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Editorial on the Research Topic 


Cellular and systemic interplay of metabolism and inflammation in the pathogenesis of lung diseases


Research in the last couple of years has generated ample evidence showing that cellular alterations of the metabolic machinery could be the underlying factor in multiple human diseases. In this Research Topic, we have gathered scientific articles to underpin the interplay between perturbed metabolism/triggering of inflammation that contributes to pulmonary pathologies.

In this Research Topic, Wang et al., through a literature review, clearly illustrate the impact of various metabolic processes such as glycolysis, OXPHOS, FAO, and glutamine metabolism in modulating phenotypic and functional changes in macrophages and how these changes affect acute lung injury or acute respiratory distress syndrome. Moreover, through this review, Wang et al. reveal that metabolic reprogramming of macrophages is accompanied by dramatic shifts in cell metabolism and that functional state-associated unique metabolic signatures can be identified in various macrophage populations. Tang et al. have gone further in an original study to show that alveolar macrophages (AM) sensing of amino acid phenylalanine promotes pyroptosis, which causes the release of inflammatory mediators and, thereby, exacerbates lung inflammation and acute respiratory distress syndrome (ARDS) lethality in a murine model. This study is especially interesting since it not only elucidates the entire process of how phenylalanine initiates pyroptosis in AMs and the resulting inflammation but also elucidates the subsequent effects of the inhibition of this process on ARDS. The article clearly shows the significance of small-molecule metabolites in pulmonary inflammation and how they may be useful not only as biomarkers but as potential therapeutic targets. In their work, Li et al. expand this Research Topic further by showing how sensitivity to ferroptosis influences the inflammatory and lung repair capabilities of macrophages. They demonstrate that in chronic obstructive pulmonary disease (COPD), lipid peroxidation favors the differentiation of AM toward ferroptosis-sensitive M2-like macrophages but not ferroptotic-resistant M1-like macrophages. The Ferroptotic M2-like AMs lose their anti-inflammatory and repair functions but continue invoking inflammatory responses in COPD. Due to persistent lipid peroxidation in a COPD lung, this polarization toward M2-like AMs is speculated to be the cause of consistent inflammation and tissue damage. Importantly, the study shows that this process is therapeutically targetable since the ferroptotic phenotype can be ameliorated with anti-ferroptotic compounds, iron chelators, and heme oxygenase (HO-1) inhibitors and thereby alleviate lung inflammation, destruction, and remodeling of COPD.

More evidence of the impact of metabolic distortion on cellular homeostasis and how it influences lung pathology was provided by Bauer et al. They report that in severe cases of coronavirus disease-2019 (COVID-19), hypoxia-sensitized toll-like receptor 4 (TLR4) signaling activates SARS-CoV-2 spike protein in monocytes, ultimately leading to systemic inflammation in severe cases of COVID-19 as a result of enhanced chemokine ISG expression in monocytes upon infection with SARS-CoV-2. The study by Bauer et al. shows the connection between hypoxia-evoked disturbances in cholesterol metabolism and altered interferon (IFN) responses in monocytes and how this concomitantly affects inflammatory responses in the lung. Furthermore, the study provides an explanation regarding the possible mechanism of systemic inflammation which has been observed in severe cases of COVID-19 infections. In addition, Hasankhani et al. show in their review that metabolic perturbances are an underlying factor in the induction of the SARS-CoV-2-associated cytokine storm which is the main COVID-associated immunopathology that is related to disease severity and mortality.

Finally, Lim and Templeton in their mini-review highlight the important immunomodulatory function of hormones on the example of Adipokines exemplified through Adiponectin (APN). They speculate possible roles and mechanisms of Adiponectin (APN) pathway-induced protection in lung diseases, including fungal, bacterial, and viral infection, which could result in novel therapies that protect against infection, excessive inflammation, and other lung pathologies. This closes the potential circle and provides “food for thought” on how potentially feeding behavior and accompanying disturbances in hormones that regulate metabolism might influence or be exploited in the management of lung inflammatory conditions. Thus, with this Research Topic on Cellular and Systemic Interplay of Metabolism and Inflammation in the Pathogenesis of Lung Diseases, we provide an overview though not exhaustive of how metaflammation influences pulmonary immunity and pathologies and the need for intensification of research in this area.
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Coronavirus disease 2019 (COVID-19) is a severe respiratory disease caused by infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that affects the lower and upper respiratory tract in humans. SARS-CoV-2 infection is associated with the induction of a cascade of uncontrolled inflammatory responses in the host, ultimately leading to hyperinflammation or cytokine storm. Indeed, cytokine storm is a hallmark of SARS-CoV-2 immunopathogenesis, directly related to the severity of the disease and mortality in COVID-19 patients. Considering the lack of any definitive treatment for COVID-19, targeting key inflammatory factors to regulate the inflammatory response in COVID-19 patients could be a fundamental step to developing effective therapeutic strategies against SARS-CoV-2 infection. Currently, in addition to well-defined metabolic actions, especially lipid metabolism and glucose utilization, there is growing evidence of a central role of the ligand-dependent nuclear receptors and peroxisome proliferator-activated receptors (PPARs) including PPARα, PPARβ/δ, and PPARγ in the control of inflammatory signals in various human inflammatory diseases. This makes them attractive targets for developing therapeutic approaches to control/suppress the hyperinflammatory response in patients with severe COVID-19. In this review, we (1) investigate the anti-inflammatory mechanisms mediated by PPARs and their ligands during SARS-CoV-2 infection, and (2) on the basis of the recent literature, highlight the importance of PPAR subtypes for the development of promising therapeutic approaches against the cytokine storm in severe COVID-19 patients.
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1 Introduction

Coronavirus disease 2019 (COVID-19) is an infectious and severe respiratory disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 is a positive sense single-stranded RNA beta-coronavirus that infects the lower and upper respiratory tract and has recently affected millions of people worldwide (1–3). Primary symptoms of COVID-19 include fever, cough, pneumonia, and shortness of breath, and histological pictures of this disease are characterized by mononuclear inflammatory cells, severe pneumocyte hyperplasia, interstitial thickening, hyaline membrane formation, and prominent alveolar damage with eosinophilic exudates (4, 5).

During COVID-19, a cascade of inflammatory pathways is activated, leading to massive cytokine release from the host immune system in response to SARS-CoV-2 infection (6, 7). In this regard, the vast increase in the secretion of circulating proinflammatory cytokines such as tumor necrosis factors (TNFs), interleukins (ILs), chemokines, and interferons (IFNs) leads to the exacerbation of the host inflammatory response to the pathogen. This exacerbation in the host’s inflammatory response increases the severity of the disease (8–10). This hyperinflammation or imbalanced inflammation during SARS-CoV-2 infection is called “cytokine storm”, which is one of the main hallmarks of the deterioration of the COVID-19 immunopathogenesis and triggers acute respiratory distress syndrome (ARDS), multi-organ failure (MOF), acute lung injury (ALI), decreased lung function, and finally, death of the host (11, 12). In this context, in recent years, various clinical and omics-based studies have investigated the molecular mechanisms behind the SARS-CoV-2 infection in different disease stages and different tissues (13–17). Surprisingly, most of these studies have observed the activation of inflammatory mechanisms and hyperinflammation in COVID-19 patients. Therefore, developing effective therapeutic strategies by targeting critical factors in regulating host inflammatory response can provide a potential and promising solution for the survival of COVID-19 patients, especially the prevention of cytokine storms (18–20). The peroxisome proliferator-activated receptors (PPARs) are a subgroup of ligand-activated transcription factors and members of the nuclear receptor superfamily that play a crucial role in regulating energy balance, carbohydrate and lipid metabolism, cell growth, and differentiation (21, 22). PPARs can regulate the transcriptional activity of target genes by two different mechanisms (1): binding to the promoter region of target genes with DNA sequences known as peroxisome proliferator response elements (PPREs) as a ligand-dependent transcription factor, and (2) controlling gene expression through association with PPRE-independent activator proteins (21, 23). Several previous reports highlighted the core role of PPARs in many human diseases, such as different types of cancer (24, 25), atherosclerosis (26), and type 2 diabetes (27, 28).

Interestingly, in addition to the central roles of PPARs in regulating energy homeostasis, such as fatty-acid metabolism and glucose utilization, growing evidence suggests that members of the nuclear receptor superfamily, such as PPARs, also have significant regulatory effects on inflammatory processes (29). Indeed, extensive research has proven that PPARs have potential anti-inflammatory effects during inflammation-related disease (30, 31). In this regard, previous literature, based on available evidence, has suggested that subtypes of PPARs exert their anti-inflammatory effects and subsequently control the host’s inflammatory response through different mechanisms such as successful competition with other inflammatory transcription factors for the recruitment of essential and shared co-activator proteins, inhibition of binding of inflammatory transcription factors such as AP-1, nuclear factor-κB (NF-κB), NFAT, and STATs to their response elements through direct physical protein-protein interaction, blocking MAPK-induced signaling cascades, preventing the clearance of proinflammatory genes co-repressors, and upregulation in the expression of anti-inflammatory genes (32). For example, it has been discussed that the activation of PPARs during inflammatory bowel disease (IBD) leads to the suppression of the main pathways of inflammation, such as NF-κB signaling. Subsequently, the activation of PPARs inhibits the production of proinflammatory cytokines such as TNF-α, IL6, and IL1B. Therefore, it was concluded that anti-inflammatory responses induced by the activation of PPARs might restore the physio-pathological imbalance associated with this disorder (21).

The interference of viral infections such as SARS-CoV-2 in the PPARs signaling is a completely new issue and interest in this area has been very motivated by the COVID-19 pandemic. Emerging studies show that SARS-CoV-2, by modulating PPAR subtypes, leads to metabolic changes (especially lipid metabolism) and exacerbation of pulmonary inflammation in lung epithelial cells of COVID-19 patients (33). Therefore, these findings have suggested that the use of agonists of PPARs with the aim of their activation may be a useful therapeutic strategy to reverse the inflammatory and metabolic changes caused by SARS-CoV-2 infection (34). In this regard, it has been reported that several natural ligands of PPARs, such as turmeric, docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA), lead to a decrease in the production of proinflammatory cytokines through interaction with PPARs and then induction of their activity (35, 36) For example, a very recent study has identified possible mechanisms by which the PPARα agonist palmitoylethanolamide (PEA) antagonizes the NF-κB signaling pathway and subsequently reduces the production of TNF-α, IL1B, and other inflammatory mediators such as inducible nitric oxide synthase (iNOS) and COX2 through selective activation of PPARα in cultured murine alveolar macrophages during SARS-CoV-2 infection (37). Moreover, it has been suggested that synthetic agonists of PPARγ, such as thiazolidinediones (TZDs), like pioglitazone, are anti-inflammatory drugs with ameliorative effects on severe viral pneumonia-like COVID-19 (38). On the other hand, by integrating different transcriptome datasets with computational network-based systems biology methods, promising therapeutic targets, including PPARα and PPARγ, have been identified for the modulation of inflammatory processes caused by COVID-19 (39, 40). Therefore, PPARs and their ligands have crucial therapeutic potential with key immunomodulatory effects on inflammatory mechanisms and cytokine/chemokine production during infectious and inflammation-related diseases such as the COVID-19 pandemic.

Nevertheless, considering the importance of immunopathology’s role of the inflammatory response in COVID-19 patients and the role of PPARs in controlling inflammation, in this review, we (1) provide a summary of general information about PPARs such as subtypes, structure, tissue expression, and function (2), investigate the molecular mechanisms of the exacerbation of the host inflammatory response during COVID-19 (3), describe the anti-inflammatory mechanisms mediated by PPARs, and (4) discuss the anti-inflammatory roles of PPAR subtypes during COVID-19 pandemic on the basis of the recent clinical and omics-based literature.



2 PPARs: Subtypes, structure, tissue expression, and function


2.1 PPAR subtypes and structure

The PPARs are ligand-dependent/activated transcription factors, members of the nuclear- hormone-receptor superfamily (including the receptors for thyroid hormone, vitamin D, ecdysone, retinoic acids, and some orphan receptors) that transduce a wide range of signals, including environmental, nutritional, and inflammatory events, to a set of cellular responses at the transcriptional gene level; they were named due to their joint property in increasing the number and activity of peroxisomes (41–43). So far, three isoforms of PPARs, namely, PPARα (NR1C1), PPARβ/δ (NR1C2), and PPARγ (NR1C3), have been identified in vertebrates (including human, mouse, rat, hamster, and Xenopus), which are encoded by distinct genes on different chromosomes. They have shown a high degree of sequence and structural homology (Figure 1A) but different tissue distribution, ligand specificity, and regulatory activities (44–46).




Figure 1 | Schematic representation of peroxisome proliferator-activated receptor (PPAR) structure and ligand-induced activation. (A) The PPARs are composed of five distinct regions or domains (1): the ligand-independent activation domain of AF1 located in the N-terminus (amino-terminal A/B domain), which is responsible for receptor phosphorylation (2); the highly conserved DNA-binding domain (DBD) in the C region that contains two zinc finger motifs responsible for receptor binding to DNA targets on the peroxisome proliferator hormone response elements (PPREs) of PPARs target genes (3); a variable hinge region in the D domain that is the docking site for co-factors (4); a moderately conserved ligand-binding domain (LBD) in the E region that is responsible for the ligand specificity and activation, as well as for dimerization of the receptor with the 9-cis-retinoic acid receptor (RXR) (5); an AF2 ligand-dependent activation domain in the C-terminus (carboxyl-terminal in F domain) that is crucial for the recruitment of PPAR co-activators. Numbers shown in C and E regions indicate the percentage amino-acid identity of DBD and LBD of human PPARβ/δ and PPARγ compared to human PPARα. (B) Several co-activator or co-repressor factors affect the activity of PPARs, which can stimulate or inhibit the function of the receptor, respectively. When PPARs are in a non-ligand-bound state in solution (inactive mode), all three PPAR isoforms can bind transcription co-repressors in a DNA-independent manner. These co-repressors, such as nuclear receptor co-repressor/silencing mediators for retinoid and thyroid hormone receptors (NCoR/SMRT), suppress gene transcription by interacting with histone deacetylases (HDACs). The binding of ligands to the PPAR–RXR heterodimer causes the exchange of co-repressors with co-activators, thereby converting PPARs from an inactive state to an active state. Receptor activation generally occurs after agonist binding to the LBD. Following ligand binding and initiation of receptor phosphorylation, PPARs dissociate the co-repressor complex. Then, the ligand–heterodimer (ligand–PPAR–RXR) complex binds to the target DNA promoter through a PPRE. Next, in order to allow the transcriptional machinery to gain access to the promoter region, PPARs bind specific co-activator complexes, such as steroid receptor activator 1 (SRC1) and cAMP response element-binding (CREB)-binding protein (CBP)/p300, which have acetyltransferase activity. Subsequently, they regulate the transcription of various genes that play a key role in various physiological processes.





2.2 Tissue distribution and function

In recent years, various in vitro and in vivo studies have reported that all isoforms of PPARs primarily regulate lipid and glucose metabolism and have additional regulatory roles in cell proliferation and differentiation, vascular homeostasis and atherosclerosis, cancer, and the immune system (38, 47). In addition to the mentioned activities, it is thought that the activation of PPAR subtypes reduces the expression of proinflammatory cytokines and inflammatory cell functions, exerting significant anti-inflammatory properties (48). PPARα is the first known PPAR that was initially cloned from a mouse liver complementary DNA library as a nuclear receptor that mediates the effects of an endogenous group and xenobiotic compounds known as peroxisome proliferators (PPs) (31, 49). This subtype of PPARs is highly expressed in metabolically active tissues such as the liver, heart, skeletal muscles, intestinal mucosa, and brown adipose tissue (50, 51). PPARα is mainly involved in the carbohydrate metabolism and catabolism of fatty acids and their oxidation, such that its activation reduces lipid levels (52–55). Additionally, it has been well highlighted that PPARα increases the expression of IκB, which is a factor that suppresses the nuclear translocation and transcriptional activity of NF-κB, thereby interfering with NF-κB signaling and the inflammatory response (48). Besides, increasing evidence has demonstrated that the anti-inflammatory properties of PPARα are manifested by a decrease in the secretion of several key downstream inflammatory factors such as NF-κB–driven cytokines (TNF-α, IL1B, and IL6), COX2, IL8, IL12, IL2, VCAM1, TLR4, MCP1, STAT3, AP-1, and IL18 (56, 57). Moreover, it has been reported that the activation of PPARα leads to the upregulation of important anti-inflammatory factors such as IL1 receptor antagonist (IL1ra) (58) and vanin-1 (59). Furthermore, PPARα can interfere with angiogenic responses that are critical during chronic inflammation by targeting endothelial vascular endothelial growth factor receptor-2 (VEGFR-2) signaling, thereby controlling the inflammatory response (60).

PPARγ is the most widely studied PPAR isoform, which is expressed in white and brown adipose tissue, large intestine, and immune cells such as macrophages, the pancreas, and the spleen, and it plays a key role in a series of biochemical processes, including insulin sensitivity, inducing tumor cell differentiation and apoptosis, adipogenesis, lipoprotein metabolism, energy balance, reducing blood fat and blood pressure, and lipid biosynthesis (53, 61–63). Activation of PPARγ increases fat storage by increasing adipocyte differentiation and enhancing the transcription of genes important for lipogenesis (64, 65). Moreover, this subtype has been proposed as a potential therapeutic target for different types of cancer due to its various anti-tumor properties (66, 67). In terms of regulating inflammation, recent literature has reported that PPARγ prevent the inflammatory cascades caused by NF-κB activation and the production of proinflammatory cytokines such as TNF-α, IL1B, IFN-γ, IL2, iNOS, IL18, reactive oxygen species (ROS), and IL6 through the inhibition of NF-κB transactivation (38, 68–70). On the other hand, PPARγ exerts its protective effects by targeting major inflammatory factors such as STAT1, AP-1, PI3K, intercellular adhesion molecule (ICAM1), and matrix metallopeptidase 9 (MMP9) and inhibiting their activity to prevent destructive inflammatory damage (71). In addition, PPARγ regulates the expression of several essential inflammatory target genes such as MCP1/CCL2, endothelin-1, and adiponectin (APN) (72). Interestingly, a recent study well demonstrated that PPARγ inhibits dysregulated inflammatory responses by suppressing NLRP3 inflammasome activation as well as decreasing maturation of caspase-1 and IL1B (73).

The PPARβ/δ is the third subtype of PPARs, which has not been as intensely studied as PPARα and PPARγ; it consists of 441 amino acids with a molecular weight of 49.9 kDa. This isoform is expressed in almost all tissues. It is especially abundant in the liver, intestine, kidney, abdominal adipose tissue, and skeletal muscle, all of which are involved in lipid metabolism. Indeed, the PPARβ/δ isoform participates in fatty-acid oxidation, mainly in skeletal and cardiac muscles, and regulates blood cholesterol and glucose concentration (47, 74, 75). However, complete information on the exact role of PPARβ/δ in the regulation of inflammation is still not available, and more research is needed to deeply dissect the relationship between PPARβ/δ and inflammation or inflammatory response. In some contexts, PPARβ/δ has been shown to have anti-inflammatory functions. For example, it was demonstrated that activation of PPARβ/δ reduces the expression of inflammation-associated NF-κB and STAT1-targeted genes including TNF-α, MCP1, IL6, CXCL8, CCL2, CXCR2, and CXCL1 (76–79). Taken together, all three PPAR subtypes have distinct yet overlapping roles in regulating metabolic function and inflammation. Further details on the tissue distribution, function, and natural and synthetic ligands of PPARα, PPARβ/δ, and PPARγ are provided in Table 1.


Table 1 | The natural and synthetic ligands, tissue expression, and function of PPARs.





2.3 Mechanism of PPAR activation

The activation of PPARs by ligands is associated with structural changes in the receptor, including dissociation from co-repressor complexes and association with appropriate transcriptional co-activators, binding to DNA, and acquiring transactivation/transrepression capabilities (31). Moreover, promotion of many biochemical mechanisms of PPARs requires that the receptor is part of a heterodimeric complex with another nuclear receptor, the 9-cis-retinoic acid receptor (RXR; NR2B) (21, 89). Therefore, after activation with ligands/agonists, the PPAR–RXR heterodimers are transported to the nucleus and bind to specific DNA sequences consisting of a direct repeat of DNA recognition motif AGGTCA separated by one or two nucleotides (DR-1 or DR-2 response elements), thereby stimulating/repressing the transcription of target genes (Figure 1B) (89, 90). This sequence is called the peroxisome proliferator response element (PPRE) and is located in the promoter regions of PPAR-regulated target genes (91). Furthermore, after binding the ligand-activated PPAR–RXR complex to the target DNA through PPARE, this complex binds to specific co-activator complexes such as CREB-binding protein (CBP)/p300 and steroid receptor co-activator 1 (SRC1), which have histone acetyltransferase activity and facilitate the remodeling of chromatin structure (92–95). In this regard, previous studies have reported that the binding of co-activator complexes to the ligand-activated, PPRE-associated PPAR–RXR complex can disrupt nucleosomes and induce transcriptional regulatory changes in the chromatin structure near the regulatory regions of PPAR target genes (Figure 1B) (57, 96, 97).




3 COVID-19 and cytokine storm

SARS-CoV-2, which affects the lower and upper respiratory tract, invades host cells through angiotensin-converting enzyme 2 (ACE2) receptors (98, 99) and causes a wide range of clinical manifestations from mild forms such as fever, cough, and myalgia to moderate forms with pneumonia and local inflammation symptoms requiring hospitalization, to severe/critical forms with fatal outcomes (100). Upon cellular entry of SARS-CoV-2 via its ACE2 receptor, viral genomic single-stranded RNA or other RNA compositions (double-stranded RNA) can be recognized as pathogen-associated molecule patterns (PAMPs) by innate immune and epithelial cells through the activation of pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), and NOD-like receptors (NLRs) (101, 102). Following sensitization of PRRs, downstream key inflammation-related transcription factors such as NF-κB, activator protein-1 (AP-1), and IFN regulatory factors (IRFs) are activated and promote the transcription of proinflammatory cytokines, chemokines, and IFNs such as IL1β, IL18, IL6, IL12, TNF-α, IL8, IL2, IL7, IL17, CCL3, CCL5, CXCL8, CXCL10, and IFN-γ (103–108). Moreover, proinflammatory cytokines such as IL6, TNF-α, and IFN-γ, in turn, activate JAK/STAT, NF-κB, and mitogen-activated protein kinase (MAPK) signaling by binding to their receptors on immune cells to induce further production of proinflammatory cytokines and subsequently form positive feedback to initiate the cytokine storm (Figure 2) (102).




Figure 2 | Cytokine storm as the hallmark of COVID-19 immunopathogenesis. Following the entry of SARS-CoV-2 into lung epithelial and immune cells via angiotensin-converting enzyme 2 (ACE2) receptors, a cascade of downstream signaling pathways is activated, ultimately leading to the massive release of proinflammatory cytokines and chemokines and tissue damage. Moreover, these proinflammatory cytokines lead to the recruitment of more innate immune cells, including neutrophils, macrophages, natural killer (NK) cells, monocytes, and dendritic cells (DCs) and active adaptive immune cells, including CD4+ and CD8+ T cells, to the site of infection, in order to induce the production of circulating cytokines. As a result, the crosstalk between epithelial and immune cells in vast cytokine release causes hyperinflammation and cytokine storm, which leads to a wide range of clinical manifestations from mild to severe/critical forms with a fatal outcome. Some of these fatal consequences include macrophage activation syndrome (MAS), hemophagocytic lymphohistiocytosis (HLH), capillary leak syndrome (CLS), thrombosis, disseminated intravascular coagulation (DIC), acute respiratory distress syndrome (ARDS), multi-organ failure (MOF), and acute lung injury (ALI).



Exacerbation of the local inflammatory response and increased secretion of proinflammatory cytokines and chemokines by resident immune and respiratory epithelial cells leads to more recruitment of innate and adaptive immune cells such as macrophages, neutrophils, dendritic cells (DCs), natural killer (NK) cells, monocytes, and CD4+ and CD8+ T cells to the site of infection to produce more persistent inflammatory cytokines (102). Indeed, growing evidence suggests that the crosstalk between epithelial cells and immune cells in COVID-19 produces high levels of proinflammatory cytokines that trigger an uncontrollable inflammatory response, hyperinflammation, or imbalanced inflammation (known as “cytokine storm”) with severe complications and poor outcomes (109, 110). In this regard, extensive studies have recently reported that high circulating levels of proinflammatory cytokines (IFN-α, IFN-γ, IL1β, IL6, IL12, IL18, IL33, TNF-α, TGF-β, IL1RA, IL7, IL8, IL9, VEGFA, etc.) and chemokines (CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10, etc.) have been identified in patients with severe COVID-19 (105, 111–114). Furthermore, it has been highlighted that cytokine storm is one of the main features of ARDS, ALI, tissue damage, and MOF, which are the major causes of COVID-19 severity and death of patients (106, 111, 115). Therefore, we believe that any intervention approach to target the critical inflammatory factors during SARS-CoV-2 infection could be a fundamental step in developing therapeutic strategies to control hyperinflammation, combat the cytokine storm, and reduce COVID-19 severity.



4 Anti-inflammatory mechanisms mediated by PPARs

In the last decade, many studies have concluded that PPARs, in addition to being critical players in glucose and lipid metabolism, play an essential role in controlling various types of the inflammatory response (57, 116, 117). Indeed, the inflammatory role of PPARs was highlighted when a previous study showed that PPARα knockdown was directly associated with increased levels of proinflammatory cytokines (118). In agreement with this study, a recent study showed that, in addition to PPARα, the knockdown of PPARγ also leads to increased serum levels of IL6, IL1β, and TNF-α during lipopolysaccharide (LPS) stimulation (119). Furthermore, in an animal model, Huang et al. (120) showed that increased PPARγ expression levels prevented pulmonary inflammation and were directly associated with the recovery of influenza virus-infected animals (120). Moreover, several previous studies have shown that PPARα and PPARγ activation lead to reduced inflammation in polymicrobial sepsis (121) and HIV infection (122). In addition to these findings, in recent years, the central role of PPARs to control inflammation and reduce the levels of proinflammatory cytokines has been reviewed in many inflammatory disorders, including lung inflammatory diseases (32), IBD (21), and hepatic inflammation (116). These results indicate that PPARs suppress the transcription of main active inflammatory transcription factors, including NF-κB, AP-1, nuclear factor of activated T cells (NFAT), and signal transducers and activators of transcription (STATs), through an agonist-dependent mechanism (123). Among the various mechanisms PPARs use to repress many distinct transcriptions factor families, the most likely include four main mechanisms in which ligand-activated PPAR–RXR complexes suppress the activity of many inflammatory factors.

The first mechanism is the successful competition of PPARs to limit the amount of essential and shared co-activator proteins (such as CBP/P300) in a cell. As a result of this successful competition, these co-activators are not available for other transcription factors (31, 124). Therefore, the activities of other transcription factors (such as NF-κB) that use the same co-activators are repressed in these situations of co-activator competition. On the other hand, the second mechanism involves direct physical association between PPARs and other transcription factors without the mediation of co-activators. During the second mechanism, known as “cross-coupling” or “mutual receptor antagonism”, ligand-activated PPAR–RXR heterodimers form a new complex with other transcription factors, such as AP-1, NF-κB, NFAT, and STATs through physical protein–protein interactions, thereby preventing transcription factor binding to its response element and also inhibiting their ability to induce the transcription of proinflammatory genes such as IL6, IL1β, and TNF-α (Figure 3) (46). For instance, agonist-activated PPARα and PPARγ negatively regulate the inflammatory gene response through bidirectionally blocking NF-κB and AP-1 signaling pathways via physical interaction with NF-κB p65 (38, 125). Moreover, PPARs can suppress the expression of NF-κB through the upregulation of inhibitors of NF-κB (IκBs) (126, 127). The third mechanism also involves blocking MAPK-inducted signaling cascades by ligand-activated PPAR–RXR heterodimers through inhibition of MAPK phosphorylation and activation (128, 129). Lastly, preventing the clearance of co-repressors whose removal is required for the transcriptional activation of AP-1 and NF-κB target proinflammatory genes is the fourth mechanism of inflammation suppression by PPARs (130, 131). Moreover, another anti-inflammatory effect of PPARs is their agonistic effect with other anti-inflammatory factors. Previous studies have shown that a significant increase in the expression level of PPARs is associated with an increase in the expression of anti-inflammatory factors such as IL10 (132–134). Several human and animal models have reported that PPARs and their ligands downregulate the expression of many chemokines such as CCL2, -4, -7, -12, -17, and -19, CXCL1, -9, and -10, and leukocyte adhesion molecules such as VCAM1, ICAM1, and endothelin-1. This downmodulation inhibits leukocyte recruitment to the site of inflammation and reduces the crosstalk between immune cells and other resident cells for cytokine production (135–139).




Figure 3 | Control of the host inflammatory response mediated by PPARs. Most of the anti-inflammatory properties of PPARs are characterized by the suppression of key inflammatory transcription factors such as nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) via different suppressive mechanisms, as induction of the production of anti-inflammatory cytokines. Through these mechanisms, PPARs block the expression of various inflammatory genes and, thus, reduce the production of many proinflammatory cytokines, chemokines, and other proinflammatory signal mediators, such as inducible nitric oxide synthase (iNOS). Additionally, the PPARs prevent the recruitment of leukocytes to the site of inflammation by inhibiting the production of cell adhesion molecules.





5 Control of inflammation by PPARs during SARS-CoV-2 infection

The recent emergence of COVID-19 in the past years and its rapid worldwide spread have led to extensive clinical studies investigating the molecular regulatory mechanisms behind this severe disease. Intriguingly, at this time, many of these extensive clinical studies reported the influential role of PPAR subtypes, especially PPARγ and their ligands, in controlling the host inflammatory response during SARS-CoV-2 infection. Meanwhile, in previous clinical trials, a decrease in the expression of PPAR subtypes and an increase in the serum level of proinflammatory cytokines have been observed in inflammatory lungs of patients with severe COVID-19 (112, 113, 140). Additionally, in agreement with the results of clinical studies, several recent transcriptomics studies using microarray, RNA-sequencing (RNA-seq), and single-cell RNA-seq techniques have reported downregulation of PPARs in various tissues including whole blood, lung epithelial cells, bronchoalveolar lavage fluids (BALFs), and peripheral blood mononuclear cells (PBMCs) in the SARS-CoV-2-infected individuals (141–145). Following these findings, the results of previous proteomics and metabolomics studies also indicate the interference of SARS-CoV-2 infection in PPAR signaling (146, 147). Surprisingly, Keikha et al. (148) recently demonstrated that a set of miRNAs, including mir-27b, were upregulated during SARS-CoV-2 infection. They also reported that mir-27b has a significant negative correlation with its main target, i.e., PPARγ, and the increase in its expression during SARS-CoV-2 infection directly leads to the downregulation of PPARγ, thus playing a key role in the exacerbation of the inflammatory response in COVID-19 patients (148). One of the main immunopathogenesis strategies of SARS-CoV-2 infection has been suggested to interfere with PPAR signaling to exacerbate the inflammatory response (149). In other words, previous studies have reported that the decrease in the expression of PPARs including PPARγ, PPARα, and PPARβ/δ during SARS-CoV-2 infection is associated with the increased secretion of proinflammatory cytokines such as IL6, IL1β, and TNF-α, as well as cytokine storm; thus, it has a positive correlation with ARDS and ALI in COVID-19 patients (150, 151).

Moreover, a previous study concluded that SARS-CoV-2 suppresses PPAR expression in the lungs and abrogates one of the main anti-inflammatory cores for NF-κB activity, thereby exerting a hyperinflammatory response in patients with severe COVID-19 (152). Moreover, several recent studies also reported that the reduction in PPARγ and PPARα is directly related to acute pulmonary inflammation in COVID-19 and the shift of the disease from mild to severe and, finally, death (33, 153). Additionally, it has been highlighted that suppressing the expression of PPAR subtypes, especially PPARγ, leads to increased susceptibility to SARS-CoV-2 infection (154). Interestingly, the decrease in PPARγ expression during SARS-CoV-2 infection, in addition to being positively related to the occurrence of hyperinflammation, also leads to insulin resistance in COVID-19 patients (155). Besides, it has recently been reviewed that over-activation of the canonical WNT/β-catenin pathway in response to SARS-CoV-2 infection leads to inhibition of PPARγ expression in an opposing interplay (156). Furthermore, COVID-19 has more negative clinical consequences for obese people because clinical trials indicate that the serum levels of PPARγ are lower in obese people. Therefore, the probability of cytokine storm during SARS-CoV-2 infection is higher in these people (157). Furthermore, another study proved that alcohol consumption is directly related to systematic inflammation in COVID-19 patients because ethanol (EtOH) exacerbates the activation of proinflammatory cytokines, including IL6, IL1B, IFN, and TNF-α and inflammation-related transcription factors, including HIF1-α, JUN, NF-κB, and STATs via induction of PPAR–RXR inactivation (158).

Additionally, there is accumulating evidence that the T-helper 2 (Th2) inflammatory response phenotype can induce protective effects against the COVID-19 immunopathogenesis due to the increased secretion and release of Th2 anti-inflammatory cytokines such as IL10, IL4, and IL13 and recruitment of the eosinophils to the site of inflammation (159). Following these results, it has been well reviewed that cytokines associated with Th2 inflammatory response such as IL4 and IL13 inhibit the secretion of several proinflammatory cytokines such as IL6, IL1B, IL1α, IL12, and TNF-α, which play a central role in the pathogenesis of COVID-19 and hyperinflammation (160). Moreover, the anti-inflammatory M2 macrophages is activated by IL4 and IL13, which modulate inflammatory responses by producing anti-inflammatory cytokines, such as IL10 (161). Strikingly, recent results suggest that Th2 responses which driven by IL4, IL5, and IL13 dramatically reduce ACE2 in the respiratory tract and are associated with better clinical outcomes with COVID-19 (162, 163). Therefore, it has been hypothesized that the Th2 inflammatory response may exert potential protective effects against COVID-19 (164). Surprisingly, previous studies in several human inflammatory diseases indicate that both PPARα and PPARγ and their ligands increase the expression levels of anti-inflammatory markers associated with the Th2 inflammation such as IL13, IL4, IL10, and GATA3, thereby limiting the dysregulation of inflammation (165–167). Therefore, based on these findings, it can be concluded that PPARs can induce different anti-inflammatory mechanisms during SARS-CoV-2 infection through a synergistic effect with Th2 inflammatory responses.

Several reports suggest that PPARs play an important role in controlling the inflammatory response during COVID-19 by inducing the inactivation of the key inflammatory transcription factors, especially NF-κB (168). In this regard, it has been suggested that activation of PPARγ during COVID-19 can reduce the circulating levels of TNF-α, IL-1, and IL-6 in the innate immune cells such as macrophages and monocytes through interaction with NF-κB (169). Moreover, PPARγ acts as a negative regulator of cytotoxic T-cell activation and suppresses the production of cytokines by these adaptive immune cells (170). Following these studies, the recent emerging literature has also reported that activation of PPARα, PPARβ/δ, and PPARγ is inversely related to pulmonary fibrosis caused by chronic inflammation in COVID-19 patients (147, 171–173). It has been also hypothesized that exercise may prevent untoward systemic consequences of SARS-CoV-2 infection including inflammation and metabolic dysfunctions such as lipotoxicity by having a positive effect on PPARα (33). The anti-inflammatory role of PPARβ/δ during COVID-19 has been less studied than the other two types of PPARs. However, a few reports have indicated that PPARβ/δ suppressing transcription factors involved in the inflammatory response, including NF-κB and AP-1 (31), reduce the expression levels of GDF-15 (one of the inflammatory biomarkers of COVID-19 severity) in a negative feedback manner (174).

Furthermore, PPARβ/δ and PPARγ have been shown to play a central role in the macrophage polarization toward an anti-inflammatory M2 phenotype during COVID-19 (175). On the other hand, the previous literature has shown that PPARα and PPARγ prevent the apoptosis of inflammatory cells by inducing anti-apoptotic factors of the BCL-2 family, thereby preventing the spread of cytokines and chemokines in the intercellular space (176). Notably, the decrease in the expression levels of PPARs in the early stages of SARS-CoV-2 infection and the increase in their expression during the treatment/recovery period indicate the opposite/inverse relationship of these receptors with the severity of the disease (38, 177).

Intriguingly, PPARα and PPARγ have been proposed as effective adjuvants for the development of COVID-19 vaccines because these receptors through an increase in the population of regulatory T-cells via upregulation in FOXP3 mRNA expression (a transcriptional factor for the function and differentiation of regulatory T-cells) (1): stimulate memory T-cells (2), upregulate the γδ type of T-cells, and (3) prolong B-cell memory and improve the secondary antibody response and thus can induce long-term memory (176, 178). However, the inverse relationship between regulatory T-cells and chronic inflammation has been revealed by previous research (175, 179), and the anti-inflammatory properties of these cells are well established (180, 181). Therefore, it can be predicted that the increase in the population of regulatory T-cells due to the activation of PPARs can play a potential dual-role by stimulating and strengthening long-term memory and exerting significant anti-inflammatory properties during SARS-CoV-2 infection.

Recent advances in high-throughput transcriptome-based technologies and the integration of these techniques with computational network-based algorithms of systems biology have provided an excellent opportunity to identify altered gene regulatory networks under infected conditions, activated pathways, potential therapeutic/diagnostic/prognostic targets, and understanding the complex molecular mechanisms underlying infectious disease at the systemic level (182). In our previous work, we integrated and analyzed the RNA-seq data from PBMCs of healthy individuals and COVID-19 patients with computational network-based methods of systems biology in order to identify potential therapeutic targets and candidate gene modules underlying COVID-19 and develop promising therapeutic strategies for COVID-19 (39). As a result, we identified nine candidate co-expressed gene modules and 290 hub-high traffic genes with the highest betweenness centrality (BC) score directly related to SARS-CoV-2 pathogenesis (39). Indeed, the genes with the highest BC score have the highest rate of “information transfer” in their respective modules with critical biological functions, which are known as “high traffic” genes and can be potential therapeutic, diagnostic, and prognostic targets for COVID-19 therapy (39). We observed that PPARα is among the hub-high traffic genes in one of the key modules with anti-inflammatory function, indicating the crucial anti-inflammatory role of this PPAR subtype during SARS-CoV-2 infection (39). In another study, Auwul et al. (40) integrated various transcriptomic data with computational systems biology and machine learning algorithms and identified 52 common drug targets, including PPARγ, for COVID-19 treatment (40).

Moreover, further studies using pharmacological network approaches have identified PPARα and PPARγ as promising drug/therapeutic targets to control inflammation caused by host–SARS-CoV-2 interactions (183, 184). On the other hand, recently, a study introduced glycyrrhetinic acid as an essential drug against cytokine storm in COVID-19 patients (185). During this study, using protein–protein interaction (PPI) network and molecular docking techniques, it was well established that glycyrrhetinic acid activates or represses 84 core genes to counter the cytokine storm during COVID-19 using multiple strategies (185). As an important result of this study, one of these glycyrrhetinic acid strategies to deal with the cytokine storm was to target PPARγ, PPARα, and PPARβ/δ for activation (185). Figure 4 shows that the PPI structure of the candidate modules identified by these studies that contained critical therapeutic targets, including PPARα, PPARβ/δ, and PPARγ for COVID-19 therapy.




Figure 4 | Protein–protein interaction (PPI) networks of therapeutic candidate modules for COVID-19 therapy obtained by (A) our group (39) (B) Auwul et al. (40), (C) Oh et al. (183), and (D) Li et al. (185). These modules had the most biological associations with the immunopathogenesis of COVID-19. Large circles represent hub-high traffic genes. PPAR genes as potential therapeutic targets for COVID-19 pandemic are highlighted by red circles in these PPI networks.



Interestingly, the use of PPARs agonists to activate them to repress the inflammatory processes during COVID-19 has recently attracted much attention. In this regard, it has been demonstrated that PPAR activation through synthetic and nutritional compounds can be an efficient management program to overcome the cytokine storm and prevent the deleterious inflammatory effects after coronavirus infection (38, 186). Moreover, a recent study suggested using synthetic and natural ligands of PPARs in order to target NF-κB transcriptional activity and reduce inflammatory response as an attractive strategy for managing the nutrition of COVID-19 patients (187). Following these results, the recent literature also reported that several natural and synthetic PPARγ agonists suppress NF-κB activity through PPARγ activation, leading to reduced levels of proinflammatory cytokines such as IL1β, IL6, TNF-α, IL18, IFN-γ, IL8, and IL12 (38). It has been well established that PPARα activation using oleoylethanolamide, in addition to suppressing TLR4-mediated NF-κB signaling cascade and reducing proinflammatory cytokines such as COX2, IL6, CRP, IL1β, TNF-α, and iNOS, is also associated with increased levels of anti-inflammatory factors such as IL10 (56, 188–190). Additionally, it has recently been shown that fenofibrate is a PPARα agonist with anti-inflammatory, anti-oxidant, and anti-thrombotic properties that exerts broad anti-inflammatory effects such as inhibition of iNOS, repression of COX2 and MMP9, activation of inhibitory kappa B (IκB), and release of adiponectin through the activating of PPARα during SARS-CoV-2 infection (150). Furthermore, previous studies reported that fenofibrate inhibits viral replication in lung epithelial cells by reversing the metabolic changes caused by SARS-CoV-2 (175). On the other hand, natural astaxanthin (ASX), an important PPARγ agonist, has a clinically proven safety profile with anti-oxidant, anti-inflammatory, and immunomodulatory properties. Interestingly, mounting evidence from clinical studies suggests that this PPAR agonist prevents the ARDS/ALI in COVID-19 patients by downregulating NF-κB and JAK/STAT signaling and then reducing TNF-α, IL1β, and IL6 levels. Moreover, ASX caused a change in the inflammatory response of Th1 cells to Th2, leading to a shift from proinflammatory cytokine secretion to anti-inflammatory cytokine secretion (191). ASX also exerts an anti-oxidant effect and prevents oxidative damage through (1) inhibition of NLRP3 inflammasome and HIF1-α, and (2) suppression of plasma CRP, iNOS, COX2, PGE2, and ICAM1, respectively. Accordingly, ASX-mediated activation of PPARγ has been proposed as an effective therapeutic strategy to control host inflammatory and immune responses, antagonize the cytokine storm, and prevent deleterious inflammatory effects following COVID-19 (191). Moreover, troglitazone, an insulin-sensitizing drug that is prescribed for treating type 2 diabetes mellitus (192), is a synthetic PPARγ agonist that interferes with NF-κB activity and exerts its anti-inflammatory effects through the activation of PPARγ (38). Interestingly, this drug has been introduced as one of the most suitable options for applying anti-inflammatory effects for COVID-19-inducted hyperinflammation (38). In addition to troglitazone, pioglitazone (a synthetic agonist of PPARγ, see Table 1) is another member of the thiazolidinedione (TZD) family that has significant anti-inflammatory effects and has been suggested by Carboni et al. (193) as a support drug for the reduction in many inflammatory parameters in COVID-19 patients (193). Additionally, pioglitazone can reduce SARS-CoV-2 RNA synthesis and replication through potential inhibition of 3-chymotrypsin-like protease (3CL-Pro) (194). Moreover, it has recently been suggested that activation of PPARγ by agonists such as cannabidiol reduces cytokine secretion, pulmonary inflammation, and fibrosis in the lung of the patients during SARS-CoV-2 infection (195). Intriguingly, zinc supplementation has also been reported to have potential health benefits for managing inflammation in COVID-19 by suppressing the expression of many cytokines and adhesion molecules through increasing the expression of PPARα (196). Furthermore, natural compounds such as gamma-oryzanol (the main bioactive constituent from rice bran and germ) have been introduced as a possible adjunctive therapy to prevent the cytokine storm in COVID-19 patients, as this compound positively increases the expression of PPARγ in adipose tissue and as a result reduces the levels of inflammatory cytokines including TNF-α, IL6, and MCP1 (157). To the best of our knowledge, no information is yet available on the role of PPARβ/δ agonists during SARS-CoV-2 infection. Therefore, future research should investigate the anti-inflammatory effects of natural and synthetic agonists of PPARβ/δ during the COVID-19 pandemic. However, looking at the previous literature on similar inflammatory lung diseases in humans, it can be concluded that PPARβ/δ agonists have significant anti-inflammatory effects during lung infection (197). Conversely, using existing natural and synthetic ligands of PPARs may have limitations or challenges. For instance, recent data show that using natural and synthetic ligands of PPARs is highly dose-dependent and can interact with non-PPAR targets due to the complexities of the drug–target complex (94). Moreover, it has been reported that some ligands of PPARs can exert selective agonistic or antagonistic regulatory effects depending on the cell context (191, 198, 199). Additionally, it has been highlighted that using synthetic agonists of PPARs can lead to serious clinical complications, including bone fracture, heart failure, cardiovascular risk, liver failure, gastrointestinal bleeding, and liver and kidney toxicity (200).

