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The recent birth of the immunometabolism field has comprehensively demonstrated how the rewiring of intracellular metabolism is critical for supporting the effector functions of many immune cell types, such as myeloid cells. Among all, the transcriptional regulation mediated by Hypoxia-Inducible Factors (HIFs) and Nuclear factor erythroid 2-related factor 2 (NRF2) have been consistently shown to play critical roles in regulating the glycolytic metabolism, redox homeostasis and inflammatory responses of macrophages (Mφs). Although both of these transcription factors were first discovered back in the 1990s, new advances in understanding their function and regulations have been continuously made in the context of immunometabolism. Therefore, this review attempts to summarize the traditionally and newly identified functions of these transcription factors, including their roles in orchestrating the key events that take place during glycolytic reprogramming in activated myeloid cells, as well as their roles in mediating Mφ inflammatory responses in various bacterial infection models.
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Introduction

Immunometabolism is an emerging field of research that studies the metabolic regulation of immune function by integrating both biochemistry and immunology on a cellular and systemic level. Although the term “immunometabolism” first appeared in literature in 2011, the importance of metabolites for immune cell function has been reported many years ago (Alonso and Nungester, 1956; Oren et al., 1963; Newsholme et al., 1986; Fukuzumi et al., 1996; Mathis and Shoelson, 2011). In fact, intracellular metabolism has always been recognized to play a role more than bioenergetics. For instance, the difference in amino acid metabolism has been traditionally used to define macrophages (Mφs) subsets, with M1 or M[LPS(+IFNγ)] converting arginine into nitrogen oxide (NO) via inducible Nitric Oxide Synthase (iNOS), while M2 or M[IL-4] converting arginine into ornithine via arginase-1 (Corraliza et al., 1995; Modolell et al., 1995; Munder et al., 1998; Murray et al., 2014). Interestingly, in the past, intracellular metabolism was not included in immunological research except for the studies of metabolic diseases, such as obesity or diabetes (O'Neill et al., 2016). This was attributed to a lack of robust and sensitive technologies to directly assess how metabolic pathways are linked to immune cell functions. However, recent advancements made in technologies, such as mass spectrometry-based metabolomics and Seahorse analyzers, now confer possible means to study the contribution of metabolic changes in immune functions.

Among all the immune cell types, the metabolic functions of myeloid cells, such as Mφs and Dendritic cells (DCs), are the most characterized. First discovered by Metchnikoff for their abilities to phagocytose and kill microbes, Mφs are now appreciated as innate immune cells that can detect infection or tissue damage by expressing pattern recognition receptors (PRRs), which are germline-encoded receptors that can bind to conserved compounds derived from microbes or damaged tissues (Medzhitov and Janeway, 2000; Seong and Matzinger, 2004). The successful binding of these ligands to their receptors then activate a series of phosphorylation cascades, which relay this sensing information intracellularly and activate the corresponding transcription factor to transcribe the appropriate set of genes in response to the external stimuli. The classical example of this is the binding of lipopolysaccharide (LPS) to Toll-like receptor 4 (TLR4). LPS is a molecule derived from the outer membranes of gram-negative bacteria, therefore, it is often used as a mimetic of bacterial infection. Upon binding to TLR4, LPS activates a series of phosphorylation cascades, such as Akt and MAPKs, then the subsequent activation of transcription factors, such as NF-кB and AP-1, leading to the transcription of genes related to inflammation, phagocytosis and killing of bacteria. Although the signaling and transcription events post LPS-stimulation has been well characterized, how intracellular metabolic circuits support these events remained a mystery until the metabolites involved were profiled.

In 2010, it was first described in Mφs that LPS stimulation led to the enhancement of glycolytic flux, which can be divided into two time-dependent phases: 0-4hr and 4-12hr (Rodríguez-Prados et al., 2010). The first phase of enhancement, known as the early stage of glycolytic reprogramming, was much slower than the second phase, known as the late stage of glycolytic reprogramming. Transcriptional analyses revealed that during the enhancement of glycolytic flux, the expression of genes related to glycolysis was upregulated while the genes that encode for proteins involved in the oxidative phosphorylation were suppressed. Similar findings were reported in activated DCs whereby TLR agonists induced a metabolic switch to glycolytic metabolism with an impairment in mitochondrial respiration (Krawczyk et al., 2010; Everts et al., 2012). Taken together, these studies have demonstrated that LPS-activated myeloid cells adopt a unique metabolic profile analogous to the Warburg effect, which is a form of cellular metabolism in tumor cells characterized with high levels of glucose uptake, conversion from glucose to lactose, and a decline in oxidative phosphorylation levels (Warburg et al., 1927).

Subsequent studies published after the aforementioned ones have now elucidated the molecular mechanisms behind the induction of glycolysis and its linkage with inflammation, as well as the induction of the resolution phase of inflammation. Notably, the transcriptional regulation mediated by Hypoxia-Inducible Factors (HIFs) and Nuclear factor erythroid 2-related factor 2 (NRF2) orchestrate some of these key mechanisms. Thus, their traditionally well-characterized roles and newly elucidated functions are summarized in this review, followed by a revisit of the key events that take place during the glycolytic reprogramming in myeloid cells.





Hypoxia-inducible factors

Hypoxia-Inducible Factors (HIFs) is a family of transcription factors that are known to activate the transcription of genes in response to decrease in available oxygen, or hypoxia. Although HIFs were first discovered in 1991 for their role in mediating cellular responses against hypoxia (Semenza et al., 1991), it is now revealed that they also plays a vital role in mediating the transcriptional programs related to inflammation, angiogenesis, survival, and glucose metabolism (Ruas and Poellinger, 2005; Tannahill et al., 2013). The importance of discovering this family of transcription factors was eventually recognized by awarding the 2019 Nobel Prize in Physiology or Medicine to Gregg Semenza, Peter Ratcliffe and William Kaelin, the three scientists that significantly contributed to our understanding of how cells sense and adapt to oxygen availabilities.

In general, members of the HIF family are heterodimeric beta helix-loop-helix (HLH) transcription factors composed of an α and a β subunit, in which the α subunit is unstable and oxygen sensitive, while the β subunit is constitutively expressed and insensitive to oxygen. To date, three known α subunits, HIF-1α, HIF-2α and HIF-3α, as well as three β subunits, HIF-1β, HIF-2β and HIF-3β, have been identified (Reisz-Porszasz et al., 1994; Wang and Semenza, 1995; Jiang et al., 1996; Jiang et al., 1997; Pugh et al., 1997; Huang et al., 1998; Ema et al., 1999; O'Rourke et al., 1999; Masson et al., 2001). Among all, HIF-1α and HIF-2α are the most characterized. For HIF-1α specifically, it is structurally characterized with a N-terminal basic HLH followed by Per-ARNT-Sim (PAS) domains, oxygen-dependent-degradation (ODD) domains, and two transcription activation domains in the C-terminus (Figure 1A). The N-terminal basic domain is critical for HIF-1 binding to the consensus sequence of its target genes, which is known as hypoxia-response elements (HRE): 5’-TACGTG-3’ (Wang and Semenza, 1993; Melillo et al., 1995). The HLH and PAS domains on the other hand are important for the heterodimerization between the α and β subunits. The ODD domains contain critical conserved proline residues, where they can be hydroxylated by prolyl hydroxylases (PHDs) in the presence of oxygen and target HIF-1α for proteasomal degradation (Ivan et al., 2001; Jaakkola et al., 2001; Masson et al., 2001; Yu et al., 2001). Finally, there are two transcription activation domains in the C-terminus: N terminal transactivation domain (N-TAD) and C terminal transactivation domain (C-TAD). While N-TAD is located within the ODD domain, C-TAD is near the end of the C-terminus and harbors a conserved asparagine residue, in which its hydroxylation can inhibit the transactivation capacity of HIF-1α (Mahon et al., 2001).




Figure 1 | The regulation of HIF-1α degradation and function. (A) Diagram that illustrates the different domains of HIF-1α. bHLH and PAS domains are important for the formation of heterodimeric complex with HIF-1β and binding to DNA. N-TAD domain contains key proline residues (P402, P564) where prolyl hydroxylase (PHD) hydroxylates. C-TAD domain contains a key asparagine residue (N803) that factor inhibiting HIF (FIH) hydroxylates. (B) Diagram that illustrates PHD-VHL-dependent degradation of HIF-1α and the inhibition of HIF-1α transactivation capacity by FIH under normoxic condition. (C) Diagram that illustrates HIF-1 transcriptional activation of its targeted genes. Specifically, HIF-1α that escaped from its proteasomal degradation, combines with HIF-1β, to form a heterodimer transcription factor known as HIF-1. Along with its co-activators (such as PKM2, p300/CBP), HIF-1 then binds to its targeted genes, which are characterized with a hypoxia response element (HRE) and transcribes them. (D) Diagram that illustrates HIF-1α degradation via the non-canonical chaperone-mediated autophagy pathway. In this model, HSPA8 recognizes the KFERQ-like motif of HIF-1α and binds to it. STUB1, which is associated with HSPA8 as a complex, catalyzes K63 ubiquitination on HIF-1α, targeting it for lysosomal degradation in a LAMP2A-dependent manner. All figures are made by Biorender.com.







The regulation of HIF-1α stability

Given the short half-life of HIF-1α (~5 minutes) (Huang et al., 1998), past efforts in research have been dedicated to elucidating the mechanisms behind the regulation of HIF-1α degradation. In general, HIF-1α can be degraded by the classical ubiquitin proteasome system (UPS), which is dependent on proline hydroxylases (PHDs) and von Hippel-Lindau (VHL) ubiquitin ligase, or alternatively via the autophagy-lysosomal pathway (Hubbi et al., 2013). Other non-canonical pathways that mediate HIF-1α degradation independent of UPS and autophagy have also been reported in past studies (Iommarini et al., 2017). In the UPS model, both oxygen-dependent proline hydroxylation by PHDs and VHL-mediated ubiquitination are required (Maxwell et al., 1999; Cockman et al., 2000; Ohh et al., 2000; Bruick and McKnight, 2001; Epstein et al., 2001). Specifically, under normoxic condition, PHDs hydroxylate HIF-1α on two proline residues, Pro402 and Pro564 (for human HIF-1α), within the ODD domain (Ivan et al., 2001; Jaakkola et al., 2001; Masson et al., 2001; Yu et al., 2001). The hydroxylation sites allow VHL to mediate ubiquitination and eventually proteasomal degradation (Figure 1B). However, under hypoxic condition, without oxygen, PHDs activity is inhibited and thus prevent HIF-1α from being degraded. The stabilized HIF-1α can then translocate into the nucleus where it forms a dimer with HIF-1β, which constitutes the HIF-1 complex required for the transcription of its targeted genes (Figure 1C).

As previously mentioned, HIF-1α can also be degraded by the autophagy-lysosomal pathway under certain conditions, specifically, by macroautophagy or chaperone-mediated autophagy (CMA). Macroautophagy involves the sequestration of long-lived proteins and aggregates within the autophagosome and delivering it to the lysosome for degradation. This process is mediated by Sequestosome 1 (SQSTM1) or neighbor of BRCA1 gene 1 (NBR1) (DePavia et al., 2016). Indeed, past studies have shown blocking autophagic inhibition by knocking down SQSTM1 impaired the induction of HIF-1α by Q6, a hypoxia-activated prodrug (Liu et al., 2014). This notion was reinforced by the reduction of HIF-1α levels upon AZD-2014-mediated inhibition of mammalian target of rapamycin complex 1/2 (mTORC1/2), which activates autophagy (Zheng et al., 2015). Unlike macroautophagy, CMA involves heat-shock cognate protein of 70kDA (HSC70) targeting its substrate, such as HIF-1α (Hubbi et al., 2013), to lysosome-associated membrane protein type 2A (LMAP2A) for degradation. Under this specific condition, E3 ligase STIP1 homology and U-box containing protein 1 mediate HIF-1α K63 ubiquitination instead of VHL (Ferreira et al., 2013; Ferreira et al., 2015) (Figure 1D).

Finally, past studies have reported that under specific conditions, HIF-1α can also be degraded without the involvement of VHL and lysosomes. Specifically, in these studies, authors have shown that WD repeat and SOCS box-containing protein 1 (WSB1) can stabilize HIF-1α by ubiquitinating VHL in cancer cells (Kim et al., 2015). MDM2, another E3-ubqiutin-protein ligase, was also reported to ubiquitinate HIF-1α independent of its hydroxylation by binding to tumor suppressor proteins, such as TAp73 or p53 (Ravi et al., 2000; Amelio et al., 2015). Past studies have also shown that post-translational modifications other than hydroxylation, such as SET7/9-mediated methylation, LSD1-mediated demethylation, p300-mediated acetylation, SIRT2-mediated deacetylation, can all regulate HIF-1α stability (Geng et al., 2012; Seo et al., 2015; Kim et al., 2016). Taken together, these studies have revealed the diverse ways of how HIF-1α stability can be regulated, and such diversity may allow the fine-tuning of HIF-1 transcriptional output in response to a wide range of external stimuli.





