reducing equivalents such as NADH and FADH2 that promote oxidative phosphorylation (108). Other specific metabolic alterations induced by microbes exist that may represent tissue-niche or pathogen-specific needs for replication or dissemination. More work is needed to delineate host metabolic manipulation by microbial effectors for the purposes of promoting cell survival during replication or promoting different forms of cell death during dissemination. As such, microbial gene regulation may change over the course of the infective life cycle in response to metabolic cues that represent tissue and cellular location or more broadly metabolic status of the host.



Metabolite modulation of virulence programs

After detection of invading pathogens, the host can adaptively create harsh metabolic environments for microbial clearance (Figure 3). However, prior to infection, host-derived metabolites in the tissue microenvironment influence the ability of microbes to enact virulence programs and further nutrient acquisition (1). Here, we provide prototypical examples of how nutrient availability controls bacterial virulence programs for enteric microbes, but analogous circuits may exist in other tissues and microbes. Moreover, recent work has suggested that metabolic mutualism may be an alternative strategy to host defense by promoting tolerance and outgrowth of less virulent strains (136).

The aim of nutritional immunity is to restrict required cofactors or metabolites to limit colonization and growth of bacteria (137). Canonical nutritional immunity has largely focused on regulation of essential transition metal ions required for bacterial viability. We consider iron availability as a prototypical example of host-evolved nutritional immunity but suggest that nutritional immunity likely extends to energy sources as well such as glucose, amino acids, and lipids. Seminal studies of the iron sequestering activity of transferrin provided the first conceptual example that host-related depletion of iron could affect microbial replication or viability (138, 139). Iron metabolism is now appreciated to include other mechanisms of movement and storage that may depend on the cellular or subcellular location of microbial infection. One iron sequestering circuit involves the production of hepcidin during infection or inflammation that depends on pro-inflammatory cytokine signaling in the liver (140). Hepcidin can subsequently induce internalization of the iron transporter ferroportin (140). Lowering intracellular iron through the use of hepcidin inhibitors or genetic deficiency for homeostatic iron regulator protein (HFE) also augments intracellular growth of Salmonella and blunted TLR4 signal transduction in macrophages (141). In circulation, activated neutrophils can produce lactoferrin, a related iron sequestering protein to transferrin (142). On the subcellular level, macrophages can express the iron transporter NRAMP1 to restrict iron in the lumen of vesicles, such as the phagosome, to limit access to invading pathogens (143, 144). These strategies represent systemic, tissue, and subcellular mechanisms by which the host can adaptively modulate the concentration of iron that is available to microbes.

Salmonella can cause gastroenteritis or systemic inflammation depending on host genotype and infection site (1). As Salmonella often resides within the gastrointestinal tract, host nutrient availability may control virulence programs. One experimental method utilized in the laboratory to imbue Salmonella with an invasive phenotype is anoxic and high salt growth conditions (145, 146). Growth under these conditions increases expression of the Salmonella pathogenicity island 1 (SPI-1) that encodes type 3 secretion system components and corresponding injected effectors (145, 146). This circuit may instruct the bacterium to upregulate an invasion phenotype through virulence factors when environmental conditions in the gut are suitable for infection. Notably, the host has evolved strategies to sense virulence injection machinery and structurally related motility machinery through the action of the NAIP : NLRC4 inflammasome (6). Thus, host environmental and nutrient status can influence bacterial virulence programs, but the host has also evolved strategies to guard against these required tissue invasion proteins, including the type III secretion system and flagellin. Similarly, other microbes have evolved distinct nutrient cues and virulence programs related to their tissue nice and infective life cycle.

As introduced above, iron sequestration is another major host defense strategy in nutritional immunity. Provocatively, a recent report has described tolerance schemes may serve to limit Citrobacter rodentium virulence in the context of enteric infection in mice (136). By analyzing surviving mice after a lethal dose 50 experiment, iron metabolism was identified as a determinant of morbidity. Supplementation of iron during a normally lethal dose 100 was able to confer protection from lethality and reduce gut pathology. Specifically, iron supplementation reduced expression of virulence genes in C. rodentium through a microbe circuit dependent on glucose availability (136). Thus, nutrient supplementation may also be a strategy to reduce virulence of pathogenic bacteria as an alternative to sterilizing host defense. This mutual metabolic interaction and host tolerance scheme may be particularly useful under conditions where nutritional restriction leads to upregulation of virulence programs or host defense programs lead to a high degree of collateral damage as could lead to organismal demise. Selection of less virulent strains through host-derived metabolites may provide a framework for delineating commensalization of host-associated microbes.

Interspecies competition for nutrients can also cue pathogens for increased virulence (1). A pathogenic strain of Escherichia coli, known as Enterohemorrhagic E. coli (EHEC), activates expression of its enterocyte effacement pathogenicity associated island in response to nutrient signals (147–149). EHEC is primarily thought to be an extracellular pathogen that interacts with an infected host cell through adherence and modulation of nutrient trafficking and cytoskeletal elements (150). The expression of adherence proteins, type III secretion systems, and virulent effectors is upregulated under limiting glucose conditions due to host nutritional immunity or in the presence of interspecies competition for similar nutrient stores (1). Providing the potentially pathogenic bacteria C. rodentium with glucose led to selection of less virulent strains and increased host survival in mouse models (136). This may suggest that similar nutrient-focused therapies could be employed as therapeutics during infection with other enteric pathogens such as EHEC. Alternatively, EHEC can also upregulate this virulence program in the presence of succinate (147). Recent work now suggests that during the intracellular lifestyle of Salmonella in infected macrophages, accumulation of succinate can also regulate virulence programs encoded by SPI-2 (151). These studies highlight the similarity in nutrient dependency or sensitivity for expression of virulence programs in microbes. These virulence circuits may have evolved even between different tissue or cellular niche to indicate host defensive adaptations or metabolic stress.



Future directions

In this review, we posit a Goldilocks zone model for host surveillance of metabolic shifts whereby normal physiologic shifts are tolerated to provide cells with metabolic flexibility to carry out homeostatic functions. However, guard circuits and cell-intrinsic immune programs are enacted when wide perturbations occur in either direction of this Goldilocks zone. We focused this discussion on a particular class of cell-intrinsic immune pathways, namely the inflammasomes, but suggest that other circuits exist to promote direct antimicrobial metabolite production or restriction of host metabolites, such as transition metals and cholesterol. Furthermore, different cell types may have unique guard circuits and different allowable shifts in metabolism that reflect the division of labor for that cell type and the required metabolic plasticity for cellular functions and cell states. More work is needed to discover other innate immune surveillance of Goldilocks zones for specific metabolites or metabolic pathway activities.