These findings highlight the potential role of PPAR subtypes (particularly PPARγ) and their ligands with anti-inflammatory effects during the COVID-19 pandemic, which can be promising candidates for inhibiting key inflammatory factors (especially NF-κB and AP-1), thus regulating inflammation during SARS-CoV-2 infection. Therefore, any intervention methods aimed at activating/upregulating/overexpressing of PPAR subtypes could be a promising therapeutic strategy to reduce the hyperinflammatory response in COVID-19 patients and prevent the cytokine storm.



6 Conclusions and future prospects

COVID-19 is an emerging global health threat caused by SARS-CoV-2 infection with severe inflammatory complications. Treatment of severely ill patients is an important healthcare issue. Despite developing various vaccines for disease prevention, there is still no definitive treatment solution for COVID-19 patients. The massive cytokine secretion caused by the exacerbation of the host inflammatory system in response to SARS-CoV-2 infection is known as a “cytokine storm”, which is directly related to the progression of the disease from mild to severe. In recent years, among previous efforts, it has been suggested that one of the most effective strategies for improving the survival of COVID-19 patients and reducing the severity of the disease is to control the hyperinflammatory response and interfere with cytokine storm. Cytokine storm has been one of the main characteristics of disease severity, decreased lung function, ARDS, ALI, and MOF, and ultimately, the death of COVID-19 patients. Therefore, paying attention to anti-inflammatory factors and examining their response during SARS-CoV-2 infection can provide the basic solution to deal with COVID-19-inducted cytokine storm.

PPARs are ligand-dependent transcription factors belonging to the nuclear receptor superfamily, which are the main regulators of lipid and glucose metabolism. This transcription factor family consists of three subtypes: PPARα, PPARβ/δ, and PPARγ. In the last decade, it has been well established that these subtypes, in addition to their central role in metabolism and energy balance, play important roles in cell proliferation, differentiation, the immune cell system, and inflammation. Concerning inflammation and inflammation-related disease, PPARs play an important anti-inflammatory role as critical inhibitors of the host inflammatory response through adverse regulatory effects on active inflammatory transcription factors such as NF-κB, AP-1, NFAT, and STATs. Currently, extensive clinical and omics studies indicate downregulation in the expression of PPARs in response to SARS-CoV-2 infection, which has been proposed as one of the main causes of SARS-CoV-2 immunopathogenesis to exacerbate the host inflammatory response.

On the other hand, it has been highlighted that the activation of PPARs through natural and synthetic ligands is associated with the reduction of hyperinflammatory response, prevention of cytokine storm, and reduction in disease severity in COVID-19 patients. Therefore, this makes them attractive and practical targets for developing novel therapeutic strategies against COVID-19 and cytokine storm. However, the previous literature has indicated that using existing natural and synthetic ligands of PPARs may lead to severe clinical complications.

Therefore, considering the anti-inflammatory importance of PPARs to control the hyperinflammatory response during COVID-19, further research should deeply investigate the individual or collective effects of PPAR subtypes to inhibit cytokine storms during SARS-CoV-2 infection. Moreover, considering the side-effects and challenges of using existing natural and synthetic ligands to activate PPARs, further exploration of the underlying mechanisms is needed to establish new pathways of PPARs activation without causing severe clinical side-effects.
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Lung macrophages constitute the first line of defense against airborne particles and microbes and are key to maintaining pulmonary immune homeostasis. There is increasing evidence suggesting that macrophages also participate in the pathogenesis of acute lung injury (ALI)/acute respiratory distress syndrome (ARDS), including the modulation of inflammatory responses and the repair of damaged lung tissues. The diversity of their functions may be attributed to their polarized states. Classically activated or inflammatory (M1) macrophages and alternatively activated or anti-inflammatory (M2) macrophages are the two main polarized macrophage phenotypes. The precise regulatory mechanism of macrophage polarization is a complex process that is not completely understood. A growing body of literature on immunometabolism has demonstrated the essential role of immunometabolism and its metabolic intermediates in macrophage polarization. In this review, we summarize macrophage polarization phenotypes, the role of immunometabolism, and its metabolic intermediates in macrophage polarization and ALI/ARDS, which may represent a new target and therapeutic direction.
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1 Introduction

Acute lung injury (ALI) is a common and critical disease caused by a variety of direct or indirect factors, including severe infection, pancreatitis, shock, trauma, major surgery, and ischemia–reperfusion (1–3). ALI usually leads to acute respiratory distress syndrome (ARDS), a more severe clinical manifestation, and the terminal pathophysiological characteristics are remarkably similar. ALI/ARDS is characterized by excessive and uncontrolled inflammatory responses to lung injury, leading to generalized epithelial and endothelial barrier injury, alveolar-capillary membrane dysfunction, increased vascular permeability, alveolar hemorrhage, and diffuse alveolar damage (3–7). The clinical manifestations include severe hypoxemia, diffuse bilateral pulmonary infiltration, and pulmonary edema (8). ALI is associated with high morbidity and poor prognosis, with an age-adjusted incidence of 86.2/100,000, a mortality rate of 38.5%, and persistent pulmonary dysfunction in 50% of survivors (9, 10). Currently, there is no effective therapy to reduce mortality or improve the prognosis of patients with ALI/ARDS. Hence, researching the pathogenesis and identifying the signaling pathways of ALI/ARDS could help provide novel targets for therapeutic intervention.

Macrophages play a significant role in innate immunity by serving as heterologous phagocytes and by expressing pattern recognition receptors (11). Lung macrophages constitute the first line of defense against airborne particles and microbes and are key to maintaining pulmonary immune homeostasis (11). There is increasing evidence suggesting that macrophages also participate in the pathogenesis of ALI/ARDS, including the modulation of inflammatory responses and the repair of damaged lung tissues (12, 13). During the development of the inflammatory response, macrophages exert a pro-inflammatory effect in the early stages and play an anti-inflammatory role in the later stages. The diversity of their functions may be attributed to their polarized phenotypes; however, the precise regulatory mechanisms of macrophage polarization remain incompletely understood and involve a range of signaling pathways and transcriptional and post-transcriptional regulatory networks (13–16). Phenotypic and functional changes in macrophages are accompanied by dramatic shifts in cell metabolism, an emerging research field termed immunometabolism, also known as metabolic reprogramming. Pro-inflammatory polarization of macrophages is associated with increased glycolysis and a shift toward the pentose phosphate pathway (PPP) and fatty acid synthesis (17–19). However, anti-inflammatory macrophages primarily use oxidative phosphorylation (OXPHOS), glutamine metabolism, and fatty acid oxidation (FAO) (19, 20). Moreover, pro- and anti-inflammatory macrophages are characterized by specific pathways that regulate lipid and amino acid metabolism and affect their responses (18). These metabolic adaptations are necessary to support macrophage activity and maintain polarization in specific contexts. The regulation of immune metabolism to affect macrophage polarization may be a novel direction for the treatment of ALI. In this review, we summarize macrophage polarization phenotypes, the role of immunometabolism in macrophage polarization, and its impact on ALI/ARDS.




2 Macrophage subsets

Macrophages are a major group of innate immune cells, which exist in various tissues with significant heterogeneity and phenotypic specialization (21). They are regulated in a tissue-specific manner and play a significant role in phagocytosis and digestion of pathogens and infected and apoptotic cells and can recruit and regulate other immune cells and inflammatory responses and assist in tissue repair (22). Pulmonary macrophages contain two different macrophage subsets based on anatomical location: alveolar macrophages (AMs) and interstitial macrophages (IMs). AMs are the most abundant population in pulmonary macrophages, which exist in the alveolar cavity and are directly exposed to the air and the environment and constitute the first line of defense against airborne particles and microbes (22, 23). AMs include tissue-resident alveolar macrophages (TR-AMs) and monocyte-derived alveolar macrophages (Mo-AMs). TR-AMs are derived from yolk sac-derived erythromyeloid progenitors and fetal liver monocytes, which can proliferate at a steady state to maintain self-renewal, and GM-CSF and TGF-β play an important role in this process (24–27). However, more macrophages are needed in acute inflammatory responses. When infection or injury occurs, monocytes are rapidly recruited into the alveolar cavity and develop into Mo-AMs to promote the inflammatory response and eliminate pathogens (28–30). Mo-AMs exhibit strong accumulation during early inflammation, followed by a gradual decline in their numbers, which undergo Fas-mediated cell death and local phagocytic clearance (28). A small fraction of Mo-AMs persist after infection and become phenotypically and functionally similar to TR-AMs. However, TR-AMs still survive and persist during the resolution of inflammation (28). IMs are located in the parenchyma between the microvascular endothelium and alveolar epithelium and comprise 30%-40% of lung macrophages (22, 31). IMs are initially derived from yolk sac macrophages and fetal liver monocytes and then replenished by circulating progenitor cells for their maintenance in adults (22, 32). IMs are involved in tissue remodeling and maintenance of lung homeostasis and antigen presentation as well as affect dendritic cell function to prevent airway allergy (33–35).




3 Polarization phenotype and polarization regulation



3.1 Polarization phenotype and plasticity

Macrophage polarization refers to the activation of macrophages under the stimulation of a variety of factors and their differentiation into different phenotypes according to the state and changes in the microenvironment (14, 36). AMs have two main macrophage phenotypes: classically activated or inflammatory (M1) macrophages and alternatively activated or anti-inflammatory (M2) macrophages (37, 38). The regulatory mechanisms and functional characteristics of M1/M2 macrophages are shown in Figure 1. M1 macrophages constitute the first line of defense against intracellular pathogens (36). Currently, it is believed that M1 macrophages are mainly induced by lipopolysaccharide (LPS), interferon-γ (IFN-γ), and granulocyte–macrophage colony-stimulating factor (GM-CSF) (38, 39). M1 macrophages can guide acute inflammatory responses and produce a large number of pro-inflammatory cytokines such as IL-1β, inducible nitric oxide synthase (iNOS), tumor necrosis factor-α (TNF-α), IL-1, IL-6, IL-12, CCL8, IL-23, CXCL1-3, CXCL-5, CXCL8-10, monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein 2 (MIP-2), reactive oxygen species (ROS), and cyclooxygenase 2 (COX-2) (16, 38, 40–42). M1 macrophages mainly induce Th1 response activation, exert antigen-presenting functions, and engage in pro-inflammatory responses, chemotaxis, radical formation, elimination of pathogenic microorganisms, and antitumoral activities (37, 43).




Figure 1 | Regulatory mechanisms and functional characteristics of macrophage polarization. Non-polarized M0 macrophages can be polarized into M1 macrophages stimulated by LPS, IFN-γ, and GM-CSF, which are associated with increased glycolysis, PPP, and FAS. In addition, M0 macrophages can be polarized into M2 macrophages in the presence of IL-4, IL-13, IL-10, and M-CSF, which is related to increased OXPHOS, FAO, and glutamine metabolism. Furthermore, these polarized macrophages exhibit plasticity, as they can depolarize to M0 macrophages or exhibit the opposite phenotype through repolarization, which depends on the specific microenvironment. M1 macrophages produce pro-inflammatory cytokines such as IL-1β, iNOS, TNF-α, IL-1, IL-6, IL-12, IL-23, CCL8, CXCL1-3, CXCL-5, CXCL8-10, MCP-1, MIP-2, ROS, and COX-2, leading to pro-inflammatory responses, chemotaxis, pathogenic microorganism elimination, and antitumoral activities. M2 macrophages can be further divided into four subsets, M2a, M2b, M2c, and M2d, according to the different activating stimuli received. M2 macrophages secrete anti-inflammatory cytokines such as IL-8, IL-10, IL-13, CCL1, CCL2, CCL3, CCL4, CCL13, CCL14, CCL17, CCL18, CCL22, CCL23, CCL24, and CCL26 to exert anti-inflammatory effects, promote tissue remodeling, facilitate tumor development, and remove parasites.



Conversely, M2 macrophages are induced in response to Th2 cytokines such as macrophage colony-stimulating factor (M-CSF), IL-4, IL-13, and IL-10 (43–45). M2 macrophages mainly express CD64 and CD209 and produce anti-inflammatory cytokines such as IL-8, IL-10, IL-13, CCL1, CCL2, CCL3, CCL4, CCL13, CCL14, CCL17, CCL18, CCL22, CCL23, CCL24, and CCL26 to exert anti-inflammatory effects, promote tissue remodeling, facilitate tumor development, and remove parasites (14, 43, 46–48). M2 macrophages can be further divided into four subsets, M2a, M2b, M2c, and M2d, according to the different activating stimuli received (41, 49). The M2a subset of macrophages can be stimulated by IL-4 or IL-13 to produce IL-10, CCL13, CCL17, and CCL22 (36, 49). These chemokines are associated with Th2 cell activation and can promote eosinophil recruitment to the lungs (50, 51). The M2b subset can be stimulated by LPS or IL-1β and produce pro-inflammatory cytokines (36, 49). The M2c subset is induced by IL-10, TGF-β, and glucocorticoids and releases high amounts of IL-10, CCL18, and CCL16 to exhibit anti-inflammatory activities (49, 52, 53). The M2d subset is induced by IL-6 and M-CSF and secretes high IL-10 and low IL-12 and TGF-β cytokine production and CXCL10, CXCL16, and CCL5 chemokines to promote angiogenesis and tumor metastasis (54, 55).

These polarized macrophages exhibit plasticity, as they can depolarize to M0 macrophages or exhibit the opposite phenotype through repolarization, which depends on the specific microenvironment (4, 43). For instance, a high αKG/succinate ratio further promotes the anti-inflammatory phenotype in M2 macrophages, whereas a low ratio enhances the pro-inflammatory phenotype in M1 macrophages (56). Specific microRNAs induced by different microenvironmental signals can regulate different patterns of macrophage polarization states by regulating transcriptional output. For instance, miR-155 promotes M1 polarization by directly inhibiting expression of BCL6, and overexpression of miR-155 can reprogram M2 macrophages into M1 macrophages (57, 58). The plasticity of epigenetic modification is an essential factor in macrophage identity and heterogeneity, which is remodeled in response to acute and polarizing stimulation (59). Histone deacetylases (HDACs) are strongly involved in M1 activation and play a prominent role in inflammatory responses (60). HDAC6 and HDAC7 are involved in the expression of pro-inflammatory genes in macrophages stimulated by LPS, and inhibition of their activity significantly limits M1 activation and the production of pro-inflammatory cytokines (61, 62). Overexpression of DNA methyltransferase 3B (DNMT3B) or loss of HDAC3 renders macrophages hyperresponsive to IL-4, skewing differentiation toward the M2 phenotype (59).

However, not all macrophages fit the classical paradigm of M1 and M2 macrophages. Tumor-associated macrophages (TAMs), one of the main types of tumor-infiltrating immune cells, are generally characterized as M2 macrophages, which are found to promote angiogenesis and invasion and tumor progression (63, 64). TCR+ macrophages, expressing the CD3/T-cell receptor (TCR)αβ complex, exist in tuberculous granulomas, atherosclerosis, and several types of cancer, which enhance phagocytosis and secrete IFN-γ, TNF, MIP-1β, and CCL2 to exhibit a specific pro-inflammatory profile (65–68).




3.2 Polarization regulation

Macrophage polarization is a complex process modulated by multiple factors, such as microRNAs (miR), proteins, glucocorticoids, and immunometabolism, involving numerous signaling pathways and transcriptional and post-transcriptional regulatory networks (14, 15, 42, 69). The precise regulatory mechanisms of macrophage polarization are still not completely understood and require further investigation. The phenotypic and functional changes in macrophages are accompanied by dramatic shifts in cell metabolism, with unique metabolic signatures related to their functional state, which is termed metabolic reprogramming (70–72). Recent studies have shown that specific metabolic pathways in macrophages are closely related to their phenotype and function, including glycolysis, tricarboxylic acid (TCA) cycle, PPP, arginine metabolism, glutamine metabolism, and fatty acid metabolism. The metabolic pathways of macrophages are shown in Figure 2. Some metabolic intermediates can regulate macrophage activation and effector function through various mechanisms (72).




Figure 2 | The metabolic pathways of M1 and M2 macrophages. M1 macrophages are associated with increased glycolysis, PPP, and FAS. The disturbed TCA cycle results in the accumulation of citrate and succinate. The accumulated citrate in the mitochondria of M1 macrophages is exported into the cytoplasm via the CIC and converted into acetyl-coenzyme A by ACLY. The downstream metabolic intermediate, acetyl-CoA, is necessary for TNF-α or IFN-γ to induce pro-inflammatory cytokines, such as NO and prostaglandin production. The malonylation response relies on citrate-derived metabolite malonyl-CoA production, which is an essential pro-inflammatory signal that promotes TNF translation and secretion by regulating glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Succinate is a critical regulator of the pro-inflammatory response and regulates the expression of IL-1β via the the stabilization of hypoxia-inducible factor 1-alpha (HIF-1α)., thereby promoting LPS-induced expression of IL-1β. SDH mediates succinate oxidation and reverses electron transport, which together drive mitochondrial ROS production and induce a pro-inflammatory gene expression profile. Extracellular succinate binds to SUCNR1 and increases IL-1β production, which in turn increases SUCNR1 levels, fueling this cycle of cytokine production and perpetuating inflammation. M2 macrophages rely more heavily on OXPHOS, glutamine metabolism, and FAO than M1 macrophages. The enhancement of OXPHOS in M2 macrophages results in the continued production of ATP, leading to the upregulation of genes associated with tissue repair. The downregulated enzyme carbohydrate kinase-like protein (CARKL) causes glycolysis to feed the PPP, thereby generating nucleotides, amino acids, and NADPH, leading to an increase in ROS. αKG produced by glutamine hydrolysis promoted M2 activation through Jmjd3-dependent metabolic and epigenetic reprogramming, and a high αKG/succinate ratio further promoted the anti-inflammatory phenotype in M2 macrophages, whereas a low ratio enhances the pro-inflammatory phenotype in M1 macrophages. Elevated metabolites and processes are highlighted in red, and suppressed processes are highlighted in green.







4 Immunometabolism in macrophage polarization



4.1 Glycolysis

Glycolysis is a metabolic pathway that converts glucose to pyruvate, which plays a key role in energy metabolism, especially in the production of ATP in cells under hypoxia and other conditions. Tumor cells preferentially utilize glycolysis to produce lactic acid under normoxic conditions, known as “aerobic glycolysis.” Subsequently, several studies have observed that aerobic glycolysis is increased in pro-inflammatory macrophages (73). Although glycolysis produces far less ATP than mitochondrial OXPHOS (2 ATP vs. 36 ATP), glycolysis can be activated faster to match the immune response of macrophages (74–76). Multiple studies have shown that classically activated M1 macrophages in mice and humans are highly dependent on glycolysis. Van den Bossche et al. used extracellular flux analysis to demonstrate that M1 macrophages display enhanced glycolytic metabolism and reduced mitochondrial OXPHOS; conversely, M2 macrophages display enhanced mitochondrial OXPHOS (77). Rodríguez-Prados et al. showed that activation of murine peritoneal macrophages via the Toll-like receptor (TLR) pathway results in a hyperglycolytic phenotype, and classic activation favors the upregulation of gene expression from the glycolytic pathway and the repression of genes encoding proteins that participate in OXPHOS (73). IL-10, an anti-inflammatory cytokine that induces M2 macrophages, inhibits LPS-induced glucose uptake and glycolysis and promotes OXPHOS to oppose the switch to the metabolic program induced by inflammatory stimuli in macrophages (78).

After LPS stimulation of macrophages, transcription of the glucose transporter (GLUT1) is induced, leading to increased glucose uptake and aerobic glycolysis (79, 80). LPS specifically induces dimeric pyruvate kinase M2 (PKM2) protein expression and phosphorylation, and dimeric PKM2 interacts with HIF-1α, which is a transcription factor that contributes to both glycolysis and the induction of inflammatory genes and is critical for macrophage activation (81). HIF-1α can directly bind to the IL-1β promoter, an event that is inhibited by the activation of tetrameric PKM2 (82, 83). Activation of tetrameric PKM2 inhibits LPS-induced IL-1β production while promoting IL-10 production, thereby attenuating LPS-induced pro-inflammatory M1 macrophages and promoting the typical characteristics of M2 macrophages (82). Thus, PKM2 is a key determinant of LPS-activated macrophages that promote inflammatory responses (82). Another study demonstrated that PKM2-mediated glycolysis promotes NLRP3 and AIM2 inflammasome activation by modulating EIF2AK2 phosphorylation in LPS-primed mouse bone marrow-derived macrophages (BMDMs), consequently promoting the release of IL-1β and IL-18 and high-mobility group box 1 (HMGB1) (84). PFKFB3 is another LPS-regulated target involved in glycolytic conversion (73). PFKFB3 encodes u-PFK2, a subtype of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK-2), which increases flux through the glycolytic pathway. PFKFB3 is a target gene of HIF-1α in response to hypoxia in human glioblastoma cell lines and mouse embryonic fibroblasts, thereby providing another mechanism by which HIF-1α promotes glycolysis (85).

Previous studies have suggested that M2 macrophages do not exhibit increased glycolysis and that aerobic glycolysis is predominantly associated with M1 macrophages. However, recent studies have shown that M2 macrophages also display an upregulated rate of glycolysis in addition to augmented mitochondrial metabolism (71). The glycolysis inhibitor 2-deoxyglucose (2-DG) (1 mM) attenuated enhanced mitochondrial respiration, significantly reduced 13C-labeled Krebs cycle metabolite levels and intracellular ATP levels, impaired IL-4-stimulated activation of early BMDMs, and reduced the expression of M2 phenotypic markers, such as Arg1, YM-1, FIZZ-1, and MRC1 (86–88). M-CSF associated with M2 polarization was found to induce similar glucose transporter expression, oxidative metabolism, mitochondrial biogenesis, and increased expression of glycolytic enzymes in macrophages compared with GM-CSF associated with the M1 phenotype (89). Glycolysis may play a more important role in M2 macrophages than previously thought, and further studies are needed.




4.2 Pentose phosphate pathway

PPP is an essential step in glucose metabolism, which is required for maintaining the cellular redox state and carbon homeostasis and provides precursors for nucleotide and amino acid biosynthesis. PPP can be divided into an initial oxidative phase that converts glucose 6-phosphate into carbon dioxide, ribulose 5-phosphate, and NADPH and a later non-oxidative phase that produces ribose 5-phosphate for nucleic acid synthesis and phosphate sugar precursors for amino acid synthesis (75, 90).

PPP is a major source of NADPH, which is a cofactor for NADPH-oxidase (Nox2)-dependent ROS production and is required for the generation of the antioxidant glutathione (75). The regulation of ROS levels was mediated in M1 macrophages by Cybb-encoded Nox2, which was transcriptionally upregulated in M1 macrophages and downregulated in M2 cells. Moreover, both the total pool of pentose-5-phosphates and their labeled fraction increased significantly in M1 macrophages (91). CARKL, a sedoheptulose kinase, also known as sedoheptulokinase (SHPK), catalyzes sedoheptulose to sedoheptulose-7-phosphate (S7P), which is a PPP intermediate and PPP flux restraint (92). The downregulated enzyme CARKL causes glycolysis to feed the PPP, thereby generating nucleotides, amino acids, and NADPH, leading to an increase in ROS. The CARKL expression level was rapidly downregulated in mice and humans in vitro and in vivo upon stimulation by LPS; conversely, it was upregulated in response to IL-4, leading to PPP inhibition in M2 macrophages (80). PPP was upregulated in M1 macrophages but downregulated in M2 macrophages.




4.3 Krebs cycle (tricarboxylic acid cycle)

The Krebs cycle, also known as the TCA cycle, is the final common pathway for the oxidation of carbohydrates, fatty acids, and amino acids and is also a source of precursors for many other biological molecules, such as non-essential amino acids, nucleotide bases, and porphyrin (93, 94). Therefore, the Krebs cycle is an important hub for cellular anabolism (gluconeogenesis and lipid synthesis) and catabolism (glycolysis).

In recent years, several studies have shown that the TCA cycle of M1 macrophages is disrupted at various points, and OXPHOS is inhibited, leading to the accumulation of citrate, itaconate, and succinate (91, 95, 96). Conversely, M2 macrophages maintain robust oxidative Krebs cycle activity, while increasing OXPHOS and ATP levels (88, 91).



4.3.1 Citrate

Previous studies have demonstrated that the disruption of the TCA cycle and accumulation of citrate in M1 macrophages may be related to the transcriptional downregulation of isocitrate dehydrogenase (IDH), which catalyzes the conversion of isocitrate to α-ketoglutarate (α-KG) (91). However, Palmieri et al. showed that NO-mediated suppression of mitochondrial aconitase (ACO2), rather than IDH1, might be the TCA breakpoint in M1 macrophages, which is responsible for an increase in citrate levels and a reduction in α-KG levels (97). The mRNA and protein levels of the mitochondrial citrate carrier (CIC/SLC25a1) are markedly increased in LPS-activated macrophages (98). Inhibition of SLC25a1 in activated macrophages by genetic silencing leads to a significant reduction in ROS, NO, and prostaglandin, suggesting that the effluence of citrate from the mitochondria is an essential pro-inflammatory signal in M1 macrophage activation (98). The accumulated citrate in the mitochondria of M1 macrophages is exported into the cytoplasm via the CIC and converted into acetyl-coenzyme A by ATP citrate lyase (ACLY) (98). The downstream metabolic intermediate, acetyl-CoA, is necessary for TNF-α or IFN-γ to induce pro-inflammatory cytokines, such as nitric oxide (NO) and prostaglandin production (99). Inhibition of either CIC or ACLY markedly reduced prostaglandin E2 (PGE2), NO, and ROS levels (98–100). The mRNA expression of the anti-inflammatory cytokine IL-10 and IL-1 receptor antagonists in LPS-stimulated macrophages increased after ACLY inhibition (101). Another study found that the IL-4 signaling pathway cooperates with the Akt–mTORC1 pathway to regulate ACLY, resulting in increased histone acetylation and M2 gene induction (102). Furthermore, the malonylation response relies on citrate-derived metabolite malonyl-CoA production, which is an essential pro-inflammatory signal that promotes TNF translation and secretion by regulating glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in response to inflammation induced by LPS (103). Furthermore, extracellular citrate may serve as a damage-associated molecular pattern (DAMP) and aggravate LPS-induced ALI by overactivating the NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome (104). Citrate and its metabolic intermediates play an important role in the M1 macrophage response, and their role in M2 macrophages needs to be further explored.




4.3.2 Itaconate

Aconitase 2 catalyzes citrate to form cis-aconitate, which is decarboxylated by cis-aconitate decarboxylase, also known as immunoresponsive gene 1 (IRG1), leading to itaconate production (105, 106). Pro-inflammatory conditions can induce IRG1 expression and itaconic acid synthesis. The overexpression of IRG1 significantly inhibits LPS-induced production of TNF-α, IL-6, and IFN-β in mouse macrophages (107). In contrast, IRG1 knockout aggravates the inflammatory response in LPS-stimulated murine BMDMs and myeloid cells infected with Mycobacterium tuberculosis (108, 109). Itaconate has recently emerged as a regulator of macrophage functions. Itaconate reduced the production of pro-inflammatory mediators in LPS-treated macrophages, and the mechanism of this anti-inflammatory effect may be related to the inhibition of succinate dehydrogenase, blocking of IκBζ translation, and activation of Nrf2. Lampropoulou et al. reported that inhibition of itaconate-mediated succinate dehydrogenase (SDH) activity blocks mitochondrial ROS generation, inhibits NLRP3 inflammasome activation, and reduces pro-inflammatory mediator release from mouse BMDMs (108). Mills et al. demonstrated that itaconate is required for LPS-induced activation of the anti-inflammatory transcription factor Nrf2 in mouse and human macrophages (110). Itaconate directly modifies the protein KEAP1 through alkylation of cysteine residues, enabling Nrf2 to increase the expression of downstream genes with antioxidant and anti-inflammatory capacities, thereby limiting inflammatory responses and regulating type I interferons (110). Bambouskova et al. showed that itaconate and its membrane-permeable derivative dimethyl itaconate induce electrophilic stress, react with glutathione, and subsequently induce both Nrf2-dependent and Nrf2-independent responses, selectively regulating secondary transcriptional responses to TLR stimulation via inhibition of IκBζ protein induction (111). However, a recent study demonstrated that itaconate and itaconate derivatives (4-octyl itaconate) target JAK1 to suppress M2 macrophage polarization (112).




4.3.3 Succinate

Succinate is a pro-inflammatory metabolite that accumulates during macrophage activation. Activation of macrophages using LPS leads to the accumulation of intracellular succinate through glutamine-dependent proliferation and γ-aminobutyric acid (GABA) shunt pathways (95). Increased succinate is a critical regulator of the pro-inflammatory response to LPS, both through the generation of ROS following oxidation by the electron transport chain (ETC) and via the stabilization of HIF-1α, a key transcription factor in the expression of pro-inflammatory genes, which in turn specifically regulates the expression of IL-1β and other HIF-1α-dependent genes and causes protein succinylation, such as malate dehydrogenase, GAPDH, glutamate carrier 1, and lactate dehydrogenase (95). Increased mitochondrial oxidation of succinate through SDH and elevation of mitochondrial membrane potential combine to drive mitochondrial ROS production and induce a pro-inflammatory gene expression profile (113). Inhibition of SDH causes succinate to accumulate and prevents the induction of a range of pro-inflammatory factors typified by IL-1β while enhancing a range of anti-inflammatory factors typified by IL-1RA and IL-10 (113). Thus, SDH enhances the oxidation of succinate, is required for the induction of pro-inflammatory genes, and simultaneously limits the induction of anti-inflammatory genes. The succinate receptor SUCNR1/GPR91 is a G protein-coupled cell surface sensor for extracellular succinate. Littlewood-Evans et al. proposed a mechanism for SUCNR1-driven autocrine and paracrine enhancement of IL-1β release from activated macrophages (114, 115). Endogenous TLR ligands activate macrophages locally, resulting in enhanced glycolysis and increased intracellular succinate levels. Simultaneously, succinate is released into the extracellular milieu, where it binds to SUCNR1 and increases IL-1β production from the same or adjacent SUCNR1-expressing cells, which in turn increases SUCNR1 levels, fueling this cycle of cytokine production and perpetuating inflammation (115). Gut microbiota-derived succinate exacerbates intestinal ischemia/reperfusion-induced ALI through SUCNR1-dependent M1 polarization, and plasma succinate levels are significantly correlated with ALI (116). Succinate and its receptors play an important role in macrophage metabolism and may serve as important targets for inflammatory diseases in the future.





4.4 Glutamine metabolism

Glutamine, serving as a carbon and nitrogen source for metabolic reprogramming of M1 macrophages, can be broken down to produce glutamate and α-KG, the latter of which enters the TCA cycle to provide energy. Furthermore, glutamine metabolism represents an important metabolic module governing the alternative activation of macrophages in response to IL-4 (91). Palmieri et al. reported that inhibition of glutamine synthetase skewed M2-polarized macrophages toward the M1-like phenotype, characterized by decreased intracellular glutamine and increased succinate with enhanced glucose flux through glycolysis, showing an enhanced capacity to induce T-cell recruitment and reduced T-cell suppressive potential, which could be partly related to the activation of HIF-1α (117). Production of αKG by glutamine hydrolysis is important for the alternative activation of macrophages (56). αKG promotes M2 activation through Jmjd3-dependent metabolic and epigenetic reprogramming, and a high αKG/succinate ratio further promotes the anti-inflammatory phenotype in M2 macrophages, whereas a low ratio enhances the pro-inflammatory phenotype in M1 macrophages (56). Moreover, αKG inhibits the nuclear factor-κB (NF-κB) pathway through prolyl hydroxylase (PHD)-dependent proline hydroxylation of protein kinase IKKβ, thereby impairing the pro-inflammatory response of M1 macrophages (56). The peroxisome proliferator-activated receptor γ (PPARγ) is involved in the alternative activation of macrophages (56, 118, 119). PPARγ is required for IL-4-induced M2 macrophage respiration, and the absence of PPARγ dramatically affects glutamine oxidation (120). Unstimulated macrophages lacking PPARγ contain elevated levels of the inflammation-associated metabolite itaconate and express a pro-inflammatory transcriptome (120).




4.5 Arginine metabolism

Arginine metabolism is a complex process characterized differently in M1 and M2 macrophages. M1 macrophages express NO synthase, which metabolizes arginine to NO and citrulline, and citrulline can be reused for efficient NO synthesis via the citrulline–NO cycle (121). M2 macrophages are characterized by the expression of arginase, which hydrolyzes arginine to generate ornithine and urea, a precursor of l-proline and polyamines involved in tissue repair and wound healing (122). There are two isozymes of arginase: arginase I and arginase II. The hepatic urea cycle arginase I is expressed as a cytosolic enzyme, while human granulocyte arginase I is found in the granular compartment and arginase II is found as a mitochondrial enzyme (123). Arg1 inhibits NO-mediated inflammatory pathways by competing with iNOS for l-arginine. A recent study demonstrated that renal tubular cells apically exposed to dead cell debris induce reparative macrophage activation, expressing Arg1, which is required for the S3 tubular cell proliferative response that promotes renal repair after ischemia–reperfusion injury (124). Moreover, Zhang et al. found that polarization of M2a macrophages promotes the expression of Arg1, which restores axonal regeneration and promotes the structural and functional recovery of the contused spinal cord (125). Hardbower et al. reported that Arg2 deletion leads to enhanced M1 macrophage activation, pro-inflammatory cytokine expression, and immune cell-derived chemokine production (126). Arg2 is essential for the IL-10-mediated increase in mitochondrial oxidative metabolism and succinate dehydrogenase/complex II activity and the decrease in the inflammatory mediators succinate, HIF-1α, and IL-1β (127). Therefore, arginine metabolism plays an important role in the anti-inflammatory effects and tissue repair of macrophages.




4.6 Fatty acid metabolism

The TCA cycle of M1 macrophages is disrupted, causing the accumulation of citrate, which is exported from the mitochondria to the cytoplasm to generate acetyl-CoA via ACLY, which fuels the de-novo synthesis of cholesterol and FA (128). These steps involve ACLY, acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), desaturases, and elongation proteins. Fatty acids tightly couple glucose and lipid metabolism via the de-novo FA synthesis pathway, supporting cell adaptation to environmental changes. The FAO pathway produces acetyl-CoA, NADH, and FADH2, which are further used in the TCA cycle and ETC to generate large amounts of ATP, which is thought to promote M2 polarization. This process is coordinated by multiple enzymes such as fatty acyl CoA synthetase, carnitine palmitoyltransferase I (CPT1), and carnitine palmitoyltransferase II (CPT2).



4.6.1 Fatty acid synthesis

Fatty acid synthesis is closely related to the pro-inflammatory function of macrophages. Several studies have suggested that cellular fatty acid synthesis (e.g., synthesis of triglycerides and cholesteryl esters) is activated during inflammation (129–131). Saturated fatty acids (SFAs) can induce inflammation either extracellularly by activating TLR signaling or intracellularly via products of SFA metabolism, thereby inducing NF-κB activation and the expression of COX-2 and other inflammatory markers (132). Moon et al. demonstrated that mitochondrial uncoupling protein-2 regulates the NLRP3 inflammasome by inducing the lipid synthesis pathway during macrophage activation (133). The NLRP3 inflammasome finely regulates the activation of caspase-1 and the production and secretion of potent pro-inflammatory cytokines such as IL-1β and IL-18 (134). The fatty acid metabolism-immunity nexus (FAMIN; LACC1, C13orf31) forms a complex with FASN on peroxisomes to concomitantly drive high levels of FAO and glycolysis, controlled inflammasome activation, mitochondrial and NADPH-oxidase-dependent production of ROS, TLR-dependent signaling, cytokine secretion, and the bactericidal activity of macrophages (135). Impaired FAMIN compromises both classically activated M1 macrophages and alternatively activated M2 macrophages (135–137).




4.6.2 FAO

LPS-treated macrophages stimulated fatty acid uptake into the cell, which was accompanied by a marked increase in the expression of CD36, a protein that transports fatty acids (131). The ability of LPS-treated macrophages to oxidize fatty acids to CO2 was greatly reduced, which was associated with reduced expression of CPT1α and CPT1β proteins that promote fatty acid entry into the mitochondria for oxidation (131). Lv et al. demonstrated that didymin, a flavonoid constituent, strengthened FAO rather than glycolysis by inducing Hadhb expression, resulting in the conversion of M1-like macrophages toward M2-like macrophages and eventually alleviating colitis (138). Hohensinner et al. showed that the pharmacological inhibition of FAO in macrophages reduced NLRP3 activation, leading to reduced levels of the pro-inflammatory cytokine IL-1β in macrophages, thereby suppressing the inflammatory response (139). Namgaladze et al. showed that IL-4-induced M2 polarization of murine macrophages in response to IL-4 is associated with the increase in mitochondrial oxidative metabolism and FAO (140). However, in human macrophages, IL-4 causes only moderate changes in mitochondrial oxidative metabolism and FAO; attenuating FAO had no effect on IL-4-induced polarization-associated gene expression (140). FAO is not essential for M2 activation, and further research is needed to clarify the underlying mechanism.






5 Macrophage polarization and ALI/ARDS

Macrophages participate in the pathogenesis of ALI/ARDS, including the regulation of inflammatory responses and the repair of damaged lung tissues (12, 13). M1 macrophages are involved in the acute inflammatory response and exudative phase of ALI/ARDS by secreting various pro-inflammatory cytokines and recruiting neutrophils from the circulation into the lungs and alveoli, leading to the progression of inflammation and enhanced lung injury (4, 16). However, M2 macrophages are mainly associated with the resolution of inflammation and the recovery phase in ALI/ARDS by producing anti-inflammatory cytokines and limiting the levels of pro-inflammatory cytokines to alleviate the inflammation response and promote lung tissue repair (4, 16). Excessive M2 polarization may result in a pathological fibroproliferative response and pulmonary fibrosis (4). Macrophage polarization can be modulated by multiple factors, and immunometabolism and its metabolic intermediates are one of the most important factors. Altering the direction of macrophage polarization and limiting excessive pro-inflammatory responses by modulating immunometabolism and its metabolic intermediates may greatly affect the prognosis of ALI/ARDS.

Recent studies have shown that several compounds affect macrophage polarization by modulating immunometabolism and its metabolic intermediates. N-phenethyl-5-phenylpicolinamide (N5P) is a newly synthesized HIF-1α inhibitor. Du et al. showed that N5P effectively reduced HIF-1α, GLUT1, HK2, ASIC1a, IL-1β, and IL-6 expression levels in LPS-induced ALI, which may alleviate inflammation in ALI through the HIF-1α/glycolysis/ASIC1a signaling pathway (141). Zhong et al. demonstrated that inhibition of glycolysis by 2-DG pronouncedly attenuated lung tissue pathological injury, oxidative stress, and the expression of pro-inflammatory factors in ALI mice induced by LPS (142). Tanshinone IIA (Tan-IIA), a major constituent of Salvia miltiorrhiza Bunge, significantly decreased succinate-boosted IL-1β and IL-6 production, accompanied by upregulation of IL-1RA and IL-10 release via inhibition of SDH and reduced mitochondrial ROS production, leading to remarkably attenuated LPS-induced acute inflammatory responses (143). Dimethyl malonate (DMM), which is rapidly hydrolyzed in cells to form malonate, is a competitive inhibitor of succinate oxidation by SDH (113). Mills et al. found that inhibition of SDH with DMM was effective in an LPS-induced sepsis mouse model, where it decreased the serum levels of IL-1β and boosted IL-10, but had no significant effect on TNF-α (113). In a mouse model of LPS-induced peritonitis, Lauterbach et al. revealed decreased protein levels of IL-6 and IL-12 in the peritoneum and serum by inhibiting ACLY using BMS 303141, suggesting that ACLY inhibition was able to alter the local and systemic inflammatory profiles (144). Inhibition of SLC25a1 in activated macrophages with the inhibitor 1,2,3-benzentricarboxylic acid (BTA) or through genetic silencing reduced accumulated citrate output from the mitochondria to the cytoplasm via SLC25a1, leading to a marked reduction in ROS, NO, and prostaglandin production (98). Production of αKG by glutamine hydrolysis is important for the alternative activation of macrophages. Liu et al. found that α-KG pretreatment diminished the lung damage score, inhibited the secretion of inflammatory cytokines in sera, suppressed M1 marker gene expression (IL-1β, IL-6, and TNF-α) and enhanced M2 marker gene expression (Arg1) to attenuate LPS-induced ALI/ARDS in a mouse model (145). Furthermore, in other diseases mediated by inflammatory responses, it is also promising to reduce the severity of disease by regulating the polarization of macrophages through immunometabolism. Didymin, a flavonoid constituent, strengthens FAO rather than glycolysis, resulting in the conversion of M1- toward M2-like macrophages, but does not alter the polarization of M2-like macrophages and remarkably alleviates the clinical symptoms of acute and chronic colitis in mice (138). Targeting immunometabolism to regulate macrophage polarization for ALI/ARDS treatment has been proven effective and promising in many studies. However, the current relevant studies are insufficient, and almost all of them are cell experiments or animal experiments. Further studies are needed to elucidate the role of immunometabolism and its metabolic intermediates in macrophage polarization and ALI/ARDS, which may represent new targets and therapeutic directions.