The regulation of HIF-1α transactivation capacity

Apart from the proline hydroxylation mediated by PHDs, HIF-1α is also hydroxylated by Factor Inhibiting HIF (FIH) at Asn803 (human HIF-1α) located within the C-TAD domain during normoxic condition (Mahon et al., 2001). This asparagine hydroxylation inhibits the transcriptional activity of HIF-1 by sterically blocking the recruitment of coactivators CBP/p300 (Mahon et al., 2001). Similar to PHDs, FIH catalyzes its hydroxylation reaction via the oxidative decarboxylation of 2-oxoglutarate, producing carbon dioxide and succinate as by products. Like PHDs, the enzymatic activity of FIH is also critically dependent on its catalytic center of iron in its ferrous state (Fe+2), which is maintained by the reducing action of ascorbic acid (Knowles et al., 2003; Pagé et al., 2008). Knockout studies of FIH revealed that it is an essential regulator of metabolism as mice deficient of FIH have decreased body masses with an elevated metabolic rate (Zhang et al., 2010). Moreover, these mice also have improved glucose and lipid homeostasis, thus making them resistant to weight gain induced by high-fat-diet (Zhang et al., 2010).

Although FIH and PHDs are iron (II)-dependent dioxygenases, they have significant structural differences, which underlie their differential regulation of HIF-1 transcriptional output. For instance, FIH has broad functional pockets that allow O2 and other co-factors to bind tightly, whereas PHDs have a narrow opening of active site (Lee et al., 2003; Flashman et al., 2010). This structural difference enables FIH to work efficiently despite low O2 availability, while PHDs remain inactive in these situations (Rani et al., 2022). More importantly, this difference in the binding affinity for O2 between FIH and PHDs underlies the graded HIF-1 transcriptional response in response to a wide range of hypoxic conditions. Apart from their differences in binding affinity for O2, FIH and PHDs also exhibit differences in their functional inhibition by TCA cycle metabolites and oxidative stress. For instance, an in vitro study has shown that while succinate and fumarate can competitively inhibit PHDs by occupying their active sites, they have no effect on FIH (Koivunen et al., 2007). On the other hand, citrate and oxaloacetate can inhibit both PHDs and FIH (Koivunen et al., 2007). In response to oxidative stress, FIH was found to be more sensitive to its inhibition in comparison to PHDs. Specifically, one in vitro study has shown that the activity of FIH was significantly more inhibited by tert-butyl hydroperoxide-induced oxidative stress than PHDs (Masson et al., 2012). Taken together, these studies demonstrate that the differential responses between FIH and PHDs to external stimuli underlie the spectrum of HIF-1 transcriptional reprogramming.

Finally, apart from catalyzing asparagine hydroxylation, an early in vitro study has also revealed that FIH could perform secondary functions, such as acting as a corepressor with VHL to block histone deacetylases from binding to DNA (Mahon et al., 2001). Indeed, another recent study has shown that overexpressing FIH can inhibit the mRNA of GLUT1 even in hypoxia condition, in addition to normoxic condition (Wang et al., 2014). This reinforces the possibility that FIH can regulate HIF-1 transcriptional activity independent of its hydroxylation activity.





The inflammatory role of HIF-1α in LPS-activated Mφs

Although the transcriptional role of HIF-1α under hypoxic condition is well established, its role in mediating inflammation in activated Mφs has only been recently elucidated. The investigation first began in 2003 with the initial characterization of myeloid cells that are genetically deficient of Hif1a from Ly2Cre-Hif1afl/fl mice (Cramer et al., 2003). In this study, the authors found that myeloid cells that lack HIF-1α have impaired ATP levels, motility, invasiveness, bactericidal activity, and aggregation (Cramer et al., 2003), thereby implicating the role that HIF-1α plays in regulating metabolism and inflammation. This notion was further supported later by studies that show overexpressing HIF-1α leads to the upregulation of M1 signature markers (Takeda et al., 2010; Wang et al., 2017) post LPS and IFNγ stimulation. Taken together, these earlier studies have illustrated a positive role that HIF-1α plays in mediating an inflammatory response in activated M1 Mφs.

To elucidate the mechanisms underlying HIF-1α involvement in inflammatory response in activated Mφs, chromatin immunoprecipitation of HIF-1α was performed and revealed that HIF-1α binds to many glycolytic genes, such as Slc2a1, Ldha, Hk2, Pfkp, as well as proinflammatory genes, such as Il1b and Nos2 in LPS-activated Mφs (Melillo et al., 1995; Peyssonnaux et al., 2007; Tannahill et al., 2013). The transcription of glycolysis genes is critical for driving Mφs towards an aerobic glycolytic metabolism, which is essential for fueling many intracellular inflammatory machineries, such as Pentose Phosphate Pathway (PPP)-derived NADPH production for Nitric Oxide Synthase (NOSes) and NADPH Oxidases (NOXes), TCA cycle-derived citrate for de novo lipid synthesis. On the other hand, the transcription of proinflammatory genes directly contributes to the production of inflammatory cytokines. Apart from LPS stimulation, RNA-sequencing analysis also revealed that almost half of Interferon gamma (IFNγ)-induced genes in Mφs are HIF-1α-dependent (Braverman et al., 2016). Taken together, these studies have revealed the direct and indirect roles that HIF-1α play in orchestrating an effective inflammatory response in an activated Mφs.

Understanding how important the transcriptional role of HIF-1α is in activated Mφs, there is now an increasingly growing interest to elucidate the molecular factors that are required for its transcriptional activity. For instance, recent studies have shown that PKM2, which is a pyruvate kinase in the last rate-limiting step in glycolysis, can act as a cofactor for HIF-1α (Luo et al., 2011; Palsson-McDermott et al., 2015) post LPS stimulation. Specifically, PKM2 can transition from its active tetrameric state to its dimeric state, then translocate into the nucleus and interact with HIF-1α to promote its transcriptional regulation. Inhibitors, such as DASA-58 and TEPP-46, that block the dimerization of PKM2 could impair HIF-1 activity and reduced inflammation in in vivo pathogenic models (Palsson-McDermott et al., 2015). Overall, these studies have identified the cofactors needed for HIF-1 transcription, and how the manipulation of these cofactors confer possible means to regulate HIF-1 transcriptional output for therapeutic purposes.





Introduction to nuclear factor erythroid 2-related factor 2

Reactive oxygen species (ROS), i.e. super oxide anions (O2•−) and hydrogen peroxide (H2O2), and reactive nitrogen species (RNS), i.e. nitric oxide (NO)-derived peroxynitrite (ONOO-), are generated as a result of intracellular metabolism and upon exposure to extracellular stimuli (Ma, 2010; Finkel, 2011). Although their uncontrolled production can result in oxidative stress that abrogates cellular function and contributes to the development of many inflammatory diseases, when regulated properly, oxidants are important signaling molecules for a wide range of cellular processes (Finkel, 2011; Sies et al., 2022), as well as mediating the inactivation of pathogens. For instance, the generation of O2•− from NOX2 is critical for the anti-microbial function of Mφs (Brüne et al., 2013). Similarly, the generation of mitochondrially-derived ROS has been recently shown to be activated by TLR4 signaling and critical for Mφ anti-bacterial responses (West et al., 2011). Finally, the generation of ROS from other sources, including xanthine oxidase (Ives et al., 2015) and peroxisomes (Di Cara et al., 2017) have also been reported to play an important role in mediating the intracellular killing of bacteria in Mφs.

A key transcription factor that regulates the abundance of ROS is known as the nuclear factor erythroid 2 (NFE2)-related factor 2 (NRF2). Similar to Nrf1 and Nrf3, NRF2 belongs to the cap “n” collar (CNC) subfamily of basic-region leucine zipper (bZIP) transcription factor (Oyake et al., 1996). First discovered in 1994 for its role in erythropoiesis and platelet development (Moi et al., 1994), it was later revealed that it was essential for mediating the induction of drug-metabolizing and ROS detoxification enzymes, such as NAD(P)H:quinone oxidoreductase 1 (Itoh et al., 1997). All these enzymes share a common DNA sequence, known as the antioxidant response element (ARE), where NRF2 binds to (Nguyen et al., 2003). Specifically, the ARE sequence is 41-base-pair, and contains a conserved sequence, 5’-TGACnnnGC-3’, where n represents any base (Rushmore et al., 1991).

Given the importance of NRF2 in regulating cellular responses to oxidative stress, past decades of research have been invested in elucidating the regulation of NRF2 function and found that NRF2 is always degraded under basal conditions by Kelch-like erythroid cell-derived protein with CNC homology-associated protein 1 (KEAP1)-mediated ubiquitination-proteasomal degradation. KEAP1 was identified as a substrate adaptor of CUL3 (a E3 ubiquitin ligase) via a yeast two-hybrid screen (Itoh et al., 1999). The molecular and structural analysis of NRF2 has revealed that it contains seven NRF2-ECH homology domains (Neh1-7), with each domain serving a distinct function (Hayes and Dinkova-Kostova, 2014) (Figure 2A). For instance, the Neh1 domain includes a CNC-bZIP region that is critical for the DNA binding activity of NRF2, as well as its association with small musculoaponeurotic fibrosarcoma (sMaf) proteins as dimerization partners (Motohashi and Yamamoto, 2004). The Neh2 domain contains the highly conserved DLG and ETGE motifs, which are important for the interaction between KEAP1 and NRF2. This domain also includes the seven lysine residues where they can be ubiquitylated and mediate NRF2 for subsequent proteasomal degradation (Itoh et al., 1999; McMahon et al., 2003; Tong et al., 2006). The Neh3 domain, which contains the transactivation activity, activates the transcription of NRF2 targeted genes, together with Neh4 and Neh5 domains (Katoh et al., 2001; Nioi et al., 2005; Sekine et al., 2016). Finally, Neh6 domain is involved in regulating NRF2 stability independent of KEAP1 (Chowdhury et al., 2013), while Neh7 domain is involved in suppressing the transcriptional activity of NRF2 (Wang et al., 2013). Overall, these studies have demonstrated the intimate link between the structure of NRF2 and the regulation of its function.




Figure 2 | The regulation of NRF2 degradation and function. (A, B) Diagram that illustrates the different domains of NRF2 (A) and KEAP1 (B), with each domain harbors different functions. Specifically, KEAP1 also harbors various critical cysteine residues that readily respond to oxidative stress. (C) Diagram that illustrates NRF2 degradation and function under basal condition (left) and oxidative stress (right) respectively. Under basal condition, NRF2 is constitutively degraded by KEAP1 through the proteasome. However, under oxidative stress condition, ROS/electrophiles disrupt KEAP1 conformation by reacting with its critical cysteine residues, thus releasing NRF2 and allowing it to escape from degradation. The escaped NRF2 then translocate into the nucleus, along with sMaf proteins, bind to its targeted genes, which are characterized with antioxidant response element (ARE), and transcribes them. All figures are made by Biorender.com.







The regulation of NRF2 stability

The relatively short half-life of NRF2 (18.5 min) suggests its function is primarily regulated by its stability (Itoh et al., 2003). Indeed, cycloheximide-mediated inhibition of protein synthesis impeded basal and induced expression of NRF2-targeted genes, and that NRF2 can be stabilized with its half-life increased up to 200 min (Ma, 2013; Canning et al., 2015). Since NRF2 is a master transcription factor regulating antioxidative defense mechanisms, its basal levels are always maintained to be very low due to its constant ubiquitination and proteasomal-degradation mediated by the KEAP1/CUL3 complex. As previously mentioned, KEAP1 acts as a substrate adaptor by linking NRF2 to CUL3, thereby mediating the ubiquitination of NRF2 by CUL3. Interestingly, the interaction between KEAP1 and NRF2 is always in a ratio of 1:2, where two KEAP1 proteins interact with one NRF2 as a dimer within the Neh2 domain (Padmanabhan et al., 2006; Tong et al., 2006; Lo et al., 2017). Specifically, structural analyses of KEAP1 have shown that KEAP1 contains two protein-interacting domains, known as the BTB domain in the N-terminal region, and the Kelch repeats in the C-terminal region (Figure 2B). While the BTB domain mediates the binding of KEAP1 to CUL3, the Kelch repeats mediate the binding of KEAP1 to NRF2 (Li et al., 2004; Padmanabhan et al., 2006; Ogura et al., 2010). In between the Kelch repeats and BTB domain lies the linker region, which is rich in cysteine residues that are prone to be oxidized by reactive radicals or electrophilic reagents. Under conditions where redox homeostasis is disrupted (i.e. ROS overproduction), these radicals can readily react with these key cysteine residues, including C151, C273 and C288 (Eggler et al., 2005; Hong et al., 2005; He and Ma, 2010; McMahon et al., 2010; Baird et al., 2013), and presumably induce a conformational change of KEAP1. This enables NRF2 to dissociate from KEAP1 and translocate to the nucleus where it activates the expression of genes that encode antioxidative proteins, such as catalase, glutathione-disulfide reductase and thioredoxin reductase (Figure 2C).