Consequently, host-adapted pathogens have also evolved mechanisms to promote metabolic conditions that favor their biosynthetic or dissemination needs. Creation of better cellular models and investigation of metabolic status in ex vivo samples or in vivo settings will be required to map certain metabolic perturbations to pathogen needs. Moreover, there may exist mechanisms whereby modulation of metabolic pathways or specific metabolites can change functional cell fates for therapeutic benefit. We may discover avenues for metabolic means of functional cellular reprogramming through investigation of evolved effectors from pathogens. Moreover, nutritional immunity can be expanded beyond the control of a few select energy sources or transition metals to include methodologies to change microbial virulence patterns in response to environmental conditions. An attractive approach is to model commensalization for therapeutic benefit through supply or starvation of certain metabolites that control bacterial virulence patterns. Bioinformatic analysis is beginning to map the theoretical chemistries that microbial species can accomplish. These analyses may uncover unknown dependencies on host- or other microbe-derived nutrients that can be leveraged for next-generation nutritional immune interventions.

Finally, delineation of microbe-induced metabolic shifts as being beneficial to host defense or pro-microbe require comparative analysis of model microbe sensing by the innate immune system, namely through analysis of immunometabolism downstream of purified microbial ligands. Through integration of these pioneering studies with single or combinatorial ligands and infection with live pathogenic or mutant strains of microbes, we may map contributions of metabolic shifts for host defense or inflammation compared to metabolic shifts that promote pathogenesis.



Author contributions

CE conceptualization, literature review, first draft writing, figure design, and funding acquisition. IF conceptualization, first draft writing, revision, figure design. All authors contributed to the article and approved the submitted version



Funding

CE is supported by a Ragon Early Independence Fellowship.



Acknowledgments

We thank Jon Kagan and Bryan Bryson for thoughtful comments and helpful discussion on themes related to this manuscript. We apologize to members of the community whose studies were not cited herein due to space constraints. Figures were generated using Biorender.



Conflict of interest

The reviewers MG and XZ declared a shared parent affiliation with the authors to the handling editor at the time of review.



References

1. Cameron, EA, and Sperandio, V. Frenemies: Signaling and nutritional integration in pathogen-Microbiota-Host interactions. Cell Host Microbe (2015) 18:275–84. doi: 10.1016/j.chom.2015.08.007

2. Daugherty, MD, and Malik, HS. Rules of engagement: molecular insights from host-virus arms races. Annu Rev Genet (2012) 46:677–700. doi: 10.1146/annurev-genet-110711-155522

3. Eisenreich, W, Rudel, T, Heesemann, J, and Goebel, W. How viral and intracellular bacterial pathogens reprogram the metabolism of host cells to allow their intracellular replication. Front Cell Infect Microbiol (2019) 9:42. doi: 10.3389/fcimb.2019.00042

4. Pernas, L. Cellular metabolism in the defense against microbes. J Cell Sci (2021) 134:jcs252023. doi: 10.1242/jcs.252023

5. Rosenberg, G, Riquelme, S, Prince, A, and Avraham, R. Immunometabolic crosstalk during bacterial infection. Nat Microbiol (2022) 7:497–507. doi: 10.1038/s41564-022-01080-5

6. Evavold, CL, and Kagan, JC. Inflammasomes: Threat-assessment organelles of the innate immune system. Immunity (2019) 51:609–24. doi: 10.1016/j.immuni.2019.08.005

7. Lopes Fischer, N, Naseer, N, Shin, S, and Brodsky, IE. Effector-triggered immunity and pathogen sensing in metazoans. Nat Microbiol (2020) 5:14–26. doi: 10.1038/s41564-019-0623-2

8. Matzinger, P. Tolerance, danger, and the extended family. Annu Rev Immunol (1994) 12:991–1045. doi: 10.1146/annurev.iy.12.040194.005015

9. Jones, JD, and Dangl, JL. The plant immune system. Nature (2006) 444:323–9. doi: 10.1038/nature05286

10. Bekkering, S, Arts, RJW, Novakovic, B, Kourtzelis, I, van der Heijden, CDCC, Li, Y, et al. Metabolic induction of trained immunity through the mevalonate pathway. Cell (2018) 172:135–46.e9. doi: 10.1016/j.cell.2017.11.025

11. Fraschilla, I, Amatullah, H, and Jeffrey, KL. One genome, many cell states: epigenetic control of innate immunity. Curr Opin Immunol (2022) 75:102173. doi: 10.1016/j.coi.2022.102173

12. Netea, MG, Domínguez-Andrés, J, Barreiro, LB, Chavakis, T, Divangahi, M, Fuchs, E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol (2020) 20:375–88. doi: 10.1038/s41577-020-0285-6

13. Fraschilla, I, Amatullah, H, Rahman, RU, and Jeffrey, KL. Immune chromatin reader SP140 regulates microbiota and risk for inflammatory bowel disease. Cell Host Microbe (2022). doi: 10.1016/j.chom.2022.08.018

14. Chan, AH, and Schroder, K. Inflammasome signaling and regulation of interleukin-1 family cytokines. J Exp Med (2020) 217:jem.20190314. doi: 10.1084/jem.20190314

15. Man, SM, and Kanneganti, T-D. Converging roles of caspases in inflammasome activation, cell death and innate immunity. Nat Rev Immunol (2016) 16:7–21. doi: 10.1038/nri.2015.7

16. Roberts, DJ, and Miyamoto, S. Hexokinase II integrates energy metabolism and cellular protection: Akting on mitochondria and TORCing to autophagy. Cell Death Differ (2015) 22:248–57. doi: 10.1038/cdd.2014.173

17. Wolf, AJ, Reyes, CN, Liang, W, Becker, C, Shimada, K, Wheeler, ML, et al. Hexokinase is an innate immune receptor for the detection of bacterial peptidoglycan. Cell (2016) 166:624–36. doi: 10.1016/j.cell.2016.05.076

18. Shimada, T, Park, BG, Wolf, AJ, Brikos, C, Goodridge, HS, Becker, CA, et al. Staphylococcus aureus evades lysozyme-based peptidoglycan digestion that links phagocytosis, inflammasome activation, and IL-1beta secretion. Cell Host Microbe (2010) 7:38–49. doi: 10.1016/j.chom.2009.12.008

19. Evavold, CL, Ruan, J, Tan, Y, Xia, S, Wu, H, and Kagan, JC. The pore-forming protein gasdermin d regulates interleukin-1 secretion from living macrophages. Immunity (2018) 48:35–44.e6. doi: 10.1016/j.immuni.2017.11.013