6 Conclusion

In the pathogenesis of ALI/ARDS, M1 macrophages engage in pro-inflammatory responses, chemotaxis, radical formation, and elimination of pathogenic microorganisms, while M2 macrophages exert anti-inflammatory effects and promote tissue remodeling and lung repair. Polarized macrophages exhibit plasticity; thus, targeting macrophage polarization has potential benefits for alleviating inflammation and promoting lung repair in ALI/ARDS. Immunometabolism is a significant and complex process involving multiple metabolic pathways and metabolic intermediates, such as glycolysis, the Krebs cycle, the pentose phosphate pathway, amino acid metabolism, and fatty acid metabolism. A growing body of literature on immunometabolism has demonstrated the essential role of immunometabolism and its metabolic intermediates in macrophage polarization. Therefore, the regulation of macrophage immunometabolism to alter macrophage polarization may be a new direction for the treatment of ALI/ARDS.
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Background

The efficacy of dupilumab as biological treatment of severe asthma and chronic rhinosinusitis with nasal polyps (CRSwNP) depends on its ability to inhibit the pathophysiologic mechanisms involved in type 2 inflammation.





Objective

To assess in a large sample of subjects with severe asthma, the therapeutic impact of dupilumab in real-life, with regard to positive or negative skin prick test (SPT) and CRSwNP presence or absence.





Methods

Clinical, functional, and laboratory parameters were measured at baseline and 24 weeks after the first dupilumab administration. Moreover, a comparative evaluation was carried out in relation to the presence or absence of SPT positivity and CRSwNP.





Results

Among the 127 recruited patients with severe asthma, 90 had positive SPT, while 78 reported CRSwNP. Compared with the 6 months preceding the first dupilumab injection, asthma exacerbations decreased from 4.0 (2.0-5.0) to 0.0 (0.0-0.0) (p < 0.0001), as well as the daily prednisone intake fell from 12.50 mg (0.00-25.00) to 0.00 mg (0.00-0.00) (p < 0.0001). In the same period, asthma control test (ACT) score increased from 14 (10-18) to 22 (20-24) (p < 0.0001), and sino-nasal outcome test (SNOT-22) score dropped from 55.84 ± 20.32 to 19.76 ± 12.76 (p < 0.0001). Moreover, we observed relevant increases in forced expiratory volume in one second (FEV1) from the baseline value of 2.13 L (1.62-2.81) to 2.39 L (1.89-3.06) (p < 0.0001). Fractional exhaled nitric oxide (FeNO) values decreased from 27.0 ppb (18.0-37.5) to 13.0 ppb (5.0-20.0) (p < 0.0001). These improvements were quite similar in subgroups of patients characterized by SPT negativity or positivity, and CRSwNP absence or presence. No statistically significant correlations were detected between serum IgE levels, baseline blood eosinophils or FeNO levels and dupilumab-induced changes, with the exception of FEV1 increase, which was shown to be positively correlated with FeNO values (r = 0.3147; p < 0.01).





Conclusion

Our results consolidate the strategic position of dupilumab in its role as an excellent therapeutic option currently available within the context of modern biological treatments of severe asthma and CRSwNP, frequently driven by type 2 airway inflammation.





Keywords: severe asthma, nasal polyps, interleukin 4, interleukin 13, dupilumab, clinical remission





Introduction

Dupilumab is a completely human monoclonal antibody, belonging to the IgG4 immunoglobulin class, whose mechanism of action consists of the dual antagonism of the interleukin 4 (IL-4) and 13 (IL-13) receptors (1). In addition to the treatment of severe asthma and atopic dermatitis, dupilumab is also indicated for the biological therapy of nasal polyposis, which is a frequent comorbidity of severe asthma (2).

IL-4 and IL-13 play critical roles in the pathogenesis of severe type 2 asthma (3). In particular, IL-4 is crucial in the development and maintenance of the acquired immune response mediated by T helper 2 (Th2) lymphocytes. At the level of B lymphocytes of allergic patients, IL-4 and IL-13 induce the so-called isotypic switch, responsible for the synthesis of immunoglobulins E (IgE), which degranulate mast cells and basophils, facilitate the presentation of allergens by dendritic cells to T lymphocytes, and inhibit eosinophil apoptosis (4). IL-4 and IL-13 promote the trafficking of eosinophils to inflammatory sites and impair the integrity of the airway epithelial barrier. Furthermore, IL-13 stimulates mucus secretion and goblet cell hyperplasia, and also up-regulates the expression of the inducible form of the enzyme nitric oxide (NO) synthase (iNOS), which increases NO production within the airways (5, 6). Chronic rhinosinusitis with nasal polyps (CRSwNP) is a frequent comorbidity of severe asthma, and type 2 inflammation very often contributes significantly to the pathogenesis of nasal polyposis. Indeed, at the level of upper airways IL-4 and IL-13 play a key role in both inflammatory and structural changes (tissue remodelling) that underlie the formation of nasal polyps (7).

The efficacy of dupilumab as biological treatment of severe asthma and nasal polyposis depends on its remarkable ability to inhibit the pathophysiologic mechanisms involved in type 2 inflammation. In fact, dupilumab is an efficient dual antagonist of both IL-4 and IL-13 receptors 13 (3). Specifically, dupilumab binds with high affinity to the IL-4 receptor α subunit (IL-4Rα). This receptor subunit is a key component of the type I receptor, consisting of the IL-4Rα/γC dimer, which is activated by IL-4 (8). The type II receptor is instead constituted by the IL-4Rα subunit and the α1 chain of the IL-13 receptor (IL-4Rα/IL-13Rα1 dimer), and can therefore be stimulated by IL-4 and IL-13. The type I receptor is predominantly expressed by immune-inflammatory cells such as T and B lymphocytes, dendritic cells, monocytes/macrophages, mast cells, basophils and eosinophils. The type II receptor is also present on airway structural cells such as goblet cells, fibroblasts and smooth muscle cells (9). Upon pharmacological blockade of both type I and type II receptors, dupilumab neutralizes the biological effects of IL-4 and IL-13.

Due to this powerful mechanism of action, within the context of add-on biological treatment of severe asthma and nasal polyposis dupilumab exerts remarkable therapeutic effects, well documented by several randomized controlled trials (RCTs) (10). In particular, the “LIBERTY ASTHMA QUEST” study demonstrated that dupilumab was capable of significantly reducing the annual rate of severe asthma exacerbations and improving lung function (11). Furthermore, the “LIBERTY ASTHMA VENTURE” trial highlighted the ability of dupilumab to significantly decrease the consumption of oral corticosteroids (OCS) (12). These results were recently confirmed by the open-label extension study LIBERTY ASTHMA TRAVERSE, which further monitored for additional 96 weeks many patients previously enrolled in the LIBERTY ASTHMA QUEST and LIBERTY ASTHMA VENTURE (13). As regards the adjunctive biological therapy of nasal polyposis, the studies “LIBERTY NP SINUS-24” and “LIBERTY NP SINUS-52” documented the efficacy of dupilumab by evaluating the improvement of many relevant parameters (14).

However, only a few real-world studies referring to a quite low number of patients have been published so far (15–19). Hence, the aim of our present real-life observational investigation was to evaluate, in a larger sample of subjects with severe asthma, also including many patients with nasal polyposis, the therapeutic impact of dupilumab on upper and lower airway symptoms, severe asthma exacerbations, OCS intake and lung function, as well as on the overall clinical expression of nasal polyposis.





Patients and methods




Study design and patient enrollment

In the present retrospective multicenter observational study, we recruited adult outpatients (>18 years) with severe type 2 asthma treated with dupilumab. Subjects were enrolled at the following asthma centers: Respiratory Medicine Section, University “Aldo Moro”, Bari, Italy; Allergy and Respiratory Medicine, University of Catania, Italy; Respiratory Disease Unit, University “Magna Graecia” of Catanzaro, Italy; Allergology and Clinical Immunology Unit, University of Foggia, Italy; Respiratory Disease Unit, University of Foggia, Italy; Allergy and Clinical Immunology Unit, University of Messina; Pulmonology Unit, “Monaldi” University Hospital, Naples, Italy; Pulmonology Unit, University of Palermo, Italy; Allergology and Pulmonology Unit, Provincial Outpatient Center of Palermo, Italy; Respiratory Disease Unit, University of Salerno, Italy; Division of Allergy and Clinical Immunology, University of Salerno.

Patients reported persistent asthmatic symptoms and required high doses of the inhaled therapeutic combinations ICS (inhaled corticosteroids)/LABA (long-acting β2-adrenergic agonists), associated with a LAMA (long-acting muscarinic receptor antagonist). Enrollment took place consecutively, and the only inclusion criteria were those needed for prescription of dupilumab. All recruited patients met the European Respiratory Society (ERS)/American Thoracic Society (ATS) criteria defining severe uncontrolled asthma (20). Blood counts of eosinophils, basophils and neutrophils were obtained using automated hematology analyzers (21, 22). At baseline, all participants had an eosinophilic blood count of at least 150 cells/μL and/or fractional exhaled nitric oxide (FeNO) levels greater than 25 parts per billion (ppb), and/or they were treated with lifelong or near-continuous OCS therapies.

The aforementioned centers participating in the study used a shared database to acquire clinical, functional and biological data. Smoking habit and comorbidities such as gastroesophageal reflux disease (GERD), nasal polyposis, bronchiectasis, osteoporosis, anxiety, atopic dermatitis and obstructive sleep apnea syndrome (OSAS) were evaluated. Symptom control was assessed by administering to all recruited patients the asthma control test (ACT). The latter includes 5 key questions referring to the frequency of asthma symptoms and to the need of inhaled rescue medication during the previous 4 weeks (23). Each question scores from 1 to 5; therefore, ACT score ranges from 5 (worse control) to 25 points (complete control). Spirometry was performed following ATS/ERS guidelines (24). FeNO levels were measured in accordance with ATS/ERS recommendations (25, 26). Treatment with dupilumab was prescribed according to current eligibility guidelines, and the drug was administered subcutaneously using an initial dose of 600 mg (two 300 mg injections at different skin sites), followed by a maintenance dose of 300 mg every 2 weeks (27, 28).

This observational study met the standards of Good Clinical Practice (GCP) and the principles of the Declaration of Helsinki. All recruited patients signed a written informed consent. Our study was also conducted in accordance with the provisions of the local Ethics Committee of Calabria Region, Italy (Catanzaro, Italy; document n. 182 – 20 May 2021).





Outcomes and measurements

The main purpose of this real-life study was to evaluate the efficacy of dupilumab in daily clinical practice. The number of asthma exacerbations, emergency department visits and daily inhalations of short-acting β2-adrenergic agonists (SABA), as well as prednisone intake, ACT score, sino-nasal outcome test questionnaire (SNOT-22), the number of relapses of nasal polyposis, forced expiratory volume in one second (FEV1), forced vital capacity (FVC), mean forced expiratory flow between 25% and 75% of FVC (FEF25-75), FeNO levels, as well as blood eosinophil, basophil, and neutrophil counts were assessed at baseline and 24 weeks after the first dupilumab administration.

A secondary objective was to retrospectively verify the therapeutic responses of our patients to dupilumab, in relation to SPT positivity or negativity, as well as with regard to the presence or absence of CRSwNP. The diagnosis of CRSwNP was formulated on the basis of symptoms, nasal endoscopy and computed tomography (CT) (29, 30). Skin prick test (SPT) was performed by placing a drop of each allergen on the forearm evidenced with a skin marker, and each drop was pricked by a sterile lancet; skin sensitivity was determined by comparing any wheal with that one caused by histamine (31).

Furthermore, after 6 months of adjunctive therapy with dupilumab we analyzed the possible correlations existing between the baseline concentrations of serum IgE, FeNO and blood eosinophils, and the observed changes regarding asthma exacerbations, daily consumption of prednisone and SABA, ACT score, SNOT-22 score, FEV1, FVC, and FEF25-75 values.

In addition, the occurrence of unwanted side effects was investigated on the basis of available information stored in clinical records.





Statistical analysis

All data are expressed as mean ± standard deviation (SD) if normally distributed, otherwise as median values ​​with the interquartile range (IQR). The normality of data distribution was checked using Anderson-Darling and Kolmogorov-Smirnov tests. Paired t-test and Mann-Whitney’s U-test for paired data were used to compare variables when appropriate. The latter statistical test was also used for the secondary objective of the study, i.e. the comparative evaluation of dupilumab efficacy in patients with positive or negative SPT, and with regard to the presence or absence of CRSwNP. Fisher’s test was applied to compare categorical variables. The association between baseline concentrations of type 2 inflammation biomarkers (serum IgE, blood eosinophils, and FeNO) and changes in clinical and functional parameters was assessed using linear regression analysis. In particular, the correlation index R for Spearman’s ranks was evaluated. A p-value less than 0.05 (two-tailed) was considered as statistically significant. Statistical analyses and figures were performed using Prism Version 9.4.0 software (GraphPad Software Inc., San Diego, California, USA).






Results




Efficacy of dupilumab in the whole population

A total of 127 participants were recruited, including 63 (49.6%) women and 64 (50.4%) men, with a median age of 56.0 years (45.0-64.0), and a median body mass index (BMI) value of 26.0 Kg/m2 (23.0-30.0). Mean baseline FEV1 was 76.56 ± 20.03% of predicted value. Among the enrolled patients, 90 (70.9%) had positive SPT for perennial and/or seasonal allergens, while 78 (61.4%) reported CRSwNP. Baseline patient characteristics are summarized in Table 1.


Table 1 | Baseline patient characteristics, stratified according SPT negativity or positivity and CRSwNP absence or presence.



Compared with the 6-month pre-treatment period (before the first injection of dupilumab), the median number of asthma exacerbations dramatically decreased from 4.0 (2.0-5.0) to 0.0 (0.0-0.0) (p < 0.0001) after 6 months of anti-IL4R/IL-13R therapy (Figure 1A). Furthermore, in the same period the mean number of emergency department (ED) visits (0.40 ± 0.75 vs. 0.0 ± 0.0; p < 0.0001) (Figure 1B) and daily SABA inhalations (1.67 ± 1.59 vs. 0.09 ± 0.39; p < 0.0001) also significantly fell down (Figure 1C). These therapeutic effects allowed a reduction of the daily prednisone intake from 12.50 mg (0.00-25.00) to 0.00 mg (0.00-0.00) (p < 0.0001) (Figure 1D). In addition, the percentage of patients taking daily OCS decreased from 66.9% (before starting dupilumab treatment) to 5.5% after six months of therapy. After 24 weeks of treatment with dupilumab, ACT score increased significantly from a baseline value of 14 (10-18) to 22 (20-24) (p < 0.0001) (Figure 1E), and SNOT-22 score dropped from 55.84 ± 20.32 to 19.76 ± 12.76 (p < 0.0001) (Figure 1F) in subjects also suffering from nasal polyposis. Furthermore, in this subset of patients the number of recurrences of nasal polyposis decreased from 2 (1-2.5) to 0 (0-0) (p < 0.0001) after initiation of dupilumab therapy (Figure 1G). In addition to the above clinical results, we also observed a significant improvement in respiratory function, documented by increases in FEV1 from the baseline value of 2.13 L (1.62-2.81) to 2.39 L (1.89-3.06) (p < 0.0001) (Figure 1H), in FVC from 3.16 L (2.43-3.84) to 3.36 L (2.68-3.92) (p < 0.0001) (Figure 1I), and in FEF25-75 from 46.50% (30.75-69.00) to 63.50% (44.75-81.25) (p < 0.0001) of predicted values ​​(Figure 1J). Furthermore, serum IgE levels lowered from 238.0 IU/mL (81.0-499.0) to 160.0 IU/mL (49.0-450.0) (p < 0.0001) (Figure 1K). In the same observation period FeNO values ​​decreased from 27.0 ppb (18.0-37.5) to 13.0 ppb (5.0-20.0) (p < 0.0001) (Figure 1L). Regarding the possible hematological effects of dupilumab, after six months of additional treatment, the blood eosinophil count did not undergo substantial variations, thus changing from 400.0 cells/µL (222.5-677.5) to 395.0 cells/µL (181.5-565.0) (p = 0.427) (Figure 1M). Similarly, blood basophil and neutrophil values ​​did not change significantly, going from 40.0 cells/µL (30.0-60.0) to 37.5 cells/µL (20.0-60.0) (p = 0.068) (Figure 1N), and from 4705.0 cells/µL (3635.0-5423.0) to 4500.0 cells/µL (4000.0-5250.0) (p = 0.396) (Figure 1O), respectively.




Figure 1 | Efficacy of dupilumab in the whole population of patients with severe asthma, with regard to asthma exacerbations (A), ED visits (B), daily SABA inhalations (C), prednisone intake (D), ACT score (E), SNOT-22 (F), nasal polyp recurrence (G), FEV1 (H), FVC (I), FEF25-75 (J), IgE (K), FeNO (L), blood eosinophils (M), blood basophils (N), and blood neutrophils (O). Values of ED visits, daily SABA inhalations and SNOT-22 are expressed as mean (± SD). All other parameters are expressed as median values (IQR). **** p < 0.0001; ns, not significant.



Moreover, after a six-month treatment with dupilumab, when considering the key variables of clinical remission that include evaluation of asthma symptoms (ACT score ≥20), optimization of lung function (FEV1 ≥80% of predicted value), zeroing of exacerbations and OCS (zero exacerbations and zero OCS use) (32, 33), 47.24% of enrolled patients satisfied these criteria.





Efficacy of dupilumab in different type 2 asthma phenotypes

Improvements in clinical, functional, and hematological parameters after six months of dupilumab treatment were quite similar in subgroups of patients characterized by SPT negativity or positivity, respectively. Specifically, the decrease in the number of asthma exacerbations was -3.00 (from -4.00 to -0.50) in patients with negative SPT and -4.00 (from -5.00 to -2.00) in subjects with positive SPT, respectively (p = 0.158) (Figure 2A). The daily dose of prednisone decreased by -5.00 mg (from -12.50 to 0.00) in patients with negative SPT and -12.5 mg (from -25.00 to 0.00) in subjects with positive SPT, respectively (p = 0.136) (Figure 2B). The median changes in ACT score were 7 points (5-10) and 7 points (4-12) in patients with negative and positive SPT, respectively (p = 0.690) (Figure 2C). The mean increase in FEV1 was 0.20 L (0.00-0.48) in patients with negative SPT and 0.20 L (0.01-0.62) in subjects with positive SPT; this difference was not statistically significant (p = 0.409) (Figure 2D). Six months after the first dupilumab injection, the increase in FEF25-75 was 12.00% (3.75-19.50) in patients with negative SPT and 11.00% (0.00-29.00) in subjects with positive SPT, respectively (p = 0.827) (Figure 2E). Furthermore, the reduction of FeNO levels ​​was -8.00 ppb (from -16.17 to -1.75) in patients with negative SPT and -19.00 ppb (from -29.25 to -9.00) in subjects with positive SPT, but in this case the difference overcame the threshold of statistical significance (p < 0.01) (Figure 2F).




Figure 2 | Comparative evaluation of dupilumab effects in relation to SPT negativity or positivity, with regard to asthma exacerbations (A), prednisone intake (B), ACT score (C), FEV1 (D), FEF25-75 (E), and FeNO levels (F). Boxes display median values and IQR, and whiskers define maximum and minimum. ns, not significant; ** p < 0.01.



No statistically significant correlations were detected between either serum IgE levels or baseline blood eosinophils, and dupilumab-induced changes in the following parameters: reduction in asthma exacerbations (Figures 3A, 4A), decrease in daily prednisone dose (Figures 3B, 4B), increases in ACT score (Figures 3C, 4C), FEV1 (Figures 3D, 4D), FVC (Figures 3E, 4E), and FEF25-75 (Figures 3F, 4F).




Figure 3 | Correlations between serum IgE concentrations and 6-month changes induced by dupilumab, with regard to asthma exacerbations (A), prednisone intake (B), ACT score (C), FEV1 (D), FVC (E), and FEF25-75 (F).






Figure 4 | Correlations between blood eosinophils and 6-month changes induced by dupilumab, with regard to asthma exacerbations (A), prednisone intake (B), ACT score (C), FEV1 (D), FVC (E), and FEF25-75 (F).



In addition, when considering the above parameters, no correlations were also found between baseline FeNO levels and dupilumab-induced changes (Figures 5A–C, E, F), with the exception of FEV1 increases, which were shown to be positively correlated with FeNO values (r = 0.3147; p < 0.01) (Figure 5D).




Figure 5 | Correlations between FeNO levels and 6-month changes induced by dupilumab, with regard to asthma exacerbations (A), prednisone intake (B), ACT score (C), FEV1 (D), FVC (E), and FEF25-75 (F).







Efficacy of dupilumab in patients with or without CRSwNP

The improvements in clinical and functional parameters observed after six months of treatment with dupilumab were quite similar in the subgroups of patients characterized by the absence or presence of CRSwNP, respectively. In particular, the decrease in the number of asthma exacerbations was -3.00 (-5.00 to -1.50) in patients without CRSwNP and -4.00 (-5.00 to -2.00) in subjects with CRSwNP, respectively (p = 0.413) (Figure 6A). The daily dose of prednisone decreased by -5.00 mg (from -12.50 to 0.00) in patients without CRSwNP and -12.5 mg (from -25.00 to 0.00) in subjects with CRSwNP, respectively (p < 0.05) (Figure 6B). The increase in ACT score was 7 points (4-10) and 7 points (4-11) in patients without or with CRSwNP, respectively (p = 0.422) (Figure 6C). The mean increase in FEV1 was 0.15 L (-0.01-0.49) in patients without CRSwNP, and 0.24 L (0.01-0.69) in subjects with CRSwNP; this difference was not statistically significant (p = 0.138) (Figure 6D). Six months after the first dupilumab injection, the increase in FEF25-75 was 11.00% (2.00-21.00) in patients without CRSwNP and 12.00% (1.25-29.75) in subjects with CRSwNP, respectively (p = 0.479) (Figure 6E). Furthermore, the reduction in FeNO levels was -10.51 ppb (-23.50 to -1.00) in patients without CRSwNP and -17.00 ppb (-28.00 to -7.50) in subjects with CRSwNP, respectively, but in this case the difference reached the threshold of statistical significance (p < 0.05) (Figure 6F).




Figure 6 | Comparative evaluation of dupilumab effects in relation to CRSwNP absence or presence, with regard to asthma exacerbations (A), prednisone intake (B), ACT score (C), FEV1 (D), FEF25-75 (E), and FeNO levels (F). Boxes display median values and IQR, and whiskers define maximum and minimum. ns, not significant; * p < 0.05.







Safety and tolerability profile of dupilumab

Add-on biological treatment with dupilumab was well tolerated, and no serious adverse reactions were observed during this real-world investigation. With regard to mild and transient side effects, increases in blood eosinophil counts with no symptoms were found in 5 (3.94%) subjects, 4 (3.15%) cases of conjunctivitis were reported, 2 (1.57%) injection site reactions were detected, and 1 (0.79%) patient experienced headache. All these mild side effects remitted spontaneously and did not require any specific treatment.






Discussion

Taken together, the results of the present multicenter real-life study, performed in patients with severe asthma and frequent nasal polyposis, show that dupilumab induced relevant therapeutic effects. Firstly, six months of treatment with this biologic drug cleared asthma exacerbations. This made it possible to effectively prevent any access to the emergency room, the use of short-acting bronchodilators as needed, and the intake of OCS. The latter aspect is of considerable importance as it further exceeds the efficacy data reported by the Liberty Asthma VENTURE trial (12). Indeed, VENTURE authors reported that 52.4% of patients interrupted OCS after 24 weeks of treatment with dupilumab, whereas after the same period of time OCS withdrawal was achieved by 92.9% of our steroid-dependent patients. The relevance of zeroing the use of OCS is closely related to the possibility of abrogating the well-known side effects of oral corticosteroid therapy, including adrenal insufficiency, respiratory infections, diabetes mellitus, arterial hypertension, osteoporosis, glaucoma and cataract (34, 35).

When compared to QUEST (Q) and VENTURE (V) trials, other important differences with our real-life study regard the baseline characteristics of recruited patients. In particular, we enrolled a population of asthmatic subjects with a greater percentage of male patients (50.4% vs. Q 37.8% and V 39.8%, respectively), a higher number of asthma exacerbations (4.00 vs. Q 2.02 and V 2.01, respectively), a greater blood eosinophil count (400.0 cells/µL vs. Q 250 cells/µL and V 280 cells/µL, respectively), and especially a much higher percentage of patients presented with CRSwNP (61.4% vs. Q 22.9% and V 32.0%, respectively).

Dupilumab significantly reduced asthma symptoms, as demonstrated by the significant increase in ACT score, which after 24 weeks of biological therapy reached and exceeded the threshold of 20, which expresses a satisfactory control of asthma symptoms, despite the baseline pre-treatment score stood at a rather low value of 14. This result confirms, in a real-life context, the data reported by the Liberty Asthma QUEST trial, in which the ACQ (Asthma Control Questionnaire) was utilized. However, compared to the ACQ test, the ACT questionnaire administered by us seems to be more appropriate to respond to the needs of practicality and easiness of completion wished by patients who refer to our severe asthma assessment centers. In fact, ACT is clearly preferred to ACQ in the few real-life studies that have recently evaluated the efficacy of dupilumab in the biological therapy of severe asthma (15–19).

In patients with both asthma and nasal polyposis, dupilumab elicited a significant improvement in the score of SNOT-22 questionnaire. In such a group of subjects, this result was associated with a complete prevention of the relapses of nasal polyposis. These findings corroborate in a real-life setting the efficacy of dupilumab in the treatment of CRSwNP, previously demonstrated by the Liberty NP trials SINUS-24 and SINUS-52 (14).

In addition to the clinical effects, the results of our study regarding the respiratory function are also of marked relevance. Indeed, after 6 months of therapy dupilumab significantly increased FEV1, and also incremented FVC and FEF25-75. These findings indicate that dupilumab can improve lung function by increasing airway patency from the central proximal sector to the distal periphery of the respiratory tree. The clinical and functional results of the present observational study strongly suggest that clinical remission was achieved by a relevant number of our patients. Although this very important therapeutic target should be evaluated after 12 months of continuous treatment, already after 6 months we noticed that 47.24% of our patients reached the criteria of clinical remission, including significant improvements in asthma exacerbations, OCS intake, symptom control and lung function (32, 33). Such a real-life observation further confirms that dupilumab is characterized by a very fast onset of its therapeutic action, as already shown by previous data referring to the short-term clinical, functional and biological effects of this monoclonal antibody (18, 36). However, a few weeks of observation do not allow to assess the effects of dupilumab on severe asthma exacerbations. Thus, we decided to prolong up to 6 months the last time point for evaluation of dupilumab efficacy. Indeed, this approach made it possible to appreciate the impressive reduction of asthma exacerbations induced by dupilumab.

With regard to the biomarkers of type 2 inflammation, dupilumab dramatically reduced the concentration of FeNO. This outcome is closely linked to the ability of dupilumab to antagonize at the receptor level the biological activities of IL-4 and IL-13, the latter being responsible for the induction of iNOS expression in the bronchial epithelium (37, 38). Indeed, it is reasonable that inhibition of iNOS-dependent FeNO production, induced by dupilumab in airway epithelial cells, leads to relevant decrements of FeNO levels. FeNO is a reliable indicator of type 2 inflammation, and FeNO levels correlate with asthma severity, deterioration of respiratory function, and risk of asthma exacerbations (39). Furthermore, FeNO represents a valuable aid in guiding the choice and monitoring of biological treatments for severe asthma, within the context of a personalized therapeutic approach, based on the treatable traits pertinent to specific inflammatory pheno-endotypes (40).

Hence, the efficacy of dupilumab in inhibiting the pathobiologic mechanisms underlying type 2 inflammation, strongly dependent on IL-4 and IL-13 actions, explains the extension of the therapeutic effects of this monoclonal antibody to both asthma and nasal polyposis in our patients. In fact, asthma and CRSwNP share common cellular and molecular pathogenic substrates (41), which outline a very good responsiveness to dupilumab. In our observational investigation, the add-on biological therapy with dupilumab provided similar patterns of efficacy in allergic and non-allergic patients, suffering from severe asthma and possibly also from nasal polyposis. Indeed, dupilumab induced overlapping clinical and functional effects in subjects characterized by positive or negative skin prick tests. This is probably due to the specific properties of the mechanism of action of dupilumab, which by blocking IL-4 and IL-13 receptors effectively intercepts the pathogenic pathways responsible for type 2 inflammation sustained by either allergic or non-allergic traits. In particular, by neutralizing the biological activities of IL-4 and IL-13, dupilumab inhibits the functions of the main cells producing these cytokines, including Th2 lymphocytes and type 2 innate lymphoid cells (ILC2) (42). In this way dupilumab interrupts the close interactions between innate immunity and acquired adaptive immunity, mediated by the intercellular crosstalk between ILC2 and Th2 cells, which underlies the development and progression of type 2 inflammation characterizing many cases of severe asthma and nasal polyposis, driven by either allergic or non-allergic events (41, 43, 44).

Another interesting aspect of our real-life study concerns the finding of a greater decrease in FeNO values ​​detected in allergic patients, compared to non-allergic ones. This result suggests that patients characterized by a higher expression of multiple endotypic traits referable to type 2 inflammation, respond to dupilumab treatment by experiencing a greater decrement in FeNO levels. On the other hand, IL-4 and IL-13 are intensely involved in the cellular pathophysiology of type 2 inflammation, which could imply an enhanced predisposition of allergic patients to dupilumab-induced FeNO reduction. Furthermore, we did not detect significant correlations between serum IgE levels and the clinical and functional effects of dupilumab, whose therapeutic activity does not appear to be affected by the presence or absence of an atopic state. In our case series, the clinical and functional effects of dupilumab also occurred without substantial differences among severe asthmatic patients who presented or did not manifest the comorbidity of nasal polyposis. However, compared to patients without nasal polyps, we observed a greater reduction in FeNO values ​​in subjects with severe asthma and concomitant nasal polyposis. This suggests that patients characterized by type 2 inflammation involving both upper and lower airways are more susceptible to the therapeutic action of dupilumab. Therefore, it is plausible to speculate that the coexistence of severe asthma and nasal polyposis could be associated with a higher expression of IL-4 and IL-13 in the airways of patients reporting both these diseases, who would therefore respond to dupilumab with a more relevant decrease in FeNO levels. Finally, our real-life evaluation shows an excellent tolerability and safety profile of dupilumab, which did not induce significant adverse events. Differently from what occurred in some individuals recruited in the Liberty Asthma QUEST and Liberty Asthma VENTURE trials, though not confirmed by the open label extension TRAVERSE study, no increases in blood levels of eosinophils were found in our patients. Based on the specific mechanism of action of dupilumab, it is thus possible to explain the lack of effects of this drug on the number of blood eosinophils, as we report. In fact, dupilumab acts as a highly efficient dual receptor antagonist of IL-4 and IL-13, but does not interfere with the biological activity of IL-5, which is the main cytokine responsible for the maturation, activation, proliferation and survival of eosinophils (45).

In conclusion, the present observational study confirms and expands, in the real-life of pulmonary clinical practice, the data reported by randomized controlled trials investigating the efficacy of dupilumab in the treatment of severe asthma. In particular, we herein show that after 6 months of treatment this biological therapy had a very positive impact on asthma exacerbations, OCS consumption, symptom control in both asthma and nasal polyposis, respiratory function and FeNO levels. Such findings have been recently extended up to one year by the results of other real-world clinical investigations (46–48). In addition, we also detected these therapeutic benefits in both allergic and non-allergic patients, as well as in asthmatics with or without nasal polyposis. Therefore, our results further consolidate the strategic position of dupilumab in its role as an excellent therapeutic option currently available within the context of modern biological treatments of severe asthma and CRSwNP, frequently driven by type 2 airway inflammation.
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Background

Despite an increasing understanding of chronic obstructive pulmonary disease (COPD) pathogenesis, the mechanisms of diverse cell populations in the human lung remain unknown. Using single-cell RNA sequencing (scRNA-Seq), we can reveal changes within individual cell populations in COPD that are important for disease pathogenesis and characteristics. 



Methods

We performed scRNA-Seq on lung tissue obtained from donors with non-COPD and mild-to-moderate COPD to identify disease-related genes within different cell types. We testified the findings using qRT−PCR, immunohistochemistry, immunofluorescence and Western blotting from 25 additional subjects and RAW 264.7 macrophages. Targeting ferroptosis with the ferroptosis inhibitor ferrostatin-1, iron chelator deferoxamine or HO-1 inhibitor zinc protoporphyrin was administered in the experimental cigarette smoke COPD mouse model.



Results

We identified two populations of alveolar macrophages (AMs) in the human lung that were dysregulated in COPD patients. We discovered that M2-like AMs modulate susceptibility to ferroptosis by disrupting lipid and iron homeostasis both in vivo and in vitro. The discrepancy in sensitivity to ferroptosis can be determined and regulated by HO-1. In contrast, M1-like AMs showed the ability to attenuate oxidative stress and exert resistance to ferroptosis. In addition, the expression of genes within M2-like AMs is also involved in defects in phagocytosis and lysosome distortion. This ferroptotic phenotype was ameliorated by antiferroptotic compounds, iron chelators and HO-1 inhibitors. During COPD, the accumulation of lipid peroxidation drives ferroptosis-sensitive M2-like AMs, while M1-like AMs show characteristics of ferroptosis resistance. Ferroptotic M2 AMs lose their anti-inflammatory and repair functions but provoke inflammatory responses, resulting in consistent inflammation and tissue damage in the presence of M1 AMs in COPD. 



Conclusion

Appropriate interventions in ferroptosis can reduce the occurrence of infections and acute onset, and delay the COPD process.
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Introduction

Iron-dependent cell death known as ferroptosis was initially detected in cancer cells in 2012 by Dixon et al. (1). In the absence of apoptotic hallmarks, this mode of cell death induced by erastin and RSL3 was found to be nonapoptotic and termed. It is characterized by (phospho)lipid peroxidation caused by reactive oxygen species (ROS) during iron-mediated Fenton reactions. Ferroptosis is regulated by glutathione peroxidase 4 (GPX4) by directly converting lipid hydroperoxides (L‐OOH) to nontoxic lipid alcohols (L‐OH) (2). Aberrant regulation of ferroptosis has been implicated in disease pathogenesis and development in the kidney (3), brain (4, 5), liver (6) and lung (7). Recently, protection by ferroptosis inhibitors such as ferrostatin-1 (fer-1) and liproxstatin-1 was also proposed for use in neurodegenerative disease (8–10).

Chronic obstructive pulmonary disease (COPD) is currently the fourth leading cause of morbidity and mortality in the world and is predicted to be the third leading cause of death. It is characterized by chronic airway inflammation, lung destruction and remodeling, resulting in irreversible airflow obstruction (11). Cigarette smoke (CS) exposure is the main risk factor for COPD due to its high concentration of ROS. The consequent cellular oxidative stress provokes inflammation, cell senescence and death. However, although cigarette and other tobacco smoking is the leading environmental risk factor, less than 50% of heavy smokers develop COPD during their lifetime (12, 13). Early studies have demonstrated that accumulated iron and ferritin and increased serum ferritin and nonheme iron were observed in lung epithelial cells and alveolar macrophages during exposure to CS. Recently, a report demonstrated CS-induced ferroptosis in human lung epithelial cells in vitro and in vivo (14). The experiments revealed the phenomenon of an inverse relationship between ferritin and nuclear receptor coactivator 4 (NCOA4), as well as the negative regulation of GPX4 in epithelial cells. However, the contribution of ferroptosis in other cell types remains unknown. Notably, alveolar macrophages (AMs), which act as innate immune modulators, display a crucial switch in inflammation, cell death and aging, tissue proliferation and repair in COPD pathogenesis. For instance, triggered macrophages amplify the inflammatory process by secreting cytokines and mediators and cause tissue damage by generating and releasing ROS (15, 16). One of the most striking features of AMs in COPD patients is the complexity of the polarization and coexpression of M1 (activated state) and M2 (alternatively activated state) markers (17, 18). In the aspect of functionality, AMs from patients with COPD showed disability in clearing apoptotic cells or bacteria (19, 20), but the nature of this defect in phagocytosis is currently not fully understood. While CS-induced inflammation initiated by the accumulation of lipids in AMs after pulmonary damage has been previously reported (21), a system-wide approach to evaluate AMs in COPD remains to be performed.

The heme oxygenase 1 (HO-1) protein, which is encoded by the Hmox-1 gene, is known to be an inducible cytoprotective enzyme that copes with oxidative stress. HO-1 catalyzes the first and rate-limiting step in the oxidative degradation of heme to generate biliverdin IXα, carbon monoxide (CO), and ferrous iron (22). Numerous studies have demonstrated that HO-1 and its reaction products can display antioxidant, antiapoptotic, and immunomodulatory effects (23–25). The protective role of HO-1 and CO on inflammation occurs in diseases such as neurodegenerative diseases (26, 27), high-fat induced liver injury and ethanol-induced liver (28, 29), obesity and cardiovascular disease (30), and endothelial injury (31, 32). Deficiency of Bach1, a repressor of Hmox-1, protected mice from hyperoxic lung injury (33, 34). Studies have reported that the expression of HO-1 is induced in mild COPD compared to smokers without COPD and explained by its potential protective role against ROS-mediated cell senescence and mitochondrial dysfunction. However, this hypothesis has been challenged and not clearly demonstrated. Researchers recently found that HO-1 acts as a critical mediator in ferroptosis induction and plays a causative role in the progression of several diseases; for example, in renal epithelial cells and proximal tubule cells, HO-1 downregulation was associated with ferroptosis, while HO-1 overexpression inhibited ferroptosis (35). On the other hand, overactivation of HO-1 may become detrimental and cytotoxic due to increased intracellular iron, which also induces ferroptosis. The two-sided effect implicates HO-1 in conferring protection or enhancing vulnerability. The complex role of HO-1 in ferroptosis is controversial due to its antiferroptotic or ferroptotic effects in vitro and in vivo.

In recent years, investigators have used single-cell RNA sequencing technology (scRNA-Seq) to develop an organ-based transcriptomic map of the human body linked to cell populations. The advent of scRNA-Seq allows for the identification of novel and rare cell populations (36, 37) and provides the opportunity to assess the heterogeneity of gene expression in individual cell populations during health and disease (38). Here, in the present study, we report the extensive profiling of whole cells in the lungs by scRNA-Seq of 34572 cells in smokers without COPD and mild-to-moderate COPD patients. We observed a variety of cell types and discovered discrepancies in lipid accumulation and loss of iron homeostasis, leading to peroxidation and ferroptosis in AMs in patients with COPD. We also revealed defects in phagocytosis and lysosome distortion in these cells by analysis of genetic interactions. Our findings reveal an important role of alveolar macrophages in COPD and may guide the design of new strategies for clinical therapeutics aimed at restoring homeostasis.



Materials and methods




Human lung tissue collection

Lung resection specimens were obtained from patients who underwent surgery for solitary pulmonary tumors in West China Hospital. Lung tissue was collected at the maximum distance of the tumor. COPD was diagnosed according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines before surgery. The patients were divided into three subgroups: 1. Smokers without COPD (n=4), 2. Mild COPD patients (GOLD stage I) (n=4), and 3. Moderate COPD patients (GOLD stage II) (n=4). Clinical information on the patients is shown in Table S1. All subjects were enrolled with informed consent from West China Hospital of Sichuan University, China. All patients received surgical treatment, and none of them underwent neoadjuvant therapy before surgery. Cancer clinical stage was matched according to the 8th edition of the American Joint Committee on Cancer (AJCC) TNM staging system. This study was approved by the Ethics Committee of West China Hospital, Sichuan University (project identification code: 2018.270).




Lung tissue dissociation and single-cell sorting

Lung tissue was transported in Hank’s balanced salt solution (HBSS, Life Technologies) on ice immediately after surgery. Half of the tissue was embedded, and the rest was cut into 1-mm3 pieces and digested with collagenase I (2 mg/mL) and IV; (1 mg/mL) in a 15 mL conical tube (BD Falcon) at 37°C for 30 min on a tube revolver (Thermo) with frequent agitation. All samples were then filtered through 70 μm and 40 μm nylon mesh filters (BD Biosciences) and centrifuged at 4°C at 400 x g for 5 min. The cell pellet was suspended in red blood cell lysis buffer, centrifuged and resuspended in PBS with 0.04% FBS. Following dissociation, single-cell suspensions were stained with 7-aminoactinomycin D (7-AAD) in a dark room for 15 min before being analyzed by flow cytometry for live-cell sorting with a MoFloAstrios EQ (Beckman Coulter). Cell suspensions were added to the Master Mix to achieve a final number of 8000 cells per reaction for scRNA-seq.




ScRNA-Seq library preparation and sequencing

For scRNA-seq, single-cell suspensions were converted to barcoded scRNA-seq libraries using the Chromium Single Cell 3’ Library, Gel Bead & Multiplex Kit and Chip Kit (10x Genomics) following the manufacturer’s instructions. In brief, dissociated single cells were coencapsulated into 3-4 nl droplets together with hydrogel beads carrying barcoding reverse transcription primers. Following reverse transcription, the droplets were taken through the following steps: i) second strand synthesis; ii) linear amplification by in vitro transcription (IVT); iii) amplified RNA fragmentation; iv) reverse transcription; and v) PCR. The resulting libraries were sequenced on an Illumina NovaSeq-6000 system and mapped to the human genome using CellRanger (10x Genomics).




ScRNA-Seq analysis

Raw gene expression matrices generated per sample using CellRanger (version 3.0.0) were combined in R (version 3.6.3) and converted to a Seurat object using the Seurat R package (version 3.0.3.9028). After filtering, the gene expression matrices were normalized to the total cellular read count, original sample identity, and mitochondrial read count using linear regression. To identify marker genes of cell clusters, gene expression was required to be >2.5-fold higher than that in the other clusters. The gene ontology (GO) terms were mapped, and sequences were annotated using the software program Blast2GO. The GO annotation results were plotted by R scripts. Following annotation steps, the studied proteins were blasted against the online Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://geneontology.org/) to retrieve their KEGG orthology identifications and were subsequently mapped to pathways in KEGG. The protein–protein interaction (PPI) data were retrieved from the IntAct molecular interaction database. The network was then visualized using Cytoscape software (version 3.8.0) (https://cytoscape.org/). The degree of each protein was calculated to evaluate the importance of the protein in the PPI network. The abovementioned analysis was performed by Novogene Bioinformatics Technology Co., Ltd. (Beijing, China).

For validation data, public genomics data in the Gene Expression Omnibus (GEO) database were downloaded. Three datasets (GSE47460-GPL14550, GSE37768 and GSE52509) were used, and differential expression was assessed.




Histology analysis

Human lung samples were fixed in 4% paraformaldehyde at room temperature for 48 hours. They were dehydrated using a graded ethanol series, immersed in xylene and embedded in paraffin. The samples were cut into 4 μm sections and stained with hematoxylin and eosin (H&E), Masson’s trichrome or Perls’ blue. For immunochemistry and immunofluorescence staining, the sections were blocked with normal goat serum and stained using primary antibodies at 4°C overnight in a wet box. Primary antibodies against the following proteins were used: HO-1 (Abcam, ab52947, 1:200), CD68 (Abcam, ab955, 1:200), FTL (Abcam, ab110017, 1:200), SOD2 (Abcam, ab68155, 1:200), FTH1 (Abcam, ab76972, 1:200), and GPX4 (Abcam, ab125066, 1:100). An Envision kit (DAKO) was used for immunohistochemistry. Secondary antibodies were used for immunofluorescence at room temperature for 1 hour in the dark and counterstained with DAPI (Vector Labs). The images were captured on the respective microscope and evaluated. Immunofluorescence images were captured using an N-SIM-S Super Resolution Microscope (Nikon, Tokyo, Japan). Other images were captured on a NanoZoomer Digital Pathology (NDP) scanning system (Hamamatsu, Hamamatsu City, Japan).