Apart from the classical model of KEAP1/CUL3-mediated NRF2 ubiquitination, past studies have reported that NRF2 stability can be modified by other post-translational modifications, and interactions with other proteins. For instance, NRF2 can be phosphorylated by ERK, JNK, AKT, PKC, CK2 and PERK, in which their phosphorylation increases the stability of NRF2 (Huang et al., 2002; Cullinan et al., 2003; Yuan et al., 2006; Apopa et al., 2008; Hayes et al., 2015). On the other hand, p38 and GSK3-mediated phosphorylation destabilizes NRF2 (Hayes and Dinkova-Kostova, 2014). Apart from phosphorylation, NRF2 was also shown to be glycated, and its deglycation indirectly induced by fructosamine-3-kinase stabilizes NRF2 (Sanghvi et al., 2019).

In recent years, the regulation of NRF2 by SQSTM1 (also known as p62) is increasingly appreciated. First reported in 2007, Liu et al. found that the overexpression of p62 led to NRF2 nuclear translocation and activation of NRF2-targeted genes (Liu Y. et al., 2007). The underlying mechanism was then elucidated three years later by several groups, where they found that p62 interacts with KEAP1, specifically the NRF2-binding site. Therefore, an ectopic expression of p62 can outcompete NRF2 for KEAP1, sequestering KEAP1 into aggregates or autophagosomes and impedes KEAP1-mediated NRF2 degradation (Copple et al., 2010; Fan et al., 2010; Komatsu et al., 2010; Lau et al., 2010). Interestingly, an ARE element was also found to be in the p62 promoter, thereby supporting the notion that a positive feedback loop exists between the transcription of p62 and inhibition of NRF2 degradation (Jain et al., 2010). Apart from this, another positive feedback loop also exists between p62-mediated KEAP1 degradation and activation of NRF2, as reported by Copple et al. In their study, they found that overexpression of p62 significantly accelerated the degradation of KEAP1 whereas the inhibition of p62 expression increased KEAP1 expression (Copple et al., 2010). Similar results were also reported in liver-specific, p62-deficient mice, in which the liver-specific expression of KEAP1 was significantly reduced in comparison to its wild-type counterparts (Taguchi et al., 2012). Overall, it is generally believed that the p62-dependent non-canonical pathway results in prolonged activation of NRF2, in which this condition is found to be favorable for cancer cells to thrive as it confers cryoprotection and antioxidative defense mechanisms (Jiang et al., 2015). Taken together, these studies have demonstrated how NRF2 stability can be diversely regulated, in which this diversity is critical to optimize NRF2 transcriptional output in response to a wide range of oxidative stress conditions.





The anti-inflammatory role of NRF2 in LPS-activated Mφs

Although the role that NRF2 plays in regulating redox homeostasis is well-established, how it regulates intracellular metabolism and how this is linked to antioxidative defense in activated Mφs is not completely understood. Early studies have revealed both redox-dependent and independent roles that NRF2 play in suppressing inflammation in LPS-activated Mφs. For instance, it was discovered that NRF2-activation by itaconate-mediated alkylation of KEAP1 suppressed type I IFN responses in LPS-activated Mφs (Mills et al., 2018). Specifically, authors in this study found that itaconate and 4-octyl itaconate, which is a cell-permeable itaconate derivate, deactivated KEAP1 by alkylation and thereby activated NRF2-dependent antioxidative defense mechanisms (Mills et al., 2018). The upregulation of NRF2 then led to an impaired induction of type I IFN responses, HIF-1α levels, proinflammatory cytokine production and glycolysis (Mills et al., 2018). Overall, the study suggested that NRF2 controls Mφ inflammation by metabolic regulation. In contrast to this study, another study has found that NRF2 could suppress the transcription of LPS-induced Il1b and Il6 by competing with RNA Polymerase II binding (Kobayashi et al., 2016). Specifically, in this study, the authors used ChIP-seq and ChIP-qPCR analyses to demonstrate that in Ly2Cre: Keap1fl/fl mice where NRF2 is overexpressed in myeloid cells, NRF2 could bind to the proximity of Il1β and Il6, which blocked the recruitment of RNA Polymerase II binding to their transcriptional start sites (Kobayashi et al., 2016). Overall, these studies have shown that NRF2 can regulate inflammation in ROS-dependent and independent ways.

How NRF2 controls inflammation by metabolic regulation remains unclear. Recent studies have begun to characterize the metabolism of Mφs by manipulating levels of NRF2 via genetic and pharmacological means (Ding et al., 2019; Mornata et al., 2020; Ryan et al., 2022). For instance, a recent study has profiled the proteome, metabolome, and transcriptome of bone marrow-derived Mφs (BMDMφs) isolated from WT, KEAP1-knockout or NRF2-deficient mice (Ryan et al., 2022). In this study, the authors have found that NRF2 significantly altered the proteome post LPS stimulation, including alterations in redox, carbohydrate and lipid metabolism (Ryan et al., 2022). Interestingly, the authors also found that NRF2 can modulate mitochondrial morphology, specifically, promoting their morphological transition from intermediate to fused/elongated forms post LPS stimulation (Ryan et al., 2022). Taken together, the authors found a correlation between these metabolic changes to the suppression of IFNβ responses in LPS-activated Mφs. Apart from BMDMφs, recent research has also identified an enrichment of NRF2-mediated transcriptional signature in tumor-induced myeloid-derived suppressor cells (MDSCs), which are immature myeloid cells that inhibit the activation of T cells (Gabrilovich et al., 2007), the cytotoxic functions of NK cells (Liu C. et al., 2007) and the induction of T regulatory cells (Huang et al., 2006). For instance, Beury et al. have first reported that NRF2 activation in MDSCs protects them from oxidative stress and apoptosis, thereby increasing its suppressive abilities and infiltration in tumors (Beury et al., 2016). Metabolically, Ohl et al. have elucidated that NRF2-induction in MDSCs increased their nutrient uptake through glycolysis, PPP and mitochondrial metabolism, thus supporting their proliferative abilities (Ohl et al., 2018). With respect to the pathways that activate NRF2 in MDSCs, recent research performed by Mohamed et al. have found that PKR-like endoplasmic reticulum (ER) kinase (PERK) signaling leads to NRF2-activation and its regulation on mitochondrial respiratory homeostasis, in which is critical for the immunosuppressive functions of MDSCs (Mohamed et al., 2020). Indeed, the authors found that the suppression of PERK expression abrogated NRF2 signaling in MDSCs, increased mitochondrial DNA content and activated STING-dependent expression of anti-tumor Type I IFN responses. Overall, these studies have demonstrated that NRF2 can exert its anti-inflammatory effects by intrinsically rewiring the metabolism of activated inflammatory immune cells or by supporting the expansion of immunosuppressive cell types.





LPS-induced late phase of glycolytic reprogramming

While the early phase of glycolytic reprogramming is vital to swiftly rewire the metabolic circuits to fuel the immediate bioenergetic needs of inflammatory machineries (0-4hr), the late phase of glycolytic reprogramming is critical for reconfiguring intracellular metabolism to sustain those needs for extended periods of time (6-24hr), and ultimately for the induction of resolution of inflammation (end phase; 48-72hr) (Curtis et al., 2020). Unlike the early phase where the induction is heavily dependent on post-translational modifications, such as phosphorylation signaling cascades, the late stage of glycolytic reprogramming relies on transcriptional regulation, with HIF-1α and NRF2-mediated transcription being the most important in myeloid cells.

As described previously, HIF-1α can be stabilized by TCA cycle metabolites that mediate the inhibition of PHD activity. Indeed, the reconfiguration of TCA cycle during the late stage of glycolytic reprogramming significantly alters the abundance of TCA cycle metabolites in LPS-activated Mφs. Specifically, this is achieved by two metabolic breakpoints in the TCA cycle. The first breakpoint takes place at the isocitrate dehydrogenase (IDH) level due to the suppression of its mRNA expression (Tannahill et al., 2013; Jha et al., 2015), NO-mediated cysteine nitrosation of IDH (Bailey et al., 2019) and autocrine type I interferon signaling (De Souza et al., 2019). As a result of the suppressed IDH activity, citrate then accumulates and is re-directed towards itaconate through cis-Aconitate by cis-aconitate decarboxylase or exported into the cytoplasm by citrate transport protein. The accumulation of cytosolic citrate can then be converted into acetyl-CoA through ATP citrate synthase, which is critical for supporting de novo lipid synthesis (Ryan and O'Neill, 2020) and histone acetylation of inflammatory genes (Lauterbach et al., 2019; Ting et al., 2024b).

On the other hand, the accumulation of itaconate contributes to the second metabolic breakpoint due to its effect on inhibiting the activity of succinate dehydrogenase (SDH) (Cordes et al., 2016; Lampropoulou et al., 2016), although the inhibitory effect of NO on SDH has also been reported (Jha et al., 2015). Together, with the increased influx of succinate derived from glutamine at the level of α-ketoglutarate (anaplerosis) (Tannahill et al., 2013), both pathways significantly increase the abundance of succinate, which inhibits the activity of PHDs and stabilizes HIF-1α. The stabilized HIF-1α then binds to HIF-1β and the HIF-1 complex activates downstream targeted gene expression, including genes involved in glycolysis and inflammation, such as Il1b (Tannahill et al., 2013). Apart from stabilizing HIF-1α, dysregulated succinate metabolism can lead to lysine succinylation, a novel post-translational modification that can regulate enzymes involved in remodeling the epigenome (Park et al., 2013; Tannahill et al., 2013). Specifically, succinylation can induce a 100-Da change in mass of targeted proteins and shield the positively charged lysine side chains (Park et al., 2013). Enzymes, such as PKM2, can be hypersuccinylated on lysine 311 which promotes its tetramer-to-dimer transition, thereby inhibiting its pyruvate kinase activity but activates its role as a co-factor for HIF-1α-dependent transcription (Palsson-McDermott et al., 2015; Wang et al., 2017).

Apart from HIF-1α-dependent transcription, NRF2-mediated transcriptional regulation is also critical for regulating the late-phase of glycolytic reprogramming. As previously described, the accumulation of itaconate due to the remodeling of TCA cycle leads to the alkylation of KEAP1 and subsequent activation of NRF2 (Mills et al., 2018). In addition to mediating the transcription of antioxidative genes, NRF2 has been shown to limit LPS-induced inflammatory responses through inhibiting RNA Polymerase II binding to the promoters of Il1b and Il6 (Kobayashi et al., 2016), suppressing HIF-1α-mediated glycolytic reprogramming (Mills et al., 2018) and suppression of Type 1 IFN responses by decreasing the mRNA stability of STING (Olagnier et al., 2018). More recently, it has also been demonstrated that NRF2 can regulate HIF-1α stability and its transcriptional function in a NADPH-dependent manner (Ting et al., 2023b; Ting et al., 2023a; Ting et al., 2024a). Specifically, it has been shown that the enhanced activation of NRF2 led to the increased transcription and translation of NRF2-targeted apoenzymes (Ting et al., 2023b). These pools are proteins then detoxify ROS by consuming the same NADPH pools that is required to synthesize ROS and stabilize HIF-1α, eventually limiting HIF-1-dependent inflammation and fine-tune Mφ inflammatory responses (Figure 3).




Figure 3 | LPS-induced glycolytic reprogramming in myeloid cells. Diagram that illustrates the key events during the late phase of glycolytic reprogramming in myeloid cells upon LPS stimulation. During the late phase, the increased rate of glycolysis then feeds into the TCA cycle, where two metabolic breakpoints take place. The first break happens at the level of isocitrate dehydrogenase (IDH), leading to the accumulation of citrate and itaconate. Citrate can then be converted back to acetyl-CoA by ACLY and supports de novo lipid synthesis and production of pro-inflammatory cytokines, as well as histone acetylation of inflammatory genes. The second break happens at the level of succinate dehydrogenase due itaconate-mediated inhibition, thus leading to the accumulation of succinate. Succinate, along with the production of reactive radicals derived from NADPH-dependent inflammatory enzymes, such as NOX2 and NOS2, inhibit the activities of PHD and FIH. This subsequently leads to the activation of HIF-1 and transcription of its targeted inflammatory and glycolytic genes. To limit HIF-1-dependent-inflammation, NRF2 is activated in response to oxidative stress and itaconate-mediated alkylation of KEAP1. The enhanced transcription and translation of NRF2-targeted antioxidative proteins then detoxify ROS by consuming the same pool of NADPH that is also required to stabilize HIF-1α. This in turn increases the activity of PHD and FIH, which leads to the reduction of HIF-1 transcription function and ultimately the fine-tuning of Mφ inflammatory response. Red gear denotes HIF-1α transcriptional circuit, while blue gear denotes NRF2 transcriptional circuit. Both circuits consume NADPH as a mechanism of co-regulation. All figures are made by Biorender.com.



Apart from fueling the effector functions of activated Mφs in a sustained manner, the end phase of glycolytic reprogramming is also important for the resolution of inflammation (48-72hr), which is characterized by the subsidence, rather than accumulation, of itaconate and succinate. For instance, a recent study has shown that after the transient accumulation of itaconate and succinate (as a result of the two breakpoints in the TCA cycle), pyruvate dehydrogenase complex and oxoglutarate dehydrogenase complex were inhibited due to the alteration of their lipoylation states (Seim et al., 2019). The inhibition of these complexes led to the normalization of citrate, itaconate and succinate levels, and correlated with a decline of HIF-1α protein levels. Taken together, these studies illustrate that the re-configuration of the TCA cycle is a highly dynamic and time dependent process.