20. Moon, JS, Hisata, S, Park, MA, DeNicola, GM, Ryter, SW, Nakahira, K, et al. mTORC1-induced HK1-dependent glycolysis regulates NLRP3 inflammasome activation. Cell Rep (2015) 12:102–15. doi: 10.1016/j.celrep.2015.05.046

21. Billingham, LK, Stoolman, JS, Vasan, K, Rodriguez, AE, Poor, TA, Szibor, M, et al. Mitochondrial electron transport chain is necessary for NLRP3 inflammasome activation. Nat Immunol (2022) 23:692–704. doi: 10.1038/s41590-022-01185-3

22. Zhou, R, Yazdi, AS, Menu, P, and Tschopp, J. A role for mitochondria in NLRP3 inflammasome activation. Nature (2011) 469:221–5. doi: 10.1038/nature09663

23. Bauernfeind, F, Bartok, E, Rieger, A, Franchi, L, Nunez, G, and Hornung, V. Cutting edge: reactive oxygen species inhibitors block priming, but not activation, of the NLRP3 inflammasome. J Immunol (2011) 187:613–7. doi: 10.4049/jimmunol.1100613

24. Gaidt, MM, Ebert, TS, Chauhan, D, Schmidt, T, Schmid-Burgk, JL, Rapino, F, et al. Human monocytes engage an alternative inflammasome pathway. Immunity (2016) 44:833–46. doi: 10.1016/j.immuni.2016.01.012

25. Semino, C, Carta, S, Gattorno, M, Sitia, R, and Rubartelli, A. Progressive waves of IL-1beta release by primary human monocytes via sequential activation of vesicular and gasdermin d-mediated secretory pathways. Cell Death Dis (2018) 9:1088. doi: 10.1038/s41419-018-1121-9

26. Evavold, CL, Hafner-Bratkovic, I, Devant, P, D'Andrea, JM, Ngwa, EM, Borsic, E, et al. Control of gasdermin d oligomerization and pyroptosis by the ragulator-Rag-mTORC1 pathway. Cell (2021) 184:4495–511.e19. doi: 10.1016/j.cell.2021.06.028

27. Schieke, SM, Phillips, D, McCoy, JP Jr., Aponte, AM, Shen, RF, Balaban, RS, et al. The mammalian target of rapamycin (mTOR) pathway regulates mitochondrial oxygen consumption and oxidative capacity. J Biol Chem (2006) 281:27643–52. doi: 10.1074/jbc.M603536200

28. Cunningham, JT, Rodgers, JT, Arlow, DH, Vazquez, F, Mootha, VK, and Puigserver, P. mTOR controls mitochondrial oxidative function through a YY1-PGC-1alpha transcriptional complex. Nature (2007) 450:736–40. doi: 10.1038/nature06322

29. Chen, C, Liu, Y, Liu, R, Ikenoue, T, Guan, KL, Liu, Y, et al. TSC-mTOR maintains quiescence and function of hematopoietic stem cells by repressing mitochondrial biogenesis and reactive oxygen species. J Exp Med (2008) 205:2397–408. doi: 10.1084/jem.20081297

30. Devant, P, Boršić, E, Ngwa, EM, Thiagarajah, JR, Hafner-Bratkovič, I, Evavold, CL, et al. The pore-forming protein gasdermin d is a cellular redox sensor bioRxiv. (2022) New York: Cold Spring Harbor Laboratory.

31. Li, S, Wang, L, Xu, Z, Huang, Y, Xue, R, Yue, T, et al. ASC deglutathionylation is a checkpoint for NLRP3 inflammasome activation. J Exp Med 218 (2021) 218(9):e2020637. doi: 10.1084/jem.20202637

32. Meissner, F, Molawi, K, and Zychlinsky, A. Superoxide dismutase 1 regulates caspase-1 and endotoxic shock. Nat Immunol (2008) 9:866–72. doi: 10.1038/ni.1633

33. Zanoni, I, Tan, Y, Di Gioia, M, Broggi, A, Ruan, J, Shi, J, et al. An endogenous caspase-11 ligand elicits interleukin-1 release from living dendritic cells. Science (2016) 352:1232–6. doi: 10.1126/science.aaf3036

34. Zanoni, I, Tan, Y, Di Gioia, M, Springstead, JR, and Kagan, JC. By capturing inflammatory lipids released from dying cells, the receptor CD14 induces inflammasome-dependent phagocyte hyperactivation. Immunity (2017) 47:697–709.e3. doi: 10.1016/j.immuni.2017.09.010

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

36. Juan, CA, Perez de la Lastra, JM, Plou, FJ, and Perez-Lebena, E. The chemistry of reactive oxygen species (ROS) revisited: Outlining their role in biological macromolecules (DNA, lipids and proteins) and induced pathologies. Int J Mol Sci (2021) 22:4642. doi: 10.3390/ijms22094642

37. Sies, H, and Jones, DP. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat Rev Mol Cell Biol (2020) 21:363–83. doi: 10.1038/s41580-020-0230-3

38. Bochkov, VN, Oskolkova, OV, Birukov, KG, Levonen, AL, Binder, CJ, and Stockl, J. Generation and biological activities of oxidized phospholipids. Antioxid Redox Signal (2010) 12:1009–59. doi: 10.1089/ars.2009.2597

39. Leitinger, N. Oxidized phospholipids as modulators of inflammation in atherosclerosis. Curr Opin Lipidol (2003) 14:421–30. doi: 10.1097/00041433-200310000-00002

40. Berliner, JA, Leitinger, N, and Tsimikas, S. The role of oxidized phospholipids in atherosclerosis. J Lipid Res (2009) 50 Suppl:S207–12. doi: 10.1194/jlr.R800074-JLR200

41. Di Gioia, M, Spreafico, R, Springstead, JR, Mendelson, MM, Joehanes, R, Levy, D, et al. Endogenous oxidized phospholipids reprogram cellular metabolism and boost hyperinflammation. Nat Immunol (2020) 21:42–53. doi: 10.1038/s41590-019-0539-2

42. Freigang, S. The regulation of inflammation by oxidized phospholipids. Eur J Immunol (2016) 46:1818–25. doi: 10.1002/eji.201545676

43. Chang, MK, Binder, CJ, Miller, YI, Subbanagounder, G, Silverman, GJ, Berliner, JA, et al. Apoptotic cells with oxidation-specific epitopes are immunogenic and proinflammatory. J Exp Med (2004) 200:1359–70. doi: 10.1084/jem.20031763