Flow cytometry analysis

Alveolar macrophages (M1 or M2) were isolated from human lung samples using the markers mentioned above and described elsewhere. Briefly, after cell dissociation, fluorescence staining was performed using the following antibodies: anti-human CD45-FITC (MHCD4501, 1:100, eBiosciences), anti-human CD206-PE (12-2069-42, 1:100, Invitrogen), anti-human CD1c-APC (17-0015-42, 1:100, Invitrogen), anti-human CD11b-PerCP/Cy5.5 (301327, 1:100, Biolegend), and anti-human CD163-PE-CY7 (25-1639-42, 1:100, Invitrogen). Cells were analyzed in flow cytometers, and data were analyzed using FlowJo Software version 10.8.1 (FlowJo, LLC).




Quantitative reverse transcription polymerase chain reaction

RNA was prepared using TRIzol reagent (Invitrogen, CA, USA) and reverse transcribed to cDNA using an iScript cDNA synthesis kit (Bio-Rad, CA, USA). qRT-PCRs were carried out using the SYBR Green Master mix kit (Bio-Rad) according to the instructions. The housekeeping gene β-Actin or Gapdh was used as an endogenous internal control, and the results were normalized to those of smokers without COPD. The primer sequences are listed in the Table S2.




Western blot analysis

For Western blot analysis, collected lung tissue was washed in cold PBS, ground and lysed by an electric grinder in RIPA Lysis Buffer (P0013B, Beyotime, Haimen, China) with PMSF (ST506, Beyotime). The protein-transferred polyvinylidene difluoride (PVDF) membrane was probed with the respective antibodies. The immunoreactive protein was detected by a ChemiDoc MP Imaging System (Bio-Rad Laboratories, Hercules, CA, USA). Autoradiographs were quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).




Preparation of cigarette smoke extract

Approximately 30–50 mL of cigarette smoke was drawn into the syringe and bubbled into sterile PBS in 15 mL centrifuge tubes (Thermo Fisher) to prepare cigarette smoke (CS) extract. We used one cigarette for the preparation of 10 mL of solution. To remove insoluble particles, the CS extract solution was filtered (0.22 μm; Merck Millipore) and stored for further use.




Cell culture

RAW 264.7 macrophages were obtained and cultured at 37°C and 5% CO2 in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS, HyClone) and 10% penicillin−streptomycin (HyClone). The macrophages were polarized in DMEM containing interferon-γ (IFN-γ, 100 ng/mL, Sigma−Aldrich) for the M1 state or interleukin-4 (IL-4, 20 ng/mL, Sigma−Aldrich) for the M2 state for 48 hours as reported and then used for experiments. Cells were plated in 24-well plates and incubated with CS extract with or without the HO-1 agonist cobalt protoporphyrin (CoPP, 100 mM, Sigma−Aldrich) and the HO-1 antagonist zinc protoporphyrin (ZnPP, 5 mM) for 48 hours. The final DMSO concentration for agent dissolution was less than 0.1%. Cells were stained with Fluoroquench fluorescence stain to assess the live versus dead status of cells. Cell death was monitored by LDH release assay. Quantifications of HO-1, CO, Fe, iNOS and NO production in cells or supernatants were performed using ELISA or biochemistry analysis.




Mouse cigarette smoke exposure and interventions

Male C57BL/6NCrl mice aged 10 weeks were purchased from Vitalriver Biotechnology (Pinghu, China). All experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) and Animal Experiment Center of Sichuan University. All animals were cared for in accordance with the requirements of the Laboratory Animal Welfare Act and amendments thereof. Briefly, mice were exposed twice daily for 1 hour, 5 days a week, to the mainstream smoke of 12 cigarettes using a whole-body exposure system for 4 months. Total particulate matter ranged from 700-900 mg/m3. The cotinine and carboxyhaemoglobin levels in cigarette smoke-exposed mice are comparable to those observed in human smokers. Age-matched, air-exposed mice served as nonsmoking controls.

The ferroptosis inducer erastin (MCE, 10 mg/kg), ferroptosis inhibitor ferrostatin-1 (MCE, 5 mg/kg), HO-1 inhibitor ZnPP (MCE, 25 mg/kg), and iron chelator deferoxamine (Sigma−Aldrich, 100 mg/kg) were administered intraperitoneally in 125 μL of corn oil once a week. The final DMSO concentration for agent dissolution was less than 0.1%. Sham mice received corn oil with 0.1% DMSO solution only. Mice were sacrificed after the last administration.

For bronchoalveolar lavage (BAL) acquirement, the mouse tracheae were cannulated and lavaged three times with 500 μL of cold PBS after anesthetization. Cells were pelleted, and the cell-free BAL fluid (BALF) was collected and detected.




Lung function measurements

Mice were anesthetized, tracheostomized and ventilated using a flexiVent system running Flexiware v.7.6.4 software to measure respiratory functions such as forced vital capacities (FVC), forced expiratory volume (FEV), and inspiratory capacity (IC). The FEV/FVC was calculated.




C11-BODIPY staining

Lungs were harvested, digested and cultured for 2 days to isolate alveolar macrophages to quantify lipid peroxidation. Cells were stained using a solution of C11-BODIPY 581/591 (1 μM; Thermo Fisher) in PBS (Invitrogen, 10 μM) for 1 hour at 37 °C in a tissue culture incubator. After two PBS washes, representative samples were imaged by confocal microscopy (Nikon).




Mitochondrial membrane potential detection

The cells were digested, resuspended and stained with JC-1 working solution (Beyotime, 10 μg/mL). After mixing, the cells were incubated at 37 °C for 20 minutes. After incubation, the cells were centrifuged, washed, resuspended in JC-1 staining buffer, and then analyzed by flow cytometry. The ratio of the mean fluorescence intensity (MFI) of FL2 (J-aggregates, red)/FL1 (monomer, green) fluorescence was calculated for each sample.




Statistical analysis

All data were analyzed using SPSS 25.0 and organized using GraphPad Prism 9. Data are presented as the means ± standard errors of the means (SEM). One-way analysis of variance (ANOVA) was used for multiple comparisons, and Dunnett’s test was used for each two-group comparison. At least three parallel experiments were conducted using different samples. A level of p<0.05 was accepted as significant.




Results




A comprehensive map of the cell types in the lungs of smokers without COPD and individuals with mild-to-moderate COPD

To understand the alteration of immune and nonimmune cell types and states for mild-to-moderate COPD compared to disease-free patients, we collected single-cell profiles from 12 samples according to the grading of illness to construct the lung cellular map (non-COPD; mild-COPD; moderate-COPD: n=4 each) (Figures 1A−C, Supplementary Table S1). The composition of cells undergoes dramatic alteration along with the inflammatory process and tissue destruction. The pulmonary profile was composed of 56.3%, 71.3% and 65.6% CD45+ immune cells in smokers without COPD and in those with mild and moderate COPD, respectively. Among the immune cells, the percentages of dendritic cells (DCs), B cells and specific subtypes of natural killer (NK) cells declined. Meanwhile, the composition of AMs showed a steady increase in the myeloid cell compartment, which was 3.0% in the non-COPD samples and reached up to 3.8% and 6.4% in mild and moderate COPD, respectively (Figures 1D, E). In the CD45+ immune compartment, lymphoid lineages were detected, including T cells (characterized by high expression of Cd3d), NK cells (Fgfbp2), and B cells (Ms4a1), while myeloid cells were separated into neutrophils (S100a12), macrophages (Cd68), DCs (Cd1c), and mast cells (Tpsab1). In the nonimmune compartment, alveolar cells type I and II (AT I and II) (Aqp5 and Sftpd), epithelium (Caps), club cells (Scgb3a2), fibroblasts (Col1a1), and basal cells (Krt5) were recognized (Figure 1F). A two-dimensional representation of immune and nonimmune single cells revealed the separation of cells into diverse lineages (Figure 1G).




Figure 1 | Single-cell RNA-Seq analysis of patients with COPD identifies diverse lung cell populations. (A) Cellular populations were identified and visualized using a t-distributed Stochastic Neighbor Embedding (tSNE) plot. (B) Each population included cells from smokers without COPD and patients with COPD. (C) Cells were grouped as originating from smokers without COPD, mild COPD (COPD grade I) and moderate COPD (COPD grade II). (D) Cell type distribution in each sample. (E) Cell source in each cluster. (F) Classic cell markers were used to label clusters by cell identity as represented in the tSNE plot. (G) Heatmap representing gene signatures in each cellular population.






Distinct intergroup genes are localized in alveolar macrophages

We analyzed the differentially expressed genes among groups. Transcriptionally, the COPD samples expressed high or elevated levels of Fabp4, Ccl18, C1qa, C1qb, C1qc, Lmna, Lgals3, Ctsd, Ftl Apoc1, and Glul, especially in moderate patients. In contrast, the expression levels of Igkc, Klrb1, Gnly, Gzmh, Gzmb, Cst7, Nkg7, and Prf1 were significantly downregulated compared to those in non-COPDs. The profiles demonstrated that the downregulation of key genes in B cells and NKs of COPD patients may be related to susceptibility to infection (Figure 2A). Notably, differentially expressed genes were uniquely or partially localized in cells expressing the macrophage hallmarks Cd68, Fcgr3a, Mrc-1 (Cd206), Msr-1 and Marco. AM-CLST13 cells expressing higher levels of Ccl18, C1qb and Apoc1 were classified as M2 alternatively activated macrophages with anti-inflammatory effects, while AM-CLST14 cells expressing higher levels of Il-18, Hla-dqb1 and Ccl20 were classified as M1 classically activated macrophages with proinflammatory effects (Figure 2B, Supplementary Table S3). AM-CLST13 increased in the COPD samples; in contrast, AM-CLST14 originated largely from the lungs of patients without or with mild COPD (Figure 2C). Our analysis showed 445 identical genes shared in the two AM clusters, as well as 127 and 99 specific genes in each cluster (Figure 2D). AM-CLST13 was characterized by high expression of complement factors (C1qa, C1qb and C1qc), genes associated with cathepsin (Ctsd, Ctsl, Ctsz), ferroptosis (Ftl, Glul, Homx-1) and lipid metabolism (Apoc1, Fabp5), while AM-CLST14 was characterized by the expression of MHC class II molecules (Hla-dr, Hla-dq and Hla-dp), antigen processing and presentation (Cd74) and antioxidant metabolism (Sod2) (Figure 2E). We performed pseudotime analysis and tracked the gene expression changes along the trajectory of two alveolar macrophage clusters from smokers without COPD and patients with mild and moderate COPD. AM-CLST13 was positioned at the opposite end of AM-CLST14, especially in moderate cases (Figures 2F, S1). We then identified genes expressed in prebranch, cell fate 1 and cell fate 2 and classified differentially expressed genes into six subsets. The expression profile of subset 1 showed high levels of chemokines, while subset 2 expressed the S100 family of proteins, indicating activation and chemotaxis of the immune system. Subset 3 showed expression of metallothionein, which was consistent with a recent report (39). Subset 4 expressed immunoregulatory genes associated with the complement system, whereas subset 5 was involved in cell cycle regulation and was downregulated in mild and moderate COPD patients. Subset 6, on the other hand, was involved in the regulation of cytosolic ion concentration and stress-induced cell death (Figures 2G, S1).




Figure 2 | Distinct populations of alveolar macrophages in healthy smoker and COPD lungs. (A) Heatmap of significantly differentially expressed genes between smokers without COPD, mild COPD patients and moderate COPD patients. (B) Expression of markers and significant differentially expressed genes associated with activated M1 and alternatively activated M2 alveolar macrophages. (C) Relative cell contributions from healthy and COPD lungs to each alveolar macrophage cluster. (D) Venn diagram of all detected genes in each alveolar macrophage cluster. (E) Differential expression of shared genes in each alveolar macrophage cluster. (F) Trajectory analysis of the alveolar macrophage state transition in two-dimensional state-space. (G) Heatmap showing differentially expressed genes arranged in pseudotemporal patterns.






Different cell fates of ferroptotic death of alveolar macrophages

The coexpressed ferroptotic-specific genes were selected and compared between the two alveolar macrophage clusters. Noticeably, the genetic phenotypes of Emp1, Fth1, Ftl, Hmox-1, Slc11a1, Tfrc and Prdx1 were different (Figure 3A). In addition, the ferroptosis-mediated genes Acsl1, Scd1 and Por were uniquely expressed in AM-CLST13 cells (Table S3). Meanwhile, the ferroptotic-associated transcription factor expression levels were also distinct, including those of Ahr, Atf3, Cebpb, Egr1, Nr4a1, and Pparg (Figure 3B). We then performed GO, KEGG and Reactome analyses. Reactome analysis revealed that AM-CLST13 is involved in the distinctive metabolic networks of plasma lipoprotein and LDL clearance, generation of second messenger molecules, trafficking and processing of endosomal TLRs and scavenging by class A receptors, while AM-CLST14 is involved in IL-10 signaling, RHO GTPases activation of NADPH oxidases, regulation of actin dynamics for phagocytic cup formation, clathrin-derived vesicle budding, and FCGR-dependent phagocytosis (Figure 3C). Similarly, KEGG pathways identified that the expression of AM-CLST13 was distinctly enriched in antigen processing and presentation, the PPAR signaling pathway and ferroptosis (Figure 3D). Through PPI analysis, the expression profiles of alveolar macrophage clusters and their networks were revealed. Specifically, expressed genes, such as Decr1, Cd36 and Slc3a2 in AM-CLST13, while Sod2, Gpx3 and Cat in AM-CLST14, were also involved in ferroptotic death and resistance, aside from the others we mentioned above. Moreover, most of them were regulated by Hmox-1 (Figure 3E).




Figure 3 | Different cell fates of ferroptotic death of alveolar macrophages. (A) Selected ferroptotic genes, (B) differential expression of transcription factors, (C) Reactome analysis, (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and (E) protein−protein interaction (PPI) networks revealed different cell fates for ferroptotic death between activated M1 and alternatively activated M2 alveolar macrophages in the lungs.






Characterization and identification of alveolar macrophages across different stages

Heatmaps for representative differentially expressed genes involved in iron transport and metabolism, lipid metabolism, and biosynthetic and catabolic processes from observed alveolar macrophage populations in the three groups are shown and dysregulated (Figure 4A). Through Gene Ontology (GO) analysis, the identified transcripts were found to be involved in iron homeostasis, lipid metabolism, some biosynthetic and catabolic processes and endocytosis. Upregulated terms such as “iron ion transport”, “transferrin transport”, “regulation of sterol transport”, “cholesterol efflux” and “triglyceride metabolic process” and downregulated terms such as “lipase inhibitor activity”, “plasma lipoprotein clearance”, and “negative regulation of endocytosis” were observed in M2 alveolar macrophages in COPD lungs (Figure 4B). We then examined paraffin-embedded lung tissues from patients. Histologic examination of H&E and Masson’s trichrome staining revealed destruction of alveolar walls with diminished alveolar capillaries, leading to enlarged air spaces. Ongoing inflammation and black pigment are present in advanced disease (Figures 4C, D). Perls’ staining revealed that AMs and alveolar epithelial cells in COPD patients had higher levels of free iron accumulation than those in smokers without COPD (Figure 4E). The expression of HO-1 (encoded by the Hmox-1 gene) was decreased in mild and moderate COPD compared to healthy smoker lungs using immunohistochemistry staining (Figure 4F). Analysis of an RNA sequencing (RNA-seq) dataset from the public GEO database showed upregulation of Hmox-1 in COPD compared to healthy controls (Figures 4G, S2) but slight downregulation compared to smokers without COPD (Figures 4H, S2). Similarly, analysis based on mice revealed that Hmox-1 was much more highly expressed in lung tissues from mice treated with CS than in normal tissues from mice treated with filtered air (Figures 4I, S2). Meanwhile, upregulation of Ftl in COPD compared to healthy controls and smokers without COPD was observed in humans and was more highly expressed in lung tissues from mice treated with CS, but the difference was not statistically significant (Figures 4G−I). We further explored Hmox-1 and Ftl expression in our clinical samples and found that they were consistent with the data (Figure 4J). We then performed coimmunofluorescence staining for macrophages (CD68) and divided them into AM-CLST13 (FTL) and AM-CLST14 (SOD2) based on their expression in tissues from COPD patients and smokers without COPD (Figure 4K). According to the cell count, the CD68+ populations increased as COPD progressed. The number and percentage of FTL+ populations increased, while the percentage of SOD2+ populations decreased (Figure 4L).




Figure 4 | Characterization of macrophages across different stages. (A) The expression of selected significant differentially expressed genes across different stages. (B) Gene Ontology (GO) enrichment plot of iron and lipid metabolism in COPD. (C) H&E and (D) Masson’s trichrome staining revealed the morphology of COPD lungs. (E) Perls’ staining revealed free iron accumulation in additional COPD samples. (F) Immunohistochemical staining for HO-1 showed the expression of HO-1 in COPD patients compared to smokers without COPD. (G) The mRNA expression levels of HMOX-1 and FTL in publicly available array data from lung tissue (GSE47460-GPL14550) of healthy subjects (n = 91) versus patients with COPD (n = 145) (H) versus lung tissue (GSE37768) of healthy subjects (n = 9) versus heathy smokers (n=11) and patients with COPD (n = 18) (I) in whole lung from B6 mice exposed to filtered air (n = 6) or cigarette smoke (n = 8). (J) The mRNA expression levels of HMOX-1 and FTL determined by qPCR in whole lungs from our samples. (K) Coimmunofluorescence staining for macrophages (CD68, green), activated M1 (FTL, red) and alternatively activated M2 (SOD2, purple) across lung tissues. (L) The number and percentage of positive cells. *p<0.05 versus the control group. Scale bar=50 μm.






Profiling of alternatively activated (M2) macrophages in lungs

The leukocytes (CD45+) were gated with CD206+, CD1c- and CD11b+ and then segregated into CD163high (R8, AM-CLST13) and CD163 intermediate (R9, AM-CLST14) by flow cytometry. Consistent with the results, the number and percentage of M2 macrophages increased from 5.87% in smokers without COPD to 8.76% and 11.22% in mild and moderate COPD, respectively. Meanwhile, the percentage of M1 macrophages fluctuated as 75.57%, 79.21% and 64.87% in smokers without COPD and mild and moderate COPD, respectively (Figure 5A). Increases in intracellular ferritin (Fth1, Ftl) and Cybb, as well as decreases in Acsl1, Slc3a2 and Gpx4, were observed in AM-CLST13 cells (R8) sorted by FACS from mild-moderate COPD patients compared to smokers without COPD, indicating that M2 alveolar macrophages had marked changes in ferroptosis (Figure 5B). The cell death TUNEL assay revealed that positive alveolar macrophages were increased in COPD lungs (Figure 5C). Immunofluorescence staining showed enhanced FTL and FTH1 expression and reduced expression of GPX4 in alveolar macrophages corresponding to patients’ pathological status (Figures 4K, 5D, E). A protein−protein interaction (PPI) network was constructed, and a specific network was visualized by Cytoscape. The AM-CLST13 networks interacted with phagosome, lysosome, fat and cholesterol metabolism and ferroptosis proteins (Figure 5F). Western blotting confirmed these results and revealed the promotion of ferroptosis in AM-CLST13 cells from patients with mild and moderate COPD (Figure 5G).




Figure 5 | Profiling of alternatively activated (M2) macrophages in lungs. (A) Flow cytometry analysis of single-cell suspensions for myeloid cells from whole lungs in smokers without COPD and COPD patients. (B) The mRNA levels of ferroptotic genes expressed in separated alternatively activated (M2) macrophages across groups determined by qPCR. (C) TUNEL-positive alveolar macrophages indicated that cell death was increased in COPD lungs. Immunofluorescence staining for (D) FTH and (E) GPX4 in alternatively activated (M2) macrophages in the lungs. (F) Gene−gene interaction maps of alveolar macrophages involved in phagosome, lysosome, fat and cholesterol metabolism and ferroptosis are shown. (G) Western blotting of FTH and GPX4 was performed to examine alternatively activated (M2) macrophages. *p<0.05 versus the control group. Scale bar=50 μm.






Heme oxygenase 1 determines sensitivity to ferroptosis in macrophages

To investigate the regulatory mechanism of HO-1 and different cell fates in ferroptosis in alveolar macrophages, we established an exposure protocol for RAW 264.7 macrophages to CS extract and nontoxic concentrations of the HO-1 agonist CoPP or antagonist ZnPP. The experiments revealed that M1 classically activated macrophages exerted high resistance to CS-induced ferroptosis, whereas M2 alternatively activated macrophages were vulnerable. The contents of HO-1, CO and Fe were higher in the M2 versus M1 state (Figures 6A−C) and consistently responded with cell death estimated by LDH release (Figure 6D). This was effectively preventable by ZnPP. Considering the contribution of iNOS/NO previously reported, our results showed that iNOS/NO was enriched in M1 macrophages, but the changes in iNOS/NO were not significantly different in parallel macrophages (Figures 6E, F). We found that the number of M1 macrophages was lower than the number of M2 macrophages, and cells treated with CS extract exhibited higher levels of death in M2 macrophages. Cells treated with CoPP showed increased cell death, whereas ZnPP abolished CS extract-mediated death (Figure 6G). There was also a positive correlation between HO-1, CO, and Fe concentrations and LDH levels (Pearson<0.0001,<0.001,<0.0001, respectively) (Figure 6H).




Figure 6 | HO-1 determines sensitivity to ferroptosis in RAW 264.7 macrophages. Activated (M1) macrophages display resistance to cigarette smoke-induced ferroptosis compared to alternatively activated (M2) macrophages. RAW 264.7 macrophages were treated with cigarette smoke in the presence or absence of the HO-1 agonist CoPP and antagonist ZnPP. (A) Heme oxygenase-1 (HO-1), (B) carbon monoxide (CO), (C) Fe(II), (D) lactate dehydrogenase (LDH), (E) inducible nitric oxide synthase (iNOS), and (F) nitric oxide (NO) concentrations were examined. (G) Apoptosis assay of macrophages using acridine orange/ethidium bromide (AO/EB) staining. (H) Correlation coefficient of gene expression levels between HO-1/CO/Fe(II) and iNOS/NO in macrophages. *p<0.05 versus the M1 group; # p<0.05 versus the M2 group. Scale bar=100 μm.






Ferroptosis as a target for protection of lung function in cigarette smoke-induced COPD mice

We examined whether the administration of ferroptosis attenuated lung inflammation, destruction and remodeling in COPD mice by utilizing the ferroptosis inducer erastin, ferroptosis inhibitor Fer-1, HO-1 inhibitor ZnPP, and iron chelator DFO (Figure 7A). We observed that the cellular profile and appearance of AMs from the lungs of administered mice were similar to those in humans, and alveolar space enlargement, AM recruitment and iron accumulation in the airway were observed by Perl’s staining (Figure 7B). Lung function measurements of mice demonstrated a decreased FEV/FVC ratio, indicating deteriorated expiratory flow and lung compliance (Figure 7C). C11-BODIPY581/591 staining showed that lipid peroxidation in isolated alveolar macrophages from mice was attenuated by the administration of Fer-1, ZnPP and DFO (Figure 7D). Fe(II) concentrations in bronchoalveolar lavage fluid and ferritin concentrations released from separated alveolar macrophages from mouse lungs were also decreased at different levels (Figures 7E, F). Significant increases in mitochondrial membrane potential (measured by JC-1 fluorescence) were observed after treatment with Fer-1, ZnPP and DFO in mouse alveolar macrophages (Figure 7G). Immunofluorescence analyses of FTL and GPX4 and CD68 double-positive alveolar macrophages in mice were in accordance with the pathological characteristics of ferroptosis (Figures 7H, I). Taken together, these data showed that disruptions in lipid peroxidation and iron homeostasis in alveolar macrophages drive ferroptosis, which is involved in lung inflammation, destruction and remodeling in COPD and can be regulated as a potential target.




Figure 7 | Ferroptosis as a target for protection for lung function in cigarette smoke induced COPD. (A) Schematic representation of the ferroptosis treatment protocol in cigarette smoke-treated mice. (B) Representative images of lung sections stained with Perls’ stain. (C) Lung function data from mice exposed to filtered air or cigarette smoke and treated with erastin (ferroptosis agonist), Fer-1 (ferroptosis antagonist), ZnPP (HO-1 antagonist) and DFO (iron chelator). (D) C11-BODIPY581/591 staining showed lipid peroxidation and antioxidant efficacy in membrane systems in alveolar macrophages. (E) Fe(II) concentrations in bronchoalveolar lavage fluid. (F) Ferritin concentrations released from separated alveolar macrophages. (G) Representative images of JC-1 fluorescence in cells exposed to filtered air or cigarette smoke and treated with erastin, Fer-1, ZnPP and DFO. Immunofluorescence analyses of (H) FTL and (I) GPX4 and CD68 double-positive alveolar macrophages in model mice. *p<0.05 versus the control group. Scale bar=50 μm. # p<0.05 all groups versus the control group.






Discussion

In this study, we demonstrated that ferroptosis was involved in inflammation in alveolar macrophages in COPD. In alveolar macrophages, there were discrepancies in sensitivity to ferroptosis, which can be determined and regulated by HO-1. During COPD, the accumulation of lipid peroxidation drives ferroptosis-sensitive M2-like AMs, while M1-like AMs show characteristics of ferroptosis resistance. Differential HO-1 expression in alveolar macrophages modulates susceptibility to ferroptosis. This ferroptotic phenotype was ameliorated by anti-ferroptotic compounds, iron chelators, and HO-1 inhibitors, which alleviated lung inflammation and the destruction and remodeling of COPD, representing a potential target (Figure 8).




Figure 8 | During COPD, the accumulation of lipid peroxidation drives ferroptosis-sensitive M2-like AMs, while M1-like AMs show characteristics of ferroptosis resistance. Increased HO-1 expression in alveolar macrophages modulates susceptibility to ferroptosis. The ferroptotic phenotypes were regulated by anti-ferroptotic compounds, iron chelators, and HO-1 inhibitors.



Chronic airway inflammation and lung destruction are critical components of COPD pathogenesis (16). Ferroptosis was identified as a type of necrotic regulated cell death characterized by free iron-dependent phospholipid peroxidation of cell membranes, which is negatively regulated by the selenoprotein GPx4 (40, 41). A recent study demonstrated that epithelial cell ferroptosis was involved in the pathogenesis of cigarette smoke-induced COPD (14, 42). Increased iron burden as evidence of increased concentrations of iron and ferritin in BAL in smoker lungs has been reported (14). Mitochondrial dysfunction and endoplasmic reticulum stress are usually observed in the cytoplasm, and ferroptosis occurs in bronchial epithelial cells (43). The increased ferritinophagy mediated by nuclear receptor coactivator 4 (NCOA4) and reduction of glutathione peroxidase 4 (GPX4) led to the accumulation of free iron and lipid peroxidation during CS exposure. Moreover, GPX4+/− mice showed significantly higher degrees of lipid peroxidation and an enhanced COPD phenotype than wild-type mice, whereas these phenotypes could be attenuated in GPX-transgenic mice (14, 44). PM2.5 is another risk factor for COPD. Increased cellular iron content and ROS production in human endothelial cells were observed after inhaling PM2.5 particles, while the levels of glutathione (GSH) and nicotinamide adenine dinucleotide phosphate (NADPH) decreased. Iron overload and redox imbalance caused by TFRC and ferritin dysregulation are the major inducers of ferroptosis (45). The abovementioned investigations indicated that ferroptosis is involved and plays a crucial damaging role in COPD (40), and searching for an accurate inhibitor of ferroptosis to delay the progression and prevent the occurrence of COPD is pivotal to forthcoming research. Experimental interventions, such as the iron chelator deferoxamine, the ferroptosis inhibitor ferrostatin-1, and suppression of lipid peroxidation by GPX4, could effectively reduce lipid peroxidation, upregulate GSH and NADPH levels, and inhibit ferroptosis (14, 41, 46, 47). Moreover, recent reports revealed that antioxidants, such as N-acetyl-l-cysteine (NAC) and curcumin, could improve the reduction of GSH and reduce lipid peroxidation (46), while dihydroquercetin could inhibit ferroptosis in lung epithelial cells by activating the Nrf2-mediated pathway (48).

Macrophages can be divided into two main phenotypes: M1 and M2. In response to inflammatory signals, such as IFN-γ, LPS and GM-CSF, macrophages polarize into activated M1 macrophages with characteristic transcriptional and secretory profiles, including strong upregulation of iNOS and proinflammatory signals, such as IL-12, IL-1β, and TNF-α. In contrast, alternatively activated M2 macrophages are polarized by anti-inflammatory signals such as IL-4, IL-13 and M-CSF, upregulate genes such as Arg1, Mrc-1 (Cd206) and Cd163, and release IL-10 (49, 50). Similarly, M1 AMs can produce high levels of proinflammatory and cytotoxic mediators that hinder lung repair, while M2 AMs generate protective factors and orchestrate restorative processes that are beneficial for tissue recovery after injury (51). It has been reported that iNOS-derived NO• can interact with 15-LOX-generated lipid intermediates and is thus a regulator of ferroptotic death in macrophages and microglia in vitro (52). In our study, M2 macrophages displayed high sensitivity to ferroptosis, which can be explained by the lack of Stat-1 and Stat-2. Lipid peroxidation has been recognized as a fundamental part of ferroptosis, and it can be divided between two major Fe-dependent pathways: a. nonenzymatic random free-radical chemical reactions (53) and b. a highly selective and specific enzymatic LOX-controlled process (54). The accumulation of lipids and free iron can increase lipid peroxidation in both ways. Given the high expression of ALOX5, enzymatic LOX-controlled reactions are, in our view, most likely prominent in this process.

AM-CLST14-IL1β was characterized by high expression of MHC class II molecules (Hla-dr, Hla-dq and Hla-dp) and antigen processing and presentation (Cd74). They also specifically expressed Il-1β, Il-18 and Tnf, which are usually recognized as hallmarks of M1 macrophages; however, they also express Mrc-1 (Cd206) and the intermediate Cd163. We hypothesized that this cluster of macrophages underwent proinflammatory M1-like polarization. Notably, this cluster expressed high levels of superoxide dismutase (Sod2) and glutathione peroxidases (Gpx1 and Gpx4). The Sod2 gene encodes the mitochondrial antioxidant manganese superoxide dismutase (Mn-SOD), which converts toxic superoxide radicals into less damaging hydrogen peroxide. In previous findings, we observed a clear reduction in Sod2 between COPD and non-COPD, presumably reflecting increased oxidative stress consumption during disease (55). Glutathione peroxidases (Gpxs) can catalyze the reduction of hydrogen peroxides and lipid hydroperoxides by glutathione to prevent oxidative stress (2). The development and progression of COPD has been strongly associated not only with enhanced ROS production but also with reduced antioxidant capacity. In addition, they expressed intermediate levels of Ftl, Fth1 and Trfc, with low levels of Acsl1 and Slc3a2, implying that M1-like AMs were less susceptible to ferroptosis than M2-like AMs.

The presence of foamy AMs (foam cells) is frequently observed in patients with COPD and smokers. Studies have reported that accumulated lipids in AMs are associated with driving lung inflammation (21). It is widely accepted that foam cells derived from lipid-accumulating macrophages drive inflammatory processes in plaques in atherosclerosis (56). Our observations confirmed that the initiation and progression associated with COPD and atherosclerosis (AS) may share similar inflammatory molecular mechanisms. Lung-resident AMs were laden with abundant intracellular lipids, especially very low-density and low-density lipoproteins (VLDL/LDL), and were incapable of dealing with them. This could be explained by the dysregulation of transport proteins (Figure S3). This type of AM also expressed high levels of genes mediating innate immune responses, indicating that they initiate an inflammatory cascade resulting in the recruitment of immune inflammatory cells. Lipid-loaded AMs may drive inflammatory processes, similar to pathogenic macrophages in plaques in AS. The source of lipids that accumulate in macrophages is currently not explicit. Given the abundance of phospholipids in surfactant due to hyperresponsiveness in COPD and the critical role that alveolar macrophages play in surfactant regulation, damaged surfactant is the most likely source.

According to reports, alveolar macrophages from patients with COPD show reduced phagocytic uptake of bacteria, such as Haemophilus influenzae or Streptococcus pneumoniae (57). A high prevalence of bacterial colonization in the lower airways, accounting for over 50% of patients with COPD, can predispose patients to increased infection, inflammatory response and acute exacerbation. Macrophages from patients with COPD are also defective in taking up apoptotic cells, which might contribute to constant inflammation in patients. The mechanism of the defect in phagocytosis appears to be due to defects in scavenger receptors and cytoskeleton organization, which are required for phagocytosis. Another major function of AMs is digesting particles, including exogenous or autologous bacteria, lipids and proteins, via lysosomes. The AMs from COPD patients showed abnormal lysosomes. This does not appear to be a generalized defect, and it may account for decreased lysosomal membrane proteins and some H+-transporting ATPases. The cathepsins, on the other hand, were released from AMs to destroy parenchymal construction and drive the immune response (Figure S4).

To determine the feasibility of transcriptomic profiling in scRNA-Seq, we examined lung tissue samples obtained from patients with severe COPD (GOLD stage III). We identified a higher proportion of M2-like AMs containing free iron and expressing increased FTH1 and reduced GPX4. In addition, these cells also expressed APOC1, APOE and OLR1. This illustrated that lipid and iron homeostasis are correlated with the disease status of COPD. The patient also had complications of left coronary atherosclerosis and type 2 diabetes mellitus, reflecting the concurrence of diabetes and cardiovascular disease in patients with airway obstruction, which may be related to the deterioration of homeostasis. In another case we included, the patient was identified as having a prominent M2-like AM population but was graded as having moderate COPD. Such patients, in our view, should be followed up more often in cases of acute exacerbation and rapid progression. Thus, the analysis of AMs is promising from a clinical perspective. Although peripheral blood cells are safe and easy to collect and monitor, they have not generated accurate transcriptomic information on disease development and outcome, particularly at the early stage. Alveolar macrophages can be identified using scRNA-Seq or histology analysis to predict and manage the disease; however, repeatedly acquired from bronchoscopic alveolar lavage or biopsy is invasive and intolerable. Sputum specimens containing alveolar macrophages may appear to be an ideal noninvasive way to acquire specimens in practice.

The HO-1 reaction may either exhibit cytoprotection by converting prooxidant hemoproteins and heme to the antioxidants bilirubin and biliverdin or, conversely, exacerbate oxidative stress by releasing ferrous iron and CO. Suppression of HO-1 is related to diseases including obesity, metabolic syndrome and vascular disease (30, 58–60). However, several recent reports have revealed that the role of Nrf2/HO-1 in ferroptosis is controversial due to its antiferroptotic/protective or ferroptotic role in various in vitro models, such as in vivo and in vitro models (35, 61). Using the HO-1 inhibitor ZnPP has been shown to significantly rescue ferroptotic dysfunction of alveolar macrophages and subsequently prevent airway inflammation. The classification of AMs provides clues for developing novel immunotherapy drugs based on the cell populations and their effects. Inhibitors aimed at intracellular free iron (deferoxamine, DFO), lipid peroxidation and ferroptosis (ferrostatin-1 (Fer-1) and liproxstatin-1) and HO-1 may be employed to attenuate the disease. In addition, by examining genes, we found not only currently pursued immunotherapy targets (such as PPARG or PCG-1 activators, e.g., rosiglitazone and pioglitazone) (62) but also other distinct expressions that may serve as targets in the same categories in our dataset. For instance, statins, including simvastatin and rosuvastatin, work by lowering the production of cholesterol and low-density lipoprotein, as well as triglycerides. It can block the metabolic pathway of mevalonate by competitive inhibition of the endogenous rate-limiting enzyme HMG CoA reductase to reduce the synthesis of cholesterol in cells. Statins also stimulate the uptake of apoptotic cells by AMs via inhibition of the prenylation and activation of RhoA (63), which were weakened in M2-like AMs in our data (Figure S3). Furthermore, antioxidants such as vitamin E (α-tocopherol), a specific inhibitor of LOX enzyme activity, can increase GSH levels and reduce lipid peroxidation (64–66). Meanwhile, the treatment of comorbidities should be evaluated carefully. For example, studies have shown that anemia was observed in 15-30% of COPD patients, particularly in patients with severe disease, and may be an independent predictor of mortality (67, 68). Sarcopenia/skeletal muscle dysfunction is also an important comorbidity in patients with COPD and is associated with poor quality of life and reduced survival. The prevalence of skeletal muscle dysfunction in patients with stable COPD ranged from 14.5% to 55%. However, iron supplements, nutritional supplements or iron-rich diets should be utilized with caution because they are likely to be detrimental, as iron may increase ROS and ferroptosis. In particular, ferroptosis has been demonstrated to be involved in the pathogenesis of COPD-related skeletal muscle dysfunction (69). Iron levels of COPD patients should be determined, and according to their levels, patients should be supplemented with iron as appropriate. Soluble transferrin receptor (sTfr) reflects iron utilization in the body and can better describe functional or absolute iron deficiency in the body than ferritin and transferrin saturation in clinical practice. High-dose and systemic administration of medications may have adverse effects; thus, it is wise to deliver drugs by the inhaled route.

Taken together, these findings suggest that alterations in iron homeostasis in AMs and discrepancies in sensitivity to ferroptosis play newly discovered roles in COPD pathogenesis. Ferroptotic M2 AMs lose their anti-inflammatory and repair functions but provoke inflammatory responses, resulting in consistent inflammation and tissue damage in the presence of M1 AMs in COPD. We have also demonstrated that the applications of ferroptosis inhibitor, HO-1 inhibitor and iron chelator prevent airway inflammation and lung destruction in COPD. The mechanisms of these inhibitors should be deeply investigated in the future, and further experimental studies and clinical trials may be warranted to test the efficacy of these compounds. Appropriate therapeutic strategies specifically targeting ferroptosis can reduce the occurrence of infections and acute onset and delay the COPD process.
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Transfusion-related acute lung injury (TRALI) is a severe adverse event and a leading cause of transfusion-associated death. Its poor associated prognosis is due, in large part, to the current dearth of effective therapeutic strategies. Hence, an urgent need exists for effective management strategies for the prevention and treatment of associated lung edema. Recently, various preclinical and clinical studies have advanced the current knowledge regarding TRALI pathogenesis. In fact, the application of this knowledge to patient management has successfully decreased TRALI-associated morbidity. This article reviews the most relevant data and recent progress related to TRALI pathogenesis. Based on the existing two-hit theory, a novel three-step pathogenesis model composed of a priming step, pulmonary reaction, and effector phase is postulated to explain the process of TRALI. TRALI pathogenesis stage-specific management strategies based on clinical studies and preclinical models are summarized with an explication of their models of prevention and experimental drugs. The primary aim of this review is to provide useful insights regarding the underlying pathogenesis of TRALI to inform the development of preventive or therapeutic alternatives.
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1 Introduction

Transfusion of blood components is a widely employed life-saving treatment in clinical settings; however, it can result in potentially life-threatening adverse reactions (1). For example, transfusion-related acute lung injury (TRALI) is a rare but severe adverse event that occurs during—or within—6 hours of blood transfusion and is characterized by hypoxia and non-cardiogenic pulmonary edema, known as respiratory distress (2). In 2019, a new diagnostic criteria was established using the Delphi approach, effectively subdividing TRALI into Type I and II, which occur in the absence or presence of acute respiratory distress syndrome (ARDS) risk factors, respectively (3). Although TRALI represents a main cause of transfusion-associated mortality in developed countries (4), it is likely underdiagnosed, particularly in intensive care patients, owing to the synergetic action of multiple factors (5, 6). Although estimates of TRALI mortality vary markedly between 5% and 25% (7, 8), they can reach 47% in intensive care and surgical patients (9). Even so, specific therapeutics remain unavailable.

When TRALI was first reported in 1957, it was thought to be related to the passive transfer of high-titer leucoagglutinins (10). It was not until 1983 that TRALI was formally identified as a distinctive clinical syndrome caused by transfused anti-human leukocyte antigen (HLA) antibodies (11). However, in addition to the transfer of anti-HLA antibodies, anti-human neutrophil antigen (HNA) antibodies also contribute to TRALI induction. In fact, antibody-dependent mechanisms are estimated to be responsible for 50–80% of TRALI cases (12); however, because of the inaccuracy of current laboratory testing techniques, their contribution has likely been underestimated (13). Moreover, TRALI cases that meet the diagnostic criteria have been reported in patients who received transfused products without antibodies (14). More specifically, approximately 10–15% of TRALI cases are associated with biological response modifiers (BRMs), such as soluble CD40 ligand (sCD40L) or lyso-phosphatidylcholines (lyso-PCs), which originate from the storage of blood components. Thus, non-antibody-mediated TRALI has also been proposed. Although significant progress has been made in the field, the complex pathogenesis of TRALI has not yet been fully characterized.

In this review, we highlight the recent advances in the field regarding TRALI pathogenesis and management based on clinical studies and preclinical models. The findings of these studies provide a clearer understanding of the underlying pathogenesis, which will assist in developing effective prevention or therapeutic strategies.




2 Pathogenesis

The pathogenesis of TRALI has been described as a two-hit theory, in which recipient predisposition, together with the presence of detrimental factors in blood components, play significant roles (15). That is, the first hit focusing on recipient predisposition, in which pulmonary endothelial cells (ECs) are activated and polymorphonuclear neutrophils (PMNs) are primed. The second hit comprises mediators in transfused stored units, which trigger the primed PMNs and other cells including ECs,monocytes, macrophages, and platelets to release pathogenetic factors and induce coagulopathy, ultimately resulting in fluid intrapulmonary infiltration. The second hit can be classified into antibody-dependent and -independent TRALI based on the detection of differential pathogenic mediators in the blood components. While the two-hit hypothesis clearly explains TRALI pathogenic factors, the disease pathogenesis can be further characterized as three overlapping phases (Figure 1), i.e., the priming step, pulmonary reaction, and effector phase. During the priming step, recipient-related risk factors mainly lead to endothelial activation and PMN priming via the EC-PMN interaction. Subsequently, in the pulmonary reaction, antibodies or BRMs bind to target cells, such as ECs, PMNs, or mononuclear cells, thereby inducing a host response. In the final effector phase, the pulmonary vascular endothelial barrier may become damaged by the release of neutrophil extracellular traps (NETs) and reactive oxygen species (ROS); the resulting coagulopathy might aggravate lung injury. The diverse phase characteristics of the three-step pathogenesis model will be described in detail to provide a better understanding of TRALI pathogenesis.




Figure 1 | TRALI pathogenesis model. The three-step of TRALI pathogenesis: prime step, pulmonary reaction, and effector step. The pathogenesis of each step is described.





2.1 Priming step

As early as 1997, the results of a retrospective study in combination with an in vivo rat lung model suggested that stronger PMN-priming activity occurred in patients with TRALI and underlying clinical conditions than in those not diagnosed with TRALI (16). A prospective study revealed that patients diagnosed with hematologic malignance or cardiac disease are at increased risk for developing TRALI (15). Subsequent studies have identified myriad complications that function as first hits, including hypertension, end-stage liver disease, chronic alcohol abuse, surgery, mechanical ventilation, trauma, massive transfusion, and systemic inflammation (13, 17). Based on retrospective cohort studies, pulmonary diseases, including pulmonary fibrosis, interstitial lung disease, and tobacco abuse, are identified as potential high-risk factors for TRALI occurrence (18, 19). Moreover, critical patients with these underlying diseases conveyed a serious first hit, requiring only a minor second hit to trigger TRALI (20). Patients with TRALI in an intensive care unit (ICU) exhibited 70% mortality compared with typical 5–25% rates (20, 21). Thus, underlying clinical events play a pivotal pathogenic role in TRALI onset; screening these events in transfusion recipients might improve clinical outcomes.