The role of HIF-1α in bacterial infection models

HIF-1 is a master transcription factor that regulates the expression of hypoxic, inflammatory, and glycolytic genes, thus its role in mediating the inflammatory response of Mφs under hypoxic environment has been previously investigated. Indeed, wound and necrotic tissue foci have less oxygen availability (<1% oxygen) than normal healthy tissue (2.5 – 9% oxygen) (Arnold et al., 1987; Vogelberg and König, 1993; Negus et al., 1997), thus suggesting the possibility that the antimicrobial functions performed by Mφs, such as an increased ability to phagocytose, are regulated in part by the hypoxic environment (Anand et al., 2007). In 2008, Michael Karin’s group was the first group that characterized the relationship between hypoxia and HIF-1α-mediated immunity, where they have shown that NF-кB could bind to the promoter of Hif1a in LPS-stimulated Mφs (Rius et al., 2008). They then showed that HIF-1α accumulation in Mφs infected with Group A Streptococcus (GAS) and P. aeruginosa were dependent on IKK-β, one of the IкB kinases that activates NF-кB by phosphorylating the inhibitor of NF-кB (Häcker and Karin, 2006). Notably, these findings were reproduced in hypoxic conditions where IKK-β could regulate hypoxia-induced HIF-1α expression and activity. Taken together, these results have demonstrated that NF-кB is a hypoxia-regulated transcription factor that activates the transcription of Hif1a, providing the first evidence that illustrates how the inflammatory and hypoxic responses of Mφs are integrated.

With respect to how HIF-1α mediates bactericidal activities in Mφs, this was first characterized by Randall Johnson’s group back in 2003, where the group has found that Group B Streptococcus (GBS) was more viable in HIF-1α-deficient Mφs compared to its wild-type counterparts, which suggests that HIF-1α is important for intracellular killing of bacterial pathogens (Cramer et al., 2003). This was subsequently confirmed in another study performed by the same group, in which they found that HIF-1α-deficiency in Mφs impaired their intracellular killing ability of both GAS and P. aeruginosa (Peyssonnaux et al., 2005). On the other hand, the constitutive activation of HIF-1α in VHL-null mice have in turn increased intracellular killing of GAS and P. aeruginosa. To assess the role of HIF-1α in regulating myeloid cell bactericidal function in vivo, the group then adopted an infection model of GAS and found that mice with HIF-1α genetic deficiency in myeloid cells developed greater necrotic skin lesions. Mechanistically, the group then discovered that HIF-1α is critical for neutrophil-mediated production of granule proteases and antimicrobial peptides, as well as Mφ-mediated secretion of nitric oxide and TNF-α production. Similar findings were also reported by Braverman et al., where the authors have adopted a murine M. tuberculosis model and found that HIF-1α is responsible to regulate many IFN-γ-inducible responses in infected Mφs, such as production of nitric oxide and other inflammatory cytokines and chemokines (Braverman et al., 2016). Several years later, Knight et al. took a step further and demonstrated that HIF-1α-dependent transcription of Hig2 is critical for driving the formation of lipid droplets in lungs of mice infected with M. tuberculosis, an activated immune response from Mφs (Knight et al., 2018). The importance of HIF-1α-mediated antimicrobial activity against M. tuberculosis was also recently shown in human macrophages (Zenk et al., 2021). Finally, the direct binding of HIF-1α to other targeted genes, such as Il1b, has also been shown to be critical in limiting M. marium infection of zebrafish (Elks et al., 2013; Ogryzko et al., 2019). Specifically, studies have found that M. marinum infection of zebrafish induced HIF-1α-dependent transcription of Il1b, which then activated neutrophil-mediated production of nitric oxide and protection against infection. Similar to M. marinum, mice with genetic deficiency of HIF-1α in their myeloid cells also resulted in increased bacterial burden and necrotic granulomas upon infection by M. avium (Cardoso et al., 2015).

Apart from regulating inflammatory responses, HIF-1α is also a central regulator of glycolytic responses, in which its induction serves as the metabolic basis of host immunity. In 2011, Mihai Netea and colleagues proposed the concept of “Trained Immunity” to describe the phenomenon that innate immune cells, such as monocytes and Mφs, can also display immunological memory of past insults (Netea et al., 2011). For instance, Netea’s group first demonstrated that β-glucan derived from C. albicans could induce trained immunity in monocytes, where the first stimulation primed their enhanced production of pro-inflammatory cytokines upon the second stimulation (Quintin et al., 2012). Next, Netea’s group then demonstrated that mTOR/HIF-1α-mediated glycolysis metabolically supports the basis of trained immunity (Cheng et al., 2014). Specifically, the group has found that AKT/mTOR/HIF-1α pathways was downstream of β–glucan stimulation, and that training monocytes with β–glucan against S. aureus sepsis was impaired in mice with genetic deficiency of HIF-1α in myeloid cells. Apart from fungi, the importance of HIF-1α-mediated glycolytic response in Mφs was also observed in bacterial infection models, such as M. tuberculosis (Braverman et al., 2016) and L. monocytogenes (Li et al., 2018). Taken together, these studies have collectively demonstrated that HIF-1α-mediated transcription of inflammatory and glycolytic genes underlie Mφ innate immunity against many different bacteria species.





The role of NRF2 in bacterial infection models

Apart from HIF-1α, NRF2 also plays a central role in regulating Mφ inflammatory responses against bacterial infections, particularly its role in regulating the transcription of its targeted genes. Among all, its transcription of macrophage receptor with collagenous structure (MARCO), an important receptor required for the phagocytosis of bacteria, has been repeatedly shown to be critical in enhancing antibacterial defenses of Mφs. For instance, Harvey et al. have first demonstrated that sulforaphane (SFN)-induced NRF2 activation restored bacteria recognition and phagocytic ability of alveolar Mφs derived from patients with chronic obstructive pulmonary disease (Harvey et al., 2011). Specifically, the authors found that SFN-induced activation of NRF2 significantly enhanced the expression of MARCO and the ability of Mφs to phagocytose P. aeruginosa, while the disruption of MARCO or NRF2 impaired their phagocytic abilities. Similar findings were also reported by Pang et al., where the authors found that Early growth response 1 (ERG1)-mediated suppression of phagocytosing P. aeruginosa was due to inhibition of NRF2 signaling (Pang et al., 2022). In this study, the authors have found that P. aeruginosa induced ERG1 expression and autophagy-related processes during infection of Mφs. The induction of autophagy subsequently enhanced the degradation of p62 and suppressed NRF2 levels. The impaired NRF2 levels then resulted in the reduced transcription of MARCO and Macrophage scavenger receptor 1 (MSR1), which is another scavenger receptor important for phagocytosing bacteria. In addition to P. aeruginosa, Wang et al. have also discovered similar results with E. coli infection, where they found that IR-61, an inhibitor that disrupts the interaction between KEAP1 and NRF2, augmented Mφs ability to phagocytose bacteria. Mechanically, the authors utilized an in silico molecular ligand docking analysis and found that IR-61 bound to KEAP1 and induced NRF2 release and activation (Wang et al., 2023). Finally, Luo et al. have discovered that itaconate is critical in supporting Mφ phagocytic abilities by enhancing NRF2-dependent transcription of Cd36, which is another scavenger receptor of Mφs that is involved in internalizing bacteria (Wang et al., 2023). Taken together, these studies have collectively demonstrated that NRF2-dependent transcription of scavenger receptors, such as MARCO, MSR1 and CD36, are critical players in orchestrating Mφ bactericidal responses.

Apart from supporting phagocytosis, NRF2 also regulates Mφ inflammatory responses against bacterial infection through maintaining redox homeostasis, cell survival, the formation of phagolysosomes and iron homeostasis. For instance, Sun et al. showed that activation of NRF2 by oltipraz (OTZ), a synthetic dithiolethione, is critical to protect M. tuberculosis-induced oxidative injury and cell death of human Mφs (Sun et al., 2020). Specifically, OTZ-induced NRF2 activation led to the transcription of antioxidative genes and offered cryoprotection against M. tuberculosis-induced oxidative stress. Apart from this, Nakajima et al. have found that SFN-induced NRF2 activation increased Mφs control of M. avium by promoting the formation and phagolysosome fusion and granuloma formation (Nakajima et al., 2021). This is due to NRF2-dependent transcription of Slc11a1 (NRAMP1) and Hmox1 (HO-1) as they are involved in promoting phagosome-lysosome fusion and granuloma formation respectively. Finally, Nairz et al. have shown that nitric oxide production in Mφs is critical for NRF2-dependent transcription of ferroportin-1 (Fpn1), an iron exporter that exports iron extracellularly and prevents its acquisition by S. typhimurium (Nairz et al., 2013). Specifically, in this study, the authors discovered that Mφs with Nos2 genetic deficiency have increased intracellular iron storage due to impaired Fpn1 expression, thus allowing S. typhimurium to utilize its iron content. Notably, nitric oxide promoted NRF2 activation and its transcription of Fpn1, thus limiting the growth of S. typhimurium. Overall, these studies have shown that NRF2 plays a positive role in regulating Mφs responses against bacterial infection by regulating the transcription of its targeted genes that are involved in a variety of cellular processes.





Conclusion

Recent advances in the immunometabolism field have comprehensively demonstrated how the rewiring of intracellular metabolic circuits are linked to the effector functions of Mφs, such as the transcription of inflammatory cytokines and glycolytic genes. Notably, the transcriptional regulation mediated by HIF-1α and NRF2 play significant roles behind these processes. Although these transcription factors were discovered back in the 1990s and their pathways have been since well characterized, the birth of the immunometabolism field has now revealed novel functions that they can play, as well as the possibility that they can co-regulate each other as a mechanism to fine tune Mφs inflammatory responses. Understanding that multiple transcription factors are responsible for relaying complex information of extracellular changes into host cell responses through the activation or inhibition of transcriptional circuits, future research should be warranted to further elucidate the co-regulation between other transcriptional circuits and identify their underlying co-regulators.

HIF-1α-mediated transcriptional responses in Mφs is a general phenomenon against many types of bacteria (Werth et al., 2010). Notably, the transcriptional regulation of HIF-1α on inflammatory and glycolytic genes primarily orchestrate Mφ inflammatory responses, and the oxygen availability (degree of hypoxia) in the environment helps to fine-tune its transcriptional output and the extent of inflammation. While this multi-layered regulation of HIF-1α responses is critical for Mφ immunity and has been well characterized, it also opens the possibility that pathogens can evolve and adapt to this for its survival. Indeed, a recent study has shown that hypoxia-induced HIF-1α-response in Mφs limited the replication of C. burnetiid without affecting its viability, thus allowing it to persist chronically and this may be linked to the development of chronic Q fever (Hayek et al., 2019). Future research should thus be warranted to investigate how pathogens have developed mechanisms to resist and adapt to HIF-1α-mediated immunity in Mφs, particularly in the context of chronic bacterial infection or re-infection models.

Similar to HIF-1α, NRF2 also plays an essential role in mediating Mφ responses against bacterial infection, primarily by enhancing its phagocytic abilities through upregulating its targeted scavenger reports, as well as maintaining a favorable redox environment and cell survival. Although many studies have supported a positive role of NRF2 in promoting Mφ bactericidal responses, an interesting study has recently shown that M. tuberculosis-induced early NRF2-responses in alveolar Mφs in fact hindered their ability to elicit a robust inflammatory response and its effective control of bacterial growth (Rothchild et al., 2019). This suggests that M. tuberculosis may have developed mechanisms over evolutionary time to infect a certain population of Mφs that preferentially upregulate antioxidative defense mechanisms over classical inflammatory responses. This may also explain the reason behind the conflicting effectiveness of pharmacological NRF2 activators in limiting bacterial infection, especially when compared against different types of bacteria species (Ali et al., 2020). Therefore, future research should be warranted to elucidate the mechanisms behind how different types of bacteria adapt to NRF2-mediated responses in Mφs.





Author contributions

KT: Funding acquisition, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. KT was supported by fellowships from Canadian Institutes of Health Research, Ontario Graduate Scholarship, fellowships from the University of Toronto and The Peterborough K. M. Hunter Charitable Foundation.





Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Ali, M., Bonay, M., Vanhee, V., Vinit, S., and Deramaudt, T. B. (2020). Comparative effectiveness of 4 natural and chemical activators of Nrf2 on inflammation, oxidative stress, macrophage polarization, and bactericidal activity in an in vitro macrophage infection model. PloS One 15, e0234484. doi: 10.1371/journal.pone.0234484

 Alonso, D., and Nungester, W. J. (1956). Comparative study of host resistance of Guinea pigs and rats. V. The effect of pneumococcal products on glycolysis and oxygen uptake by polymorphonuclear leucocytes. J. Infect. Dis. 99, 174–181. doi: 10.1093/infdis/99.2.174

 Amelio, I., Inoue, S., Markert, E. K., Levine, A. J., Knight, R. A., Mak, T. W., et al. (2015). TAp73 opposes tumor angiogenesis by promoting hypoxia-inducible factor 1α degradation. Proc. Natl. Acad. Sci. U. S. A. 112, 226–231. doi: 10.1073/pnas.1410609111

 Anand, R. J., Gribar, S. C., Li, J., Kohler, J. W., Branca, M. F., Dubowski, T., et al. (2007). Hypoxia causes an increase in phagocytosis by macrophages in a HIF-1α-dependent manner. J. Leukocyte Biol. 82, 1257–1265. doi: 10.1189/jlb.0307195

 Apopa, P. L., He, X., and Ma, Q. (2008). Phosphorylation of Nrf2 in the transcription activation domain by casein kinase 2 (CK2) is critical for the nuclear translocation and transcription activation function of Nrf2 in IMR-32 neuroblastoma cells. J. Biochem. Mol. Toxicol. 22, 63–76. doi: 10.1002/jbt.20212

 Arnold, F., West, D., and Kumar, S. (1987). Wound healing: the effect of macrophage and tumour derived angiogenesis factors on skin graft vascularization. Br. J. Exp. Pathol. 68, 569–574.

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

 Baird, L., Llères, D., Swift, S., and Dinkova-Kostova, A. T. (2013). Regulatory flexibility in the Nrf2-mediated stress response is conferred by conformational cycling of the Keap1-Nrf2 protein complex. Proc. Natl. Acad. Sci. U. S. A. 110, 15259–15264. doi: 10.1073/pnas.1305687110

 Beury, D. W., Carter, K. A., Nelson, C., Sinha, P., Hanson, E., Nyandjo, M., et al. (2016). Myeloid-derived suppressor cell survival and function are regulated by the transcription factor nrf2. J. Immunol. 196, 3470–3478. doi: 10.4049/jimmunol.1501785

 Braverman, J., Sogi, K. M., Benjamin, D., Nomura, D. K., and Stanley, S. A. (2016). HIF-1α Is an essential mediator of IFN-γ-dependent immunity to mycobacterium tuberculosis. J. Immunol. 197, 1287–1297. doi: 10.4049/jimmunol.1600266

 Bruick, R. K., and McKnight, S. L. (2001). A conserved family of prolyl-4-hydroxylases that modify HIF. Science 294, 1337–1340. doi: 10.1126/science.1066373

 Brüne, B., Dehne, N., Grossmann, N., Jung, M., Namgaladze, D., Schmid, T., et al. (2013). Redox control of inflammation in macrophages. Antioxid Redox Signal. 19, 595–637. doi: 10.1089/ars.2012.4785

 Canning, P., Sorrell, F. J., and Bullock, A. N. (2015). Structural basis of Keap1 interactions with Nrf2. Free Radic. Biol. Med. 88, 101–107. doi: 10.1016/j.freeradbiomed.2015.05.034

 Cardoso, M. S., Silva, T. M., Resende, M., Appelberg, R., and Borges, M. (2015). Lack of the transcription factor hypoxia-inducible factor 1α (HIF-1α) in macrophages accelerates the necrosis of mycobacterium avium-induced granulomas. Infect. Immun. 83, 3534–3544. doi: 10.1128/IAI.00144-15

 Cheng, S. C., Quintin, J., Cramer, R. A., Shepardson, K. M., Saeed, S., Kumar, V., et al. (2014). mTOR- and HIF-1α-mediated aerobic glycolysis as metabolic basis for trained immunity. Science 345, 1250684. doi: 10.1126/science.1250684

 Chowdhury, R., Khan, H., Heydon, E., Shroufi, A., Fahimi, S., Moore, C., et al. (2013). Adherence to cardiovascular therapy: a meta-analysis of prevalence and clinical consequences. Eur. Heart J. 34, 2940–2948. doi: 10.1093/eurheartj/eht295

 Cockman, M. E., Masson, N., Mole, D. R., Jaakkola, P., Chang, G. W., Clifford, S. C., et al. (2000). Hypoxia inducible factor-alpha binding and ubiquitylation by the von Hippel-Lindau tumor suppressor protein. J. Biol. Chem. 275, 25733–25741. doi: 10.1074/jbc.M002740200

 Copple, I. M., Lister, A., Obeng, A. D., Kitteringham, N. R., Jenkins, R. E., Layfield, R., et al. (2010). Physical and functional interaction of sequestosome 1 with Keap1 regulates the Keap1-Nrf2 cell defense pathway. J. Biol. Chem. 285, 16782–16788. doi: 10.1074/jbc.M109.096545

 Cordes, T., Wallace, M., Michelucci, A., Divakaruni, A. S., Sapcariu, S. C., Sousa, C., et al. (2016). Immunoresponsive gene 1 and itaconate inhibit succinate dehydrogenase to modulate intracellular succinate levels. J. Biol. Chem. 291, 14274–14284. doi: 10.1074/jbc.M115.685792

 Corraliza, I. M., Soler, G., Eichmann, K., and Modolell, M. (1995). Arginase induction by suppressors of nitric oxide synthesis (IL-4, IL-10 and PGE2) in murine bone-marrow-derived macrophages. Biochem. Biophys. Res. Commun. 206, 667–673. doi: 10.1006/bbrc.1995.1094

 Cramer, T., Yamanishi, Y., Clausen, B. E., Förster, I., Pawlinski, R., Mackman, N., et al. (2003). HIF-1alpha is essential for myeloid cell-mediated inflammation. Cell 112, 645–657. doi: 10.1016/S0092-8674(03)00154-5

 Cullinan, S. B., Zhang, D., Hannink, M., Arvisais, E., Kaufman, R. J., and Diehl, J. A. (2003). Nrf2 is a direct PERK substrate and effector of PERK-dependent cell survival. Mol. Cell Biol. 23, 7198–7209. doi: 10.1128/MCB.23.20.7198-7209.2003

 Curtis, K. D., Smith, P. R., Despres, H. W., Snyder, J. P., Hogan, T. C., Rodriguez, P. D., et al. (2020). Glycogen metabolism supports early glycolytic reprogramming and activation in dendritic cells in response to both TLR and syk-dependent CLR agonists. Cells 9. doi: 10.3390/cells9030715

 DePavia, A., Jonasch, E., and Liu, X. D. (2016). Autophagy degrades hypoxia inducible factors. Mol. Cell Oncol. 3, e1104428. doi: 10.1080/23723556.2015.1104428

 De Souza, D. P., Achuthan, A., Lee, M. K., Binger, K. J., Lee, M. C., Davidson, S., et al. (2019). Autocrine IFN-I inhibits isocitrate dehydrogenase in the TCA cycle of LPS-stimulated macrophages. J. Clin. Invest. 129, 4239–4244. doi: 10.1172/JCI127597

 Di Cara, F., Sheshachalam, A., Braverman, N. E., Rachubinski, R. A., and Simmonds, A. J. (2017). Peroxisome-mediated metabolism is required for immune response to microbial infection. Immunity 47, 93–106.e7. doi: 10.1016/j.immuni.2017.06.016

 Ding, L., Yuan, X., Yan, J., Huang, Y., Xu, M., Yang, Z., et al. (2019). Nrf2 exerts mixed inflammation and glucose metabolism regulatory effects on murine RAW264.7 macrophages. Int. Immunopharmacol 71, 198–204. doi: 10.1016/j.intimp.2019.03.023

 Eggler, A. L., Liu, G., Pezzuto, J. M., van Breemen, R. B., and Mesecar, A. D. (2005). Modifying specific cysteines of the electrophile-sensing human Keap1 protein is insufficient to disrupt binding to the Nrf2 domain Neh2. Proc. Natl. Acad. Sci. U. S. A. 102, 10070–10075. doi: 10.1073/pnas.0502402102

 Elks, P. M., Brizee, S., van der Vaart, M., Walmsley, S. R., van Eeden, F. J., Renshaw, S. A., et al. (2013). Hypoxia inducible factor signaling modulates susceptibility to mycobacterial infection via a nitric oxide dependent mechanism. PloS Pathogens. 9, e1003789. doi: 10.1371/journal.ppat.1003789

 Ema, M., Hirota, K., Mimura, J., Abe, H., Yodoi, J., Sogawa, K., et al. (1999). Molecular mechanisms of transcription activation by HLF and HIF1alpha in response to hypoxia: their stabilization and redox signal-induced interaction with CBP/p300. EMBO J. 18, 1905–1914. doi: 10.1093/emboj/18.7.1905

 Epstein, A. C., Gleadle, J. M., McNeill, L. A., Hewitson, K. S., O'Rourke, J., Mole, D. R., et al. (2001). C. elegans EGL-9 and mammalian homologs define a family of dioxygenases that regulate HIF by prolyl hydroxylation. Cell 107, 43–54. doi: 10.1016/S0092-8674(01)00507-4

 Everts, B., Amiel, E., van der Windt, G. J., Freitas, T. C., Chott, R., Yarasheski, K. E., et al. (2012). Commitment to glycolysis sustains survival of NO-producing inflammatory dendritic cells. Blood 120, 1422–1431. doi: 10.1182/blood-2012-03-419747

 Fan, W., Tang, Z., Chen, D., Moughon, D., Ding, X., Chen, S., et al. (2010). Keap1 facilitates p62-mediated ubiquitin aggregate clearance via autophagy. Autophagy 6, 614–621. doi: 10.4161/auto.6.5.12189

 Ferreira, J. V., Fôfo, H., Bejarano, E., Bento, C. F., Ramalho, J. S., Girão, H., et al. (2013). STUB1/CHIP is required for HIF1A degradation by chaperone-mediated autophagy. Autophagy 9, 1349–1366. doi: 10.4161/auto.25190

 Ferreira, J. V., Soares, A. R., Ramalho, J. S., Pereira, P., and Girao, H. (2015). K63 linked ubiquitin chain formation is a signal for HIF1A degradation by Chaperone-Mediated Autophagy. Sci. Rep. 5, 10210. doi: 10.1038/srep10210

 Finkel, T. (2011). Signal transduction by reactive oxygen species. J. Cell Biol. 194, 7–15. doi: 10.1083/jcb.201102095

 Flashman, E., Hoffart, L. M., Hamed, R. B., Bollinger, J. M. Jr., Krebs, C., and Schofield, C. J. (2010). Evidence for the slow reaction of hypoxia-inducible factor prolyl hydroxylase 2 with oxygen. FEBS J. 277, 4089–4099. doi: 10.1111/j.1742-4658.2010.07804.x

 Fukuzumi, M., Shinomiya, H., Shimizu, Y., Ohishi, K., and Utsumi, S. (1996). Endotoxin-induced enhancement of glucose influx into murine peritoneal macrophages via GLUT1. Infect. Immun. 64, 108–112. doi: 10.1128/iai.64.1.108-112.1996

 Gabrilovich, D. I., Bronte, V., Chen, S. H., Colombo, M. P., Ochoa, A., Ostrand-Rosenberg, S., et al. (2007). The terminology issue for myeloid-derived suppressor cells. Cancer Res. 67, 425; author reply 6. doi: 10.1158/0008-5472.CAN-06-3037

 Geng, H., Liu, Q., Xue, C., David, L. L., Beer, T. M., Thomas, G. V., et al. (2012). HIF1α protein stability is increased by acetylation at lysine 709. J. Biol. Chem. 287, 35496–35505. doi: 10.1074/jbc.M112.400697

 Häcker, H., and Karin, M. (2006). Regulation and function of IKK and IKK-Related kinases. Science's STKE 2006, re13–rere. doi: 10.1126/stke.3572006re13

 Harvey, C. J., Thimmulappa, R. K., Sethi, S., Kong, X., Yarmus, L., Brown, R. H., et al. (2011). Targeting Nrf2 signaling improves bacterial clearance by alveolar macrophages in patients with COPD and in a mouse model. Sci. Transl. Med. 3, 78ra32. doi: 10.1126/scitranslmed.3002042

 Hayek, I., Fischer, F., Schulze-Luehrmann, J., Dettmer, K., Sobotta, K., Schatz, V., et al. (2019). Limitation of TCA cycle intermediates represents an oxygen-independent nutritional antibacterial effector mechanism of macrophages. Cell Rep. 26, 3502–10.e6. doi: 10.1016/j.celrep.2019.02.103

 Hayes, J. D., Chowdhry, S., Dinkova-Kostova, A. T., and Sutherland, C. (2015). Dual regulation of transcription factor Nrf2 by Keap1 and by the combined actions of β-TrCP and GSK-3. Biochem. Soc. Trans. 43, 611–620. doi: 10.1042/BST20150011

 Hayes, J. D., and Dinkova-Kostova, A. T. (2014). The Nrf2 regulatory network provides an interface between redox and intermediary metabolism. Trends Biochem. Sci. 39, 199–218. doi: 10.1016/j.tibs.2014.02.002

 He, X., and Ma, Q. (2010). Critical cysteine residues of Kelch-like ECH-associated protein 1 in arsenic sensing and suppression of nuclear factor erythroid 2-related factor 2. J. Pharmacol. Exp. Ther. 332, 66–75. doi: 10.1124/jpet.109.160465