44. Que, X, Hung, MY, Yeang, C, Gonen, A, Prohaska, TA, Sun, X, et al. Oxidized phospholipids are proinflammatory and proatherogenic in hypercholesterolaemic mice. Nature (2018) 558:301–6. doi: 10.1038/s41586-018-0198-8

45. Imai, Y, Kuba, K, Neely, GG, Yaghubian-Malhami, R, Perkmann, T, van Loo, G, et al. Identification of oxidative stress and toll-like receptor 4 signaling as a key pathway of acute lung injury. Cell (2008) 133:235–49. doi: 10.1016/j.cell.2008.02.043

46. Bochkov, VN, Kadl, A, Huber, J, Gruber, F, Binder, BR, and Leitinger, N. Protective role of phospholipid oxidation products in endotoxin-induced tissue damage. Nature (2002) 419:77–81. doi: 10.1038/nature01023

47. Erridge, C, Kennedy, S, Spickett, CM, and Webb, DJ. Oxidized phospholipid inhibition of toll-like receptor (TLR) signaling is restricted to TLR2 and TLR4: roles for CD14, LPS-binding protein, and MD2 as targets for specificity of inhibition. J Biol Chem (2008) 283:24748–59. doi: 10.1074/jbc.M800352200

48. von Schlieffen, E, Oskolkova, OV, Schabbauer, G, Gruber, F, Bluml, S, Genest, M, et al. Multi-hit inhibition of circulating and cell-associated components of the toll-like receptor 4 pathway by oxidized phospholipids. Arterioscler Thromb Vasc Biol (2009) 29:356–62. doi: 10.1161/ATVBAHA.108.173799

49. Chu, LH, Indramohan, M, Ratsimandresy, RA, Gangopadhyay, A, Morris, EP, Monack, DM, et al. The oxidized phospholipid oxPAPC protects from septic shock by targeting the non-canonical inflammasome in macrophages. Nat Commun (2018) 9:996. doi: 10.1038/s41467-018-03409-3

50. Heilig, R, Dick, MS, Sborgi, L, Meunier, E, Hiller, S, and Broz, P. The gasdermin-d pore acts as a conduit for IL-1beta secretion in mice. Eur J Immunol (2018) 48:584–92. doi: 10.1002/eji.201747404

51. Yeon, SH, Yang, G, Lee, HE, and Lee, JY. Oxidized phosphatidylcholine induces the activation of NLRP3 inflammasome in macrophages. J Leukoc Biol (2017) 101:205–15. doi: 10.1189/jlb.3VMA1215-579RR

52. Shimada, K, Crother, T, Karlin, J, Dagvadorj, J, Chiba, N, Chen, S, et al. Oxidized mitochondrial DNA activates the NLRP3 inflammasome during apoptosis. Immunity (2012) 36:401–14. doi: 10.1016/j.immuni.2012.01.009

53. Zhong, Z, Liang, S, Sanchez-Lopez, E, He, F, Shalapour, S, Lin, X-J, et al. New mitochondrial DNA synthesis enables NLRP3 inflammasome activation. Nature (2018) 560:198–203. doi: 10.1038/s41586-018-0372-z

54. Zhong, Z, Umemura, A, Sanchez-Lopez, E, Liang, S, Shalapour, S, Wong, J, et al. NF-κB restricts inflammasome activation via elimination of damaged mitochondria. Cell (2016) 164:896–910. doi: 10.1016/j.cell.2015.12.057

55. Martínez-García, JJ, Martínez-Banaclocha, H, Angosto-Bazarra, D, De Torre-Minguela, C, Baroja-Mazo, A, Alarcón-Vila, C, et al. P2X7 receptor induces mitochondrial failure in monocytes and compromises NLRP3 inflammasome activation during sepsis. Nat Commun (2019) 10:2711. doi: 10.1038/s41467-019-10626-x

56. Xian, H, Watari, K, Sanchez-Lopez, E, Offenberger, J, Onyuru, J, Sampath, H, et al. Oxidized DNA fragments exit mitochondria via mPTP- and VDAC-dependent channels to activate NLRP3 inflammasome and interferon signaling. Immunity (2022) 55(8):1370–85 e8. doi: 10.2139/ssrn.4022698

57. Wolfson, RL, and Sabatini, DM. The dawn of the age of amino acid sensors for the mTORC1 pathway. Cell Metab (2017) 26:301–9. doi: 10.1016/j.cmet.2017.07.001

58. Wek, RC. Role of eIF2alpha kinases in translational control and adaptation to cellular stress. Cold Spring Harb Perspect Biol (2018) 10:a032870. doi: 10.1101/cshperspect.a032870

59. Thaker, SK, Ch'ng, J, and Christofk, HR. Viral hijacking of cellular metabolism. BMC Biol (2019) 17:59. doi: 10.1186/s12915-019-0678-9

60. Pakos-Zebrucka, K, Koryga, I, Mnich, K, Ljujic, M, Samali, A, and Gorman, AM. The integrated stress response. EMBO Rep (2016) 17:1374–95. doi: 10.15252/embr.201642195

61. Valvezan, AJ, and Manning, BD. Molecular logic of mTORC1 signalling as a metabolic rheostat. Nat Metab (2019) 1:321–33. doi: 10.1038/s42255-019-0038-7

62. Sardiello, M, Palmieri, M, di Ronza, A, Medina, DL, Valenza, M, Gennarino, VA, et al. A gene network regulating lysosomal biogenesis and function. Science (2009) 325:473–7. doi: 10.1126/science.1174447

63. Settembre, C, Di Malta, C, Polito, VA, Garcia Arencibia, M, Vetrini, F, Erdin, S, et al. TFEB links autophagy to lysosomal biogenesis. Science (2011) 332:1429–33. doi: 10.1126/science.1204592

64. Martina, JA, Chen, Y, Gucek, M, and Puertollano, R. MTORC1 functions as a transcriptional regulator of autophagy by preventing nuclear transport of TFEB. Autophagy (2012) 8:903–14. doi: 10.4161/auto.19653

65. Roczniak-Ferguson, A, Petit, CS, Froehlich, F, Qian, S, Ky, J, Angarola, B, et al. The transcription factor TFEB links mTORC1 signaling to transcriptional control of lysosome homeostasis. Sci Signal (2012) 5:ra42. doi: 10.1126/scisignal.2002790

66. Settembre, C, De Cegli, R, Mansueto, G, Saha, PK, Vetrini, F, Visvikis, O, et al. TFEB controls cellular lipid metabolism through a starvation-induced autoregulatory loop. Nat Cell Biol (2013) 15:647–58. doi: 10.1038/ncb2718