In the initial TRALI mouse model, transfusion of major histocompatibility complex (MHC) I antibodies 1 to BALB/c mice resulted in TRALI induction (22). In a subsequent study, housing the mice in a specific pathogen-free barrier facility prevented the same lung injury, unless the mice were primed by treatment with lipopolysaccharide (LPS) (23). The difference in results according to housing conditions may be explained by gut flora (24). Therefore, gut flora can be considered a pivotal factor in the priming of TRALI. However, the impact of gut flora on TRALI pathogenesis requires further study.

The role of risk factors of recipients in TRALI pathogenesis has been investigated in preclinical studies, employing low-dose LPS or C-reactive protein (CRP) as the first hit in two-hit TRALI models to represent systemic inflammation in transfusion recipients (25, 26). However, the nature of TRALI first hits, e.g., LPS, is different from CRP. For instance, LPS activates cells by triggering a toll-like receptor four-signal pathway (27). Alternatively, CRP can represent the first hit by benefiting PMN sequestration in the lungs and activating ECs (27). Collectively, these first hits facilitate the activation of pulmonary ECs and macrophage to release interleukin (IL)-6, macrophage inflammatory protein-2 (MIP-2), the murine homolog of human IL-8, and osteopontin (OPN) and increase the expression of adhesion molecules and cadherin-13 due to endothelial activation (14, 26, 28, 29) (Figure 2). Circulating PMNs retained within the lung microvasculature constitute a lung-marginated pool that maintains a dynamic equilibrium with the circulating pool (30). These elevated molecules attract PMNs from the circulating pool to travel to the injured lung and firmly adhere to ECs, creating a predisposition for developing TRALI (Figure 2). These mechanisms might account, in part, for why patients with underlying clinical conditions, such as systemic inflammation, are at a high risk of developing TRALI. However, multiple underlying conditions that are not associated with systemic inflammation, such as chronic alcohol abuse and hypertension, among others, also represent high-risk factors for TRALI onset. In particular, reduced production of nitric oxide, an endothelial anti-adhesive molecule, strengthens endothelial intercellular cell adhesion molecule-1-dependent PMN adhesion, thus providing an alternate mechanism for PMN priming in the absence of systemic inflammation (31).




Figure 2 | First hits in the pathogenesis of TRALI. The underlying diseases of patients stimulate the activation of ECs and macrophages, thus attracting PMNs from circulating pool to the injured lung.



Taken together, these data indicate that endothelial activation and pulmonary sequestration are key process in the priming step, where direct activation of pulmonary ECs leading to PMN priming initiates the first phase of TRALI development.




2.2 Pulmonary reaction

Following pulmonary endothelial activation and PMN priming caused by underlying diseases, donor-derived risk factors, including pathogenic antibodies and BRMs, target different cell populations, such as hematopoietic and non-hematopoietic cells. Thus, these risk factors make specific contributions to the host response and uniquely influence TRALI progression (13, 14), representing the pulmonary reaction phase.

In wild-type BALB/c or C57BL/6 mice, the development of pulmonary edema requires monocytes/macrophages, while PMNs and platelets appear to be dispensable. Conversely, regulatory T cells (Tregs) and dendritic cells (DCs) are associated with lung injury amelioration (32). Meanwhile, given that ECs represent the key regulator of PMN transmigration, they may represent pivotal targets for TRALI induction (33). However, the interplay between pathogenic antibodies and their target cells remains unclear in the context of antibody-dependent TRALI pathogenesis. In this section, we discuss how antibodies or BRMs in transfused blood components respond to target cells and how the induced aberrant host response delineates the different pathogenic scenarios of TRALI (Figure 3).




Figure 3 | Pulmonary reaction and effector phase of TRALI pathogenesis. Pathways that are constituted with detrimental factors from blood products which connect with immune cells and non-hematopoietic cell lead to pulmonary edema or lung injury alleviation. Pathways (A–N) are systematically discussed in the main text. CTL-2, choline transporter-like protein-2.





2.2.1 PMNs

Based on patient autopsy reports and preclinical studies on the TRALI reaction, PMNs are regarded as the main pathogenic cells mediating lung injury (13, 26). Among the initially reported TRALI cases, anti-HLA class antibodies were the most frequently identified antibody types in blood products, of which anti-HLA class I antibodies were the most prevalent (21, 34). Indeed murine models that mimic human anti-HLA class I antibody-dependent TRALI—administration of anti-MHC class I mAbs (clone 34–1–2S) against murine H2Kd, or the H-2d antigen—has advanced our understanding of this disease. The essential role of PMNs in TRALI was first identified in preclinical models, in which in vivo ablation of PMNs reportedly protected mice from anti-MHC-I-mediated TRALI development (23, 32). In the first genetically manipulated in vivo murine TRALI model, endothelial-bound 34-1-2S reacted with the pulmonary PMN Fc gamma receptor (FcγR), leading to PMN activation and lung injury (22) (Figure 3A). Although resident PMNs do not regularly express HLA class II, high levels are expressed on the surface of activated PMNs (35). Moreover, evidence from two-hit rat models revealed that transfusion of donor antibodies against HLA class II stimulated PMN activation and TRALI induction (35, 36) (Figure 3B). In a rat anti-HNA-2a-mediated TRALI model, the antibody directly activated PMNs in the presence of cognate antigen on the surface of PMNs in an EC-independent manner (37). Unlike other anti-leukocyte antibodies that participated in TRALI development, anti-HNA-3a antibodies failed to induce direct PMN activation and appeared to primarily interact with ECs (38) (Figure 3D). Following the activation of ECs, von Willebrand factor (vWF) was produced and released into circulation; subsequently, anti-HNA-3a antibodies bound to the trimolecular complex comprising choline transporter-like protein-2, vWF, and CD11b/CD18 on the surface of PMNs, leading to PMN activation and agglutination via CD11b/CD18 signal transduction, which may promote TRALI-associated endothelial leakage (38) (Figure 3C).

In the case of antibody-independent TRALI, lyso-PCs generated during blood storage caused PMN-mediated EC leakage in an in vitro TRALI model, in which human pulmonary microvascular endothelial cells (HPMVECs) were primed with LPS and co-cultured with PMNs followed by the addition of lyso-PCs as the second hit (39) (Figure 3H). CD40—the CD40L receptor—is distributed on the surface of leukocytes, platelets, and ECs (40). The interaction between CD40 and CD40L has been proposed as a proinflammatory feature and a pivotal pathogenic response to inflammation and organ injury (41). Stored platelet microparticles that released sCD40L boosted PMN-dependent HPMVEC damage, which may contribute to TRALI onset (40). Indeed, blocking the CD40-CD40L interaction with an anti-CD40L antibody protected mice against 34-1-2S-mediated TRALI development by suppressing PMN migration into the alveolar space (42, 43).

Although the aberrant activation of PMNs is recognized as the main feature of TRALI, the underlying molecular mechanisms driving PMN activation remain elusive. MicroRNAs (miRNAs)—single-stranded non-coding RNAs constituting approximately 22 nucleotides—contributed to lung injury by interacting with the 3′-untranslated region of mRNA (44). More specifically, miR-144 caused 34-1-2S-mediated TRALI by activating the NF-κB/CXCR1 signaling pathway via KLF2 in a PMN-dependent manner (45) (Figure 4A). Additionally, protein tyrosine phosphatase-1B (PTP1B) activated the PI3Kγ/AKT/mTOR-dependent CXCR axis, which may be involved in PMN activation (46) (Figure 4B). Anti-human leukocyte antigen-A2 (HLA-A2) antibody can function as an initiator of TRALI (47). In vitro coculture of anti-HLA-A2 antibody with PMNs resulted in PMN activation and subsequent endothelial permeability (48). The anti-HLA-A2 antibody may activate PMNs by stimulating NF-κB/NLRP3 inflammasome activation via increased abundance of phosphorylated-Src, thus aggravating TRALI (49) (Figure 4C).




Figure 4 | The molecular mechanisms of driving PMN activation in TRALI pathogenesis. Blood transfusion induces PMN activation via the generation of signaling molecules activating the receptors on PMNs, thereby exacerbating TRALI. (A) Up-regulated miR-144 promotes PMN activation through activating the NF-κB/CXCR1 signaling pathway via down-regulation of KLF2. (B) PTP1B activates PMNs via PI3Kγ/AKT/mTOR-dependent CXCR4 signaling. (C) HLA-A2 induces PMN-derived ROS production via activating NF-κB/NLRP3 inflammasome via phoosphorylate-Src elevation.






2.2.2 ECs

Anti-leukocyte antibodies are recognized as the main contributor to TRALI pathogenesis; however, the critical binding site of these antibodies remains unclear. HLA expression on nonleukocytic cells suggests ECs as probable targets for antibody binding. As early as 2011, infusion of 34-1-2S to a murine model of human TRALI suggested that the reaction between the antibody and MHC class I molecules on pulmonary ECs represented a probable initiating event for TRALI (50). This may be explained by the high expression of MHC-I on the surfaces of murine pulmonary ECs (51). Similarly, high pulmonary endothelial MHC-I expression has been observed in clinical TRALI (51). Given that the lung capillaries represent the first location encountered by the infused antibodies, the ECs may serve as a key site for antibody binding. Furthermore, targeted deletion of endothelial MHC-I alleviated 34-1-2S-mediated lung injury, while its restoration rendered mice susceptible to lung edema (51). Additionally, the interaction between 34-1-2S and pulmonary ECs may drive the production of complement component 5a (C5a) via activation of the complement cascade, thus contributing to TRALI development (50). Collectively, these findings highlight the importance of 34-1-2S engagement with endothelial MHC-I in the induction of TRALI.

ECs also express other leukocyte antigens, including HLA class II and HNA-3, the interaction of which, with their respective antibodies, reportedly contributed to TRALI development, i.e., alloantibodies against HNA-3a, not HNA-3b, have been linked to severe TRALI (52, 53). Anti-HNA-3a antibodies interacted with cognate antigens on the surface of pulmonary ECs in a PMN-independent manner, thereby precipitating TRALI (54, 55).

Moreover, ECs participate in antibody-independent TRALI via direct endothelial dysfunction. Transfusion of aged platelets elicited TRALI via acid sphingomyelinase (ASM)-forming ceramide-mediated endothelial apoptosis, further accelerating endothelial barrier failure (56). Furthermore, stored platelet-derived injurious ceramide enhanced the formation of extracellular vesicles in an ASM-dependent manner, which transported ceramide to the lung, resulting in endothelial barrier failure and TRALI onset (57, 58). Moreover, red blood cell (RBC) transfusion was a hazard factor for the induction of pulmonary respiratory failure (59, 60). RBC transfusion-mediated lung injury may be related to pulmonary ECs undergoing necrotic cell death, i.e., necroptosis (61, 62).

Collectively, these data support the evidence that ECs may be crucial regulators of TRALI.




2.2.3 Monocytes/macrophages

The binding of anti-leukocyte antibodies to corresponding cognate antigens distributed on PMNs or pulmonary ECs may lead to PMN activation and induction of lung injury. However, given that PMN depletion did not prevent TRALI development in murine antibody-mediated TRALI (54), other cells have also been implicated. Although HLA class II antigen is not specifically expressed on PMNs or ECs, anti-HLA class II antibodies are consistently involved in TRALI onset. Indeed, plasma containing anti-HLA class II antibodies effectively sensitized peripheral blood mononuclear cells, leading to severe transfusion reactions via the production of inflammatory cytokines, such as IL-1β and IL-6, and chemokines (IL-8) by monocytes (63). Moreover, evidence from an ex vivo model showed that anti-HLA class II antibody-initiated monocyte activation was attributable to exaggerated HPMVEC permeability, which reflected endothelial damage in patients suffering from TRALI (64). Consistent with this result, anti-HLA class II antibody-containing plasma can cause matched monocyte activation, resulting in the initiation of a PMN amplification cascade and lung endothelial damage in an in vitro two-hit model (65) (Figure 3F). This finding has been further verified in an ex vivo lung model, which showed that anti-HLA class II antibody-mediated TRALI was dependent on monocytes, while PMNs were apparently dispensable (65). Following injection of 34-1-2S to severe combined immunodeficient (SCID) mice, the intact antibody reacted with its cognate antigen on peripheral blood monocytes, resulting in monocyte-dependent upregulation of MIP-2 expression, leading to recruitment of PMNs to the lung microvasculature, where the Fc domain of the antibody led to full TRALI initiation (66). Additionally, in place of FcγR-mediated PMNs activation, the C5a receptor on the surface of peripheral blood monocytes/macrophages responded to C5a derived from complement cascade activation, causing disease induction (50) (Figure 3G). Furthermore, individuals with CD36-deficient platelets and monocytes can develop isoantibodies against CD36 because of incompatible immune stimulation, which contributes to TRALI onset (67–69). The preliminary mechanism may be associated with anti-CD36 antibody-Fc receptor (FcR) binding to monocytes, thus inducing the TRALI reaction (70) (Figure 3E).

Macrophages have also been identified as major opsonins involved in TRALI induction. In vivo macrophage-derived OPN polymerization was involved in PMN chemotaxis (71), whereas macrophage elimination protected mice from antibody-mediated TRALI (26) (Figure 3I). Macrophages exert diverse functions, facilitated in part by their ability to undergo polarization (72), which enables them to readily adopt phenotypes based on stimulation within their microenvironment (73). Macrophages are roughly categorized as M1 or M2 according to phenotype. M1 macrophages are regarded as the proinflammatory phenotype with microbicidal potential, while M2 macrophages have a propensity to facilitate tissue repair and cell proliferation (72). Using a murine TRALI model, Wang et al. (74) confirmed that M1-polarized alveolar macrophages (AMs)—the proinflammatory phenotype—played a critical role in lung injury. Lung edema in TRALI mice can be abrogated by inhibiting the polarization of AMs toward the M1 phenotype (74) (Figure 3M).

These data suggest a clear role for monocytes/macrophages in TRALI pathogenesis.




2.2.4 Recipient platelets

Platelets derived from bone marrow megakaryocytes are commonly associated with thrombosis and hemostasis (75). However, beyond these traditional roles, platelets are key effectors of thromboinflammation and immune responses via crosstalk with various immune cells, such as PMNs (76). Moreover, considering the observed thrombocytopenia in TRALI patients, as well as the results of murine antibody-mediated TRALI models, platelets appear to be drivers of TRALI (13, 77). However, the evidence regarding the role of recipient platelets in aggravating lung injury is conflicting, i.e., the role of recipient platelets as either pathogenic or dispensable, in the context of TRALI development, within murine models injected with 34-1-2S is dependent on the experimental designs for assessing lung injury. On the one hand, treatment with rabbit polyclonal anti-mouse platelet serum to eliminate platelets, as well as 100 mg kg−1 aspirin or tirofiban to inhibit platelet reactivity, effectively prevented alveolar edema (23, 78, 79). Moreover, GPIb—a major platelet receptor—has been implicated in platelet activation and aggregation (76). However, platelet depletion, using an anti-GPIbα antibody, improved TRALI outcomes, without influencing its progression (80). On the other hand, several studies using different animal models have shown that platelet depletion or inhibition was dispensable in TRALI development. For example, neuraminidase-induced thrombocytopenia failed to effectively protect mice from TRALI (50, 81), diphtheria toxin-induced immunologic thrombocytopenia did not prevent PF4-cre/iDTR mice from 34-1-2S-associated lung edema (82), and pretreatment of mice with ML354—a protease receptor 4 pathway inhibitor—failed to prevent TRALI induction following activation of platelets via ex vivo stimulation (80).

Recently, novel insights regarding recipient platelets have been reported. Receptors bound to immunoglobulin G (IgG) antibody are uniquely expressed on human platelets and include IgG receptor I (FcγRI) and FcγRIIA, among others (83). Among these receptors, FcγRIIA/CD32A is the most extensively distributed FcγR on the surface of human platelets (83). Yet, its effects on TRALI have not been reported in mouse models, suggesting that the previous conclusions regarding the role of recipient platelets as main contributors to the pathogenicity of antibody-dependent TRALI are potentially incomplete. To address this gap in knowledge, EI Mdawar et al. (84) established an FcγRIIA/CD32A transgenic mouse model. When the humanized mouse model expressing the FcγRIIA/CD32A receptor was challenged with 34-1-2S, aggravated lung edema was observed (84). The authors concluded that the associated pathogenesis was caused by TRALI induction triggering platelet activation and subsequent 5-hydroxytryptamine 2A serotonin release. Thus, recipient platelets appear to represent key effector cells in exaggerated lung injury; however, their contribution to TRALI onset and pathogenesis requires further investigation.




2.2.5 DCs/Tregs/IL-10

Conflicting evidence has been reported regarding the role of recipient T cells in other inflammatory lung injury models. For example, T-cell activation may aggravate endotoxin-induced acute lung injury (ALI) (85). Meanwhile, mice treated with LPS developed ARDS, whereas lethal lung injury was significantly ameliorated by decreasing CD3+ T cells in vivo (86). Conversely, murine ARDS induced by reovirus was critically dependent on T cells and their ability to secret interferon-γ (17). In contrast, reconstituted T cells protected SCID mice from lung injury, implicating T cells as protective factors against TRALI development (17). This was further confirmed via removal of Tregs, DCs, and IL-10, resulting in murine TRALI initiation (32), which was likely related to the protective effect elicited by Treg- and DC-secreted IL-10. Indeed, both patients with low levels of IL-10 and mice lacking IL-10 were susceptible to TRALI development (32, 87). Hence, the Treg-DC-IL-10 axis has been proposed as a protective mechanism against TRALI induction (Figures 3K, L). However, to date, the mechanism underlying the protective effect of IL-10 remains unclear and warrants further investigation.





2.3 Effector phase

In this phase, activated effector cells, including PMNs, ECs, monocytes/macrophages, and platelets, produced effector molecules, such as NETs (Figures 3A, N) and ROS (Figures 3C, D, F, G), which directly damage pulmonary vascular ECs, resulting in lung edema. Additionally, EC dysfunction may aggravate pulmonary vascular leakage. Moreover, dysregulated coagulation has been implicated in lung injury, including that associated with TRALI and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mediated ALI (77, 88).



2.3.1 NETs

NETs can effectively restrict pathogen spreading and kill microorganisms via the release of high doses of histones and granule contents by active immune cells (89). The role of NETs in TRALI was first reported in 2012 by Thomas, who observed NETs in the blood of patients and mice with TRALI (81). They further observed that PMN-derived NETs were released in vitro following challenge by an anti-leukocyte antibody. More recently, the formation of NETs in vivo, as well as their detrimental contributions, have been further validated in TRALI models (90, 91). The complement system has also been shown to function as a key trigger of NET production by assisting the 34-1-2S in PMN activation (51, 92). However, NETs are not exclusively produced by PMNs. Platelet-derived NETs can directly damage pulmonary ECs, further aggravating TRALI (93). Moreover, within a murine TRALI model, an increase in platelet–neutrophil interactions and NET formation was observed, with fewer NET produced following the administration of platelet-targeting therapeutics (78). Additionally, NET formation has been observed in antibody-independent TRALI. For example, under long-term storage, RBC hemolysis can occur and cause sufficient hemin accumulation in the solution (94). Hemin induced NET release, resulting in TRALI induction (94). Hence, NETs function as pivotal effector molecules of TRALI induction.




2.3.2 ROS

Upon exposure to inflammatory factors, the NADPH oxidase family members are activated, resulting in the production and release of a large amount of ROS, leading to lung disease (95). ROS are important effector molecules involved in TRALI pathogenesis. That is, trapped PMNs within the lung capillary bed being activated by anti-leukocyte antibodies and BRMs from transfused blood components, resulting in the production and release of ROS, which further destroy the ECs, causing capillary leakage and pulmonary edema (48, 96). PMNs are also recruited to the lungs, where they produce ROS that damage the ECs (26). Thus, PMN-derived ROS production blockade was an effective strategy for protecting mice from antibody-mediated TRALI (50, 97, 98). Activated monocytes/macrophages and pulmonary ECs also generated ROS, thus inducing deterioration of endothelial permeability and TRALI onset (50, 54). More importantly, gp91phox-KO mice, which lacked the ability to induce ROS, were protected from antibody-mediated TRALI, indicating that ROS were essential for TRALI induction (32). Storage of blood products can cause vesicle shedding and accumulation of hemin and lysoPC, which contributed to aberrant oxidative bursts, ROS production, and lung endothelial damage in vitro (39, 99–101). This may represent a potential pathogenesis for antibody-independent TRALI development.




2.3.3 Imbalanced coagulation and the fibrinolysis system

Microthrombosis occured in the pulmonary vascular walls of animals with TRALI (84). Hence, considering that ECs are the key initiator and regulator of coagulation (102), coagulopathy may contribute to deteriorated lung function following transfusion of pathogenic antibodies or BRMs that would destroy pulmonary ECs. Indeed, coagulopathy has been identified as a pivotal pathogenic characteristic in rat models of aged erythrocyte- or platelet-mediated TRALI (103, 104). A case-control study reported that blood transfusions in patients who underwent cardiovascular surgery and exhibited obvious pulmonary inflammatory reactions were accompanied by coagulation and fibrinolysis dysregulation, leading to worsened prognosis in the ICU (105), thus further demonstrating the potential role of coagulopathy in TRALI development. Moreover, intravital lung imaging revealed platelet adhesion to the pulmonary ECs as well as occasional thrombotic events in a murine 34-1-2S-mediated TRALI model (51). Coagulopathy was involved in the dysregulation of coagulation and fibrinolytic pathways (106), leading to fibrin deposition in the lungs (77). Fibrin effusion in the lung alveoli was recognized as a main contributing factor to ALI and ARDS pathogenesis (107–109). Additionally, in a murine 34-1-2S-mediated TRALI model, increased coagulation, impaired fibrinolysis, and fibrin deposition were observed in the lungs (77) (Figure 3J). In fact, fibrin deposition in the lungs may activate ECs, thereby promoting the release of proinflammatory mediators and increasing vascular permeability and lung injury (77).






3 Management

The morbidity associated with TRALI has plummeted with the introduction of mitigation strategies that include donor management, blood component processing, and patient blood management (PBM). However, no specific therapies are available and therapeutic options primarily focus on supportive measures. Hence, additional research is needed to develop, standardize, and evaluate novel drugs for the treatment of TRALI. Recently, a full spectrum of potential targets, including anti-inflammatory and immunoregulatory factors, have been investigated as potential TRALI therapeutics. Recent progress in prevention strategies (Table 1) and treatments (Table 2) has been made and is described below.


Table 1 | Summary of the prevention strategies of TRALI.




Table 2 | Summary of innovative treatments undergoing TRALI.





3.1 Prevention



3.1.1 Antibody-mediated TRALI prevention strategies



3.1.1.1 Donor management

Considering that anti-HLA or anti-HNA antibodies are detected most frequently in multiparous donors, TRALI risk-reduction strategies, including the introduction of male-only donors, male-dominated plasma, exclusion of all-exposure donors, and antibody screening, have been introduced, resulting in a significant reduction in the morbidity associated with antibody-dependent TRALI in developed countries (4, 21, 110–112). However, anti-leukocyte antibody screening has not yet been routinely implemented because of financial complexities (136). Despite the use of these prevention strategies, additional research is needed, as anti-HLA antibodies were reportedly triggered in coronavirus disease 19 convalescent plasma donors and SARS-CoV-2 vaccination volunteers (137, 138). Therefore, TRALI prevention may also require screening antibodies against HLA antigens in donors following SARS-CoV-2 sensitization.




3.1.1.2 Solvent/detergent-treated pooled plasma

Solvent/detergent-treated pooled  plasma (SDP) is manufactured by treating large pools of plasma with solvent detergent to ensure that the anti-leukocyte antibody levels are below the limit of detection (116). Since the adoption of SDP in Norway in 1993, no TRALI cases were reported over a 10-year period (113). As of 2020, no TRALI cases had been reported in association with SDP transfusion (115). However, in 2022, a definite TRALI case was observed following SDP transfusion (20, 116), resulting in a total of three reported TRALI cases following SDP transfusion to date (116). Although implementation of SDP transfusion has markedly reduced the incidence of TRALI, medical staff associated with SDP transfusions must realize the potential risk regarding severe complications, i.e., TRALI.





3.1.2 Antibody-independent TRALI prevention strategies



3.1.2.1 Leukoreduction

Leukoreduction is a procedure that intentionally filters leukocytes in donated samples to decrease the abundance of mediators derived from leukocytes and platelets, thereby diminishing transfusion adverse reactions (117, 119). A retrospective analysis revealed that leukoreduction of blood components reduced the occurrence of TRALI cases by 83% (117). Furthermore, previous in vivo animal studies demonstrated that TRALI could be attenuated by leukoreduction before storage because of the reduction of proinflammatory mediators (47, 118). Conversely, leukoreduction of packed RBC failed to efficiently prevent TRALI, as reported in a systematic review (119). Hence, the effect of blood component leukoreduction on TRALI incidence should continue to be monitored.




3.1.2.2 Pathogen reduction technology

The pathogen reduction technology (PRT) of Mirasol and Intercept(TM) has been proven effective in improving blood component safety by targeting pathogen nucleic acid or membrane lipid structures in donor samples (124, 139). However, the efficiency of PRT to reduce the risk of TRALI has been proven inconsistent in preclinical studies. An earlier in vivo study reported that blood products treated with Mirasol PRT failed to prevent rat TRALI (120). However, transfusion of Mirasol PRT-treated platelets has also prevented lung injury in immunodeficient mice (121). Meanwhile, transfusion of aged Mirasol PRT-treated RBC did not deteriorate this disease in a murine TRALI model parallel with standard-delivery RBC (122). These contradictory in vivo results may be because of discrepancies in experimental design.

The role of PRT in TRALI risk-reduction was also debated in clinical studies. An open label, prospective hemovigilance program confirmed that no TRALI cases occurred following transfusion with Intercept(TM)-processed platelets (124). Similarly, data from a hemovigilance system involving 2181 transfusion records in Ghana demonstrated that Mirasol PRT-treated whole blood effectively prevented TRALI (123). However, a recent open label, sequential cohort study found that ARDS-associated morbidity did not differ significantly between patients receiving Intercept (TM) PRT platelets and those receiving conventional platelets (125). Therefore, comprehensive clinical trials are required to validate the effect of PRT blood components on TRALI risk-reduction.




3.1.2.3 Platelet additive solution

Following the introduction of risk-reduction strategies in 2014, the rate of TRALI did not differ between blood components (140). However, a significantly higher incidence of TRALI was sustained in female-donated platelets compared with that in male-donated platelets (140), which may be because of the platelets suspended in female plasma containing anti-HLA or anti-HNA antibodies. Meanwhile, buffy-coat-derived platelets suspended in platelet additive solution (PAS) can reduce TRALI-associated morbidity, which was similar to that reported in single-donor platelets (126, 127). Thus, additional strategies that may decrease the incidence of TRALI must be implemented, including replacement of traditional residual plasma with novel PAS in buffy coat pooled platelets.





3.1.3 TRALI PBM

PBM attempts to optimize the patient’s hematologic capabilities, decrease bleeding, and limit unnecessary transfusions (141). Findings from the hemovigilance network in the United States in 2015 highlighted the ability of PBM to decrease the incidence of TRALI (128). Similarly, a decrease in TRALI incidence was observed in Austria following the introduction of PBM (129). A recent study further emphasized that proper PBM represented the standard tool for avoiding TRALI occurrence (130).





3.2 Treatment



3.2.1 Supportive care

To date, there are no established treatments for TRALI beyond supportive care, which comprises oxygen inhalation, ventilation, and extra-corporeal membrane oxygenation to effectively maintain hemodynamics (13, 126, 131). In rare cases of sickle cell disease, patients experiencing TRALI also receive 5% albumin, erythropoietin, and iron as supportive modalities (142). Although pulmonary edema is common, diuretics should be avoided because of the associated hypotension (143).




3.2.2 Clinical studies

Ascorbic acid, a water-soluble vitamin, can limit ROS damage to the epithelial barrier. A randomized controlled trial revealed that critically ill patients with TRALI exhibited a better 7-day survival following intravenous administration of high-dose ascorbic acid (132). To fully explore more effective TRALI treatments, future large-scale multi-center randomized controlled trials and in-depth clinical studies are needed.




3.2.3 Preclinical studies

Activation of ECs, PMNs, monocytes/macrophages and platelets leading to effector molecule production and pulmonary fibrin deposition is the key process of the onset of pulmonary edema, the hallmark of TRALI. Hence, blocking these pathways may effectively prevent TRALI initiation. Additionally, targeting gut flora and Tregs/IL-10 seems to be prospective prevention strategies or treatments.



3.2.3.1 Targeting gut flora

Since gut flora resulted in mice susceptibility to 34-1-2S-dependent TRALI, depletion of gut flora in mice may be a promising strategy for relieving TRALI. Utilizing broad-spectrum antibiotics composed of vancomycin, ampicillin, neomycin, and metronidazole in drinking water to kill gut flora can prevent TRALI in mice via decreasing plasma MIP-2 levels and PMN recruitment in the lungs (24).




3.2.3.2 Targeting effector molecules

Various compounds have been found to halt the effect of NETs. For instance, DNase I is an effective therapeutic drug for digesting NET present in the lungs (91). Combined aspirin and DNase1 treatment reduced NET formation and NET-associated platelet sequestration, thus alleviating TRALI (78). Moreover, intranasal DNase 1 treatment of mice before 34-1-2S infusion, or injection 90 min after TRALI occurrence, can disrupt NET accumulation in the alveoli and improve blood oxygenation (81). Meanwhile, inhibition of NET formation is also an effective means to prevent TRALI. Disulfiram—an existing FDA-approved drug for alcohol use disorder—effectively improved the survival of murine 34-1-2S-induced TRALI via blockade of NET formation (91).

Intravenous immunoglobulin (IVIg) is biologic components of polyclonal antibodies, extracted from human plasma of large healthy donor cohort blood banks. IVIg has proven beneficial for the clinical treatment of autoimmune diseases, chronic lymphocytic leukemia, and sepsis (144). To date, IVIg therapy remains off-label for patients with TRALI. Nevertheless, one study has assessed the efficacy of IVIg in a TRALI model and found that it prevented murine antibody-mediated TRALI and reduced lung injury at the level of PMN-derived ROS production, thus improving lung injury (97). Conversely, several clinical lines of evidence have reported that IVIg may contribute to TRALI induction (145, 146). Although IVIg may contribute to TRALI induction, this is extremely rare given the amount of IVIg infused annually. Due to these controversial findings, the therapeutic pathway associated with IVIg requires further elucidation.




3.2.3.3 Targeting PMNs

The pivotal role of PMNs in TRALI provides a basic principle for exploiting PMN-targeted therapies. PMN aging is described as a “programmed disarming” that decreases the capacity of PMNs to inflict damage after infiltrating target tissues (147). Based on this theory, it is proposed that therapeutic intervention to regulate PMN aging may protect against tissue damage. PTP1B regulates signaling events that are of fundamental importance to homeostatic control (46). PTP1B inhibitors, including MSI-1436 and DPM-1003, have been tested in clinical trials for obesity and metastatic breast cancer (46). Inhibition of PTP1B with MSI-1436 effectively promoted PMN aging, thus preventing murine TRALI and improving survival (46). Dasatinib—a tyrosine kinase inhibitor commonly used to improve leukemia survival rates (148)—provided a clinical benefit in PMN-mediated inflammatory diseases by influencing the proinflammatory functions of mature PMNs (148). Moreover, dasatinib inhibited PMN activation in a TRALI mouse model by negatively regulating the NF-κB/NLRP3 inflammasome activation (49).




3.2.3.4 Targeting endothelial activation

As endothelial activation is crucial to TRALI onset, it may represent an effective therapeutic target for preventing lung injury caused by blood transfusion. IL-35, which belongs to the IL-12 cytokine family, is regarded as a novel immune-suppressive cytokine (149). IL-35 may alleviate disease states by inhibiting pulmonary endothelial proliferation, apoptosis, and activation (133, 150). IL-35 treatment has been proven to prevent murine TRALI via inhibition of endothelial activation (133), which could provide new insights into therapeutic targets.




3.2.3.5 Targeting macrophages

The treatments for targeting macrophages, including blocking the production of key effectors by macrophages and regulating macrophage polarization, represent potential TRALI therapies. OPN derived from macrophages is a matricellular protein that served a crucial role in PMN migration (26). Meanwhile, inhibition of OPN with an anti-OPN antibody in the presence of macrophages can prevent TRALI onset (26). Likewise, inducing polarization of macrophages toward the anti-inflammatory M2 phenotype has improved various disease states in preclinical models (151, 152). In particular, α1-antitrypsin (AAT) elicits tissue-protective effects as well as anti-inflammatory and immunomodulatory properties (74). Application of human AAT exogenous gene delivery technology to 34-1-2S-treated mouse livers successfully alleviated lung injury via suppressing M1 polarization (74). Hence, targeting macrophage-associated inflammatory proteins or promoting polarization toward the M2 phenotype may serve as prospective therapeutic strategies.




3.2.3.6 Targeting platelet activation

Sarpogrelate has been widely used in treating cardiovascular disorders via specifically antagonizing 5-HT2A receptor signaling (153). Thus, to investigate the role of 5-HT2A receptor in serotonin-mediated deterioration that caused pulmonary capillary leakage in humanized mice, sarpogrelate was employed (84). Administration of this drug to antibody-mediated TRALI in humanized mice abolished the exacerbation of lung edema (84). The significant effect of sarpogrelate on TRALI suggested that targeting activated platelet-mediated serotonin secretion may represent a potential TRALI therapy. Alternatively, tirofiban—a platelet receptor antagonist—possessed potential for preventing murine 34-1-2S-mediated TRALI via suppressing platelet activation and targeting pulmonary coagulation-fibrinolytic disorders (134).




3.2.3.7 Targeting Tregs/IL-10

Tregs are a subpopulation of CD4+ T cells that maintain tissue tolerance via secretion of anti-inflammatory cytokines (e.g., IL-10) (154, 155). Treg-based therapies have been proven promising for autoimmune diseases and allograft rejection (155, 156). In particular, IL-2 is a trophic cytokine required for the expansion of effector cells as well as Tregs (135), and the IL-2/anti-IL-2 antibody complex (IL-2c) induces vigorous T-cell proliferation in vivo (135). In a murine antibody-mediated TRALI model, administration of IL-2/IL-2c rapidly expanded the Treg population, thereby increasing the level of IL-10, which enabled mice to recover from lung injury (157). Given that IL-10 possesses potent anti-inflammatory and tissue regenerative capabilities, IL-10 administration prophylactically protected and therapeutically rescued against TRALI in vivo (13, 32, 158). These findings indicate that induction of Treg IL-10 production, or direct IL-10 treatment represent promising therapeutic strategies for TRALI.







4 Conclusions

Although TRALI is a leading cause of transfusion-associated death, specific treatments are still lacking. Thus, understanding its pathogenesis is key to establishing effective disease management strategies. Recently, significant progress has been made in defining TRALI pathophysiology. In particular, based on the two-hit theory, we innovatively define a three-step pathogenesis model for TRALI that is composed of the priming step, pulmonary reaction, and effector phase. As depicted in this model, the patient risk factors, in combination with detrimental factors within the blood transfusion components, trigger a dynamic spectrum of clinical manifestations based on complex host responses. These responses involve immune cells, including PMNs, platelets, Tregs, monocytes, macrophages; non-immune cells, such as ECs; and effector molecules, such as NETs, ROS, and coagulation-fibrinolytic disorders. In fact, the three-step pathogenesis model especially in pulmonary reaction and effector phase may be potentially overlapping.As such, application of a TRALI pathogenesis stage-specific management strategies may serve to improve disease progression. Hence, a better understanding of modifiable risk factors may help identify those patients most susceptible to TRALI onset. Following the introduction of strategies to exclude anti-leukocyte antibodies, BRMs, and associated pathogenic molecules from blood products, the incidence of TRALI in clinical studies and preclinical models has decreased rapidly. Additionally, a large number of in vivo drug experiments targeting PMNs, macrophages, platelets, Tregs, ECs, NETs, ROS, and coagulation-fibrinolytic disorders have effectively prevented the occurrence of lung edema. As these interventions have demonstrated efficacy in preventing TRALI occurrence in preclinical studies, their early implementation might benefit disease prognosis. One potential therapeutic agent is ascorbic acid, which has been proven beneficial for TRALI recovery in critical patients within a clinical trial. Further in-depth research is required to investigate effective drugs for targeted therapies to achieve better clinical outcomes.
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Introduction

The rising global burden of metabolic disease impacts the control of endemic tuberculosis (TB) in many regions, as persons with diabetes mellitus (DM) are up to three times more likely to develop active TB than those without DM. Active TB can also promote glucose intolerance during both acute infection and over a longer term, potentially driven by aspects of the immune response. Identifying patients likely to have persistent hyperglycemia following TB treatment would enable closer monitoring and care, and an improved understanding of underlying immunometabolic dysregulation.





Methods

We measured the relationship of plasma cytokine levels, T cell phenotypes and functional responses with the change in hemoglobin A1c (HbA1c) before and after treatment of pulmonary TB in a prospective observational cohort in Durban, South Africa. Participants were stratified based on stable/increased HbA1c (n = 16) versus decreased HbA1c (n = 46) levels from treatment initiation to 12 month follow-up.





Results

CD62 P-selectin was up- (1.5-fold) and IL-10 downregulated (0.85-fold) in plasma among individuals whose HbA1c remained stable/increased during TB treatment. This was accompanied by increased pro-inflammatory TB-specific IL-17 production (Th17). In addition, Th1 responses were upregulated in this group, including TNF-α production and CX3CR1 expression, with decreased IL-4 and IL-13 production. Finally, the TNF-α+ IFNγ+ CD8+ T cells were associated with stable/increased HbA1c. These changes were all significantly different in the stable/increased HbA1c relative to the decreased HbA1c group.





Discussion

Overall, these data suggest that patients with stable/increased HbA1c had an increased pro-inflammatory state. Persistent inflammation and elevated T cell activity in individuals with unresolved dysglycemia following TB treatment may indicate failure to fully resolve infection or may promote persistent dysglycemia in these individuals, and further studies are needed to explore potential mechanisms.
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Introduction

The convergence of tuberculosis (TB) and type 2 diabetes mellitus (DM) threatens the life and livelihood of individuals in many resource-constrained settings. Concerns about the impact of DM on TB are particularly relevant in sub-Saharan Africa, which already bears over 80% of the world’s HIV-associated TB burden. The prevalence of DM is projected to rise steeply in the coming decades (1–3). An estimated 12.6% of the adult (age 20-79 years) sub-Sahara-African population have impaired glucose tolerance, 5.2% have type 2 diabetes, and over 50% of diabetes cases remain undiagnosed (4).

The interaction of TB and metabolic dysregulation is complex; while impaired glucose tolerance, including overt DM as well as prediabetes, increases the risk of active TB disease, the immune response to TB may also drive adverse changes in metabolic health (5–7). The increased risk of active TB in patients with DM has been attributed to multiple immunologic alterations, including monocyte and macrophage defects that contribute to delayed adaptive immune responses and altered M. tuberculosis (Mtb) specific pro- and anti-inflammatory T-helper type 1 (Th1) and Th17 responses (8, 9). Previous studies have also shown that patients with prediabetes and active TB have increased circulating levels of Th1, Th2, Th17, and regulatory cytokines (10, 11).

Although not all individuals with prediabetes go on to develop overt diabetes (12–15), the alterations in immune function in persons with prediabetes and DM that contribute to active TB disease overlap, in part, with studies linking immunologic biomarkers to the development of metabolic disease in the absence of infectious conditions. In the general population, a reduced proportion of naïve and regulatory (Treg) CD4+ T cells (16–18), higher circulating memory CD4+ T cells (16, 19), and a shift towards pro-inflammatory Th1 and Th17 helper cells (18) was associated with prevalent diabetes. Taken together, these findings suggest a potential bidirectional relationship in which altered immunity in glucose intolerance predisposes to active TB disease, which subsequently may worsen metabolic function.

The potential for an immune response against infectious conditions to promote metabolic dysregulation has been investigated in persons with HIV (PWH) (20, 21), but there are fewer data among individuals with TB. We and others, have previously demonstrated that elevation of soluble receptor of tumor necrosis factor (TNF)-α-1 (sTNFR1) and interleukin-6 (IL-6), and increased expression of CD45RO and CD57 on CD4+ T cells, are associated with increased incidence of DM among PWH (16, 22, 23). Additionally, higher baseline frequencies of CD4+ T effector memory RA+ (TEMRA) cells (CD45RA+ CD27-) and senescent T cells (CD4+ CD28-) have been associated with incident diabetes in PWH (21). It is unclear, however, if these factors are also associated with DM in patients with TB disease.

In this study we sought to build upon the immunometabolism model linking alterations in adaptive immunity to the development of DM to explore impaired glucose tolerance (hemoglobin A1c [HbA1c] ≥5.7%) in TB disease using longitudinal data from drug-susceptible TB patients in South Africa. We assessed a broad range of innate and adaptive immune markers among individuals undergoing treatment for active TB to identify factors associated with the persistence or worsening of glucose intolerance.





Methods




Study population

Participants enrolled in the Africa Health Research Institute (AHRI) site in Durban, South Africa of the Regional Prospective Observational Research in Tuberculosis consortium of South Africa (RePORT SA) were eligible for inclusion. All participants included in the study were individuals with pulmonary, drug-susceptible, culture-confirmed Mycobacterium tuberculosis (Mtb). Study enrollment opened in December 2017 and closed in November 2019. Individual baseline measures of weight (kg), height (m), body mass index (BMI), HbA1c (%), age (years), sex (self-reported, male or female), HIV status (by Western Blot and PCR, positive or negative) as well as antiretroviral therapy (ART) use, and blood samples (CD4+ T-lymphocyte counts) were collected at the time of treatment initiation (baseline); HbA1c and CD4+ counts were measured again at 12-15 months (follow-up). HbA1c levels were defined as normal (<5.7%), prediabetes (5.7-6.4%), and diabetes (≥6.5%), with the HbA1c characteristics of the study population at baseline and follow up summarized in Supplementary Table 1. These HbA1c based definitions are based on the American Diabetes Association guidelines (24).

This study was approved by the Vanderbilt Institutional Review Board (IRB#191176). Informed consent was obtained under the Biomedical Research Ethics Committee (BREC) at the University of Kwazulu-Natal (UKZN) Ref No: BE423/19, and the RePORT South Africa study (IRB#160918) at Vanderbilt.