 Hong, F., Freeman, M. L., and Liebler, D. C. (2005). Identification of sensor cysteines in human Keap1 modified by the cancer chemopreventive agent sulforaphane. Chem. Res. Toxicol. 18, 1917–1926. doi: 10.1021/tx0502138

 Huang, L. E., Gu, J., Schau, M., and Bunn, H. F. (1998). Regulation of hypoxia-inducible factor 1alpha is mediated by an O2-dependent degradation domain via the ubiquitin-proteasome pathway. Proc. Natl. Acad. Sci. U. S. A. 95, 7987–7992. doi: 10.1073/pnas.95.14.7987

 Huang, H. C., Nguyen, T., and Pickett, C. B. (2002). Phosphorylation of Nrf2 at Ser-40 by protein kinase C regulates antioxidant response element-mediated transcription. J. Biol. Chem. 277, 42769–42774. doi: 10.1074/jbc.M206911200

 Huang, B., Pan, P. Y., Li, Q., Sato, A. I., Levy, D. E., Bromberg, J., et al. (2006). Gr-1+CD115+ immature myeloid suppressor cells mediate the development of tumor-induced T regulatory cells and T-cell anergy in tumor-bearing host. Cancer Res. 66, 1123–1131. doi: 10.1158/0008-5472.CAN-05-1299

 Hubbi, M. E., Hu, H., Kshitiz,, Ahmed, I., Levchenko, A., and Semenza, G. L. (2013). Chaperone-mediated autophagy targets hypoxia-inducible factor-1α (HIF-1α) for lysosomal degradation. J. Biol. Chem. 288, 10703–10714. doi: 10.1074/jbc.M112.414771

 Iommarini, L., Porcelli, A. M., Gasparre, G., and Kurelac, I. (2017). Non-canonical mechanisms regulating hypoxia-inducible factor 1 alpha in cancer. Front. Oncol. 7, 286. doi: 10.3389/fonc.2017.00286

 Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., et al. (1997). An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements. Biochem. Biophys. Res. Commun. 236, 313–322. doi: 10.1006/bbrc.1997.6943

 Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D., et al. (1999). Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes Dev. 13, 76–86. doi: 10.1101/gad.13.1.76

 Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., O'Connor, T., and Yamamoto, M. (2003). Keap1 regulates both cytoplasmic-nuclear shuttling and degradation of Nrf2 in response to electrophiles. Genes Cells 8, 379–391. doi: 10.1046/j.1365-2443.2003.00640.x

 Ivan, M., Kondo, K., Yang, H., Kim, W., Valiando, J., Ohh, M., et al. (2001). HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: implications for O2 sensing. Science 292, 464–468. doi: 10.1126/science.1059817

 Ives, A., Nomura, J., Martinon, F., Roger, T., LeRoy, D., Miner, J. N., et al. (2015). Xanthine oxidoreductase regulates macrophage IL1β secretion upon NLRP3 inflammasome activation. Nat. Commun. 6, 6555. doi: 10.1038/ncomms7555

 Jaakkola, P., Mole, D. R., Tian, Y. M., Wilson, M. I., Gielbert, J., Gaskell, S. J., et al. (2001). Targeting of HIF-alpha to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science 292, 468–472. doi: 10.1126/science.1059796

 Jain, A., Lamark, T., Sjøttem, E., Larsen, K. B., Awuh, J. A., Øvervatn, A., et al. (2010). p62/SQSTM1 is a target gene for transcription factor NRF2 and creates a positive feedback loop by inducing antioxidant response element-driven gene transcription. J. Biol. Chem. 285, 22576–22591. doi: 10.1074/jbc.M110.118976

 Jha, A. K., Huang, S. C., Sergushichev, A., Lampropoulou, V., Ivanova, Y., Loginicheva, E., et al. (2015). Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization. Immunity 42, 419–430. doi: 10.1016/j.immuni.2015.02.005

 Jiang, T., Harder, B., Rojo de la Vega, M., Wong, P. K., Chapman, E., and Zhang, D. D. (2015). p62 links autophagy and Nrf2 signaling. Free Radic. Biol. Med. 88, 199–204. doi: 10.1016/j.freeradbiomed.2015.06.014

 Jiang, B.-H., Rue, E., Wang, G. L., Roe, R., and Semenza, G. L. (1996). Dimerization, DNA binding, and transactivation properties of hypoxia-inducible factor 1*. J. Biol. Chem. 271, 17771–17778. doi: 10.1074/jbc.271.30.17771

 Jiang, B. H., Zheng, J. Z., Leung, S. W., Roe, R., and Semenza, G. L. (1997). Transactivation and inhibitory domains of hypoxia-inducible factor 1alpha. Modulation of transcriptional activity by oxygen tension. J. Biol. Chem. 272, 19253–19260. doi: 10.1074/jbc.272.31.19253

 Katoh, Y., Itoh, K., Yoshida, E., Miyagishi, M., Fukamizu, A., and Yamamoto, M. (2001). Two domains of Nrf2 cooperatively bind CBP, a CREB binding protein, and synergistically activate transcription. Genes to Cells 6, 857–868. doi: 10.1046/j.1365-2443.2001.00469.x

 Kim, J. J., Lee, S. B., Jang, J., Yi, S. Y., Kim, S. H., Han, S. A., et al. (2015). WSB1 promotes tumor metastasis by inducing pVHL degradation. Genes Dev. 29, 2244–2257. doi: 10.1101/gad.268128.115

 Kim, Y., Nam, H. J., Lee, J., Park, D. Y., Kim, C., Yu, Y. S., et al. (2016). Methylation-dependent regulation of HIF-1α stability restricts retinal and tumour angiogenesis. Nat. Commun. 7, 10347. doi: 10.1038/ncomms10347

 Knight, M., Braverman, J., Asfaha, K., Gronert, K., and Stanley, S. (2018). Lipid droplet formation in Mycobacterium tuberculosis infected macrophages requires IFN-γ/HIF-1α signaling and supports host defense. PloS Pathog. 14, e1006874. doi: 10.1371/journal.ppat.1006874

 Knowles, H. J., Raval, R. R., Harris, A. L., and Ratcliffe, P. J. (2003). Effect of ascorbate on the activity of hypoxia-inducible factor in cancer cells. Cancer Res. 63, 1764–1768.

 Kobayashi, E. H., Suzuki, T., Funayama, R., Nagashima, T., Hayashi, M., Sekine, H., et al. (2016). Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription. Nat. Commun. 7, 11624. doi: 10.1038/ncomms11624

 Koivunen, P., Hirsilä, M., Remes, A. M., Hassinen, I. E., Kivirikko, K. I., and Myllyharju, J. (2007). Inhibition of Hypoxia-inducible Factor (HIF) Hydroxylases by Citric Acid Cycle Intermediates: POSSIBLE LINKS BETWEEN CELL METABOLISM AND STABILIZATION OF HIF**This work was supported by Grants 200471 and 202469 from the Health Science Council and 44843 from the Finnish Centre of Excellence Programme 2000–2005 of the Academy of Finland, the S. Juselius Foundation, and FibroGen Inc. (South San Francisco, CA). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. J. Biol. Chem. 282, 4524–4532. doi: 10.1074/jbc.M610415200

 Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K., Kobayashi, A., Ichimura, Y., et al. (2010). The selective autophagy substrate p62 activates the stress responsive transcription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 12, 213–223. doi: 10.1038/ncb2021

 Krawczyk, C. M., Holowka, T., Sun, J., Blagih, J., Amiel, E., DeBerardinis, R. J., et al. (2010). Toll-like receptor-induced changes in glycolytic metabolism regulate dendritic cell activation. Blood 115, 4742–4749. doi: 10.1182/blood-2009-10-249540

 Lampropoulou, V., Sergushichev, A., Bambouskova, M., Nair, S., Vincent, E. E., Loginicheva, E., et al. (2016). Itaconate links inhibition of succinate dehydrogenase with macrophage metabolic remodeling and regulation of inflammation. Cell Metab. 24, 158–166. doi: 10.1016/j.cmet.2016.06.004

 Lau, A., Wang, X. J., Zhao, F., Villeneuve, N. F., Wu, T., Jiang, T., et al. (2010). A noncanonical mechanism of Nrf2 activation by autophagy deficiency: direct interaction between Keap1 and p62. Mol. Cell Biol. 30, 3275–3285. doi: 10.1128/MCB.00248-10

 Lauterbach, M. A., Hanke, J. E., Serefidou, M., Mangan, M. S. J., Kolbe, C.-C., Hess, T., et al. (2019). Toll-like receptor signaling rewires macrophage metabolism and promotes histone acetylation via ATP-citrate lyase. Immunity 51, 997–1011.e7. doi: 10.1016/j.immuni.2019.11.009

 Lee, C., Kim, S. J., Jeong, D. G., Lee, S. M., and Ryu, S. E. (2003). Structure of human FIH-1 reveals a unique active site pocket and interaction sites for HIF-1 and von Hippel-Lindau. J. Biol. Chem. 278, 7558–7563. doi: 10.1074/jbc.M210385200

 Li, C., Wang, Y., Li, Y., Yu, Q., Jin, X., Wang, X., et al. (2018). HIF1α-dependent glycolysis promotes macrophage functional activities in protecting against bacterial and fungal infection. Sci. Rep. 8, 3603. doi: 10.1038/s41598-018-22039-9

 Li, X., Zhang, D., Hannink, M., and Beamer, L. J. (2004). Crystal structure of the Kelch domain of human Keap1. J. Biol. Chem. 279, 54750–54758. doi: 10.1074/jbc.M410073200

 Liu, X.-W., Cai, T.-y., Zhu, H., Cao, J., Su, Y., Hu, Y.-z., et al. (2014). Q6, a novel hypoxia-targeted drug, regulates hypoxia-inducible factor signaling via an autophagy-dependent mechanism in hepatocellular carcinoma. Autophagy 10, 111–122. doi: 10.4161/auto.26838

 Liu, Y., Kern, J. T., Walker, J. R., Johnson, J. A., Schultz, P. G., and Luesch, H. (2007). A genomic screen for activators of the antioxidant response element. Proc. Natl. Acad. Sci. U. S. A. 104, 5205–5210. doi: 10.1073/pnas.0700898104

 Liu, C., Yu, S., Kappes, J., Wang, J., Grizzle, W. E., Zinn, K. R., et al. (2007). Expansion of spleen myeloid suppressor cells represses NK cell cytotoxicity in tumor-bearing host. Blood 109, 4336–4342. doi: 10.1182/blood-2006-09-046201

 Lo, J. Y., Spatola, B. N., and Curran, S. P. (2017). WDR23 regulates NRF2 independently of KEAP1. PloS Genet. 13, e1006762. doi: 10.1371/journal.pgen.1006762

 Luo, W., Hu, H., Chang, R., Zhong, J., Knabel, M., O'Meally, R., et al. (2011). Pyruvate kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor 1. Cell 145, 732–744. doi: 10.1016/j.cell.2011.03.054

 Ma, Q. (2010). Transcriptional responses to oxidative stress: pathological and toxicological implications. Pharmacol. Ther. 125, 376–393. doi: 10.1016/j.pharmthera.2009.11.004

 Ma, Q. (2013). Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401–426. doi: 10.1146/annurev-pharmtox-011112-140320

 Mahon, P. C., Hirota, K., and Semenza, G. L. (2001). FIH-1: a novel protein that interacts with HIF-1alpha and VHL to mediate repression of HIF-1 transcriptional activity. Genes Dev. 15, 2675–2686. doi: 10.1101/gad.924501

 Masson, N., Singleton, R. S., Sekirnik, R., Trudgian, D. C., Ambrose, L. J., Miranda, M. X., et al. (2012). The FIH hydroxylase is a cellular peroxide sensor that modulates HIF transcriptional activity. EMBO Rep. 13, 251–257. doi: 10.1038/embor.2012.9

 Masson, N., Willam, C., Maxwell, P. H., Pugh, C. W., and Ratcliffe, P. J. (2001). Independent function of two destruction domains in hypoxia-inducible factor-alpha chains activated by prolyl hydroxylation. EMBO J. 20, 5197–5206. doi: 10.1093/emboj/20.18.5197

 Mathis, D., and Shoelson, S. E. (2011). Immunometabolism: an emerging frontier. Nat. Rev. Immunol. 11, 81. doi: 10.1038/nri2922

 Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., Cockman, M. E., et al. (1999). The tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 399, 271–275. doi: 10.1038/20459

 McMahon, M., Itoh, K., Yamamoto, M., and Hayes, J. D. (2003). Keap1-dependent proteasomal degradation of transcription factor Nrf2 contributes to the negative regulation of antioxidant response element-driven gene expression. J. Biol. Chem. 278, 21592–21600. doi: 10.1074/jbc.M300931200

 McMahon, M., Lamont, D. J., Beattie, K. A., and Hayes, J. D. (2010). Keap1 perceives stress via three sensors for the endogenous signaling molecules nitric oxide, zinc, and alkenals. Proc. Natl. Acad. Sci. U. S. A. 107, 18838–18843. doi: 10.1073/pnas.1007387107