67. Martina, JA, and Puertollano, R. Rag GTPases mediate amino acid-dependent recruitment of TFEB and MITF to lysosomes. J Cell Biol (2013) 200:475–91. doi: 10.1083/jcb.201209135

68. Napolitano, G, Di Malta, C, Esposito, A, de Araujo, MEG, Pece, S, Bertalot, G, et al. A substrate-specific mTORC1 pathway underlies birt-Hogg-Dube syndrome. Nature (2020) 585:597–602. doi: 10.1038/s41586-020-2444-0

69. Tsalikis, J, Croitoru, DO, Philpott, DJ, and Girardin, SE. Nutrient sensing and metabolic stress pathways in innate immunity. Cell Microbiol (2013) 15:1632–41. doi: 10.1111/cmi.12165

70. Tattoli, I, Sorbara, MT, Yang, C, Tooze, SA, Philpott, DJ, and Girardin, SE. Listeria phospholipases subvert host autophagic defenses by stalling pre-autophagosomal structures. EMBO J (2013) 32:3066–78. doi: 10.1038/emboj.2013.234

71. Tattoli, I, Sorbara, MT, Vuckovic, D, Ling, A, Soares, F, Carneiro, LA, et al. Amino acid starvation induced by invasive bacterial pathogens triggers an innate host defense program. Cell Host Microbe (2012) 11:563–75. doi: 10.1016/j.chom.2012.04.012

72. Kloft, N, Neukirch, C, Bobkiewicz, W, Veerachato, G, Busch, T, von Hoven, G, et al. Pro-autophagic signal induction by bacterial pore-forming toxins. Med Microbiol Immunol (2010) 199:299–309. doi: 10.1007/s00430-010-0163-0

73. Talloczy, Z, Jiang, W, Virgin, H, Leib, DA, Scheuner, D, Kaufman, RJ, Eskelinen, EL, et al. Regulation of starvation- and virus-induced autophagy by the eIF2alpha kinase signaling pathway. Proc Natl Acad Sci U.S.A. (2002) 99:190–5. doi: 10.1073/pnas.012485299

74. Jiang, G, Santos Rocha, C, Hirao, LA, Mendes, EA, Tang, Y, Thompson, GR 3rd, et al. HIV Exploits antiviral host innate GCN2-ATF4 signaling for establishing viral replication early in infection. mBio (2017) 8:01518–16. doi: 10.1128/mBio.01518-16

75. Jia, J, Abudu, YP, Claude-Taupin, A, Gu, Y, Kumar, S, Choi, SW, et al. Galectins control mTOR in response to endomembrane damage. Mol Cell (2018) 70:120–35.e8. doi: 10.1016/j.molcel.2018.03.009

76. Jia, J, Claude-Taupin, A, Gu, Y, Choi, SW, Peters, R, Bissa, B, et al. Galectin-3 coordinates a cellular system for lysosomal repair and removal. Dev Cell (2020) 52:69–87.e8. doi: 10.1016/j.devcel.2019.10.025

77. Cooper, ST, and McNeil, PL. Membrane repair: Mechanisms and pathophysiology. Physiol Rev (2015) 95:1205–40. doi: 10.1152/physrev.00037.2014

78. Condon, KJ, Orozco, JM, Adelmann, CH, Spinelli, JB, van der Helm, PW, Roberts, JM, et al. Genome-wide CRISPR screens reveal multitiered mechanisms through which mTORC1 senses mitochondrial dysfunction. Proc Natl Acad Sci U S A (2021) 118:e2022120118. doi: 10.1073/pnas.2022120118

79. Celli, J, and Tsolis, RM. Bacteria, the endoplasmic reticulum and the unfolded protein response: friends or foes? Nat Rev Microbiol (2015) 13:71–82. doi: 10.1038/nrmicro3393

80. Isberg, RR, O'Connor, TJ, and Heidtman, M. The legionella pneumophila replication vacuole: making a cosy niche inside host cells. Nat Rev Microbiol (2009) 7:13–24. doi: 10.1038/nrmicro1967

81. Hempstead, AD, and Isberg, RR. Inhibition of host cell translation elongation by legionella pneumophila blocks the host cell unfolded protein response. Proc Natl Acad Sci U S A (2015) 112:E6790–7. doi: 10.1073/pnas.1508716112

82. Treacy-Abarca, S, and Mukherjee, S. Legionella suppresses the host unfolded protein response via multiple mechanisms. Nat Commun (2015) 6:7887. doi: 10.1038/ncomms8887

83. Shen, X, Banga, S, Liu, Y, Xu, L, Gao, P, Shamovsky, I, et al. Targeting eEF1A by a legionella pneumophila effector leads to inhibition of protein synthesis and induction of host stress response. Cell Microbiol (2009) 11:911–26. doi: 10.1111/j.1462-5822.2009.01301.x

84. Belyi, Y, Niggeweg, R, Opitz, B, Vogelsgesang, M, Hippenstiel, S, Wilm, M, et al. Legionella pneumophila glucosyltransferase inhibits host elongation factor 1A. Proc Natl Acad Sci U S A (2006) 103:16953–8. doi: 10.1073/pnas.0601562103

85. Fontana, MF, Banga, S, Barry, KC, Shen, X, Tan, Y, Luo, ZQ, et al. Secreted bacterial effectors that inhibit host protein synthesis are critical for induction of the innate immune response to virulent legionella pneumophila. PLoS Pathog (2011) 7:e1001289. doi: 10.1371/journal.ppat.1001289

86. De Leon, JA, Qiu, J, Nicolai, CJ, Counihan, JL, Barry, KC, Xu, L, et al. Positive and negative regulation of the master metabolic regulator mTORC1 by two families of legionella pneumophila effectors. Cell Rep (2017) 21:2031–8. doi: 10.1016/j.celrep.2017.10.088

87. Orzalli, MH, Prochera, A, Payne, L, Smith, A, Garlick, JA, and Kagan, JC. Virus-mediated inactivation of anti-apoptotic bcl-2 family members promotes gasdermin-e-dependent pyroptosis in barrier epithelial cells. Immunity (2021) 54:1447–62.e5. doi: 10.1016/j.immuni.2021.04.012

88. Shenderov, K, Riteau, N, Yip, R, Mayer-Barber, KD, Oland, S, Hieny, S, et al. Cutting edge: Endoplasmic reticulum stress licenses macrophages to produce mature IL-1beta in response to TLR4 stimulation through a caspase-8- and TRIF-dependent pathway. J Immunol (2014) 192:2029–33. doi: 10.4049/jimmunol.1302549