T-lymphocyte stimulation conditions and flow cytometry

Peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation through Histopaque 1077 (SIGMA) according to standard procedure. To induce cytokine production, 106 PBMC each were stimulated for 6 hours with the mitogens PMA and ionomycin or Mtb peptides (MTB300) or left unstimulated. Cells were then washed in PBS and surface stained in a 25 µl antibody mix containing a Live/Dead™ fixable Aqua-dead cell staining reagent (1:200 dilution, Invitrogen, Carlsbad, CA, USA). Combinations of the surface antibodies as listed in Supplementary Table 2 or 3 from BD Biosciences (Franklin Lakes, NJ, USA) or from BioLegend (San Diego, CA, USA). Ex vivo surface marker staining was completed for 20 min in the dark at room temperature (RT), followed by two washes with PBS. Cells were then fixed in 2% PFA ready for acquisition. Alternatively for intracellular cytokine staining (ICS) the cells were permeabilized, following surface marker staining, with 100 µl BD FixPerm at 4°C for 20 min, washed twice with BD PermWash buffer and blocked with 100 µl of a 20% goat serum PBS solution. Finally, cells were stained with a 25 µl cytokine antibody mix for 20 min at RT, washed with PermWash buffer and suspended in 2% PFA. Cells were acquired on a FACSAria Fusion III flow cytometer (BD), and data analyzed with FlowJo version 9.9.6 software (Tree Star).





T-lymphocyte cluster determinations

An unsupervised analysis workflow that includes dimension reduction and clustering was applied to each identified cell type (CD4+ and CD8+) from each cytometric experiment (ICS and ex vivo) independently. The workflow was executed using the R programming language version 4.1. To start, FCS files were down sampled to 5000 events with seed set to 123 for reproducibility. The down sampled data was then concatenated and transformed (25). The flowjo_biexp function from the flowWorkspace (26) package was used to transform the data. Transformation parameters, such as maxValue, pos, neg, and widthBasis were parsed from a FlowJo workspace XML file. The XML file was exported from the same workspace where the FCS files were previously gated for CD4+ T and CD8+ T cells and other known populations. The HarmonyMatrix function from the harmony package (27) was then used to help mitigate any batch effects. The do_pca argument was set to FALSE and the biexponential-transformed data was used as the input embedding on which the harmony algorithm would act directly. Uniform Manifold Approximation and Projection (UMAP) was used to facilitate visualization of the corrected, multidimensional space. This was done with the umap function from the uwot package (28) with nearest neighbors (n_neighbors) set to 30. Data points were initialized (init) using the “spca” setting and effective minimum distance between embedded points (min_dist) was set to 0.1. The FlowSOM function from the FlowSOM package (29) was used to iteratively cluster the multidimensional, batch-corrected data. A range of 3 to 25 clusters was tested with seed set to 123. Heatmaps representative of each cluster’s phenotype were produced per iteration (30). These heatmaps were used to guide the selection of an appropriate number of meta-clusters (nClus). For the CD4+ T cell ICS experiment analysis, a cluster number of 10 was chosen. A cluster number of 9 was chosen for each of the other three data sets analyzed (CD8+ T cell ICS, CD4+ T cell ex vivo, and CD8+ T cell ex vivo analyses). Cluster frequencies were calculated and used for downstream statistical testing.





Plasma cytokine and CMV serostatus assays

Patient plasma cytokine levels were measured using the Thermo Fisher human inflammation panel 20 Plex kit (cat. no. EPX200-12185-901) and the Luminex Bio-Rad Bio-Plex™ 200 system. To control for the effect of CMV infection, which often elicits Th1 biased T cell responses (20, 31), the patient CMV serostatus was assessed by the GenWay CMV IgG ELISA test kit (cat. no. GWB-892399).





Outcome

The primary outcome in these analyses was individual follow-up HbA1c measure in relation to baseline HbA1c; the HbA1c outcome was dichotomized as decreased (follow-up measure < baseline measure) or stable/increased (follow-up measure ≥ baseline measure).





Statistical analysis

Participant demographic and clinical characteristics were compared by HbA1c change over time (decreased versus stable/increased) using Chi-square tests for categorical variables and Kruskall-Wallis tests for continuous variables. Differences in the percentages of CD4+ cells of particular phenotypes (percent of individuals’ total CD4+ population, defined by surface receptor and cytokine characteristics) were also examined across outcome categories, comparing follow-up to baseline measures, under multiple stimulation conditions. These differences were assessed for each phenotype under each stimulation condition both by Kruskal-Wallis test, and if considered of potential interest for hypothesis generation (p<0.10), by linear regression, adjusting for baseline HbA1c measure. All analyses were conducted in Stata 15.1 (StataCorp, College Station, TX). Family-wise error rate corrections were not applied for multiple testing, as hypothesis tests for specific markers were determined a priori as per Kumar et al. (11), but Bonferroni-corrected p-values are provided in the footnotes of each table for the reader’s consideration.






Results

Of 62 total participants, approximately 1/3 (n = 23) had normal HbA1c levels at baseline, half (n = 33) had prediabetes, and the remainder (n = 6) were categorized as having diabetes (24). Three of the six patients with HbA1c ≥6.5% at baseline self-reported DM. The HbA1c levels of the study population are summarized in Supplementary Table 1. The HbA1c levels for the prediabetes and diabetes groups tended to decrease following treatment, with the prediabetes group showing a significant decrease (p < 0.0001) in baseline to follow-up HbA1c values. Since the HbA1c levels varied considerably at baseline versus follow-up, we separated participants into those with any increased (n = 10) or decreased (n = 46) follow-up HbA1c relative to baseline. We did not implement a threshold to qualify an alteration as increased or decreased, rather any change was considered. Participants without change in HbA1c (n = 6) were included in the increased HbA1c group; four of the six had normal HbA1c.

Table 1 compares the population demographics/characteristics of the two groups. Neither group differed significantly by age, sex, or HIV status. All 62 participants were CMV IgG positive. Most patients (n = 51 [82%]) were cured or had treatment completion; seven had treatment failure, three did not complete treatment, and one had relapse after cure. Due to our small study sample size and since several studies have investigated the associated factors for progression from prediabetes to diabetes or reversion to normoglycemia (12–15), we focused on measuring immune-associated changes relating to HbA1c fluctuations following TB treatment and did not consider participants with overt diabetes as a separate group.


Table 1 | Study population characteristics (N=62).



First, we assessed plasma cytokine levels of all participants to determine if changes in HbA1c following TB treatment were associated with changes in systemic markers of inflammation (Table 2). Only two markers showed significant changes between study groups. CD62 P-selectin, a marker of chronic inflammation (32), was significantly higher in the patients with stable/increased HbA1c following treatment relative to those in whom HbA1c was reduced. Conversely, the anti-inflammatory cytokine IL-10 was significantly reduced in participants with stable/increased HbA1c but remained unchanged in patients with decreased HbA1c. Although no significant differences were observed for the other soluble factors measured, including proinflammatory markers such as IL-6 and IL-1b, these data suggested an association between increasing HbA1c and a more proinflammatory state following TB treatment.


Table 2 | Comparison of Fold-change (follow-up vs Baseline) in plasma cytokine levels relative to HbA1c change during follow-up (increase vs. decrease), (N=62).



To determine if stable/increased HbA1c levels were associated with differences in T cell immunity, PBMC samples were stimulated as described and an unbiased clustering approach used to identify CD4+ or CD8+ T cell phenotypes of interest (Figure 1A). The main cytokine producing CD4+ populations, clusters 2-7 (Figure 1B), all grouped together and displayed either an effector memory (CD45RO+ CCR7-) or a TEMRA (CD45RO- CCR7-) phenotype. This approach identified a PMA-stimulated IL-17+ TNF-α+ CD4+ cluster (cluster 6) which was positively associated with HbA1c levels (Figures 1C, D). At follow-up after TB treatment, the capacity of CD4+ T cells to produce IL-17 was increased in patients with stable/increased HbA1c. This population has an effector memory phenotype (CD45RO+ CCR7-) and comprises about 0.6% of total CD4+ T cells. In addition, Mtb-specific T cells, which produced IL-17 but not TNF-α+ following stimulation with MTB300, were also significantly elevated in participants who had stable/increased HbA1c. These cells had a TEMRA (CD45RO- CCR7-) phenotype. To confirm these differences identified using an unbiased approach, we gated on total cytokine production for CD4+ T cells using conventional Boolean gating (Table 3; Supplementary Figure 1). Despite seeing no difference in plasma TNF-α, this revealed a significant increase in TNF-α production from CD4+ T cells stimulated with MTB300 antigen in patients with stable/increased HbA1c. Together these data suggest that stable/increased HbA1c following TB treatment was associated with elevated Th1 and Th17 CD4+ responses. In contrast, the capacity for Th2 responses (based on the production of IL-4/-13) was reduced in participants with stable/increased HbA1c, reaching significance at follow-up with PMA stimulation (Supplementary Table 4).




Figure 1 | CD4+ cytokine profiles associated with HbA1c levels. General gating strategy to identify CD4+ and CD8+ T cells (A). UMAP projection of the 10 FlowSOM generated CD4+ T cell clusters (B). The resulting cluster frequency and median fluorescence intensity of detected markers expressed by each cluster were presented as a heatmap (C). Clusters 6 and 10 significantly associated with stable/increased HbA1c category (D). Participant groups with increased or decreased HbA1c levels were represented with “+” or “-” respectively. Respective flow cytometry dot plots were included alongside, displaying IL-17 production. Statistical analyses were done using Kruskal-Wallis test and P values are denoted as * < 0.05.




Table 3 | Manual gating of total cytokine production by CD4+ T cells.



An additional phenotyping flow panel was used, and unbiased clustering revealed distinct clusters suggestive of activated and exhausted T cells (based on the expression of HLA-DR, PD-1, CD57 and CX3CR1) (Figures 2A, B). Of these, cluster 6, distinguished by expression of CX3CR1 in the absence of HLA-DR or CD57, showed a positive association with stable/increased HbA1c (Figure 2C). Furthermore, looking at total CX3CR1+ CD4+ T cells, their frequency was higher at baseline and follow-up in the patients with stable/increased HbA1c (~1.4 fold higher). In addition, cluster 8 (CD57+) almost doubled in frequency from baseline to follow-up for patients with stable/increased HbA1c, but this did not reach statistical significance.




Figure 2 | CD4+ CX3CR1 surface expression associated with increased HbA1c change. Nine distinct clusters were identified by FlowSOM and projected as a UMAP (A). The cluster frequency and marker expression intensity were presented as a heatmap (B). Linear regression of a CX3CR1 expressing cluster 6 which associated positively with stable/increased HbA1c (C). Respective flow cytometry dot plots were included alongside, displaying CX3CR1 expression.



Examining CD8+ T cell responses in the same way we found that a PMA stimulated IFNγ+ TNF-α+ effector memory CD8+ T cell population (cluster 9) was upregulated in patients with stable/increased HbA1c at follow-up (Figure 3). As expected, the IL-17, IL-4 and IL-13 expression were confined to CD4+ T cells, with little or no detection in CD8+ populations. From the phenotyping panel (Figure 4), cluster 2, consistent with CD8+ TEMRA CD57+ population, was lower in patients with stable/increased HbA1c at both baseline and follow-up but reached significance at follow-up (Figure 4C). A similar trend, although not significant, was observed for cluster 6, which expressed markers of activation and proliferation (HLA-DR+ Ki67+).




Figure 3 | CD8+ cytokine profiles associated with HbA1c levels. The CD8+ T cells clustered into 9 distinct populations by FlowSOM analysis and displayed by UMAP projection (A). The cluster frequency and marker expression intensity were compared in the resulting heatmap (B). Cluster 9 associated significantly with stable/increased HbA1c category (C). Participant groups with increased or decreased HbA1c levels were represented with “+” or “-” respectively. Respective flow cytometry dot plots were included alongside, displaying IFNg and TNFα co-expression. Statistical analyses were done using Kruskal-Wallis test and P values are denoted as * < 0.05.






Figure 4 | CD8+ surface marker expression associated with HbA1c levels. A UMAP projection of the 9 unique CD8+ T cell clusters identified by FlowSOM analysis (A). The population frequencies and their relative marker expression levels were summarized in a heatmap (B). Cluster 2 associated stable/increased with HbA1c category (C). Participant groups with increased or decreased HbA1c levels were represented with “+” or “-” respectively. Respective flow cytometry dot plots were included alongside, displaying CD57+ TEMRA and Ki67 and HLA-DR co-expressing TEM. Statistical analyses were done using Kruskal-Wallis test and P values are denoted as * < 0.05.







Discussion

In our drug-susceptible TB study cohort with high proportion of PWH, we investigated the immune factors associated with persistent glucose intolerance following treatment of active disease. Longitudinal sampling allowed us to group patients based on stable/increased HbA1c or decreased HbA1c. Stable/increased HbA1c one year after TB treatment initiation was associated with a pro-inflammatory state reflected by elevated plasma cytokines, Th1 (CX3CR1+) and Th17 CD4+ T cell responses.

Six patients had an HbA1c ≥6.5% at baseline, three of whom received anti-diabetic medications, though they did not start these medications during follow up. Despite a relatively low proportion of patients with DM in our cohort, over half (56%) had HbA1c levels consistent with prediabetes at baseline. We found that most patients had resolution of hyperglycemia after TB treatment, consistent with well-documented transient hyperglycemia (33). It is unclear whether the hyperglycemia observed in our study and others increases long-term risks for development of DM (34).

Although most participants did not have baseline HbA1c levels indicative of overt DM, and most had resolution of hyperglycemia, those with increased HbA1c levels tended to display a more pro-inflammatory state characterized by elevated CD62 P-selectin and depressed IL-10 plasma levels. Although less pronounced, likely due to the small sample size, this is in keeping with similar trends observed by Randeria et al. who compared type 2 diabetics (HIV and TB negative) to healthy controls (35). HIV and TB co-infection as well as the effect of ART may have influenced our findings. Nonetheless we observed elevated soluble CD62 P-selectin, which serves as an indicator of vascular inflammation and is characteristic of type 2 diabetes (36–38). Several studies have described either an increased expression of IL-10 in plasma of persons with type 2 diabetes (35) or unchanged/reduced levels (39, 40) relative to healthy controls. Interestingly, glucose intolerance reduces IL-10 signaling efficiency, resulting in increased TNF-α production (39).

Although we did not observe a difference in TNF-α, we did detect reduced IL-10 plasma levels. Reduced IL-10 signaling has been associated with type 2 diabetes (40). Together the lower IL-10 levels and reduced signaling tie in well with a pro-inflammatory T cell response. In this regard, participants with HbA1c levels that increased or remained stable over time had an increased capacity of CD4+ T cells to produce IL-17 and TNFα (following PMA stimulation), and for Mtb-specific CD4+ T cells to produce IL-17 alone following stimulation with the TB-antigen pool MTB300 (41). Recent data from a human TST challenge model suggest that TB-specific Th17 T cell responses are associated with TB pathogenesis (42). Although most participants had successful treatment and were culture negative at the end of TB therapy, it is possible that incomplete Mtb killing may occur within the lungs of some TB patients, as demonstrated in human studies using direct sampling of the lung environment (43). If so, then residual infection might be expected to prevent the resolution of HbA1c and be associated with persistent inflammation and pathogenic IL-17 T cell responses. Regardless, dysglycemia is associated with decreased Th1 and Th17 responses to Mtb antigens in individuals with latent TB infection (44, 45), suggesting a different relationship following TB treatment. Interestingly, the depression of these responses was linked to elevated IL-10, which was significantly lower in individuals following treatment who had stable or increased HbA1c levels, supporting this hypothesis.

In addition, we observed an association between CD4+ T cell expression of CX3CR1, a marker associated with Th1 effector populations (46, 47), and stable/increased HbA1c levels. Lau et al. also found DM was associated with an increase in CX3CR1 expressing T cells and a reduced Th2 response (48). The CX3CR1-fractalkine axis mediates the migration of CX3CR1 expressing lymphocytes to inflamed tissue endothelium (46, 49). These T cells often have anti-viral and cytotoxic properties and are associated with CMV and HIV infection (31, 50). All participants in this study had CMV reactive plasma and 69% of participants in the stable/increased HbA1c group were HIV positive, therefore this increased CX3CR1+ CD4+ T cell frequency is also consistent with their anti-viral properties. Nonetheless, CX3CR1 expression on CD4+ T cells associated positively with stable/increased HbA1c. This, in turn, is consistent with this phenotype’s association with the progression of metabolic disease (20).

Our study had limitations. First, our sample size was small. Despite the small number of patients with DM at baseline, we were able to demonstrate the association of stable/increased HbA1c with elevated Th1 and Th17 CD4+ responses, providing direction for further study. Second, we had a single follow-up measurement of HbA1c and CD4+ cells 12-15 months after TB treatment initiation. Although this timeframe allowed time for a complete course of treatment, it remains unclear what risk, if any, is conferred by the dysregulation we observed in those whose HbA1c remained stable or increased. Finally, our investigations were exploratory and need to be confirmed in additional contexts and populations.





Conclusion

Identifying markers that associate with glucose intolerance could help identify metabolically fragile individuals who need closer monitoring/treatment. Monitoring the pro-inflammatory T cell response in hyperglycemic patients after TB treatment could prove useful in this regard. Further work investigating the mechanisms linking these immune pathways to metabolic dysregulation and poor clinical outcomes are needed.
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Hypoxia contributes to numerous pathophysiological conditions including inflammation-associated diseases. We characterized the impact of hypoxia on the immunometabolic cross-talk between cholesterol and interferon (IFN) responses. Specifically, hypoxia reduced cholesterol biosynthesis flux and provoked a compensatory activation of sterol regulatory element-binding protein 2 (SREBP2) in monocytes. Concomitantly, a broad range of interferon-stimulated genes (ISGs) increased under hypoxia in the absence of an inflammatory stimulus. While changes in cholesterol biosynthesis intermediates and SREBP2 activity did not contribute to hypoxic ISG induction, intracellular cholesterol distribution appeared critical to enhance hypoxic expression of chemokine ISGs. Importantly, hypoxia further boosted chemokine ISG expression in monocytes upon infection with severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2). Mechanistically, hypoxia sensitized toll-like receptor 4 (TLR4) signaling to activation by SARS-CoV-2 spike protein, which emerged as a major signaling hub to enhance chemokine ISG induction following SARS-CoV-2 infection of hypoxic monocytes. These data depict a hypoxia-regulated immunometabolic mechanism with implications for the development of systemic inflammatory responses in severe cases of coronavirus disease-2019 (COVID-19).
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1 Introduction

The availability of molecular oxygen (O2) is critical for many cellular functions, most notably cellular energy production via oxidative phosphorylation. Thus, various mechanisms evolved to cope with hypoxia, especially with respect to metabolic rewiring in order to protect cells from detrimental effects due to the lack of oxygen (1, 2). Not surprisingly, hypoxia and the resulting adaptive processes are tightly linked to numerous diseases including cancer, as well as metabolic and inflammatory disorders (3). The multilayered crosstalk between metabolic changes and immune responses also forms the basis for the emerging field of immunometabolism (4). While the concept of immunometabolism was termed merely 10 years ago, initial evidence dates back to the early 1990s, when increased expression of the pro-inflammatory cytokine tumor necrosis factor α (TNFα) was observed in rodent models of obesity and was shown to contribute to the development of insulin resistance (5). Along similar lines, altered cholesterol dynamics affect immune functions, as exemplified by observations that upon excessive uptake of low density lipoprotein (LDL)-cholesterol macrophages acquire a pro-inflammatory, foam cell phenotype within atherosclerotic lesions (6). Moreover, using statins to lower plasma LDL-cholesterol concentrations elicited potent anti-inflammatory effects in patients with inflammatory diseases like rheumatoid arthritis or metabolic syndrome (7, 8). Furthermore, intracellular cholesterol trafficking and biosynthetic signaling were shown to activate the inflammasome (9, 10), whereas accumulation of the cholesterol precursor mevalonate induced a trained immunity phenotype in monocyte-derived cells (11). Of note, changes in cholesterol biosynthesis flux also altered anti-viral responses by enhancing interferon (IFN) signaling (12, 13). The connection between IFN signaling and cholesterol metabolism appears to be bidirectional though, as cholesterol biosynthesis enzymes were downregulated in response to viral infection or IFN treatment (14, 15).

In this study, we observed a coinciding transcriptional upregulation of cholesterol biosynthesis enzymes and IFN-stimulated genes (ISGs) in hypoxic monocytes. Mechanistically, hypoxia-evoked changes in cholesterol dynamics enhanced toll-like receptor (TLR) signaling and consequently IFN responses. Hypoxia further increased chemokine ISG production in monocytes upon infection with severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), thereby providing a novel concept how hypoxemia, i.e., low blood oxygen levels, might favor systemic inflammation in severe cases of coronavirus disease-2019 (COVID-19).




2 Materials and methods



2.1 Chemicals

All chemicals were purchased from Thermo Fisher Scientific GmbH (Dreieich, Germany), if not indicated otherwise. Fatostatin hydrobromide, TAK-242, IKK-16 hydrochloride, lathosterol, 7-dehydrocholesterol, and desmosterol were purchased from Cayman Chemical (Ann Harbor, MI, USA), PF-429242 dihydrochloride, ketoconazole, methyl-β-cyclodextrin-complexed (water-soluble) cholesterol, mevalonolactone, and geranylgeraniol from Sigma-Aldrich (Taufkirchen, Germany), U18666A from Enzo Life Sciences (Lausen, Switzerland), simvastatin from Selleck Chemicals (Planegg, Germany), NB-598 maleate from Adooq Bioscience (Irvine, CA, USA), enpatoran from TargetMol (Wellesley Hills, MA, USA), T0901317 from Tocris (Wiesbaden-Nordenstadt, Germany), TJ-M2010-5 from Hycultec GmbH (Beutelsbach, Germany), and BX-795 from MedChemExpress (Monmouth Junction, NJ, USA).




2.2 Cell culture

THP-1 cells were obtained from ATCC, and THP-1 STING- and MAVS-KO cells as well as the corresponding original WT THP-1 cells were kindly provided by Prof. Veit Hornung (LMU Munich, Germany) (16). THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium, supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% or 5% FBS (Capricorn Scientific GmbH, Ebsdorfergrund, Germany or Sigma-Aldrich), dependent on the cholesterol concentration of the respective FBS batch. For experiments performed under low FBS levels, the percentage of FBS was reduced to 1/10th of the FBS amount used for maintaining the cells. Cells were kept at 37°C in a humidified atmosphere with 5% CO2. For hypoxic incubations, cells were transferred to a hypoxia workstation (SCI-tive, Baker Ruskinn, Bridgend, South Wales, UK) at 37°C with 5% CO2 and 1% O2.




2.3 IFNAR neutralization

THP-1 cells were treated with 5 µg/mL α-IFNAR2 antibody (Clone MMHAR-2 Mab, PBL assay science, Piscataway, NJ, USA; cat. no. 21385) or IgG2a isotype control antibody (Clone C1.18.4, Bio X Cell, Lebanon, NH, USA; cat. no. BE0085) prior to normoxic or hypoxic incubation for 24 h.




2.4 SARS-CoV-2 infection

Lung-derived A549-AT cells, constitutively expressing ACE2 and TMPRSS2 (17), were infected with SARS-CoV-2 strain FFM1 (accession number MT358638.1) (18) using a multiplicity of infection (MOI) of 0.1 in Minimum Essential Medium (MEM) containing 1% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 4 mM L-glutamine (all Sigma-Aldrich). After 1 h inoculation at 37°C and 5% CO2, cells were washed once with PBS and fresh medium was added. 48 h post infection (hpi), virus-containing supernatants were centrifuged and stored at -80°C until further usage.

Monocytic THP-1 cells were cultured for 24 h in RPMI 1640 with 1% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin (all Sigma-Aldrich) at 37°C with 5% CO2 and either 21% or 1% O2. Optionally, 10 µM fatostatin, 10 µM TAK-242, or 0.1% DMSO (Carl Roth, Karlsruhe, Germany) were added 1 h before starting hypoxic cultures. Experiments involving SARS-CoV-2 were carried out in an oxygen-adjustable incubator in a biosafety level 3 (BSL3) facility. After 24 h normoxic or hypoxic incubations, THP-1 cells were infected with the SARS-CoV-2 containing virus supernatants. Supernatants of non-infected A549-AT were used as controls. Cells were washed 1 hpi with PBS, and either directly lysed for RNA isolation, or incubated for additional 5 h, before freezing debris-free supernatants at -80°C for subsequent ELISAs and lysing cells for RNA isolation. Sample inactivation for further processing was performed with previously evaluated methods (19).




2.5 Stimulation with SARS-CoV-2 spike protein

THP-1 cells were pre-incubated for 24 h under normoxia or hypoxia before 5 µg/mL recombinant SARS-CoV-2 spike trimer (S1+S2) (BPS Bioscience, San Diego, CA, USA; cat. no. 100728) or 0.04% glycerol (Sigma-Aldrich) as vehicle control were added for additional 8 h normoxic or hypoxic incubations.




2.6 RNA isolation, reverse transcription, and quantitative polymerase chain reaction

Total RNA from THP-1 cells was extracted using either TRIzol or the RNeasy mini kit (for SARS-CoV-2 experiments; Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The Maxima First Strand cDNA synthesis kit was used for reverse transcription and qPCR analyses were performed using PowerUp SYBR Green Master Mix on QuantStudio 3 and 5 PCR Real-Time Systems (Thermo Fisher Scientific). Primers were ordered from Biomers (Ulm, Germany) and are listed in Supplementary Table S1, except the primer for IRF7 (Hs_IRF7_1_SG QuantiTect Primer Assay), which was purchased from Qiagen.




2.7 Differential gene expression analysis

Previously, we characterized transcriptome-wide changes in de novo synthesis and RNA stability under hypoxia in monocytes by a metabolic labeling approach. Here, we focused on total mRNA changes within the previously published comprehensive metabolic RNA sequencing data of THP-1 cells incubated for 8 h and for 72 h under hypoxia (acute hypoxia (= AH) and chronic hypoxia (= CH), respectively), or under normoxia (N) (GSM5994456 to GSM5994464) (20). For differential gene expression analyses, raw reads were quality-, adapter-, and polyA-trimmed using Cutadapt (21) and unique molecular identifier and linker sequences were removed before the processed reads were aligned to the human genome (GRCh38) with Ensembl gene annotation (release 80) using STAR (version 2.7.6a) (22). Transcript counts were determined using htseq-count with default parameters (23) and Ensembl gene annotation (release 80). Differentially expressed genes were determined using DESeq2 in R (24). Log2-transformed fold changes in genes were shrunken using the estimator “ashr”. Adjusted p-values (padj) were determined using Benjamini-Hochberg correction, and differentially regulated transcripts between N, AH, and CH were visualized with ComplexHeatmaps (25). Hereto, read counts were corrected for library size using DESeq2 size factors and subjected to a row-wise z-score normalization. Transcripts were grouped into three groups by k-means clustering. For the identification of enriched functional annotation clusters, transcripts downregulated (first cluster) or upregulated (second and third clusters) by hypoxia were analyzed separately using the Database for Annotation, Visualization and Integrated Discovery (DAVID) against the gene sets “GOTERM_BP_DIRECT” and “UP_KW_BIOLOGICAL_PROCESS” (26, 27). A list of all detected transcripts (basemean > 0, for all conditions) served as background data set.




2.8 Interferome analysis

Transcripts constituting the functional annotation cluster “immune cell activation” within the hypoxic upregulated transcripts were used as input for Interferome v2.01 (28). Interferome v2.01 compared the input transcripts with a comprehensive database of collected gene expression data from different cell types after treatment with type I, II, or III IFNs. For further analyses, we used only the interferon-stimulated genes (ISGs) from all identified interferon-regulated genes (IRGs) within the “immune cell activation” cluster. The distribution of the putative type I, II, and/or III IFN targets was visualized using VennDiagram (29), and the library-size and row-wise z-score normalized read counts of the so-identified ISGs under N, AH, and CH were visualized with ComplexHeatmaps (25).




2.9 Immunoblots

All reagents used for immunoblotting were purchased from Sigma-Aldrich, if not indicated otherwise. THP-1 cells were resuspended in lysis buffer (10 mM Tris-HCl, 6.65 M Urea, 10% glycerol, 1% SDS (Carl Roth), pH 7.4; freshly supplemented with 1 mM DTT (Carl Roth), protease inhibitor and phosphatase inhibitor mixes (cOmplete and phosSTOP, respectively (Roche, Grenzach-Wyhlen, Germany)), and sonicated. 70 µg total protein were separated by sodium dodecylsulfate polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes (GE Healthcare, Chalfont St Giles, UK). Proteins were detected using specific antibodies for LSS (Proteintech, Planegg-Martinsried, Germany; cat. no. 13715-1-AP), β-tubulin (Abcam, Cambridge, UK; cat. no. ab7780), pSTAT1 (Tyr701; Cell Signaling, Leiden, Netherlands; cat. no. 7649S), or STAT1 (Cell Signaling; cat. no. 9172S) and appropriate IRDye secondary antibodies (LI-COR Biosciences, Bad Homburg, Germany), and visualized using the Odyssey infrared imaging system (LI-COR Biosciences).




2.10 Immunofluorescent staining

THP-1 cells were incubated for 8 h under normoxia or hypoxia and subsequently fixed with ROTI®Histofix (Carl Roth) for 10 min at 4°C. After transferring to object slides using a cytospin centrifuge, cells were permeabilized with 0.1% triton X in PBS for 10 min, followed by blocking with 10% normal goat serum (Sigma-Aldrich) with 100 mM glycine. Primary rabbit anti-SREBP2 antibody (Cayman Chemical; cat. no. 10007663) was incubated at 1:500 in 2% normal goat serum overnight at 4°C. F(ab’)2 goat anti-rabbit IgG Alexa fluor™ plus 488 secondary antibody (Thermo Fisher Scientific; cat. no. A48282) was incubated at 1:500 in 2% normal goat serum for 45 min at room temperature. Cells were counterstained with 1 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) for 1 min. Whole slide scans were performed using Vectra Polaris (Akoya Biosciences, Marlborough, MA, USA) at 20x magnification. Image analysis was performed in QuPath v0.4.2 (30), cell detection with a 5 μm expansion was performed on annotations of the whole cytospin area. Mean nuclear intensity values per cell were generated for analysis.




2.11 ELISAs

CCL2 and CXCL10 protein levels in the supernatants of SARS-CoV-2 infected THP-1 cells were quantified using SimpleStep ELISA kits from Abcam according to the manufacturer’s instructions.




2.12 Sterol measurements

THP-1 cells were incubated for up to 24 h under normoxia or hypoxia. Optionally, cells were pre-incubated with 1 µM simvastatin, 10 µM NB-598, 10 µM ketoconazole, or 0.1% DMSO for 1 h. Sterol content was determined by gas chromatography-mass spectrometry-selected ion monitoring (GC-MS-SIM) as previously described (31–33). Briefly, cell pellets were dried in a speedvac concentrator (12 mbar; Savant AES 1000) and weighed. Cholesterol and cholesterol precursors were extracted using chloroform. After alkaline hydrolysis, the concentrations of the cholesterol precursors lanosterol, 24,25-dihydrolanosterol, lathosterol, and desmosterol were measured with GC-MS-SIM in selected ion monitoring mode. The trimethylsilyl-ethers of the sterols were separated on a DB-XLB (30 m length x 0.25 mm internal diameter, 0.25 µm film) column (Agilent Technologies, Waldbronn, Germany) using the 6890N Network GC system (Agilent Technologies). Epicoprostanol (Steraloids, Newport, RI, USA) was used as an internal standard, to quantify the non-cholesterol sterols (Medical Isotopes, Pelham, NH, USA) on a 5973 Network MSD (Agilent Technologies). Total cholesterol was measured by GC-flame ionization detection on an HP 6890 GC system (Hewlett Packard, Waldbronn, Germany), equipped with a DB-XLB (30 m length x 0.25 mm internal diameter, 0.25 µm film) column (Agilent Technologies) using 5α-cholestane (Steraloids) as internal standard.




2.13 Statistical analysis

Data are reported as means ± SEM of at least three independent experiments. Statistical analyses were carried out using GraphPad Prism v9.3.1 (GraphPad Software, San Diego, CA, USA) or R v4.0.5 (34). Statistical significance was estimated either using two-tailed paired t-test, one-way or two-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test as applicable. If residuals were assumed to be not normally distributed (based on quantile-quantile (Q-Q) plots), data were log-transformed before statistical testing.





3 Results



3.1 Hypoxia enhances expression of cholesterol biosynthesis enzymes and increases IFN signaling

Since hypoxia is a major contributing factor to various immune system-associated diseases, we determined RNA dynamics in human monocytic THP-1 cells in response to acute (8 h 1% O2 = AH) and chronic (72 h 1% O2 = CH) hypoxia (20). In line with the major regulatory impact of hypoxia, 2632 transcripts appeared differentially expressed (padj < 0.05, |log2FC| > 0.3) between normoxia (21% O2 = N) and hypoxia (AH and/or CH), however, following different regulatory dynamics (Figure 1A). While 1268 targets decreased under acute and/or chronic hypoxia (first cluster), 1364 targets increased either cumulatively during hypoxic incubations (second cluster) or only in response to CH (third cluster) (Supplementary Table S2). Functionally, cell cycle and respiration emerged as top enriched annotations amongst the downregulated transcripts, whereas cholesterol metabolism and immune cell activation were enriched within the upregulated candidates (Figure 1B; Supplementary Table S2). In fact, the majority of enzymes involved in the cholesterol biosynthesis cascade were upregulated, mostly already under AH (Figures 1A, C). To obtain further insights into the dynamics of cholesterol biosynthesis gene expression under hypoxia, we determined expression of representative genes in THP-1 cells over a time course of up to 72 h of hypoxia. mRNA expression of the selected candidates lanosterol synthase (LSS) and methylsterol monooxygenase 1 (MSMO1) increased after 8 h of hypoxia, reaching maximal levels at 24 - 48 h, thereafter decreasing (Figure 1D). In line, LSS protein expression increased after 24 h and remained elevated up to 72 h of hypoxia (Figure 1E).




Figure 1 | Hypoxia induces cholesterol biosynthesis enzymes. (A) RNA expression in THP-1 cells exposed to hypoxia (H; 1% O2) for 8 h (acute hypoxia = AH) or 72 h (chronic hypoxia = CH) was determined relative to normoxic THP-1 cells (N; 21% O2) by RNA-Seq (n = 3). Differentially expressed genes (padj < 0.05, |log2FC| > 0.3) were visualized in a heatmap (z-score normalized counts) and categorized by k-means clustering. Cholesterol biosynthesis genes are highlighted. (B) Top two functional annotation clusters of down- or upregulated transcripts identified by DAVID (26, 27). (C) Schematic representation of the cholesterol biosynthesis cascade. Oxygen-demanding steps are highlighted by red arrows and selected inhibitors as well as their target enzymes are marked in red. (D, E) THP-1 cells were incubated under N (grey) or H (red) for the indicated times (n = 4). (D) LSS and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. (E) LSS protein expression was determined by Western blot analysis. β-tubulin served as loading control. The blot is representative of four independent experiments. All data are means ± SEM and were statistically analyzed using one-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (*p < 0.05, **p < 0.01).



Of note, changes in cholesterol metabolism were previously linked to altered immune responses (35), especially to interferon (IFN) signaling (12, 13). Since “immune cell activation” emerged as the second most enriched function within the differentially induced genes in hypoxic THP-1 monocytes (Figure 1B), we determined the contribution of interferon-stimulated genes (ISGs) to the hypoxia-induced immune response using the Interferome v2.01 database (28). Of note, 75% (60 of 80) of the immune activation-associated transcripts regulated under hypoxia in THP-1 cells were potential ISGs. Of these the vast majority, i.e., 60% (= 36), were proposed targets of both type I and II IFNs, 28% (= 17) were exclusive type II IFN targets, two exclusive type I IFN targets, and five associated with type I, II, as well as III IFNs (Figure 2A; Supplementary Table S3). Interestingly, in contrast to cholesterol biosynthesis-associated targets most ISGs (49 of 60) were predominantly induced under CH (Figure 2B; Supplementary Table S3). Refined hypoxia time course experiments validated maximal induction of 2’-5’-oligoadenylate synthetase 1 (OAS1), interferon regulatory factor 7 (IRF7), and interferon α-inducible protein 6 (IFI6) at 48 h of hypoxia, whereas interferon β1 (IFNB1) was maximal after 24 h (Figure 2C). To determine whether early IFN-β induction in hypoxia might contribute to the expression of some of the ISGs increasing later on, we blocked IFN-β-receptor-dependent signaling in hypoxic THP-1 cells (24 h) using an α-interferon-α/β-receptor subunit 2 (IFNAR2) antibody (5 µg/mL). While IFNB1 and IRF7 expression was not influenced by IFNAR2 neutralization compared to the respective IgG2a-isotype control, OAS1 and IFI6 induction were markedly reduced upon IFNAR2 blockage (Figure 2D). In line with activation of type I IFN receptor signaling, the downstream effector signal transducer and activator of transcription 1 (STAT1) was phosphorylated (Tyr701) after 8 - 24h of hypoxia (Supplementary Figure 1).




Figure 2 | Hypoxia increases interferon (IFN) signaling. (A) IFN-stimulated genes (ISGs) within the transcripts constituting the functional annotation cluster “immune cell activation” were identified using Interferome v2.01 (28). Venn diagram depicts proposed ISGs regulated by type I, II, and/or III IFNs according to Interferome v2.01. (B) Heatmap representing differentially expressed, hypoxia-induced ISGs (z-score normalized count data) under normoxia (N), acute hypoxia (AH; 8 h), and chronic hypoxia (CH; 72h) (n = 3; padj < 0.05, |log2FC| > 0.3). Selected ISGs are highlighted. (C) THP-1 cells were incubated under N (grey) or H (red) for the indicated times (n = 4) or (D) treated with 5 µg/mL α-IFNAR2 antibody or an IgG2a-isotype control and incubated under N (grey) or H (red) for 24 h (n = 3). OAS1, IRF7, IFI6, and IFNB1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. All data are means ± SEM and were statistically analyzed by one-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001).



Taken together, hypoxia enhances the expression of nearly all enzymes of the cholesterol biosynthesis cascade and at the same time induces a broad range of ISGs in monocytic THP-1 cells, in part by a secondary IFNAR-dependent amplification loop.




3.2 Hypoxic ISG induction is not directly affected by cholesterol biosynthesis intermediates

Considering previous reports showing that a disturbance in cholesterol metabolism may increase IFN signaling (12, 13), we asked whether changes in cholesterol metabolism might also contribute to ISG induction under hypoxia. To this end, we initially measured sterol levels in THP-1 cells in the course of hypoxia. In accordance with several oxygen-demanding steps within the cholesterol biosynthesis cascade (Figure 1C, red arrows), lathosterol and desmosterol, i.e., sterol intermediates downstream of the major oxygen-demanding reactions, were reduced, while the early cholesterol precursors lanosterol and 24,25-dihydrolanosterol markedly accumulated under hypoxia (Figure 3A; Supplementary Figure 2). Levels of total cholesterol appeared to be only minimally attenuated by reduced oxygen, though at much higher total amounts than the other sterols. Noteworthy, while changes in lanosterol and lathosterol were almost maximal already at 4 h of hypoxia (Figure 3A), expression of cholesterol biosynthesis enzymes as well as of ISGs remained unaltered at this early time point (Supplementary Figure 3), suggesting that changes in cholesterol metabolites might contribute to the observed gene expression changes. To prevent or mimic hypoxic accumulation of lanosterol and 24,25-dihydrolanosterol, we next pre-treated THP-1 cells with either the 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) inhibitor simvastatin (1 µM), the squalene epoxidase (SQLE) inhibitor NB-598 (10 µM), or the cytochrome P450 51A1 (CYP51A1, lanosterol 14α-demethylase) inhibitor ketoconazole (10 µM) for 1 h before incubating them for 24 h under normoxia or hypoxia (see Figure 1C for interventions). Inhibition of HMGCR and SQLE significantly reduced lanosterol and lathosterol levels already under normoxia and prevented hypoxia-mediated accumulation of lanosterol (Figure 3B). As expected, inhibition of the lanosterol/24,25-dihydrolanosterol-metabolizing enzyme CYP51A1 reduced the late intermediate lathosterol, while it massively increased lanosterol under normoxia, even overruling the hypoxia-induced increase. As observed under hypoxia, cholesterol levels displayed only slight changes in response HMGCR and SQLE inhibition, but surprisingly increase markedly upon ketoconazole treatment. Despite pronounced changes in sterol de novo synthesis, all three inhibitors only minimally affected MSMO1 levels under normoxia and did not alter its hypoxic induction (Figure 3C). These findings suggest that total cholesterol levels are an imprecise measure to predict changes in intracellular cholesterol dynamics. Similarly, OAS1 and IRF7, i.e., IFNAR-dependent and -independent ISGs, respectively, remained unaffected by the three inhibitors under normoxia and hypoxia, indicating that accumulation of early cholesterol precursors did not contribute to hypoxic ISG induction. To determine if cholesterol biosynthesis intermediates might still be involved in hypoxic ISG induction, we supplemented THP-1 cells with early (mevalonate (300 µM), geranylgeraniol (15 µM)) or late cholesterol precursors (lathosterol, 7-dehydrocholesterol, desmosterol (5 µM each)) prior to 24 h of hypoxia. Corroborating the observation that cholesterol biosynthesis inhibitors did not alter hypoxic ISG induction, supplementation of neither early nor late cholesterol precursors substantially attenuated the hypoxia-mediated increase in OAS1 and IRF7 expression (Figures 3D, E). In line with the oxygen requirements for cholesterol biosynthesis, early cholesterol intermediates did not affect hypoxic MSMO1 induction (Figure 3D), while late intermediates almost completely prevented the hypoxic increase in MSMO1 expression (Figure 3E).




Figure 3 | Hypoxic ISG induction is not directly affected by cholesterol biosynthesis intermediates. (A) THP-1 cells were incubated under N (grey) or H (red) for the indicated times (n = 5). Sterol levels were measured by GC-MS. (B, C) THP-1 cells were pre-incubated for 1 h with 1 µM simvastatin, 10 µM NB-598, 10 µM ketoconazole, or DMSO, prior to incubation under N (grey) or H (red) for 24 h (n = 5). (B) Cellular sterol levels were measured by GC-MS. (C) OAS1, IRF7, and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. (D, E) THP-1 cells were pre-incubated for 1 h with (D) the early cholesterol precursors mevalonate (300 µM) or geranylgeraniol (15 µM) (n = 3), (E) the late cholesterol precursors lathosterol, 7-dehydrocholesterol, or desmosterol (each 5 µM) (n = 3), or appropriate solvent controls, prior to incubation under N (grey) or H (red) for 24 h. OAS1, IRF7, and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. All data are means ± SEM and were statistically analyzed using one-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (A), or two-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (B–E) (*p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001 (compared to respective solvent controls)).