 Medzhitov, R., and Janeway, C. Jr. (2000). Innate immune recognition: mechanisms and pathways. Immunol. Rev. 173, 89–97. doi: 10.1034/j.1600-065X.2000.917309.x

 Melillo, G., Musso, T., Sica, A., Taylor, L. S., Cox, G. W., and Varesio, L. (1995). A hypoxia-responsive element mediates a novel pathway of activation of the inducible nitric oxide synthase promoter. J. Exp. Med. 182, 1683–1693. doi: 10.1084/jem.182.6.1683

 Mills, E. L., Ryan, D. G., Prag, H. A., Dikovskaya, D., Menon, D., Zaslona, Z., et al. (2018). Itaconate is an anti-inflammatory metabolite that activates Nrf2 via alkylation of KEAP1. Nature 556, 113–117. doi: 10.1038/nature25986

 Modolell, M., Corraliza, I. M., Link, F., Soler, G., and Eichmann, K. (1995). Reciprocal regulation of the nitric oxide synthase/arginase balance in mouse bone marrow-derived macrophages by TH1 and TH2 cytokines. Eur. J. Immunol. 25, 1101–1104. doi: 10.1002/eji.1830250436

 Mohamed, E., Sierra, R. A., Trillo-Tinoco, J., Cao, Y., Innamarato, P., Payne, K. K., et al. (2020). The unfolded protein response mediator PERK governs myeloid cell-driven immunosuppression in tumors through inhibition of STING signaling. Immunity 52, 668–82.e7. doi: 10.1016/j.immuni.2020.03.004

 Moi, P., Chan, K., Asunis, I., Cao, A., and Kan, Y. W. (1994). Isolation of NF-E2-related factor 2 (Nrf2), a NF-E2-like basic leucine zipper transcriptional activator that binds to the tandem NF-E2/AP1 repeat of the beta-globin locus control region. Proc. Natl. Acad. Sci. U. S. A. 91, 9926–9930. doi: 10.1073/pnas.91.21.9926

 Mornata, F., Pepe, G., Sfogliarini, C., Brunialti, E., Rovati, G., Locati, M., et al. (2020). Reciprocal interference between the NRF2 and LPS signaling pathways on the immune-metabolic phenotype of peritoneal macrophages. Pharmacol. Res. Perspect. 8, e00638. doi: 10.1002/prp2.638

 Motohashi, H., and Yamamoto, M. (2004). Nrf2-Keap1 defines a physiologically important stress response mechanism. Trends Mol. Med. 10, 549–557. doi: 10.1016/j.molmed.2004.09.003

 Munder, M., Eichmann, K., and Modolell, M. (1998). Alternative metabolic states in murine macrophages reflected by the nitric oxide synthase/arginase balance: competitive regulation by CD4+ T cells correlates with Th1/Th2 phenotype. J. Immunol. 160, 5347–5354. doi: 10.4049/jimmunol.160.11.5347

 Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W., Goerdt, S., et al. (2014). Macrophage activation and polarization: nomenclature and experimental guidelines. Immunity 41, 14–20. doi: 10.1016/j.immuni.2014.06.008

 Nairz, M., Schleicher, U., Schroll, A., Sonnweber, T., Theurl, I., Ludwiczek, S., et al. (2013). Nitric oxide-mediated regulation of ferroportin-1 controls macrophage iron homeostasis and immune function in Salmonella infection. J. Exp. Med. 210, 855–873. doi: 10.1084/jem.20121946

 Nakajima, M., Matsuyama, M., Kawaguchi, M., Kiwamoto, T., Matsuno, Y., Morishima, Y., et al. (2021). Nrf2 Regulates Granuloma Formation and Macrophage Activation during Mycobacterium avium Infection via Mediating Nramp1 and HO-1 Expressions. mBio 12. doi: 10.1128/mBio.01947-20

 Negus, R. P., Stamp, G. W., Hadley, J., and Balkwill, F. R. (1997). Quantitative assessment of the leukocyte infiltrate in ovarian cancer and its relationship to the expression of C-C chemokines. Am. J. Pathol. 150, 1723–1734.

 Netea, M. G., Quintin, J., and van der Meer, J. W. (2011). Trained immunity: a memory for innate host defense. Cell Host Microbe 9, 355–361. doi: 10.1016/j.chom.2011.04.006

 Newsholme, P., Curi, R., Gordon, S., and Newsholme, E. A. (1986). Metabolism of glucose, glutamine, long-chain fatty acids and ketone bodies by murine macrophages. Biochem. J. 239, 121–125. doi: 10.1042/bj2390121

 Nguyen, T., Sherratt, P. J., and Pickett, C. B. (2003). Regulatory mechanisms controlling gene expression mediated by the antioxidant response element. Annu. Rev. Pharmacol. Toxicol. 43, 233–260. doi: 10.1146/annurev.pharmtox.43.100901.140229

 Nioi, P., Nguyen, T., Sherratt, P. J., and Pickett, C. B. (2005). The carboxy-terminal Neh3 domain of Nrf2 is required for transcriptional activation. Mol. Cell Biol. 25, 10895–10906. doi: 10.1128/MCB.25.24.10895-10906.2005

 O'Neill, L. A., Kishton, R. J., and Rathmell, J. (2016). A guide to immunometabolism for immunologists. Nat. Rev. Immunol. 16, 553–565. doi: 10.1038/nri.2016.70

 O'Rourke, J. F., Tian, Y. M., Ratcliffe, P. J., and Pugh, C. W. (1999). Oxygen-regulated and transactivating domains in endothelial PAS protein 1: comparison with hypoxia-inducible factor-1alpha. J. Biol. Chem. 274, 2060–2071. doi: 10.1074/jbc.274.4.2060

 Ogryzko, N. V., Lewis, A., Wilson, H. L., Meijer, A. H., Renshaw, S. A., and Elks, P. M. (2019). Hif-1α-induced expression of il-1β Protects against mycobacterial infection in zebrafish. J. Immunol. 202, 494–502. doi: 10.4049/jimmunol.1801139

 Ogura, T., Tong, K. I., Mio, K., Maruyama, Y., Kurokawa, H., Sato, C., et al. (2010). Keap1 is a forked-stem dimer structure with two large spheres enclosing the intervening, double glycine repeat, and C-terminal domains. Proc. Natl. Acad. Sci. U. S. A. 107, 2842–2847. doi: 10.1073/pnas.0914036107

 Ohh, M., Park, C. W., Ivan, M., Hoffman, M. A., Kim, T. Y., Huang, L. E., et al. (2000). Ubiquitination of hypoxia-inducible factor requires direct binding to the beta-domain of the von Hippel-Lindau protein. Nat. Cell Biol. 2, 423–427. doi: 10.1038/35017054

 Ohl, K., Fragoulis, A., Klemm, P., Baumeister, J., Klock, W., Verjans, E., et al. (2018). Nrf2 is a central regulator of metabolic reprogramming of myeloid-derived suppressor cells in steady state and sepsis. Front. Immunol. 9, 1552. doi: 10.3389/fimmu.2018.01552

 Olagnier, D., Brandtoft, A. M., Gunderstofte, C., Villadsen, N. L., Krapp, C., Thielke, A. L., et al. (2018). Nrf2 negatively regulates STING indicating a link between antiviral sensing and metabolic reprogramming. Nat. Commun. 9, 3506. doi: 10.1038/s41467-018-05861-7

 Oren, R., Farnham, A. E., Saito, K., Milofsky, E., and Karnovsky, M. L. (1963). Metabolic patterns in three types of phagocytizing cells. J. Cell Biol. 17, 487–501. doi: 10.1083/jcb.17.3.487

 Oyake, T., Itoh, K., Motohashi, H., Hayashi, N., Hoshino, H., Nishizawa, M., et al. (1996). Bach proteins belong to a novel family of BTB-basic leucine zipper transcription factors that interact with MafK and regulate transcription through the NF-E2 site. Mol. Cell Biol. 16, 6083–6095. doi: 10.1128/MCB.16.11.6083

 Padmanabhan, B., Tong, K. I., Ohta, T., Nakamura, Y., Scharlock, M., Ohtsuji, M., et al. (2006). Structural basis for defects of Keap1 activity provoked by its point mutations in lung cancer. Mol. Cell. 21, 689–700. doi: 10.1016/j.molcel.2006.01.013

 Pagé, E. L., Chan, D. A., Giaccia, A. J., Levine, M., and Richard, D. E. (2008). Hypoxia-inducible factor-1alpha stabilization in nonhypoxic conditions: role of oxidation and intracellular ascorbate depletion. Mol. Biol. Cell. 19, 86–94. doi: 10.1091/mbc.e07-06-0612

 Palsson-McDermott, E. M., Curtis, A. M., Goel, G., Lauterbach, M. A., Sheedy, F. J., Gleeson, L. E., et al. (2015). Pyruvate kinase M2 regulates Hif-1α activity and IL-1β induction and is a critical determinant of the warburg effect in LPS-activated macrophages. Cell Metab. 21, 65–80. doi: 10.1016/j.cmet.2014.12.005

 Pang, Z., Xu, Y., and Zhu, Q. (2022). Early growth response 1 suppresses macrophage phagocytosis by inhibiting NRF2 activation through upregulation of autophagy during pseudomonas aeruginosa infection. Front. Cell. Infection Microbiol. 11. doi: 10.3389/fcimb.2021.773665

 Park, J., Chen, Y., Tishkoff, D. X., Peng, C., Tan, M., Dai, L., et al. (2013). SIRT5-mediated lysine desuccinylation impacts diverse metabolic pathways. Mol. Cell. 50, 919–930. doi: 10.1016/j.molcel.2013.06.001

 Peyssonnaux, C., Datta, V., Cramer, T., Doedens, A., Theodorakis, E. A., Gallo, R. L., et al. (2005). HIF-1alpha expression regulates the bactericidal capacity of phagocytes. J. Clin. Invest. 115, 1806–1815. doi: 10.1172/JCI23865

 Peyssonnaux, C., Zinkernagel, A. S., Schuepbach, R. A., Rankin, E., Vaulont, S., Haase, V. H., et al. (2007). Regulation of iron homeostasis by the hypoxia-inducible transcription factors (HIFs). J. Clin. Invest. 117, 1926–1932. doi: 10.1172/JCI31370

 Pugh, C. W., O'Rourke, J. F., Nagao, M., Gleadle, J. M., and Ratcliffe, P. J. (1997). Activation of hypoxia-inducible factor-1; definition of regulatory domains within the alpha subunit. J. Biol. Chem. 272, 11205–11214. doi: 10.1074/jbc.272.17.11205

 Quintin, J., Saeed, S., Martens Joost, H. A., Giamarellos-Bourboulis Evangelos, J., Ifrim Daniela, C., Logie, C., et al. (2012). Candida albicans Infection Affords Protection against Reinfection via Functional Reprogramming of Monocytes. Cell Host Microbe 12, 223–232. doi: 10.1016/j.chom.2012.06.006

 Rani, S., Roy, S., Singh, M., and Kaithwas, G. (2022). Regulation of transactivation at C-TAD domain of HIF-1α by factor-inhibiting HIF-1α (FIH-1): A potential target for therapeutic intervention in cancer. Oxid. Med. Cell Longev. 2022, 2407223. doi: 10.1155/2022/2407223

 Ravi, R., Mookerjee, B., Bhujwalla, Z. M., Sutter, C. H., Artemov, D., Zeng, Q., et al. (2000). Regulation of tumor angiogenesis by p53-induced degradation of hypoxia-inducible factor 1alpha. Genes Dev. 14, 34–44. doi: 10.1101/gad.14.1.34

 Reisz-Porszasz, S., Probst, M. R., Fukunaga, B. N., and Hankinson, O. (1994). Identification of functional domains of the aryl hydrocarbon receptor nuclear translocator protein (ARNT). Mol. Cell Biol. 14, 6075–6086. doi: 10.1128/mcb.14.9.6075-6086.1994

 Rius, J., Guma, M., Schachtrup, C., Akassoglou, K., Zinkernagel, A. S., Nizet, V., et al. (2008). NF-kappaB links innate immunity to the hypoxic response through transcriptional regulation of HIF-1alpha. Nature 453, 807–811. doi: 10.1038/nature06905

 Rodríguez-Prados, J. C., Través, P. G., Cuenca, J., Rico, D., Aragonés, J., Martín-Sanz, P., et al. (2010). Substrate fate in activated macrophages: a comparison between innate, classic, and alternative activation. J. Immunol. 185, 605–614. doi: 10.4049/jimmunol.0901698

 Rothchild, A. C., Olson, G. S., Nemeth, J., Amon, L. M., Mai, D., Gold, E. S., et al. (2019). Alveolar macrophages generate a noncanonical NRF2-driven transcriptional response to Mycobacterium tuberculosis in vivo. Sci. Immunol. 4. doi: 10.1126/sciimmunol.aaw6693

 Ruas, J. L., and Poellinger, L. (2005). Hypoxia-dependent activation of HIF into a transcriptional regulator. Semin. Cell Dev. Biol. 16, 514–522. doi: 10.1016/j.semcdb.2005.04.001