89. Bronner, DN, Abuaita, BH, Chen, X, Fitzgerald, KA, Nunez, G, He, Y, et al. Endoplasmic reticulum stress activates the inflammasome via NLRP3- and caspase-2-Driven mitochondrial damage. Immunity (2015) 43:451–62. doi: 10.1016/j.immuni.2015.08.008

90. Lee, MS, and Bensinger, SJ. Reprogramming cholesterol metabolism in macrophages and its role in host defense against cholesterol-dependent cytolysins. Cell Mol Immunol (2022) 19:327–36. doi: 10.1038/s41423-021-00827-0

91. Passalacqua, KD, Charbonneau, ME, and O'Riordan, MXD. Bacterial metabolism shapes the host-pathogen interface. Microbiol Spectr (2016) 4. doi: 10.1128/microbiolspec.VMBF-0027-2015

92. Pandey, AK, and Sassetti, CM. Mycobacterial persistence requires the utilization of host cholesterol. Proc Natl Acad Sci U S A (2008) 105:4376–80. doi: 10.1073/pnas.0711159105

93. Munoz-Elias, EJ, and McKinney, JD. Mycobacterium tuberculosis isocitrate lyases 1 and 2 are jointly required for in vivo growth and virulence. Nat Med (2005) 11:638–44. doi: 10.1038/nm1252

94. Daniel, J, Maamar, H, Deb, C, Sirakova, TD, and Kolattukudy, PE. Mycobacterium tuberculosis uses host triacylglycerol to accumulate lipid droplets and acquires a dormancy-like phenotype in lipid-loaded macrophages. PloS Pathog (2011) 7:e1002093. doi: 10.1371/journal.ppat.1002093

95. Luo, J, Yang, H, and Song, BL. Mechanisms and regulation of cholesterol homeostasis. Nat Rev Mol Cell Biol (2020) 21:225–45. doi: 10.1038/s41580-019-0190-7

96. Frolov, A, Zielinski, SE, Crowley, JR, Dudley-Rucker, N, Schaffer, JE, and Ory, DS. NPC1 and NPC2 regulate cellular cholesterol homeostasis through generation of low density lipoprotein cholesterol-derived oxysterols. J Biol Chem (2003) 278:25517–25. doi: 10.1074/jbc.M302588200

97. Brown, MS, and Goldstein, JL. The SREBP pathway: regulation of cholesterol metabolism by proteolysis of a membrane-bound transcription factor. Cell (1997) 89:331–40. doi: 10.1016/S0092-8674(00)80213-5

98. Duewell, P, Kono, H, Rayner, KJ, Sirois, CM, Vladimer, G, Bauernfeind, FG, et al. NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nature (2010) 464:1357–61. doi: 10.1038/nature08938

99. Dang, EV, McDonald, JG, Russell, DW, and Cyster, JG. Oxysterol restraint of cholesterol synthesis prevents AIM2 inflammasome activation. Cell (2017) 171:1057–71.e11. doi: 10.1016/j.cell.2017.09.029

100. Reboldi, A, Dang, EV, McDonald, JG, Liang, G, Russell, DW, and Cyster, JG. Inflammation. 25-hydroxycholesterol suppresses interleukin-1-driven inflammation downstream of type I interferon. Science (2014) 345:679–84. doi: 10.1126/science.1254790

101. Hornung, V, Ablasser, A, Charrel-Dennis, M, Bauernfeind, F, Horvath, G, Caffrey, DR, et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating inflammasome with ASC. Nature (2009) 458:514–8. doi: 10.1038/nature07725

102. Fernandes-Alnemri, T, Yu, J-W, Datta, P, Wu, J, and Alnemri, ES. AIM2 activates the inflammasome and cell death in response to cytoplasmic DNA. Nature (2009) 458:509–13. doi: 10.1038/nature07710

103. Rathinam, VAK, Jiang, Z, Waggoner, SN, Sharma, S, Cole, LE, Waggoner, L, et al. The AIM2 inflammasome is essential for host defense against cytosolic bacteria and DNA viruses. Nat Immunol (2010) 11:395–402. doi: 10.1038/ni.1864

104. York, AG, Williams, KJ, Argus, JP, Zhou, QD, Brar, G, Vergnes, L, et al. Limiting cholesterol biosynthetic flux spontaneously engages type I IFN signaling. Cell (2015) 163:1716–29. doi: 10.1016/j.cell.2015.11.045

105. Zhou, QD, Chi, X, Lee, MS, Hsieh, WY, Mkrtchyan, JJ, Feng, AC, et al. Interferon-mediated reprogramming of membrane cholesterol to evade bacterial toxins. Nat Immunol (2020) 21:746–55. doi: 10.1038/s41590-020-0695-4

106. Ouweneel, AB, Thomas, MJ, and Sorci-Thomas, MG. The ins and outs of lipid rafts: functions in intracellular cholesterol homeostasis, microparticles, and cell membranes: Thematic review series: Biology of lipid rafts. J Lipid Res (2020) 61:676–86. doi: 10.1194/jlr.TR119000383

107. Barnett, KC, and Kagan, JC. Lipids that directly regulate innate immune signal transduction. Innate Immun (2020) 26:4–14. doi: 10.1177/1753425919852695

108. O'Neill, LA, Kishton, RJ, and Rathmell, J. A guide to immunometabolism for immunologists. Nat Rev Immunol (2016) 16:553–65. doi: 10.1038/nri.2016.70

109. Okabe, Y, and Medzhitov, R. Tissue biology perspective on macrophages. Nat Immunol (2016) 17:9–17. doi: 10.1038/ni.3320

110. Hsieh, WY, Zhou, QD, York, AG, Williams, KJ, Scumpia, PO, Kronenberger, EB, et al. Toll-like receptors induce signal-specific reprogramming of the macrophage lipidome. Cell Metab (2020) 32:128–43.e5. doi: 10.1016/j.cmet.2020.05.003

111. Platanias, LC. Mechanisms of type-i- and type-II-interferon-mediated signalling. Nat Rev Immunol (2005) 5:375–86. doi: 10.1038/nri1604

112. Blanc, M, Hsieh, WY, Robertson, KA, Kropp, KA, Forster, T, Shui, G, et al. The transcription factor STAT-1 couples macrophage synthesis of 25-hydroxycholesterol to the interferon antiviral response. Immunity (2013) 38:106–18. doi: 10.1016/j.immuni.2012.11.004