Subcellular changes in cholesterol concentrations provide a rheostat to control the activities of the transcription factors sterol regulatory element-binding protein 2 (SREBP2), which is activated after sterol depletion at the endoplasmic reticulum (ER) to enhance cholesterol biosynthesis and uptake (36), and liver X receptor (LXR), which is activated by desmosterol or oxysterols to reduce cholesterol uptake and enhance cholesterol export (Figure 4A) (37). First, we addressed the involvement of SREBP2, the master regulator of the enzymes involved in cholesterol biosynthesis, in the hypoxic induction of the cholesterol biosynthesis enzymes. Indeed, after 8 h of hypoxia nuclear SREBP2 levels, reflecting active SREBP2, were increased (Figure 4B). Furthermore, pre-incubation of THP-1 cells with the established SREBP2 inhibitors PF-429242 (1 µM) or fatostatin (10 µM) effectively blocked hypoxic MSMO1 induction (Figures 4C, D). While SREBP2 was previously described to directly bind and activate IFN response genes (38), and inhibition of SREBP2 cleavage and release from the Golgi with the S1P (site 1 protease) inhibitor PF-429242 completely blocked SREBP2 target expression even under normoxia, it did not affect hypoxic OAS1 and IRF7 induction (Figure 4C). In contrast, inhibition of SREBP2 activation with fatostatin (10 µM), which selectively blocked the hypoxic increase in MSMO1 expression, also attenuated the hypoxic ISG expression (Figure 4D). To further test if cholesterol homeostasis changes might affect ISG expression, we incubated THP-1 cells with the LXR agonist T0901317 (1 µM). In line with reduced cholesterol biosynthesis and desmosterol levels, expression of the cholesterol exporter ATP binding cassette subfamily A member 1 (ABCA1), a proto-typical LXR target, was reduced under hypoxia (Supplementary Figure 4). Interestingly, small molecule-based activation of LXR significantly increased the hypoxic ISG induction (Figure 4E).




Figure 4 | Altered cholesterol homeostasis affects hypoxic ISG induction. (A) Overview of the mechanisms of activation of the cholesterol-associated transcription factors LXR and SREBP2. The LXR agonist T0901317 as well as the SREBP2 inhibitors PF-429242 and fatostatin are highlighted in red. (B) THP-1 cells were incubated under N (grey) or H (red) for 8 h (n = 3). Immunofluorescence staining for SREBP2 (green) was performed. Nuclei were counterstained with DAPI (blue). Mean fluorescence intensity was quantified for nuclear SREBP2. Images are representative of three independent experiments. (C–E) THP-1 cells were pre-incubated for 1 h with (C) 1 µM PF-429242, (D) 10 µM fatostatin, (E) 1 µM T0901317, or appropriate solvent controls, prior to incubation under N (grey) or H (red) for 24 h (n = 3). OAS1, IRF7, and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. Data are means ± SEM and were statistically analyzed using two-tailed paired t-test (B), or two-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (C–E) (*p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ###p < 0.001 (compared to ctrl or DMSO, respectively)).



Conclusively, our data indicate that while the hypoxic ISG induction in monocytes is not directly affected by changes in cholesterol biosynthetic flux, modulation of subcellular cholesterol dynamics might contribute to the enhanced ISG expression under hypoxia.




3.3 Intracellular cholesterol distribution determines hypoxic chemokine ISG induction

As altering ER-to-Golgi dynamics with fatostatin or cholesterol import/export processes via LXR activation both impacted hypoxic ISG induction, we aimed to gain further insights into the potential relevance of subcellular cholesterol dynamics. Since cellular cholesterol homeostasis relies on a tightly regulated interplay between cholesterol uptake, de novo synthesis, transport between different compartments, and eventually export (Figure 5A), we next addressed ISG induction under conditions when extracellular cholesterol resources are limited. Therefore, we reduced the availability of exogenous cholesterol by lowering the amount of fetal bovine serum (FBS) in the medium. Reduced exogenous cholesterol availability enhanced OAS1 and IRF7 expression under normoxia and hypoxia to a similar extend (Figure 5B). In contrast, low FBS exclusively enhanced the hypoxic expression of the well-characterized chemokine ISGs CC motif chemokine ligand 2 (CCL2) and CXC motif chemokine ligand 10 (CXCL10), which were previously shown to be induced upon cholesterol disturbances (12). To assess if the ISG-inducing effects of low FBS might indeed be due to decreased uptake of cholesterol, we used the Niemann-Pick C1 protein (NPC1) inhibitor U18666A, which prevents redistribution of LDL-derived cholesterol from lysosomes to cellular organelles such as ER and mitochondria, but also to the plasma membrane (Figure 5A). Strikingly, while hypoxic OAS1 and IRF7 induction remained unaltered by NPC1 inhibition at high FBS, their serum depletion-dependent increase under hypoxia was prevented (Figure 5B). In contrast, CXCL10 induction by both FBS reduction and/or hypoxia remained largely unaffected, and CCL2 even increased upon NPC1 inhibition under both normoxia and hypoxia, which was further enhanced when combined with FBS depletion. The differential responses of the ISGs to low serum and/or NPC1 inhibition point towards a complex, cholesterol-associated regulatory network, specific for each ISG. Therefore, we next tested if supplementation of THP-1 cells with methyl-β-cyclodextrin (MβCD)-complexed cholesterol under low serum conditions might affect hypoxic ISG expression patterns. While cholesterol supplementation did not affect OAS1 and IRF7 expression at all, it enhanced CCL2 and CXCL10 expression predominantly under normoxia (Figure 5C). Consequently, the hypoxic induction of chemokine ISGs in serum reduced conditions appeared to be attenuated by cholesterol addition. Not surprisingly, cholesterol supplementation massively reduced both normoxic and hypoxic MSMO1 expression. Moreover, forced cholesterol loading of THP-1 cells with MβCD-cholesterol under low serum conditions overruled the changes elicited by the NPC1 inhibitor for all ISGs as well as for MSMO1 (Figure 5C). These findings underscore the notion that the impact of intracellular cholesterol dynamics on the expression of ISGs in the context of hypoxia is extremely versatile.




Figure 5 | Intracellular cholesterol distribution determines hypoxic chemokine ISG induction. (A) Overview of the lysosomal cholesterol distribution machinery. Relevant interventions are indicated in red. (B) THP-1 cells were pre-incubated for 1 h with 5 µM U18666A or DMSO in medium containing high or low levels of FBS prior to incubation under N (grey) or H (red) for 24 h (n = 11). (C) THP-1 cells were pre-incubated for 1 h with 5 µM U18666A or DMSO in medium containing low levels of FBS ± 0.25 mg/mL methyl-β-cyclodextrin-complexed cholesterol prior to incubation under N (grey) or H (red) for 24 h (n = 7). (D) THP-1 cells were incubated under N (grey) or H (red) for 24 h in medium containing low levels of FBS prior to infection with SARS-CoV-2 (strain FFM1) under N. RNA was isolated 1 hour post infection (n = 5). OAS1, IRF7, CCL2, CXCL10, and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. All data are means ± SEM and were statistically analyzed using two-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001 (compared to to FBS high/DMSO (B), FBS low/DMSO (C), or FBS low/ctrl (D), respectively)).



Functionally, interferon-associated immune responses are of special interest when considering virus infections. The β-coronavirus SARS-CoV-2 was first detected in 2019 and described to be the causative agent of a novel lung disease named COVID-19, in which severe clinical manifestations are caused by dysregulated host immune responses (39–41). As COVID-19 is a respiratory disease, which, in severe cases leads to hypoxemia, i.e., low blood oxygen levels, we wondered if hypoxia might influence SARS-CoV-2 infections. Therefore, we incubated THP-1 cells for 24 h under normoxia or hypoxia before adding infectious SARS-CoV-2 (strain FFM1) (18) for 1 h under low serum conditions. Due to technical considerations, all infections had to be carried out under normoxia. Of note, primary monocytes were previously shown to express only low levels of the main SARS-CoV-2 receptor angiotensin-converting enzyme 2 (ACE2) and its associated transmembrane serine protease 2 (TMPRSS2) (42). Despite the fact that THP-1 monocytes only minimally express ACE2, they were substantially infected with SARS-CoV-2 as indicated by the expression of viral M gene (Ct = 24.10 ± 0.96), yet hypoxic priming only slightly increased virus abundance (Supplementary Figure 5). The infection of THP-1 cells was not productive, though, as no active replication of the virus (subgenomic RNA4 encoding E gene) was observed. In line with previous reports suggesting mild interferon responses to SARS-CoV-2 infections (43), OAS1 and IRF7 were only slightly elevated in THP-1 cells after infection with SARS-CoV-2 under normoxia and hypoxia. Remarkably, CCL2 and CXCL10, both of which are increased in patients developing a systemic inflammatory response syndrome following SARS-CoV-2 infections (44), showed a strong hypoxic induction upon subsequent infection with SARS-CoV-2 (Figure 5D).

Taken together, our data show that cholesterol homeostasis impinges on diverse mechanisms regulating various sub-groups of ISGs under conditions of low oxygen tensions. Of note, hypoxic elevation of chemokine ISGs, which were massively enhanced upon concomitant SARS-CoV-2 infection, appeared to be extremely sensitive to extracellular cholesterol availability and the distribution thereof.




3.4 TLR4 signaling contributes to hypoxic ISG induction

As hypoxia-enhanced chemokine production in response to SARS-CoV-2 infection might be of major relevance with respect to COVID-19-related systemic inflammation, we further characterized the underlying regulatory principles. We next aimed to determine potentially involved pattern recognition receptors (PRRs). To this end, we first used THP-1 cells deficient for mitochondrial antiviral signaling protein (MAVS) (16), which integrates activity of retinoic acid-inducible gene I (RIG-1) and melanoma differentiation-associated protein 5 (MDA5) (45), or for stimulator of interferon response cGAMP interactor (STING) (16), which is activated by cyclic GMP-AMP synthase (cGAS) (46). In line with the complex, ISG-specific regulation, hypoxic OAS1, IRF7, and CXCL10 induction under low serum conditions was lower in MAVS-deficient cells than in STING-knockout (KO) or the corresponding wildtype (WT) THP-1 cells, while hypoxic CCL2 induction remained unaltered (Supplementary Figure 6). Since neither the cGAS/STING nor the RIG-1/MDA5/MAVS axis appeared sufficient for the hypoxic chemokine ISG induction, we asked if toll-like receptors (TLRs) might be involved as well, since they have been shown to not only regulate classical pro-inflammatory cytokines, but also ISGs (Figure 6A) (47). Of the 10 known TLRs, TLR1, TLR2, TLR4, and TLR9 were most abundant, TLR5, TLR6, and TLR7 were expressed at intermediate levels, whereas TLR3, TLR8, and TLR10 appeared not to be expressed at all in THP-1 cells (Supplementary Figure 7A). While TLR2 and TLR5 expression did not change in response to hypoxia and/or serum deprivation, expression of TLR1, TLR6, TLR7, and TLR9 was enhanced by hypoxia and further increased upon serum depletion (Figure 6B; Supplementary Figure 7B), as observed for OAS1, IRF7, and CXCL10 (Figure 5B). Interestingly, similar to CCL2 (Figure 5B), TLR4 was only elevated under hypoxia at low FBS concentrations (Figure 6B). To test a general involvement of TLRs in the hypoxic ISG induction, we inhibited myeloid differentiation primary response 88 (MyD88), the intracellular signal transduction adapter for most TLRs, using TJ-M2010-5 (10 µM) (Figure 6A). MyD88 inhibition reduced hypoxic induction of OAS1 and IRF7 more efficiently under low serum conditions and completely abrogated hypoxia-induced chemokine ISG expression (Figure 6C). While TLR-mediated activation of MyD88/inhibitors of nuclear factor kappa B (NF-κB) kinase α/β (IKKα/β)/NF-κB signaling is well established to drive pro-inflammatory cytokine expression, TLR-dependent ISG induction commonly relies on the TIR-domain containing adaptor-inducing interferon-β (TRIF)/TANK-binding kinase 1 (TBK1)/IKKϵ/IRF axis (48). To shed further light on the involved signaling cascade, we inhibited TBK1 using BX-795 (0.5 µM) or canonical IKKs using IKK-16 (0.1 µM), both of which known to be critical for TLR-dependent activation of ISGs (49). While both TBK1 and IKK inhibition significantly reduced hypoxic induction of OAS1 and IRF7, MSMO1 expression was not altered (Figure 6D). Moreover, the prominent hypoxic induction of the chemokine ISGs CCL2 and CXCL10 under low serum conditions remained largely unaffected by TBK1 inhibition, whereas IKK inhibition appeared to efficiently reduce CXCL10 induction, yet leaving CCL2 unaltered. These findings not only suggest that MyD88- rather than TRIF-dependent signaling underlies the hypoxic chemokine ISG induction, but again underscore the complexity of mechanisms contributing to the hypoxic elevation of the different ISGs.




Figure 6 | TLR4 signaling contributes to hypoxic ISG induction. (A) Overview of toll-like receptors (TLRs), adaptor proteins, and kinases regulating ISG induction. Relevant inhibitors are highlighted in red. (B) THP-1 cells were incubated under N (grey) or H (red) for 24 h in medium containing high or low levels of FBS (n = 3). TLR4 and TLR7 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. (C–E) THP-1 cells were pre-incubated for 1 h with (C) 10 µM TJ-M2010-5 (MyD88 inhibitor), (D) 0.5 µM BX-795 (TBK1/IKKϵ inhibitor), 0.1 µM IKK-16 (IKKα/β inhibitor), (E) 10 µM TAK-242 (TLR4 inhibitor), 0.1 µM enpatoran (TLR7/8 inhibitor), or DMSO in medium containing high or low levels of FBS prior to incubation under N (grey) or H (red) for 24 h (n = 3). OAS1, IRF7, CCL2, CXCL10, and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. All data are means ± SEM and were statistically analyzed using two-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001 (compared to to FBS high (B) or FBS high/DMSO (C–E), respectively)).



Since TLR7 and 8 are activated by single stranded RNA viruses such as SARS-CoV-2, and TLR4 has recently been proposed to be activated by SARS-CoV-2 as well (50), we next asked, if they might be also involved in the hypoxic ISG induction. To this end, we used the selective TLR4 inhibitor TAK-242 (10 µM) or the TLR7/8 inhibitor enpatoran (0.1 µM). While enpatoran efficiently blocked ISG expression induced by the specific TLR7/8 agonist resiquimod (R848) (Supplementary Figure 8), it did not affect hypoxic induction of any of the tested ISGs irrespective of the serum conditions (Figure 6E). In contrast, TLR4 inhibition not only prevented the low serum-dependent increase of the hypoxic OAS1 and IRF7 induction, it further blocked chemokine ISG expression altogether. As a side note, reduced hypoxic MSMO1 induction after TLR4 or MyD88 inhibition corroborated the bidirectionality between IFN signaling and cholesterol metabolism (14).

In summary, TLR4-dependent signaling appears of major importance for the cholesterol dynamic-associated, hypoxic induction of ISGs in monocytes. Herein, chemokine ISGs, such as CCL2 and CXCL10, displayed the strongest addiction to intact TLR4/MyD88 signaling. Moreover, owing to the hypoxic upregulation of various TLRs, a general sensitization of TLR signaling under hypoxia might be predicted.




3.5 Hypoxic priming increases the production of chemokine ISGs after SARS-CoV-2 infection via TLR4 activation

Since TLR4 contributed to hypoxic ISG induction and relevant ISGs increased after SARS-CoV-2 infection in monocytic THP-1 cells, and further taking into account that a direct binding and activation of TLR4 by SARS-CoV-2 spike protein was recently proposed (50), we wondered if SARS-CoV-2 spike protein alone might induce the hypoxic phenotype. Therefore, we pre-incubated THP-1 cells in serum-reduced conditions under either normoxia or hypoxia for 24 h, and continued incubations for additional 8 h in the presence or absence of SARS-CoV-2 spike protein (5 µg/mL). While expression of OAS1 and IRF7 only minimally increased in the presence of SARS-CoV-2 spike protein, CCL2 and CXCL10, i.e., chemokine ISGs associated with severe cases of SARS-CoV-2 infections, robustly increased (Figure 7A). This became evident already under normoxia and was further enhanced under hypoxia. Inhibition of TLR4 with TAK-242 (10 µM) drastically diminished hypoxia- and SARS-CoV-2 spike protein-induced CCL2 and CXCL10 expression and also attenuated hypoxic induction of OAS1 and IRF7. Of note, fatostatin (10 µM) diminished hypoxia-enhanced expression of ISGs and MSMO1 also in the context of stimulation with SARS-CoV-2 spike protein. Having established that SARS-CoV-2 spike protein induces comparable ISG responses in THP-1 monocytes as the infectious virus and enhances chemokine ISG expression in response to hypoxia, we reached out to determine if TLR4 and cholesterol dynamics are also involved in interferon-associated immune responses in monocytic THP-1 cells upon infection with SARS-CoV-2 in a hypoxic environment. To this end, we primed THP-1 cells for 24 h under hypoxia prior to infecting them with SARS-CoV-2 (FFM1 strain) for 6 h under normoxia. Owing to the reoxygenation, expression of the SREBP2 target MSMO1 was not elevated in hypoxia-primed THP-1 cells after infection (Figure 7B). In contrast to the spike protein, SARS-CoV-2 infection induced OAS1 and IRF7 expression already under normoxic conditions, still showing a slight enhancement by hypoxic priming. CCL2 and CXCL10 mRNA levels on the other hand were comparable in cells infected with SARS-CoV-2 or treated with spike protein only, displaying a marked increase after hypoxic priming. Interestingly, whereas TLR4 inhibition (TAK-242, 10 µM) did not alter enhanced OAS1 and IRF7 expression in response to hypoxic priming and SARS-CoV-2 infection, it completely abolished the expression of chemokine ISGs CCL2 and CXCL10 (Figure 7B), despite the fact that the infection rate was not affected (Supplementary Figure 9). Interfering with intracellular cholesterol dynamics using fatostatin (10 µM) selectively prevented the hypoxia-evoked increase of the ISGs, irrespective of the presence or absence of SARS-CoV-2, without affecting the virus infection rate (Figure 7B; Supplementary Figure 9). To validate the functional relevance of chemokine ISG expression changes in the context of SARS-CoV-2 infection of monocytic cells under conditions of reduced oxygen availability, we finally determined protein amounts of CCL2 and CXCL10 in the supernatants of THP-1 cells. In line with mRNA expression changes, hypoxia markedly enhanced secretion of CCL2 and CXCL10 upon infection with SARS-CoV-2 (Figure 7C). Hypoxic induction again was completely abolished when either TLR4 or SCAP-associated trafficking were inhibited.




Figure 7 | Hypoxic priming increases production of chemokine ISGs after SARS-CoV-2 infection via TLR4 activation. (A) THP-1 cells were pre-incubated for 1 h with 10 µM TAK-242, 10 µM fatostatin, or DMSO in medium containing low levels of FBS prior to incubation under N (grey) or H (red) for 32 h 5 µg/mL SARS-CoV-2 spike protein or glycerol were added for the last 8 h (n = 4). CCL2, CXCL10, OAS1, IRF7, and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. (B, C) THP-1 cells were pre-incubated for 1 h with 10 µM TAK-242, 10 µM fatostatin, or DMSO in medium containing low levels of FBS prior to incubation under N (grey) or H (red) for 24 h Subsequently, cells were infected with SARS-CoV-2 (strain FFM1) under N (n = 4). (B) RNA was isolated 6 hours post infection. CCL2, CXCL10, OAS1, IRF7, and MSMO1 mRNA expression was analyzed by RT-qPCR and normalized to GUSB expression. (C) Secreted CCL2 and CXCL10 protein levels were determined by ELISA in supernatants 6 hours post infection. All data are means ± SEM and were statistically analyzed using two-way repeated measures ANOVA with Holm-Šídák’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001 (compared to to FBS low/DMSO)).



Our data suggest that hypoxia increases expression of chemokine ISGs in monocytic THP-1 cells upon infection with SARS-CoV-2 by enhancing spike protein-mediated TLR4 signaling. Severe cases of COVID-19 are characterized by hypoxemia, implying that monocytes regularly encounter hypoxic conditions. Our findings therefore provide a concept of how hypoxia might prime monocytes for TLR4-dependent chemokine ISG production in response to SARS-CoV-2 infection, thus potentially contributing to systemic inflammation.





4 Discussion

In this study, we characterized a so far unknown connection between hypoxia-evoked disturbances in cholesterol metabolism and altered IFN responses in monocytes. Cholesterol biosynthesis flux was reduced under hypoxia, resulting in a compensatory SREBP2 activation and consequently enhanced expression of cholesterol biosynthesis enzymes. Also, a broad range of ISGs was induced under hypoxia, but their hypoxic regulation was independent of SREBP2 activity. While a complex regulatory network affected various subgroups of ISGs, intracellular distribution of cholesterol appeared crucial for the hypoxic, TLR4/MyD88-mediated induction of chemokine ISGs. Hypoxia further enhanced chemokine ISG expression in monocytes upon infection with SARS-CoV-2, potentially contributing to systemic inflammatory responses in severe cases of COVID-19 (Figure 8).




Figure 8 | Model of the impact of hypoxia on IFN responses to SARS-CoV-2 infection in monocytes. Hypoxia alters cholesterol biosynthesis flux and subcellular cholesterol dynamics, consequently enhancing TLR4/MyD88-dependent chemokine ISG production in response to SARS-CoV-2 infection.



Our observation that early cholesterol biosynthesis intermediates accumulated, while late intermediates were reduced under hypoxic conditions in THP-1 monocytes, corroborates previous findings of an altered sterol composition under hypoxia (51–53). Moreover, massive and rapid accumulation of lanosterol and 24,25-dihydrolanosterol agrees with previous findings that squalene epoxidase remains active under low oxygen tensions for an extended period of time, thus allowing cholesterol biosynthetic flux to reach lanosterol and 24,25-dihydrolanosterol (51, 54). In contrast to earlier reports claiming that SREBP2 is not activated under hypoxia (55–57), we found a strong feedback activation of SREBP2 despite marginal changes in total cholesterol levels. Supplementation of late cholesterol precursors sufficed to block SREBP2 activity, which suggests that local cholesterol availability (e.g., at the ER) rather than total cholesterol levels are critical in hypoxic monocytes. Differences in sub-cellular cholesterol dynamics or cellular cholesterol requirements might account for the pronounced cell type-specificity of SREBP2 activation in the context of hypoxia. Interestingly, the key enzyme of the cholesterol biosynthesis cascade HMGCR was previously shown to be a direct target of the hypoxia-inducible factor 1 (HIF-1) (58), which might contribute to the enhanced formation of early cholesterol intermediates as well.

Strikingly, expression of IFN response targets closely followed cholesterol biosynthesis changes in hypoxic monocytes, pointing to a potential interplay. Indeed, there is increasing evidence that cholesterol metabolism and IFN responses are tightly interwoven. On the one hand, IFNs and viral infections appear to reduce SREBP2 target expression (14, 15), while on the other hand, cholesterol intermediates were shown to affect ISG expression. Specifically, the early cholesterol intermediate lanosterol repressed IFN signaling in macrophages (59), whereas accumulation of the direct cholesterol precursor 7-dehydrocholesterol or reduced desmosterol levels enhanced ISG expression (13, 60). Furthermore, York et al. (12) provide evidence for an immunometabolic circuit where type I IFN shifts the balance from cholesterol synthesis to uptake, without altering total cholesterol availability. A reduced flux through the cholesterol biosynthesis cascade in turn enhances IFN responses, putatively via lowered cholesterol levels at the ER (12). On a mechanistic side note, SREBP2 was further shown to directly bind to and activate the promotor of various ISGs (38). In contrast, hypoxia-induced ISG expression in monocytes occurred independently of SREBP2, as inhibition of the activating cleavage of SREBP2 by S1P did not attenuate hypoxic ISG induction. Surprisingly though, fatostatin, a commonly used SREBP2 inhibitor, efficiently reduced hypoxia-dependent ISG expression. Fatostatin prevents SREBP2 activation by inhibiting SCAP-coupled ER-to-Golgi transfer. SCAP-associated trafficking was further shown to enhance inflammatory and IFN signaling independent of SREBP2 activation (9, 61). Since cholesterol supplementation did not affect hypoxic OAS1 and IRF7 expression, a direct SCAP effect appeared unlikely. Considering SCAP-independent effects of fatostatin, such as a general interference with ER-to-Golgi transport or the inhibition of tubulin polymerization (62, 63), hypoxic ISG induction in monocytes might result from altered intracellular trafficking processes due to changes in subcellular cholesterol distribution instead. Indeed, cholesterol has been shown to influence intracellular trafficking by altering membrane properties or regulating motor proteins (64, 65). As a side note, differentiated, primary macrophages did not show the same phenotype as the monocytic THP-1 cells (data not shown), which might be due to differences in cell culture conditions, likely affecting cellular cholesterol availability and uptake. Yet, further studies are needed to elucidate the exact differences in hypoxic ISG induction between monocytes and macrophages, also with respect to the functional relevance in the context of inflammatory diseases.

Our data suggest that elevated ISG expression under hypoxia demands sensitization of TLR signaling linked to altered intracellular cholesterol dynamics. In fact, associations between cholesterol distribution and TLR trafficking are well-characterized (66, 67) and intracellular trafficking (e.g., between plasma membrane, endosome, or lysosome) has been shown to be critical for activation and termination of TLR signaling as well as recycling (68). Localization is of particular importance in the case of TLR4. TLR4 exclusively activates MyD88-dependent NF-κB signaling when it resides at the plasma membrane, whereas endosomal TLR4 additionally activates TRIF to elicit type I IFN signals (69). In line, accumulation of both TLR4 and cholesterol in endosomal compartments was previously shown to enhance NF-κB as well as IFN signaling upon LPS-treatment in NPC1-deficient cells (70).The observation that TLR4-dependent ISG induction prevailed in hypoxic THP-1 monocytes agrees with the previously described TLR4-dependent upregulation of IFN responses in microglia during ischemia/reperfusion (71). The strict dependency of the hypoxic chemokine ISG induction on MyD88 further corroborates a recent report showing that the direct interaction of cholesterol with MyD88 contributes to signaling amplification of the latter (72). Strikingly, hypoxic induction of chemokine ISGs in monocytes appeared particularly sensitive to changes in intracellular cholesterol trafficking as they showed a more pronounced increase in the hypoxic induction compared to the other ISGs when either extracellular cholesterol availability was reduced or the proper distribution of extracellularly supplied cholesterol was attenuated by inhibition of NPC1. Considering that NPC1 inhibition interferes with cholesterol distribution not only to the ER but also to mitochondria, it can be speculated that changes in mitochondrial integrity, due to altered sterol shuttling to the mitochondria, might contribute to hypoxic ISG induction as well. In line, it is well established that mitochondrial DNA in the cytosol elicits interferon responses (73). Nevertheless, this mechanism was proposed to rely on intact cGAS/STING signaling, which appeared to be not required for the hypoxic ISG induction in THP-1 cells.

While IFN responses are of specific relevance in the context of viral infections (74), SARS-CoV-2 infections were initially deemed to elicit only low levels of type I and III IFNs (41). Interestingly, while we observed a moderate induction of OAS1 and IRF7, chemokine ISGs were markedly induced in response to SARS-CoV-2 infection in hypoxic monocytes. As inhibition of TLR4 activation or interference with cholesterol dynamics completely abolished the enhanced IFN response, TLR sensitization under hypoxia emerged as a potential mechanism. While cholesterol dynamics appeared to be crucial for the hypoxic elevation of all ISGs in the context of SARS-CoV-2 infection, TLR4 was specifically relevant for enhanced chemokine ISGs. Considering the complex regulation of IFN responses via various PRRs, the observation that MAVS also contribute to the hypoxic induction of some ISGs further supports the notion that the hypoxic ISG response integrates numerous receptor-dependent but also -independent signals. Monocytes and monocyte-derived macrophages were previously proposed to resist infection with SARS-CoV-2 due to only minimal expression of the main SARS-CoV-2 receptor ACE2 and its associated serine protease TMPRSS2 (42). Here, we observed infection of THP-1 monocytes with SARS-CoV-2, which corroborates recent findings that monocytes, despite the lack of intrinsic ACE2 expression, can be infected by SARS-CoV-2 (75). In line with previous observations that monocytes/macrophages show no productive infection with SARS-CoV-2 (76), we also did not detect active replication (subgenomic RNA4 encoding E gene). Still, increased production of ISGs and IFN-mediated inflammatory responses after SARS-CoV-2 infection of monocyte-derived cells were previously described (76, 77) and the relevance of monocytes/macrophages with respect to the clinical outcome of COVID-19 is widely accepted (78, 79). Our data suggest that hypoxia-enhanced chemokine ISG responses to SARS-CoV-2 are mediated via TLR4, which likely is activated via the spike protein, as recently suggested (50). Nevertheless, while the exact role of IFN signaling for the pathogenesis of COVID-19 is still controversially discussed and likely depends on the stage of the disease (80–82), our finding that hypoxia specifically enhances chemokine ISG expression in the context of SARS-CoV-2 infection suggests that monocytes within a hypoxemic environment might contribute to the progression from a local inflammatory disease to a systemic inflammatory response syndrome (83–85). Cholesterol homeostasis was not only identified to be important for the infection with SARS-CoV-2 (86), but activation of SREBP2 in blood mononuclear cells was put forward as an indicator of disease severity as it correlated with the development of a cytokine storm in severe cases of COVID-19 (85).

Taken together, we identified hypoxia-mediated changes in cholesterol homeostasis to induce interferon responses in monocytes. Our finding that hypoxic monocytes produce elevated chemokine ISG levels upon SARS-CoV-2 infection in a TLR4- and cholesterol-dependent manner might open new therapeutic opportunities to prevent systemic progression of severe COVID-19 cases.
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Acute respiratory distress syndrome (ARDS) is associated with high mortality rates in patients admitted to the intensive care unit (ICU) patients with overwhelming inflammation considered to be an internal cause. The authors’ previous study indicated a potential correlation between phenylalanine levels and lung injury. Phenylalanine induces inflammation by enhancing the innate immune response and the release of pro-inflammatory cytokines. Alveolar macrophages (AMs) can respond to stimuli via synthesis and release of inflammatory mediators through pyroptosis, one form of programmed cell death acting through the nucleotide-binging oligomerization domain-like receptors protein 3 (NLRP3) signaling pathway, resulting in the cleavage of caspase-1 and gasdermin D (GSDMD) and the release of interleukin (IL) -1β and IL-18, aggravating lung inflammation and injury in ARDS. In this study, phenylalanine promoted pyroptosis of AMs, which exacerbated lung inflammation and ARDS lethality in mice. Furthermore, phenylalanine initiated the NLRP3 pathway by activating the calcium-sensing receptor (CaSR). These findings uncovered a critical mechanism of action of phenylalanine in the context of ARDS and may be a new treatment target for ARDS.
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Introduction

ARDS, characterized by hypoxemia and bilateral pulmonary edema, and is associated with high mortality rates (34.9%-46.1%) in ICU patients. Overwhelming inflammation is considered to be an internal cause of ARDS (1). Accumulating evidence has revealed the essential roles of metabolites in immune activation and regulation (2). Our previous, which that targeted at the functional metabolites in patients with ARDS indicated a potential correlation between phenylalanine levels and lung injury (3).

Phenylalanine is an essential amino acid that increases in inflammation and the immune response, and has been proposed to predict disease severity in critically ill patients. A recent study reported the accumulation of phenylalanine was associated with inflammatory markers of coronavirus disease 2019(COVID-19) (4). Phenylalanine induces inflammation by enhancing the innate immune response and inducing the release of pro-inflammatory cytokines (5). However, the specific mechanism of action of phenylalanine in the lung inflammation in ARDS remains unclear.

Most airspace leukocytes are AMs. As resident inflammatory cells, they respond to stimuli in the alveolar spaces by synthesizing and releasing inflammatory mediators, which are also vital to inflammation during ARDS. The activation of AMs after exposure to pathogen triggers an inflammatory cascade (6). Pyroptosis is considered to be a mechanism of uncontrolled inflammation, and is a form of programmed cell death, with the cleavage of caspase-1 and GSDMD as well as the release of IL-1β and IL-18 (7). AMs can be activated by pathogen-associated molecular patterns including those of the NLR family. Induced macrophage pyroptosis acts through the NLRP3 inflammasome signaling pathway and aggravates lung inflammation and causes severe lung injury in ARDS (8). Blockade of NLRP3 inflammasome signaling in AMs may suppress pyroptosis and, consequently mitigate lung inflammation and injury in patients with ARDS (9).

In the present study, we demonstrated that phenylalanine promoted pyroptosis in AMs, thus exacerbating lung inflammation and ARDS lethality in mice. We further revealed that phenylalanine initiated NLRP3 pathway by activating CaSR. Thus, our findings may have uncovered a critical mechanism of action of phenylalanine in the context of ARDS lethality.





Materials and methods




Patients

This study was approved by Ruijin Hospital Ethics Committee of Shanghai Jiao Tong University School of Medicine. All patients who fulfilled the criteria for ARDS according to the Berlin definition were enrolled in the study (10). Patients < 18 years of age, individuals with any autoimmune diseases, those participating in another clinical trial, and those with other chronic respiratory diseases were excluded.





Sample acquisition and phenylalanine assessment

Blood samples and bronchoalveolar lavage fluid (BALF) were collected within 9 h of ARDS diagnosis for metabolomic analysis. Collectively, 59 patients were enrolled in this study. Blood samples(2 mL) were collected in heparin tubes and centrifuged at 500×g at 4°C for 5 min, the supernatants were extracted and stored at −80°C untill further use. Phenylalanine levels were assessed using mass spectrometry/high-performance liquid chromatography (Hypersil GOLD HPLC column [ThermoFisher, Waltham, MA, USA] coupled to a QTRAP 6500 [SCIEX, Framingham, MA, USA]). by Mass Spectrometry Platform, National Research Center for Translational Medicine, Ruijin Hospital Affiliated to Shanghai Jiao Tong University (SJTU) School of Medicine, Shanghai, China.





Animal experiments

Animal experiments were performed using 8–10-week-old C57BL/6 mice purchased from Shanghai Jihui Laboratory Animal Care Co., Ltd. and maintained at in-house facilities under pathogen-free conditions. The animal study was approved by the University Committee for Laboratory Animals and performed in accordance with guidelines of the Shanghai Institutes for Biological Sciences Council on Animal Care. ARDS model animals were established in accordance with a previous report, in which the mice were intratracheally injected with 50 μL bacterial lipopolysaccharide (LPS, Thermo Fisher, #L2630) with the concentration of 6 mg/ml or an equal volume of phosphate-buffered saline (PBS) as sham control (3). ARDS mice were administered with phenylalanine or PBS (25 mg/ml in total volume of 200μl intravenously) 24h before, immediately after and 12h after intratracheal injection of LPS three times. To illustrate the effect of phenylalanine on ARDS lethality, mice were pretreated with phenylalanine or PBS 24 h before the intratracheal injection of LPS, and another dose of phenylalanine or PBS every 24 h until death over the consequent 7 days. To deplete AMs, mice were intratracheally injected with 75 μL of Clodronate Liposomes (CL, Yeason, #40337ES10) 24 h before and soon after the ARDS model was established. Mice in the control group were administered with the same volume of liposomes. BALF and lung tissues were isolated for subsequent experiments 24 h after the final CL injection. To test the role of activated CaSR, another group of mice was administered Calhex231 via saline/dimethyl sulfoxide injection intraperitoneally 4 h after phenylalanine administration based on ARDS mice administered phenylalanine.





Assessment of lung injury

BALF was obtained from the mice via tracheal cannulation in a total volume of 1.5 ml PBS. The samples were then placed on ice and directly transferred for further processing. BALF was centrifuged at 500 ×g for 5 minutes at 4°C. The supernatant was tested to determine the concentration of IL-1β, IL-18, and protein concentration using a commercially available kit in accordance with manufacturer’s instructions. Red blood cell lysate was added to the cell precipitate, and the mixture was centrifuged at 500 ×g for 5 min at 4°C after storage for 3 minutes at 4°C. Cells were cultured in RPMI 1640 medium containing fetal bovine serum (FBS) (0.5%) for 2 h and washed with RPMI 1640/0.5% FBS. Lung tissues were prepared for hematoxylin and eosin (H&E) staining.





Flowcytometry of lung cells

Lung tissue from the mice was crushed into small pieces and digested using 50 µL collagenase I (0.1 mg/mL) (Collagenase, Type 1, Sangon Biotech, Shanghai, China) at 37 °C for 1 h to prepare a single-cell suspension. The following fluorescent antibodies were purchased from Biolegend: APC/Cyanine7 anti-mouse CD45, 103116; PE anti-mouse CD11c, 117307; Brilliant Violet 421 anti-mouse F4/80, 123131; PerCP-Cy™5.5 rat anti-mouse I-A/I-E, 107626; Phycoerythrin/Cy7 anti-mouse/human CD11b, 101216; Brilliant Violet 605 anti-mouse Gr-1, 108439; APC Anti-mouse TCR 118116. Dead/live staining (LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit) from Invitrogen (Carlsbad, CA, USA) was used to distinguish dead cells and debris.





Acquisition of bone marrow-derived macrophages and cell culture

Bone marrow cells from 8-week-old C57BL/6 mice were collected by flushing the femurs and tibias and then the cells culturing in α-MEM (Gibco) containing 10% FBS, 100 IU/ml penicillin and 100 mg/ml streptomycin. Culture medium was transferred to another dish on the second day to cultivate non-adherent cells with addition of 10 ng/ml Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF, # 315-03, Peprotech, USA) at 37°C in a 5% CO2 incubator. The medium was replaced after 3-5 days, and adherent bone marrow-derived macrophages (BMDMs) were used within two passages.

BMDMs were exposed to 100 ng/ml LPS to enhance their proinflammatory phenotype with application of 600 μM Phenylalanine and/or 10 μM Calhex 231 for 4 h. Thirty minutes before the end of the experiment, 2mM ATP was added to the cells. After treatment, the cells were either lysed for Western blotting or collected for flow cytometry to assess pyroptosis.





Confirmation of pyroptosis

Western blotting and flow cytometry were performed to confirm pyroptosis. The protein concentrations of all samples were estimated using a commercially available BCA kit (Thermo Fischer). Equal amounts of proteins were separated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane (Millipore) using a protein transfer system. The membranes were blocked using 5% skim milk powder in TBST buffer for 1 h at room temperature (RT). The blots were then incubated overnight at 4°C with the primary antibodies including mouse anti-rabbit HSP90 (1:2000, Proteintech), mouse anti-rabbit GSDMD (1:1000, Santa Cruz), mouse anti- rabbit N-GSDMD (1:1000, Proteintech), mouse anti-rabbit caspase-1 (1:1000, Santa Cruz), mouse anti-rabbit N-caspase-1 (1:1000, Santa Cruz) and mouse anti-mouse GAPDH (1:1000, Santa Cruz). Subsequently, blots were incubated with anti-mouse or anti-rabbit IgG antibodies (1:5000, Cell signaling) for 1 h at RT. The blots were developed using a commercially available enhanced chemiluminescence detection kit. Each experiment was performed at least twice using cell populations obtained from separate mouse groups. Cells administered different treatments were processed according to manufacturer’s instructions for the annexin V/propidium iodide (PI) assay (CAT#40302ES20, Yeasen, China).





Measurement of calcium concentration in BMDM

Cells were plated in black 96-well plates at 30,000 cells/well and left to stabilize overnight in a 37°C/5% CO2 incubator. The calcium-regulated intracellular calcium indicator, Fluo-4 AM (Yeasen, 40704ES72) was used to monitor real-time elevations in intracellular calcium following activation or inhibition of the CaSR according to manufacturer’s instructions. Data were acquired using a plate reader at 37°C, with excitation at 494 nm and emission at 516 nm (Synergy Neo, USA).





Immunofluorescence

Lung tissue slices and BMDMs were isolated as previously described. The slices or cells were fixed using pre-cooled 4% paraformaldehyde for 15 min, washed with PBS, blocked in 3% bovine serum albumin for 1 h, and reacted with rabbit anti-GSDMD (1:100, Bio-Techne China Co. Ltd., China) primary antibody overnight. After washing the samples three times, samples were stained with Alexa Fluor 488 goat anti-rabbit IgG (1:1000, Abcam, USA) for 1 h in the dark. After washing with PBS, the sample slides were incubated with an anti-fluorescence quencher (DAPI) before capping the microscope slides. Slides were observed under a laser-scanning confocal microscope (LSM880, Zeiss, Oberkochen, Germany). Images were analyzed using ZEN software (Zeiss, Germany).





Statistical analysis

Statistical analyses were performed using GraphPad Prism version 9 (GraphPad Inc, San Diego, CA, USA) and SPSS version 24 (IBM Corporation, Armonk, NY, USA). Two-tailed unpaired t-tests, chi-squared tests and Fisher’s exact tests were used for analysis. Receiver operating characteristic (ROC) curve analyses were reported as the area under the ROC curve (AUC). Differences with P < 0.05 were considered to be statistically significant. We repeated cell experiments for more than three times and extract protein for WB. Grayscale value in Figures 1H, 2J collected relative data reading from Image J. Unless specific notes in the figure legend, all the rest plots in Figures 1–4 showed data of one experiment meanwhile every kind of experiment had been repeated for more than three times.




Figure 1 | Pyroptosis occurred in AMs of ARDS mice administered phenylalanine and LPS-induced BMDMs treated with phenylananine. (A) Two morphological types of AMs in BALF of ARDS mice. (B) Cytometry gating workflow of dish-adherent cells in BALF from ARDS mice. (C) Pyroptosis (PI+, annexin V+) of dish-adherent cells in BALF from ARDS mice. (D) Pyroptosis (PI+, annexin V+) of BMDM cultured in different media. (E) Pyroptosis percentage of BMDMs cultured in different media. (F) IL-1β level in supernatent of different treatment. (G) Western blot of BMDMs cultured in different media. (H) Grayscale values for each blot of BMDMs cultured in different media. (I) Immunofluorescence detection of GSDMD expression in the lungs of ARDS mice. (J) Mean gray value for GSDMD expression in the lungs of ARDS mice. 4(K) Immunofluorescence detection of GSDMD expression in BMDM. (L) The proportion of GSDMD-positive BMDMs under different treatment. ns means no significance, * means p<0.05, **means p<0.01, ***means p<0.001, ****means p<0.0001.






Figure 2 | Phenylalanine administration induced pyroptosis via CaSR. (A) Protein concentration of BALF drawn from two groups of mice. (B) IL-1β level in BALF drawn from two groups of mice. (C) IL-18 level in BALF drawn from two groups of mice (D) Hematoxylin-Eosin staining of two groups of mice. (E) Cytometry gating workflow of dish-adherent cells in BALF from two groups of ARDS mice marked with PI and Annexin V. (F) Pyroptosis (PI+, annexin V+) proportion of dish-adherent cells in BALF from two groups of ARDS mice. (G) Instant relative fluorescence units (RFU) of BMDM treated with different stimulation. (H) Western blot of BMDM treated with different stimulation. (I) Grayscale values for each blot of BMDMs from different culture. (J) Immunofluorescence detection of GSDMD expression in the lungs of ARDS mice with or with out Calhex231. (K) Mean gray values for GSDMD expression in the lungs of ARDS mice with or with out Calhex231. (L) Immunofluorescence detection of GSDMD-positive BMDMs with or with out Calhex231. (M) GSDMD-positive BMDMs percentage with or with out Calhex231. ns means no significance, * means p<0.05, ****means p<0.0001.






Figure 3 | More severe lung injury in phenylalanine-administered ARDS mice. (A) The accumulation of phenylalanine in BALF after intravenous injection. (B) Protein concentration of BALF drawn from four groups of mice. (C) IL-1β level in BALF drawn from four groups of mice. (D) IL-18 level in BALF drawn from four groups of mice (E) Probability of survival of four groups of mice (collected data of experiments repeated for three times). (F) HE staining of four groups of mice. Ns, no significance. **p<0.01. ***p<0.001. ****p<0.0001.