 Rushmore, T. H., Morton, M. R., and Pickett, C. B. (1991). The antioxidant responsive element. Activation by oxidative stress and identification of the DNA consensus sequence required for functional activity. J. Biol. Chem. 266, 11632–11639. doi: 10.1016/S0021-9258(18)99004-6

 Ryan, D. G., Knatko, E. V., Casey, A. M., Hukelmann, J. L., Dayalan Naidu, S., Brenes, A. J., et al. (2022). Nrf2 activation reprograms macrophage intermediary metabolism and suppresses the type I interferon response. iScience 25, 103827. doi: 10.1016/j.isci.2022.103827

 Ryan, D. G., and O'Neill, L. A. J. (2020). Krebs cycle reborn in macrophage immunometabolism. Annu. Rev. Immunol. 38, 289–313. doi: 10.1146/annurev-immunol-081619-104850

 Sanghvi, V. R., Leibold, J., Mina, M., Mohan, P., Berishaj, M., Li, Z., et al. (2019). The oncogenic action of NRF2 depends on de-glycation by fructosamine-3-kinase. Cell 178, 807–19.e21. doi: 10.1016/j.cell.2019.07.031

 Seim, G. L., Britt, E. C., John, S. V., Yeo, F. J., Johnson, A. R., Eisenstein, R. S., et al. (2019). Two-stage metabolic remodelling in macrophages in response to lipopolysaccharide and interferon-γ stimulation. Nat. Metab. 1, 731–742. doi: 10.1038/s42255-019-0083-2

 Sekine, H., Okazaki, K., Ota, N., Shima, H., Katoh, Y., Suzuki, N., et al. (2016). The mediator subunit MED16 transduces NRF2-activating signals into antioxidant gene expression. Mol. Cell Biol. 36, 407–420. doi: 10.1128/MCB.00785-15

 Semenza, G. L., Nejfelt, M. K., Chi, S. M., and Antonarakis, S. E. (1991). Hypoxia-inducible nuclear factors bind to an enhancer element located 3' to the human erythropoietin gene. Proc. Natl. Acad. Sci. U. S. A. 88, 5680–5684. doi: 10.1073/pnas.88.13.5680

 Seo, K. S., Park, J. H., Heo, J. Y., Jing, K., Han, J., Min, K. N., et al. (2015). SIRT2 regulates tumour hypoxia response by promoting HIF-1α hydroxylation. Oncogene 34, 1354–1362. doi: 10.1038/onc.2014.76

 Seong, S. Y., and Matzinger, P. (2004). Hydrophobicity: an ancient damage-associated molecular pattern that initiates innate immune responses. Nat. Rev. Immunol. 4, 469–478. doi: 10.1038/nri1372

 Sies, H., Belousov, V. V., Chandel, N. S., Davies, M. J., Jones, D. P., Mann, G. E., et al. (2022). Defining roles of specific reactive oxygen species (ROS) in cell biology and physiology. Nat. Rev. Mol. Cell Biol. 23, 499–515. doi: 10.1038/s41580-022-00456-z

 Sun, Q., Shen, X., Ma, J., Lou, H., and Zhang, Q. (2020). Activation of Nrf2 signaling by oltipraz inhibits death of human macrophages with mycobacterium tuberculosis infection. Biochem. Biophys. Res. Commun. 531, 312–319. doi: 10.1016/j.bbrc.2020.07.026

 Taguchi, K., Fujikawa, N., Komatsu, M., Ishii, T., Unno, M., Akaike, T., et al. (2012). Keap1 degradation by autophagy for the maintenance of redox homeostasis. Proc. Natl. Acad. Sci. U. S. A. 109, 13561–13566. doi: 10.1073/pnas.1121572109

 Takeda, N., O'Dea, E. L., Doedens, A., Kim, J. W., Weidemann, A., Stockmann, C., et al. (2010). Differential activation and antagonistic function of HIF-{alpha} isoforms in macrophages are essential for NO homeostasis. Genes Dev. 24, 491–501. doi: 10.1101/gad.1881410

 Tannahill, G. M., Curtis, A. M., Adamik, J., Palsson-McDermott, E. M., McGettrick, A. F., Goel, G., et al. (2013). Succinate is an inflammatory signal that induces IL-1β through HIF-1α. Nature 496, 238–242. doi: 10.1038/nature11986

 Ting, K. K. Y., Jongstra-Bilen, J., and Cybulsky, M. I. (2023a). The multi-faceted role of NADPH in regulating inflammation in activated myeloid cells. Front. Immunol. 14, 1328484. doi: 10.3389/fimmu.2023.1328484

 Ting, K. K. Y., Yu, P., Dow, R., Floro, E., Ibrahim, H., Scipione, C. A., et al. (2023b). Oxidized low-density lipoprotein accumulation suppresses glycolysis and attenuates the macrophage inflammatory response by diverting transcription from the HIF-1α to the nrf2 pathway. J. Immunol. 211, 1561–1577. doi: 10.4049/jimmunol.2300293

 Ting, K. K. Y., Yu, P., Dow, R., Ibrahim, H., Karim, S., Polenz, C. K., et al. (2024a). Cholesterol accumulation impairs HIF-1α-dependent immunometabolic reprogramming of LPS-stimulated macrophages by upregulating the NRF2 pathway. Sci. Rep. 14, 11162. doi: 10.1038/s41598-024-61493-6

 Ting, K. K. Y., Yu, P., Iyayi, M., Dow, R., Hyduk, S. J., Floro, E., et al. (2024b). Oxidized low-density lipoprotein accumulation in macrophages impairs lipopolysaccharide-induced activation of AKT2, ATP citrate lyase, acetyl-coenzyme A production, and inflammatory gene H3K27 acetylation. Immunohorizons 8, 57–73. doi: 10.4049/immunohorizons.2300101

 Tong, K. I., Katoh, Y., Kusunoki, H., Itoh, K., Tanaka, T., and Yamamoto, M. (2006). Keap1 recruits Neh2 through binding to ETGE and DLG motifs: characterization of the two-site molecular recognition model. Mol. Cell Biol. 26, 2887–2900. doi: 10.1128/MCB.26.8.2887-2900.2006

 Vogelberg, K. H., and König, M. (1993). Hypoxia of diabetic feet with abnormal arterial blood flow. Clin. Investig. 71, 466–470. doi: 10.1007/BF00180061

 Wang, H., Liu, K., Geng, M., Gao, P., Wu, X., Hai, Y., et al. (2013). RXRα inhibits the NRF2-ARE signaling pathway through a direct interaction with the Neh7 domain of NRF2. Cancer Res. 73, 3097–3108. doi: 10.1158/0008-5472.CAN-12-3386

 Wang, T., Liu, H., Lian, G., Zhang, S. Y., Wang, X., and Jiang, C. (2017). HIF1α-induced glycolysis metabolism is essential to the activation of inflammatory macrophages. Mediators Inflamm. 2017, 9029327. doi: 10.1155/2017/9029327

 Wang, G. L., and Semenza, G. L. (1993). Characterization of hypoxia-inducible factor 1 and regulation of DNA binding activity by hypoxia. J. Biol. Chem. 268, 21513–21518. doi: 10.1016/S0021-9258(20)80571-7

 Wang, G. L., and Semenza, G. L. (1995). Purification and characterization of hypoxia-inducible factor 1. J. Biol. Chem. 270, 1230–1237. doi: 10.1074/jbc.270.3.1230

 Wang, Y., Tang, B., Li, H., Zheng, J., Zhang, C., Yang, Z., et al. (2023). A small-molecule inhibitor of Keap1-Nrf2 interaction attenuates sepsis by selectively augmenting the antibacterial defence of macrophages at infection sites. EBioMedicine 90, 104480. doi: 10.1016/j.ebiom.2023.104480

 Wang, E., Zhang, C., Polavaram, N., Liu, F., Wu, G., Schroeder, M. A., et al. (2014). The role of factor inhibiting HIF (FIH-1) in inhibiting HIF-1 transcriptional activity in glioblastoma multiforme. PloS One 9, e86102. doi: 10.1371/journal.pone.0086102

 Warburg, O., Wind, F., and Negelein, E. (1927). THE METABOLISM OF TUMORS IN THE BODY. J. Gen. Physiol. 8, 519–530. doi: 10.1085/jgp.8.6.519

 Werth, N., Beerlage, C., Rosenberger, C., Yazdi, A. S., Edelmann, M., Amr, A., et al. (2010). Activation of hypoxia inducible factor 1 is a general phenomenon in infections with human pathogens. PloS One 5, e11576. doi: 10.1371/journal.pone.0011576

 West, A. P., Brodsky, I. E., Rahner, C., Woo, D. K., Erdjument-Bromage, H., Tempst, P., et al. (2011). TLR signalling augments macrophage bactericidal activity through mitochondrial ROS. Nature 472, 476–480. doi: 10.1038/nature09973

 Yu, F., White, S. B., Zhao, Q., and Lee, F. S. (2001). HIF-1alpha binding to VHL is regulated by stimulus-sensitive proline hydroxylation. Proc. Natl. Acad. Sci. U. S. A. 98, 9630–9635. doi: 10.1073/pnas.181341498

 Yuan, X., Xu, C., Pan, Z., Keum, Y. S., Kim, J. H., Shen, G., et al. (2006). Butylated hydroxyanisole regulates ARE-mediated gene expression via Nrf2 coupled with ERK and JNK signaling pathway in HepG2 cells. Mol. Carcinog. 45, 841–850. doi: 10.1002/mc.20234

 Zenk, S. F., Hauck, S., Mayer, D., Grieshober, M., and Stenger, S. (2021). Stabilization of hypoxia-inducible factor promotes antimicrobial activity of human macrophages against mycobacterium tuberculosis. Front. Immunol. 12. doi: 10.3389/fimmu.2021.678354

 Zhang, N., Fu, Z., Linke, S., Chicher, J., Gorman, J. J., Visk, D., et al. (2010). The asparaginyl hydroxylase factor inhibiting HIF-1alpha is an essential regulator of metabolism. Cell Metab. 11, 364–378. doi: 10.1016/j.cmet.2010.03.001

 Zheng, B., Mao, J. H., Qian, L., Zhu, H., Gu, D. H., Pan, X. D., et al. (2015). Pre-clinical evaluation of AZD-2014, a novel mTORC1/2 dual inhibitor, against renal cell carcinoma. Cancer Lett. 357, 468–475. doi: 10.1016/j.canlet.2014.11.012




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 © 2024 Ting. 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/fcimb.2024.1403915_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

Revisiting the role of hypoxia-inducible
factors and nuclear factor erythroid 2-
related factor 2 in regulating macrophage
inflammation and metabolism





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-14-1403915-g003.jpg
Glucose
LPS
v O Oo

GLUT1

PPP Glycolysis

KEAP1

1

NHE2 NADPH pyruvate

= NOX2| |NOS2 Acetyl-CoA
S Oxaloacetatéké .
Reactive radicals NO ————— * ILrage \'
Succinatmltacona €
\ele ai

PHDs & FIH —— HIF-1a—> //1b, Nos2
Glycolysis genes

antioxidative genes
ryoprotective genes





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Revisiting the role of hypoxia-inducible factors and nuclear factor erythroid 2-related factor 2 in regulating macrophage inflammation and metabolism

      

        		

          Introduction

        



        		

          Hypoxia-inducible factors

        



        		

          The regulation of HIF-1α stability

        



        		

          The regulation of HIF-1α transactivation capacity

        



        		

          The inflammatory role of HIF-1α in LPS-activated Mφs

        



        		

          Introduction to nuclear factor erythroid 2-related factor 2

        



        		

          The regulation of NRF2 stability

        



        		

          The anti-inflammatory role of NRF2 in LPS-activated Mφs

        



        		

          LPS-induced late phase of glycolytic reprogramming

        



        		

          The role of HIF-1α in bacterial infection models

        



        		

          The role of NRF2 in bacterial infection models

        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-14-1403915-g001.jpg
P402 P564 N803

117 71 85 158 228 298 401 531 575 603 786 826
DNA binding Dimerization Protein stability Transactivation
Cc D

o°
Fom.

HIF-1a ®EER®

PHD FIH
hydroxylation el hydroxylation CZ‘oar?\T:rlt;:e
Recognition of
o KFERQ-like motif
U@OH — CBP/pQUD ?_:’ HﬁSPnA18

w

VHL
H
LAMP'Z
\Xa - /
da CYTOSOL|| LYSOSOME

Degraded V
HIF-1a

@ Binding and K63 \
ubiquitination






OEBPS/Images/fcimb-14-1403915-g002.jpg
Keap1-binding Transactivation RXRa binding Maf & ARE binding CHD 6 binding

116 86 112 134 183 201 209 316 338 388 435 562 605
Sensor cysteines: 151 226 273 288 319 434 489 613
1 61 179 315 562 624

Basal condition Oxidative stress

o ©

) o
e o
ROS/electrophiles

/ l\ NRF2 release

Actin

NRF2 nuclear
translocation

Nucleus

Antioxidant
proteins
expression

/

[ R R

Cytoplasm Degraded NRF2