113. Liu, SY, Aliyari, R, Chikere, K, Li, G, Marsden, MD, Smith, JK, et al. Interferon-inducible cholesterol-25-hydroxylase broadly inhibits viral entry by production of 25-hydroxycholesterol. Immunity (2013) 38:92–105. doi: 10.1016/j.immuni.2012.11.005

114. Wu, D, Sanin, D, Everts, B, Chen, Q, Qiu, J, Buck, M, et al. Type 1 interferons induce changes in core metabolism that are critical for immune function. Immunity (2016) 44:1325–36. doi: 10.1016/j.immuni.2016.06.006

115. Fritsch, SD, and Weichhart, T. Effects of interferons and viruses on metabolism. Front Immunol (2016) 7:630. doi: 10.3389/fimmu.2016.00630

116. Xie, QW, Cho, HJ, Calaycay, J, Mumford, RA, Swiderek, KM, Lee, TD, et al. Cloning and characterization of inducible nitric oxide synthase from mouse macrophages. Science (1992) 256:225–8. doi: 10.1126/science.1373522

117. Eisele, NA, Ruby, T, Jacobson, A, Manzanillo, PS, Cox, JS, Lam, L, et al. Salmonella require the fatty acid regulator PPARdelta for the establishment of a metabolic environment essential for long-term persistence. Cell Host Microbe (2013) 14:171–82. doi: 10.1016/j.chom.2013.07.010

118. Stapels, DAC, Hill, PWS, Westermann, AJ, Fisher, RA, Thurston, TL, Saliba, AE, et al. Salmonella persisters undermine host immune defenses during antibiotic treatment. Science (2018) 362:1156–60. doi: 10.1126/science.aat7148

119. Gibbs, KD, Washington, EJ, Jaslow, SL, Bourgeois, JS, Foster, MW, Guo, R, et al. The salmonella secreted effector SarA/SteE mimics cytokine receptor signaling to activate STAT3. Cell Host Microbe (2020) 27:129–39.e4. doi: 10.1016/j.chom.2019.11.012

120. Panagi, I, Jennings, E, Zeng, J, Gunster, RA, Stones, CD, Mak, H, et al. Salmonella effector SteE converts the mammalian Serine/Threonine kinase GSK3 into a tyrosine kinase to direct macrophage polarization. Cell Host Microbe (2020) 27:41–53.e6. doi: 10.1016/j.chom.2019.11.002

121. Pham, THM, Brewer, SM, Thurston, T, Massis, LM, Honeycutt, J, Lugo, K, et al. Salmonella-driven polarization of granuloma macrophages antagonizes TNF-mediated pathogen restriction during persistent infection. Cell Host Microbe (2020) 27:54–67.e5. doi: 10.1016/j.chom.2019.11.011

122. West, AP, Brodsky, IE, Rahner, C, Woo, DK, Erdjument-Bromage, H, Tempst, P, et al. TLR signalling augments macrophage bactericidal activity through mitochondrial ROS. Nature (2011) 472:476–80. doi: 10.1038/nature09973

123. DeLeo, FR, Allen, LA, Apicella, M, and Nauseef, WM. NADPH oxidase activation and assembly during phagocytosis. J Immunol (1999) 163:6732–40.

124. Billings, EA, Lee, CS, Owen, KA, D'Souza, RS, Ravichandran, KS, and Casanova, JE. The adhesion GPCR BAI1 mediates macrophage ROS production and microbicidal activity against gram-negative bacteria. Sci Signal (2016) 9, ra14. doi: 10.1126/scisignal.aac6250

125. Westman, J, and Grinstein, S. Determinants of phagosomal pH during host-pathogen interactions. Front Cell Dev Biol (2020) 8:624958. doi: 10.3389/fcell.2020.624958

126. Michelucci, A, Cordes, T, Ghelfi, J, Pailot, A, Reiling, N, Goldmann, O, et al. Immune-responsive gene 1 protein links metabolism to immunity by catalyzing itaconic acid production. Proc Natl Acad Sci U.S.A. (2013) 110:7820–5. doi: 10.1073/pnas.1218599110

127. Jha, AK, Huang, SC, Sergushichev, A, Lampropoulou, V, Ivanova, Y, Loginicheva, E, et al. Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization. Immunity (2015) 42:419–30. doi: 10.1016/j.immuni.2015.02.005

128. De Souza, DP, Achuthan, A, Lee, MK, Binger, KJ, Lee, MC, Davidson, S, et al. Autocrine IFN-I inhibits isocitrate dehydrogenase in the TCA cycle of LPS-stimulated macrophages. J Clin Invest (2019) 129:4239–44. doi: 10.1172/JCI127597

129. Palmieri, EM, Gonzalez-Cotto, M, Baseler, WA, Davies, LC, Ghesquiere, B, Maio, N, et al. Nitric oxide orchestrates metabolic rewiring in M1 macrophages by targeting aconitase 2 and pyruvate dehydrogenase. Nat Commun (2020) 11:698. doi: 10.1038/s41467-020-14433-7

130. Bailey, JD, Diotallevi, M, Nicol, T, McNeill, E, Shaw, A, Chuaiphichai, S, et al. Nitric oxide modulates metabolic remodeling in inflammatory macrophages through TCA cycle regulation and itaconate accumulation. Cell Rep (2019) 28:218–30.e7. doi: 10.1016/j.celrep.2019.06.018

131. Lampropoulou, V, Sergushichev, A, Bambouskova, M, Nair, S, Vincent, EE, Loginicheva, E, et al. Itaconate links inhibition of succinate dehydrogenase with macrophage metabolic remodeling and regulation of inflammation. Cell Metab (2016) 24:158–66. doi: 10.1016/j.cmet.2016.06.004

132. Chen, M, Sun, H, Boot, M, Shao, L, Chang, SJ, Wang, W, et al. Itaconate is an effector of a rab GTPase cell-autonomous host defense pathway against salmonella. Science (2020) 369:450–5. doi: 10.1126/science.aaz1333

133. Hooftman, A, Angiari, S, Hester, S, Corcoran, SE, Runtsch, MC, Ling, C, et al. The immunomodulatory metabolite itaconate modifies NLRP3 and inhibits inflammasome activation. Cell Metab (2020) 32:468–78 e7. doi: 10.1016/j.cmet.2020.07.016

134. Bambouskova, M, Potuckova, L, Paulenda, T, Kerndl, M, Mogilenko, DA, Lizotte, K, et al. Itaconate confers tolerance to late NLRP3 inflammasome activation. Cell Rep (2021) 34:108756. doi: 10.1016/j.celrep.2021.108756

135. Sato, R, Kato, A, Chimura, T, Saitoh, S-I, Shibata, T, Murakami, Y, et al. Combating herpesvirus encephalitis by potentiating a TLR3–mTORC2 axis. Nat Immunol (2018) 19:1071–82. doi: 10.1038/s41590-018-0203-2

136. Sanchez, KK, Chen, GY, Schieber, AMP, Redford, SE, Shokhirev, MN, Leblanc, M, et al. Cooperative metabolic adaptations in the host can favor asymptomatic infection and select for attenuated virulence in an enteric pathogen. Cell (2018) 175:146–58.e15. doi: 10.1016/j.cell.2018.07.016

137. Hood, MI, and Skaar, EP. Nutritional immunity: transition metals at the pathogen-host interface. Nat Rev Microbiol (2012) 10:525–37. doi: 10.1038/nrmicro2836

138. Schade, AL, and Caroline, L. Raw hen egg white and the role of iron in growth inhibition of shigella dysenteriae, staphylococcus aureus, escherichia coli and saccharomyces cerevisiae. Science (1944) 100:14–5. doi: 10.1126/science.100.2584.14

139. Schade, AL, and Caroline, L. An iron-binding component in human blood plasma. Science (1946) 104:340–1. doi: 10.1126/science.104.2702.340

140. Ganz, T. Hepcidin and iron regulation, 10 years later. Blood (2011) 117:4425–33. doi: 10.1182/blood-2011-01-258467

141. Wang, L, Harrington, L, Trebicka, E, Shi, HN, Kagan, JC, Hong, CC, et al. Selective modulation of TLR4-activated inflammatory responses by altered iron homeostasis in mice. J Clin Invest (2009) 119(11):3322–8. doi: 10.1172/JCI39939

142. Schaible, UE, Collins, HL, Priem, F, and Kaufmann, SH. Correction of the iron overload defect in beta-2-microglobulin knockout mice by lactoferrin abolishes their increased susceptibility to tuberculosis. J Exp Med (2002) 196:1507–13. doi: 10.1084/jem.20020897

143. Jabado, N, Jankowski, A, Dougaparsad, S, Picard, V, Grinstein, S, and Gros, P. Natural resistance to intracellular infections: natural resistance-associated macrophage protein 1 (Nramp1) functions as a pH-dependent manganese transporter at the phagosomal membrane. J Exp Med (2000) 192:1237–48. doi: 10.1084/jem.192.9.1237

144. Forbes, JR, and Gros, P. Iron, manganese, and cobalt transport by Nramp1 (Slc11a1) and Nramp2 (Slc11a2) expressed at the plasma membrane. Blood (2003) 102:1884–92. doi: 10.1182/blood-2003-02-0425

145. Mizusaki, H, Takaya, A, Yamamoto, T, and Aizawa, S. Signal pathway in salt-activated expression of the salmonella pathogenicity island 1 type III secretion system in salmonella enterica serovar typhimurium. J Bacteriol (2008) 190:4624–31. doi: 10.1128/JB.01957-07

146. Jiang, L, Feng, L, Yang, B, Zhang, W, Wang, P, Jiang, X, et al. Signal transduction pathway mediated by the novel regulator LoiA for low oxygen tension induced salmonella typhimurium invasion. PLoS Pathog (2017) 13:e1006429. doi: 10.1371/journal.ppat.1006429

147. Curtis, MM, Hu, Z, Klimko, C, Narayanan, S, Deberardinis, R, and Sperandio, V. The gut commensal bacteroides thetaiotaomicron exacerbates enteric infection through modification of the metabolic landscape. Cell Host Microbe (2014) 16:759–69. doi: 10.1016/j.chom.2014.11.005

148. Pacheco, AR, Curtis, MM, Ritchie, JM, Munera, D, Waldor, MK, Moreira, CG, et al. Fucose sensing regulates bacterial intestinal colonization. Nature (2012) 492:113–7. doi: 10.1038/nature11623

149. Njoroge, JW, Gruber, C, and Sperandio, V. The interacting cra and KdpE regulators are involved in the expression of multiple virulence factors in enterohemorrhagic escherichia coli. J Bacteriol (2013) 195:2499–508. doi: 10.1128/JB.02252-12

150. Kaper, JB, Nataro, JP, and Mobley, HL. Pathogenic escherichia coli. Nat Rev Microbiol (2004) 2:123–40. doi: 10.1038/nrmicro818

151. Rosenberg, G, Yehezkel, D, Hoffman, D, Mattioli, CC, Fremder, M, Ben-Arosh, H, et al. Host succinate is an activation signal for salmonella virulence during intracellular infection. Science (2021) 371:400–5. doi: 10.1126/science.aba8026



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Fraschilla and Evavold. 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.


OEBPS/Images/fimmu-13-923024-g001.jpg
Cell-intrinsic immunity

®

Host defense pathway |
activation

(Low HK activity, -
low cholesterol, etc.) |

Normal physiological shifts

[Metabolite] or Metabolic pathway activity

Host defense pathway
activation

(High HK activity,
high cholesterol, etc.)





OEBPS/Images/fimmu-13-923024-g002.jpg
NLRP3

Bacterial Hexokinase 2 | Glycolysis i aome

NAG : (HK2)

Hexokinase 1

mTORC1 —» — Glycolysis —»

(HK1)
Caspase-11/NLRP3
Inflammasome
Oxidized
Phospholipids
NLRP3
. Inflammasome
Oxidized
1ROS mtDNA
N
R
GSDMD
Pore Formation
NLRP3 or AIM2
Inflammasome
Lysosomal or
T Cholesterol —  Mitochondrial
Damage
1 Cholesterol —> Mitochondrial L — Type | IFN

Damage





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Biting the hand that feeds: Metabolic determinants of cell fate during infection

      

        		

          Introduction

        



        		

          Monitoring host metabolism as an innate immune strategy

        



        		

          Amino acid availability and protein synthesis

        



        		

          Cholesterol and innate immunity

        



        		

          PAMP and cytokine induced alteration of host metabolism for defense

        



        		

          Microbe manipulation of the host

        



        		

          Metabolite modulation of virulence programs

        



        		

          Future directions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-923024-g003.jpg
RNS

(NO") ltaconate

Phagosomal bacterium

HzOz or HCIO

(O2°)

NADPH
oxidase

v-ATPase






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.923024_cover.jpg
’ frontiers l Frontiers in Immunology

Biting the hand that feeds:
Metabolic determinants of cell
fate during infection