Figure 4 | Decreased AMs found in ARDS mice administered Phe. (A) Cytometry of four types of immunocytes located in the lungs of ARDS mice administered with PBS or Phe. (B) Proportion of related immunocytes in CD45 positive cells. (C) Absolute numbers of AMs in ARDS mice administered with PBS or Phe. (D) Flow cytometry of AMs in the lung tissue of macrophage-depleted ARDS mice administered with PBS or Phe. (E) Protein concentration of BALF drawn from AM-eliminated or control ARDS mice administered PBS or Phe. (F) IL-1β level in BALF drawn from four groups of ARDS mice. ns means no significance, * means p<0.05.








Results




Increased serum phenylalanine level was associated with a non-survival outcome in patients with ARDS

From September 2020 to August 2022, 59 patients who fulfilled the Berlin definition criteria for ARDS were enrolled in this study and divided into survival and non-survival groups based on outcomes. The characteristics of each trial participant at the time of plasma collection, including age, sex, ARDS etiology, coexisting conditions, disease severity scores, laboratory results, and outcomes, are summarized in Table 1. Appropriate measures were taken to ensure that there was no difference in age or sex between the groups of ARDS patients. As shown, the ratio of partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) was significantly higher in survivors than non-survivors, which indicates that the latter experienced impaired lung ventilation and further pulmonary dysfunction. After assessing serum phenylalanine levels in each patient, a significant increase was found in non-survivors compared to survivors (Figure 5A). Using ROC analysis, a cut-off value was found that, when serum phenylalanine level reached 3796 μg/ml, the survival of ARDS patients significantly decreased from 69.70% to 26.67 (Figure 5B). The ROC curve, according to this cut-off value, was used to assess the ability of phenylalanine level to predict survival rate. (Figure 5C).


Table 1 | Characteristics of enrolled ARDS patients.






Figure 5 | Phenylalanine concentration and its prediction capacity in survival and non-survival ARDS patients. (A) Serum phenylalanine concentration in the two groups of patients. (B) Survival rate of ARDS patients according to the cut-off value. (C) ROC curve and AUC according to the cut-off value. *means p<0.05







Phenylalanine administration aggravated lung inflammation and injury in ARDS mice

Phenylalanine levels were first evaluated in mice challenged with a lethal dose of LPS (25 mg/kg body weight body weight) to confirm the results in samples from patients with ARDS (Supplementary Figure 1). To determine whether phenylalanine affected the pathogenesis and prognosis of ARDS, its effect was confirmed in ARDS mice administered three intravenous doses of phenylalanine. Individual BALF samples were obtained from the mice and immediately processed 24h after intratracheal administration of LPS. First, the accumulation of phenylalanine in BALF after intravenous injection was confirmed (Figure 3A). The groups of mice exhibited different protein concentrations. Among non-ARDS mice, there was no statistically significant difference regardless of whether phenylalanine was administered. In ARDS mice, the group administered phenylalanine exhibited higher protein levels, indicating more severe lung injury. (Figure 3B). Similarly, IL-1β and IL-18 levels also revealed a more serious outcome of phenylalanine-administered ARDS mice compared to control ARDS mice, and the difference disappeared in the sham groups (Figures 3C, D). None of the sham mice died during the chronic administration procedure. However, ARDS mice injected with phenylalanine every 12h tended exhibit significantly higher mortality rates than PBS-administered ARDS mice (Figure 3E). H&E staining of lung tissues revealed more diffusion in phenylalanine-injected ARDS mice than in PBS-injected ARDS mice at both 4× and 10× magnification. No significant differences were observed between the two sham groups (Figure 3F).





Phenylalanine administration reduced AMs in ARDS mice

After demonstrating severe lung injury in phenylalanine-administered ARDS mice, more studies involving the two groups were performed. First, the composition of intrapulmonary immunocytes in ARDS mice was analyzed. Using these methods, intrapulmonary cells were isolated and immunocytes were divided into dendritic cells (DCs), neutrophils (Neuts), AMs, and T cells (Supplementary Figure 2). Comparison of the immunocyte composition of the two groups of ARDS mice revealed more intrapulmonary AMs in PBS-administered ARDS mice than in phenylalanine-administered ARDS mice, whereas no significant difference was observed in DCs, Neuts, and T cells (Figure 4A). Statistical analysis confirmed a significantly lower percentage of intrapulmonary AMs in the phenylalanine-treated ARDS mice than in the PBS-treated ARDS mic (Figure 4B). To further support this finding, the absolute number of AMs was calculated (Figure 4C), which suggested that the difference in AMs resulted in more severe lung injury in phenylalanine-treated ARDS mice. Therefore, intrapulmonary AMs in ARDS mice were further depleted to explore whether there was a difference in the severity of lung injury without AMs (Figure 4D). Results revealed that protein concentration and IL-1β level in BALF after the depletion of AMs demonstrated no significant difference between the two groups (Figures 4E, F).





Phenylalanine administration induced pyroptosis in activated AMs

After confirming that AMs may be the key cells that lead to phenotypic differences between ARDS mice with different levels of phenylalanine, BALF was extracted from the two groups of ARDS mice and cells were cultured to divide them into AMs (adherent cells) and Neuts (suspended cells). It was clear that the morphology of AMs can be roughly divided into two types: steady state, with round and complete cell membrane and opaque interior; and those in a state of pyroptosis with cell swelling and expansion and many bubble-like protrusions (Figure 1A). The PBS-treated ARDS mice exhibited more intact and opaque AMs, whereas the phenylalanine-treated ARDS mice exhibited more pyroptotic cells. Flow cytometry analysis of these adherent cells stained with PI and annexin V revealed that the proportion of pyroptotic cells (double-positive) was significantly higher in phenylalanine-treated ARDS mice (Figures 1B, C). Similar in vitro tests were performed on BMDMs from the same source as AMs. The proportion of pyroptotic cells was significantly higher in the medium supplemented with phenylalanine (Figures 1D, E). IL-1β level of supernatant also exhibited a significant increase when cells were treated with phenylalanine (Figure 1F). In addition, Western blotting demonstrated significantly upregulated expression of cleaved-GSDMD and cleaved-caspase-1 in BMDMs treated with phenylalanine (Figures 1G, H). Immunofluorescence detection detection increased expression of GSDMD in the lungs of phenylalanine-treated ARDS mice (Figure 1I), which was confirmed by quantification of the mean gray value (Figure 1J). When detecting GSDMD in cells, GSDMD expression was obviously promoted in BMDMs with LPS and phenylalanine (Figure 1K). The proportion of GSDMD-positive BMDM expressing phenylalanine was significantly higher (Figure 1L). Collectively, these results demonstrated that pyroptosis occurred and was promoted in both AMs of ARDS mice administered phenylalanine and in BMDMs treated with phenylalanine.





Phenylalanine administration induced pyroptosis via the calcium-sensitive receptor

Phenylalanine is a positive allosteric regulator of the CaSR, which is involved in various cellular interactions (11). Moreover, GSDMD and caspase-1 are downstream effector molecules present in their cleaved forms when activated. Therefore, the authors hypothesized that phenylalanine may promote the cleavage of GSDMD and caspase-1 by activating the CaSR to induce pyroptosis. To verify the role of the CaSR, its specific inhibitor Calhex231 was applied to ARDS mice to observe relief of lung injury and inflammation. The protein concentrations of IL-1β and IL-18 in BALF decreased (Figures 2A–C). H&E staining of the lung tissue exhibited less diffusion in Calhex231-administered ARDS mice (Figure 2D). In addition, a significantly lower proportion of pyroptosis in BALF cells from mice administered Calhex231 was found (Figures 2E, F). By determining calcium influx into cells, measured in relative fluorescence units (RFU), cells treated with phenylalanine exhibited significantly higher calcium influx, and CaSR-specific stimulants further promoted calcium influx into cells (Figure 2G). In addition, Western blot analysis of BMDMs in different media revealed that the expression of cleaved-GSDMD and cleaved-caspase-1 was significantly downregulated when the medium was supplemented with Calhex231 (Figures 2H, I). When phenylalanine-administered ARDS mice were applied with Calhex231, the expression of GSDMD in the lungs was significantly downregulated (Figures 2J, K). GSDMD-positive BMDMs drastically decreased in the presence of Calhex231. Accordingly, fewer GSDMD-positive BMDMs were detected in Calhex231-administered cells in comparison to only Phe-treated BMDMs (Figures 2L, M). We further assessed the role of caspases and NLRP3 with their inhibitors Z-Val-Ala-Asp-FMK (Supplementary Figure 3) and MCC950 (Supplementary Figure 4). This indicates that pyroptosis was associated with the CASR via activation of NLRP3 and Caspase-1.






Discussion

To our knowledge, this is the first study to reveal a novel role for phenylalanine in mediating ARDS via induction of pyroptosis in AMs. We first observed that increased phenylalanine levels in ARDS patients was associated with mortality. In mice with ARDS, phenylalanine administration has been shown to be closely associated with increased AM pyroptosis, along with elevated levels of IL-1β and IL-18. We performed in vivo and in vitro investigations to further confirm that phenylalanine was responsible for the increase in AM pyroptosis via the activation of the CaSR-initiated NLRP3 inflammasome pathway. CaSR inhibition significantly alleviates LPS-induced inflammation and decreases the frequency of AM pyroptosis. For the first time, we have elucidated a complete pathway of how elevated phenylalanine levels trigger AM pyroptosis, resulting in inflammation when exposed to higher levels of phenylalanine and leading to ARDS lethality, which expands the current understanding of the role of small-molecule metabolites in pulmonary inflammation. These findings may provide new treatment targets for patients with ARDS.

Metabolites have been proposed as novel biomarkers reflecting the severity of ARDS owing to their quick response to the influence of external factors (12). In fact, metabolites are not only downstream products but also active drivers of biological processes serving as molecular signals (13). Our study highlights the association between elevated phenylalanine levels and poor outcomes in patients with ARDS. In our study, the administration of phenylalanine aggravated lung inflammation, reflected by elevated levels of IL-1β and IL-18 in BALF. These results implicate phenylalanine as a “bioactive metabolite” in physiological reactions in ARDS. Phenylalanine is an essential amino acid (14) that is absorbed into plasma and is mainly converted to tyrosine in the liver (15). The lungs do not directly use phenylalanine; however, consistent with previous research by Tan et al. (16), our study found that the lungs take up phenylalanine, which was demonstrated by the accumulation of phenylalanine in BALF after intravenous injection (Supplementary Figure 1). These results provided basic evidence that phenylalanine directly interacts with lung cells.

AMs, the major immunocytes regulating lung inflammation and acute lung injury (ALI), respond to invasive stimuli via pyroptosis (17), which is a caspase-1-dependent death pathway. Activated caspase-1 cleaves GSDMD to generate mature GSDMD that induces plasma membrane pore formation, resulting in cell swelling, plasma membrane rupture, and the release of pro-inflammatory cytokines such as IL-1β and IL-18 (18). It has been reported that excessive pyroptosis can cause partial or systemic inflammation and even lead to lethality (19). Zhu et al. found that AM pyroptosis was elevated when the lung structure was disrupted by cigarette smoke (20). In addition, Wu et al. reported that caspase-1 was activated in LPS-induced ALI, thereby facilitating AMs pyroptosis (21). In our study, phenylalanine administration promoted pyroptosis in AMs, which in turn is believed to induce severe lung injury. Depletion of AMs eliminated the adverse outcomes caused by phenylalanine. Therefore, AM pyroptosis resulting from elevated phenylalanine levels is the main trigger of severe lung injury in ARDS.

The NLRP3 inflammasome is a critical component of the innate immune system (22). The activation of the NLRP3 pyrolytic pathway requires two signals simultaneously. The first includes pathogenic agents, such as LPS, or cytokines, and the former includes lysosomes and ATP. The first signal increases the activation of caspase-1 and GSDMD in the pyroptotic pathway, whereas the second signal is a key step in the cleavage and assembly of inflammasomes (23). Recent studies have shown that elevated calcium (Ca2+) concentrations can promote the combination of NLRP3 and ASC proteins to form activated inflammasomes, thereby ensuring the conduction of downstream pathways (24). Our results suggest that phenylalanine upregulates intracellular Ca2+ concentrations by activating CaSR, a regulator of calcium homeostasis, and its inhibition can downregulate pyroptosis. Phenylalanine does not affect NLRP3 expression. Among all aromatic L-amino acids, phenylalanine is most likely to bind and activate the CaSR (25). Therefore, our results indicate that phenylalanine serves as a secondary signal that may bind to the CaSR and recruit Ca2+, accelerating the assembly of NLRP3 and ASC, and finally leading to the activation of NLRP3 mediated pyroptosis. CaSR, a member of the aromatic L-amino acid receptor family, is a G-protein-coupled receptor distributed in the lung tissue and expressed in macrophages (26). It is widely associated with inflammation in diverse diseases involving the cardiovascular system (27), such as vascular calcification, atherosclerosis, myocardial infarction, hypertension, obesity (28) and the respiratory system, such as asthma (29) and acute lung injury (30). Results of our study demonstrated that CaSR inhibition alleviated phenylalanine-induced lung injury, inflammation, and AM pyroptosis, further confirming that phenylalanine plays a role via the CaSR.

We have limited clinical samples and there may still exist other minor pathways to pyroptosis in above situation. Nevertheless, we demonstrated a novel mechanism by which elevated phenylalanine levels promote inflammation via the CaSR and aggravates ARDS through the induction of AM pyroptosis, which may be a new target for treating ARDS.
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Adiponectin is an insulin sensitizing hormone that also plays a role in the regulation of inflammation. Although adiponectin can exert pro-inflammatory effects, more studies have reported anti-inflammatory effects, even in non-adipose tissues such as the lung. Obesity is considered an inflammatory disease, is a risk factor for lung diseases, and is associated with decreased levels of plasma adiponectin. The results of recent studies have suggested that adiponectin exerts anti-inflammatory activity in chronic obstructive pulmonary disease, asthma and invasive fungal infection. The signaling receptors of adiponectin, AdipoR1 and AdipoR2, are expressed by epithelial cells, endothelial cells, and immune cells in the lung. In this mini-review, we discuss the anti-inflammatory mechanisms of adiponectin in lung cells and tissues.
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Introduction

Adiponectin (APN) is a protein abundantly produced by adipocytes. It is present at high concentrations in plasma and regulates glucose levels, lipid metabolism, and insulin sensitivity. Plasma APN levels are relatively high in lean and healthy individuals. Decreased circulating levels of APN in obese individuals could enhance the risk of insulin resistance, type 2 diabetes, and cardiovascular disease (1). APN has also been reported to be produced by lymphocytes, skeletal muscle cells, cardiomyocytes, osteoblasts, and liver cells (2–5).

APN binds to signaling adiponectin receptors AdipoR1 and AdipoR2 (6) and the non-signaling receptor T-cadherin (7). While AdipoR1 binds to the globular form of APN, AdipoR2 preferentially binds to the high-molecular weight (HMW) form (8). The HMW isoform is consist of several linked hexamers and trimers (9). Interestingly, females have higher circulating levels of total APN with higher proportions of HMW isoform compares to males (10–12). Unlike the expression of APN, there are no sex differences in the expression of AdipoRs in adipose tissue (13).

Obesity is associated with a higher incidence of various diseases, including pulmonary disorders, such as asthma, chronic obstructive pulmonary disease, and pulmonary hypertension, and is also associated with decreased plasma adiponectin (14–18). Obesity-associated dysregulation of immune responses, inflammatory vigor, and adipose tissue immune cell infiltration are also believed to contribute to infectious disease pathogenesis (19).

According to the World Health Organization (WHO), the two most common chronic lung diseases are COPD and asthma, causing restricted airflow and breathing problem. APN has been implicated to play a role in the pathophysiology of COPD. Many studies revealed decreased serum APN in COPD patients (20). With a steadily increasing population of immunocompromised patients, disease caused by fungal infections remain a great threat to public health. Among lung fungal pathogens, such as Aspergillus, Cryptococcus, and Pneumocystis, Aspergillosis (approximately 57%) by Aspergillus spp. was most common (21). While the APN roles have been more thoroughly investigated in COPD and asthma, fewer studies have implicated in APN lung diseases. APN is required for metabolism and has a regulatory role in inflammation, primarily exerting anti-inflammatory effects. Here, we specifically review published studies that examine the anti-inflammatory activity of APN in inflammatory pulmonary diseases and cells of the lung.





APN and lung disorder




APN and COPD

Chronic Obstructive Pulmonary Disease (COPD) is a globally increasing cause of mortality with increasing prevalence over the past 20 years (22). Population aging, smoking and exposure to air pollution are leading risk factors for COPD (22–24). COPD patients showed increased numbers of lung inflammatory cells such as neutrophils, macrophages, and CD8+ T cells, with increased production of chemokines and cytokines (25). A mouse model of COPD with tobacco smoke exposure showed increased APN production in bronchoalveolar lavage fluid (BALF) and APN gene expression by airway epithelial cells (26), suggesting that APN has the potential to modulate the inflammatory response in COPD. Another study used an elastase-induced emphysema model to identify the possible role of APN in the pathogenesis of COPD (27). Elastase-induced emphysema is associated with reduced APN concentration. APN-deficient (APN KO) mice show a progressive COPD-like phenotype characterized by progressive emphysema, increased endothelial apoptosis and increased TNF-α activity. APN is associated with inflammation in COPD and is positively correlated with as the neutrophil-recruiting chemokine IL-8 (26). APN can therefore be a biomarker for disease severity and progression in patients of COPD (28).





APN and asthma

Asthma is a chronic inflammatory disorder that affects airways in the lungs narrowed and swollen by inflammation and blocked by excess mucus. The most common asthma triggers include air pollen, dust products, animal dander, tobacco smoke and a wide range of fungi (29). In an obesity-related asthma mouse model used by Zhu et al., APN level in serum and BALF as well as adiponectin receptor (AdipoR) mRNA expression in lung were decreased and exogenous APN treatment increased both the APN level and AdipoR expression (30). In a mouse model of asthma by Medoff et al., ovalbumin (OVA)-sensitized and challenged APN KO mice exhibited increased pulmonary vascular remodeling, eosinophilic inflammation, and inflammatory chemokine gene expression compared to control mice (31). Furthermore, Obesity is associated with low-grade inflammation and enhances chronic inflammation in the airways of asthmatic obese patients. Expression of AdipoR2 and T-cadherin genes in bronchial epithelial cells was higher among obese patients with asthma than obese controls (32). Obesity in mice was associated with increased BALF macrophages, neutrophils and eosinophils, and increased Th2 cytokine production, including IL-13 and IL-5. Administration of exogenous APN reduced inflammation in obese mice, suggesting a therapeutic potential for the adiponectin pathway (33), and an APN receptor agonist reduced IL-4, IL-17, IL-23, and TNF-α in an OVA/lipopolysaccharide (LPS)-induced obese asthmatic model (34). In summary, APN treatment alleviated pathological changes in lung with reduction of eosinophils, total cell numbers in BALF, the eosinophil-attracting chemokine eotaxin and myeloperoxidase levels, which suggests that APN regulates cell migration into the airway and clearance of pulmonary inflammation in obesity-related asthma (30, 31).

In obese asthmatics, low APN was found more frequently than high (35) and non-obese individuals had higher levels of serum APN compared to obese (36). However, two other studies found no correlation between APN and obesity (37, 38). The differences in results of these studies might be related to demographic differences in age, gender, race, and disease severity. Although clinical data depend mainly on the serum APN, results from animal models and cell cultures demonstrate a potential benefit of APN pathway-stimulating therapy in asthmatics (35).





APN and pulmonary aspergillosis

In invasive aspergillosis patients, excessive inflammation is associated with increased mortality (39). However, the effects of APN on anti-fungal immune responses in the lung remains unclear.

Fungal spores are easily aerosolized and inhaled (40). Different manifestations of Aspergillus infection include allergic bronchopulmonary aspergillosis, chronic pulmonary aspergillosis, and invasive aspergillosis. Allergic bronchopulmonary aspergillosis is considered poorly controlled asthma, while invasive aspergillosis occurs in immunocompromised patients such as those with COPD, solid organ or bone marrow transplant recipients, intensive care unit patients, and patients with severe viral infection (HIV, influenza A virus, COVID-19) (41–45). Invasive aspergillosis has an extremely high mortality rate (50-90%) in immunocompromised patients (46). Aspergillus fumigatus is most prevalent and the major cause of aspergillosis (47). APN KO mice with invasive aspergillosis exhibit increased disease pathology including decreased survival rate, increased fungal burden in the lung, increased cytokine production (IL-6 and TNF-α), and increased eosinophil recruitment (48). Aspiration of Aspergillus fumigatus conidia or chitin, one of the fungal cell wall components induced increased eosinophil recruitment in APN KO mice compared to wild-type controls (48, 49), and recombinant murine APN inhibited chitin-mediated eosinophil recruitment (49). Thus, it is likely that APN inhibits excessive inflammation in invasive aspergillosis, either directly or indirectly by enhancing antifungal immunity.

The roles of adiponectin in COPD, asthma, and pulmonary aspergillosis is summarized in Figure 1. Recent studies suggest a role for APN in regulating the inflammatory response in aspergillosis, COPD and asthma in either animal models or human patients (28, 35, 38). However, there are limited studies examining the role of APN during fungal infection in murine lungs (48, 49). Moreover, the number of the immunocompromised individuals is rapidly increasing, due to increased use of immunosuppressive therapies. Despite immune suppression, aspergillosis patients can succumb to an uncontrolled inflammatory response. Moreover, COPD and asthma patients showed increased hypersensitivity to Aspergillus fumigatus (29, 50, 51). More research is need to further unravel the anti-inflammatory mechanisms of the APN pathway in lung disease, especially in the context of fungal infection.




Figure 1 | Adiponectin effect on lung disease. Obesity and aging are associated with loss of muscle mass, insulin resistance, and features of metabolic syndromes. Adiponectin (APN) activity is linked to metabolism and inhibition of inflammation. Decreases/deficiencies in plasma APN, even due to obesity, may contribute to adipose tissue inflammation, induction of asthma and TNF-α production in adipose and non-adipose tissues such as the lung. APN regulates inflammation in chronic pulmonary disease (COPD), asthma, fungal, bacterial, and viral infection. Adiponectin deficiency in COPD, aspergillosis, viral infection or tuberculosis resulted in increased expression of the proinflammatory cytokines TNF-α and IL-6, further suggesting that APN functions exerts anti-inflammatory activity. However, the effects of APN or AdipoRon on viral infection remain unknown. Treatment with APN or its agonist affects cytokine production; a decrease of IL-13 and IL-5 in asthma model and an increase of IL-8 in COPD, and increased IL-4, 1L-17, IL-23, and TNF-α in asthma. APN treatment also inhibited lung eosinophil recruitment in response to chitin.







APN and bacterial and viral infections

Tuberculosis is a bacterial infectious disease that most often affects the lungs, which is caused by Mycobacterium tuberculosis. One-third of the world population is infected with this pathogen. Infection of M. tuberculosis alters adipose tissue morphology and contributes to an acute loss of body fat, which worsens pulmonary pathology. Comparing the lungs of M. tuberculosis-infected fat-ablated mice to infected fat-unablated mice, the levels of cytokines, such as TNF-α, IFN-γ, CD68, IL-12, and IL-10 were increased (52). APN may promote a reduction of TNF-α in the lungs in M. tuberculosis-infected mice (52). In acute lung injury model, APN attenuates LPS-induced lung injury in acute lung injury model (53). These reports suggest that APN regulates pulmonary pathology during bacterial infection.

Epidemiological evidence suggests an association between obesity and increased susceptibility to viral pneumonias associated with influenza, SARS-CoV-2, and COVID-19 cases (19, 54, 55). APN level is reduced in the patients infected with influenza A virus and COVID-19 with respiratory failure (56–58). Overexpression of IL-6, a key adipocyte-secreted inflammatory mediator, is an important risk factor worsening outcomes in influenza virus infection (59). In COVID-19, APN is generated by lymphocytes and downregulates the bone marrow production of granulocytes, with the activation of regulatory T cells (60). While the levels of cytokines in lung in COVID-19 patients have not been analyzed, the plasma levels of IL-6, TNF-α, and IL-10 were highly increased in severe COVID-19 patients with comparable levels to non-COVID-19 patients (61). So far, no study evaluated the effect of APN or AdipoRon on SARS-CoV-2 infection (62). These studies suggest that the APN pathway could be manipulated to provide protection against detrimental inflammation in response to viral infection.






Anti-inflammatory activity of adiponectin on lung cells




APN/AdipoRs in lung immune cells

APN and AdipoRs are expressed in the lung, suggesting an important role for the APN pathway in lung biological processes (63). Alveolar macrophages from APN KO mice released higher matrix metalloproteinases and TNF-α, which was suppressed by APN pretreatment (63). In humans, APN release from lung explants is negatively correlated with body mass index (64). Lung macrophages express both of the signaling APN receptors AdipoR1 and AdipoR2 (64). Lung macrophages treated with APN or its AdipoR1/R2 agonist AdipoRon resulted in decreased LPS- and poly (I:C)-induced production of TNF-α, IL-6, CXCL1 and CXCL8 (64). In the murine macrophage-like cell line RAW264, the globular domain of APN binds to the AdipoR1 and inhibits the TLR-induced NF-κB activity (65).

In lean mice, lung regulatory T cells (CD3+ CD4+ Foxp3+ cells) increased AdipoR1 expression, while obese mice with allergic inflammation had reduced AdipoR1 expression in lung regulatory T cells and increased expression in BALF eosinophils (66). Thus, adiponectin exerts anti-inflammatory effects on lung cells, likely due to signaling through adiponectin receptors.





APN/AdipoRs in lung fibroblast, epithelial cells, and endothelial cells

Idiopathic pulmonary fibrosis is a common pulmonary disease, with high mortality, especially in older people. The idiopathic pulmonary fibrosis mouse model of bleomycin challenge induced a remarkable collagen fiber accumulation with extensive alveolar damage. Furthermore, APN treatment attenuated bleomycin-induced histopathology and inhibits TGF-β1-induced fibrosis in human lung fibroblasts with decreased TNF-α, IL-6, IL-1β, and IL-18 expression (67). Paraquat is an herbicide used worldwide and exposure to paraquat may cause acute injury and fibrosis in humans (68). In a pulmonary fibrosis model induced by paraquat, APN attenuated the fibrosis with decreased TGF-β1 and α-smooth muscle actin by regulating the NF-κB pathway (69). Human lung fibroblasts also express both AdipoR1 and AdipoR2, and APN treatment increased fibroblast expression of AdipoR1 but not AdipoR2. Knockdown of AdipoR1 using siRNA reversed the APN-mediated protective effect against paraquat-mediated fibrosis, demonstrating the importance of the APN-AdipoR1 pathway in fibroblasts for protection against pulmonary fibrosis (69).

In contrast, airway epithelial cells express significant levels of APN and AdipoR1, but not AdipoR2 in COPD patients and cultures of human lung epithelial cells (26). APN attenuated A549 cellular apoptosis and ameliorated cytotoxic effects induced by TNF-α and IL-1β by inhibiting NF-κB transactivation through AdipoR1. APN increased mRNA expression of the anti-inflammatory cytokine IL-10 in lung epithelial A549 cells (70). In summary, these studies provide evidence for a direct effect of APN on proliferation and inflammation of A549 epithelial cells with a protective role of APN in lung cells.

Hallmark features of acute lung injury include immune and endothelial cell activation and loss of vascular integrity (71). When acute lung injury was induced in control and APN KO mice by administration of LPS, APN KO mice appeared more ill with increased BALF protein concentration, increased production of TNF-α and IL-6, and decreased level of IL-10 in lung homogenates (53). Compared to the control mice with LPS injection, increased expression of IL-6, E-selectin, and Nox2 were detected in endothelial cells of APN KO mice (33). APN localizes to pulmonary vascular endothelium and APN deficiency leads to an age-dependent inflammatory vascular phenotype (72). APN deficiency also impairs mitochondrial function, promotes endothelial cell activation, and increases the susceptibility to LPS-induced acute lung injury (73). These finding suggests that parenchymal cells of the lung may play a role in the protective actions of APN.





Molecular mechanism of APN action on lung disease

In obesity-related asthma mice, APN treatment relieved inflammation and improved AMPK activity with a decrease in iNOS, Bcl-2, and NF-κB levels in lung (30). Treatment of Compound C, the AMPK inhibitor, reverses the effects of APN (30). It has been reported that APN directly binds to AdipoR1 and mediates signaling by activating AMPK.

M. tuberculosis infection increases the levels of both PPAR-γ and PPAR-α, key regulators of adipogenesis and lipid oxidation in the lungs (52). In LPS-induced acute lung injury model, NF-κB activation is APN is increased in APN KO mice (53).

In healthy mice, APN treatment induces the activation of p38 MAPK in Helios− regulatory T cells and upregulates the expression of AdipoR1 (74). In human epithelial cell line A549, activation of the APN-AdipoR1 pathway reduces cytotoxic effects inhibiting NF-κB activation and cytokine gene expression through ERK1/2 and AKT (70).






Conclusions and perspectives

There is increasing data suggesting that APN exerts an anti-inflammatory effect in the lung. Lung cells, including immune cells, epithelial cells, and endothelial cells, express AdipoRs, indicating they also have signaling ability upon binding to APN or an AdipoR agonist such as AdipoRon. Although both pro- and anti-inflammatory properties have been reported, anti-inflammatory function of APN was mainly observed in lung cells (Table 1). APN can trigger the activation of AMPK, PPAR, ERK, and AKT through its receptors. It is well known that APN improves different lung diseases; enhancing the signaling might prove a therapeutic target. However, further research will clarify the roles and mechanism of APN pathway-induced protection in lung diseases, including fungal, bacterial, and viral infection, which could result in novel therapies that protect against infection, excessive inflammation, and other lung pathologies.


Table 1 | Effects of APN in different lung cell types.
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Background

TGF-β1 can induce epithelial-mesenchymal transition (EMT) in primary airway epithelial cells (AECs). Semaphorin7A (Sema7a) plays a crucial role in regulating immune responses and initiating and maintaining transforming growth factor β1 TGF-β1-induced fibrosis.





Objective

To determine the expression of Sema7a, in serum isolated from asthmatics and non-asthmatics, the role of Sema7a in TGF-β1 induced proliferation, migration and airway EMT in human bronchial epithelial cells (HBECs) in vitro.





Methods

The concentrations of Sema7a in serum of asthmatic patients was detected by enzyme-linked immunosorbent assay (ELISA). The expressions of Sema7a and integrin-β1 were examined using conventional western blotting and real-time quantitative PCR (RT-PCR). Interaction between the Sema7a and Integrin-β1 was detected using the Integrin-β1 blocking antibody (GLPG0187). The changes in EMT indicators were performed by western blotting and immunofluorescence, as well as the expression levels of phosphorylated Focal-adhesion kinase (FAK) and Extracellular-signal-regulated kinase1/2 (ERK1/2) were analyzed by western blot and their mRNA expression was determined by RT-PCR.





Results

We described the first differentially expressed protein of sema7a, in patients with diagnosed bronchial asthma were significantly higher than those of healthy persons (P<0.05). Western blotting and RT-PCR showed that Sema7a and Integrin-β1 expression were significantly increased in lung tissue from the ovalbumin (OVA)-induced asthma model. GLPG0187 inhibited TGF-β1-mediated HBECs EMT, proliferation and migration, which was associated with Focal-adhesion kinase (FAK) and Extracellular-signal-regulated kinase1/2 (ERK1/2) phosphorylation.





Conclusion

Sema7a may play an important role in asthma airway remodeling by inducing EMT. Therefore, new therapeutic approaches for the treatment of chronic asthma, could be aided by the development of agents that target the Sema7a.





Keywords: asthma, semaphorin 7A, airway remodeling, epithelial-mesenchymal transition, TGF-β1




1 Introduction

Asthma, characterized by airway inflammation, airway hyperresponsiveness (AHR), and airway remodeling (AR), is a chronic and heterogenic disease of the respiratory system mainly due to occupational or environmental exposure to industrial products, microorganisms, and other allergens (1, 2). The prevalence of asthma is still on the rise, with an estimated 358 million people worldwide affected by asthma, according to a global burden of disease study in 2015 (3). Most asthmatic patients can be controlled with bronchodilators and inhaled corticosteroids (4). However, an estimated 5-10% of patients are refractory to the treatment and thus require further therapy and even hospitalization, which results in impaired quality of life and a disproportionate cost to healthcare systems (5). ​AR may play an important role in the clinical severity of refractory asthma (6, 7). Therefore, it is necessary to further understand the factors that regulate the pathological features of asthma, including chronic inflammation and AR.

The chronic inflammatory response in the airways of asthmatic patients may result in alterations in the composition and distribution of cellular constituents of the airway wall, which is termed AR (8, 9). As a key feature of asthma, AR leads to irreversible airflow obstruction and persistent airway hyperresponsiveness and contributes to the symptomatology of the disease as well as irreversible loss of lung function (10, 11). Currently, inhaled corticosteroids and long-acting β2 agonists remain the mainstay for guideline-based control and management for asthma (12). However, such therapeutics are neither proven to prevent nor reverse AR although they can ameliorate inflammation (13). Moreover, AR may occur early in childhood to an equivalent degree in the airways, not necessarily subsequent to inflammation (14). Therefore, it is necessary to further explore the pathogenesis of AR in allergic asthma.

The semaphorin (Sema) protein family consists of more than 20 members and are extracellular signaling proteins that are instrumental in the development and maintenance of several organs and tissues (15). As a member of the Sema family, Sema7a (also known as CD108) is a glycosylphosphatidylinositol-linked membrane protein and is expressed constitutively and broadly in a variety of lymphoid, bone, endothelial, and nerve cells (16, 17). By binding to its receptor, integrin-β1 or plexin C1, with high affinity, Sema7a stimulates cytokine production in some inflammatory cells and is essential to the effector phase of the inflammatory immune response (18–20). The interaction of Sema7a with its receptor activates multiple signaling pathways, including phosphorylated focal-adhesion kinase phosphorylated (p-FAK), phosphorylated extracellular-signal-regulated kinase 1/2 (p-ERK1/2), nuclear factor kappa B (NF-κB), transforming growth factor β2 (TGF-β2)/Smad, and others (21, 22). A battery of studies has found that the Sema7a-integrin-β1 axis is a pivotal pathway in cell migration, angiogenesis and endothelial damage and is implicated in some disorders (22–24). Nevertheless, whether Sema7a has a role in the development of allergic asthma remains obscure.

Epithelial-mesenchymal transformation (EMT) is characterized by epithelial cell damage–repair-redamage-repair and is considered to be an initiating factor in AR in asthma (25, 26). As the first barrier to contact allergens, the bronchial epithelium plays an important role in airway EMT by secreting a variety of proinflammatory factors (27). Many signaling pathways, including transforming growth factor (TGF-β), epidermal growth factor (EGF), and tumor necrosis factor (TNF-α), are involved in the EMT process (28). Among them, TGF-β1 is a major inducer of EMT (29, 30). When expressed in the pulmonary epithelium, TGF-β1 can lead to the development of several AR features, including subepithelial fibrosis, epithelial shedding, and extracellular matrix deposition in the subepithelial layer by inducing EMT in bronchial epithelial cells (29, 31). In primary airway epithelial cells (AECs) obtained from asthmatic patients, TGF-β1 can induce EMT in a Smad3-dependent manner, suggesting dysregulated epithelial repair in asthmatic airways (32). Although some studies have documented that Sema7a contributes to atherosclerosis by mediating endothelial dysfunction and promotes the growth and migration of oral tongue squamous carcinoma cells by regulating the course of EMT (21, 33), little is known about whether Sema7a is involved in AR in allergic asthma by promoting the process of EMT.

To sum up, the expressions of Sema7a in serum of asthmatic patients and in lung tissue of ovalbumin (OVA) -induced mice were first examined. Then, whether the expression of Sema7a was associated with pathological features of allergic asthma was evaluated. Next, the roles of Sema7a in TGF-β1-induced EMT in human bronchial epithelial cells (HBECs) were investigate. Finally, the main signaling pathways involved in the effect of Sema7a were further probed. Our findings suggest that Sema7a may play a fundamental role in AR by inducing EMT through the FAK and ERK1/2 signaling pathway in HBECs and mice model of chronic asthma.




2 Methods



2.1 Humans

​ Ten patients with asthma were consecutively recruited from the Department of Respiratory Medicine and Intensive Care Medicine at the First Affiliated Hospital of Shandong First Medical University between October 1, 2021, and April 30, 2022. All of them met the criteria for asthma described in the report of the Global Initiative for Asthma (34). The disease activity of asthma was assessed according to the Asthma Control Test (ACT). Serum samples were collected, and those whose percentage of eosinophils in peripheral blood exceeded 3% were enrolled. A total of 20 healthy individuals who underwent health check-up in our hospital and whose age and sex were matched with those of asthmatic patients were selected as controls. None of them have chronic airway diseases/cancer or autoimmune diseases. This study was approved by the Medical Ethics Committee of The First Affiliated Hospital of Shandong First Medical University. Informed consent was obtained from all subjects who were enrolled in the present study.




2.2 Mice

A total of 18 female BALB/c mice aged 6-8 weeks were purchased from Pengyue Experimental Animal Breeding Co. Ltd. (Jinan, China) and housed in the Laboratory Animal Center of our hospital under SPF conditions. The feeding environment of the mice included a temperature−controlled house with 12 h light−dark cycles and free access to a standard laboratory diet and water (35). The mice were randomly divided into 3 groups: the control group (control, n=6), asthma group (asthma, n=6) and anti-Sema7a group (anti-Sema7a, n=6). All animal procedures were performed according to the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (36). Moreover, all protocols were approved by the Ethics Committee for Laboratory Animals Care and Use in First Affiliated Hospital of Shandong First Medical University, Shandong, China.




2.3 Experimental model of chronic asthma

As described previously (37), the asthma group was sensitized with 0.2 ml sensitinogen (20 µg OVA+2 mg aluminum hydroxide) (Sigma−Aldrich, Beijing, China) on days 1, 7 and 14. From day 21 on, the OVA-sensitized mice were exposed to aerosolized 3% OVA (Sigma−Aldrich, Beijing, China) after anesthesia with 1% sodium pentobarbital (38) in a 30 cm×24 cm×50 cm chamber for 8 consecutive weeks: three times a week, 30 min each time. Anti-Sema7a antibody (6 µg/mouse) (AF1835, goat IgG; R&D Systems, Minneapolis, MN, USA) was administered intratracheally 30 min before each of the antigen challenges. In addition, mice in the control group were sensitized and challenged with phosphate-buffered saline (PBS) alone (Figure 1A).




Figure 1 | Airway inflammation and AHR in an OVA-challenged mouse model. (A) The establishment of chronic asthma mouse model; (B) The level of Sema7a in serum of patients with asthma was higher than that in serum of healthy subjects. (C) The asthma group had higher IL-4 levels in the BALF than the control group and the anti-Sema7a group had lower IL-4 levels than the asthma group. (D) The asthma group had higher IL-5 levels in the BALF than the control group and the anti-Sema7a group had lower IL-4 levels than the asthma group. (E) The asthma group had higher IL-13 levels in the BALF than the control group and the anti-Sema7a group had lower IL-4 levels than the asthma group. (F) The asthma group had higher TGF-B 1 levels in the BALF than the control group and the anti-Sema7a group had lower IL-4 levels than the asthma group. (G) It does not reveal significant differences among the three groups of baseline airway responsiveness (at 0 mg/ml methacholine); Stimulated by acetylcholine, the C was significantly descended in asthma group compared with control group, while enhanced in anti-Sema7a group compared with asthma group. (H) Stimulated by acetylcholine, the R was significantly enhanced in asthma group compared with control group, while descended in anti-Sema7a group compared with asthma group. Data represent means ± SD. *P < 0.05, **P < 0.01.






2.4 Measurement of allergen-induced AHR

Airway responsiveness (R) and dynamic compliance (C) to methacholine challenge were evaluated 24 h following the last OVA challenge as previously reported (39). Briefly, mice were anesthetized with 0.12-0.15 ml 1% pentobarbital sodium intraperitoneally (22, 40). After the mice were fully anesthetized, a cannula was subsequently inserted into the trachea, and the mice were connected to the flexiVent system (Scireq). Subsequently, the mice were mechanically ventilated at a rate of 150 breaths/min, a tidal volume of 5 mL/kg, and a positive-end expiratory pressure of 3 cm H2O (35). They were initially challenged with saline followed by challenge with increasing concentrations of methacholine (0, 5, 10, and 20 mg/ml; Sigma−Aldrich; Merck KGaA) for 10 sec at each dose. R and C were calculated as percentage increases over baseline (saline challenge).




2.5 Enzyme-linked immunosorbent assay

Mice were euthanized by cervical vertebrae dislocation immediately after lung function measurement (41). Right-lung lavage was performed with 2 ml PBS, and bronchoalveolar lavage fluid (BALF) was collected and centrifuged at 4°C and 80xg for 10 min. The concentrations of IL-4 (SEA077Mu), IL-5 (SEA078Mu), IL-13 (SEA060Mu) and TGF-β1 (SEA124Mu) in the BALF were determined using ELISA kits (Cloud-Clone, Wuhan, China) according to the manufacturer’s protocol.




2.6 Histological analysis

The left lungs of mice were fixed in 4% paraformaldehyde at room temperature for 24 h (42). Then, the lung tissues were embedded in paraffin and cut into 5-μm-thick sections. Inflammatory infiltration and airway wall thickness were evaluated by hematoxylin and eosin (H&E) staining. Collagen deposition within the mouse airway wall was assessed by Masson’s trichrome staining (Masson). To assess goblet cell proliferation in the airway wall, the sections were stained with periodic acid-Schiff stain (PAS) (35).

Before staining, serial 5-μm-thick sections were dewaxed in xylene and rehydrated through a series of decreasing concentrations of ethanol (43). Sections were placed in sodium citrate (pH 6.0, G1201-1 L, Servicebio, Wuhan, China), boiled for 10 minutes, and cooled to room temperature for antigen retrieval. The appropriate amount of endogenous peroxidase blocker was added to the sample, which was incubated at room temperature in the dark for 10 min and then rinsed with PBS. The sections were treated with goat serum (SP-9001, Zhongshan, Beijing, China) at room temperature for 15 min to block nonspecific binding and incubated overnight at 4°C with rabbit polyclonal antibody against Sema7a (1:400, bs-2702R, Bioss, Beijing, China) diluted in PBS. After washing in PBS three times (5 min each time), the sections were incubated with anti-rabbit IgG antibody conjugated to horseradish peroxidase (HRP) (SP-9001, Zhongshan, Beijing, China). Next, DAB chromogen solution was added to the slide for 5 min at room temperature, washed extensively with PBS, and counterstained with hematoxylin for 20 s. Finally, slices were dehydrated with a gradient alcohol series, cleared in xylene and sealed with neutral gum. All sections were observed using a BX51 microscopic imaging system (Olympus Corporation, Japan).




2.7 Cell culture

The human bronchial epithelial cell line (16HBECs) was obtained from Fuheng Biology (Shanghai, China) and cultured in keratinocyte culture medium (KM) and penicillin−streptomycin. 16HBECs were treated with different concentrations of TGF-β1 (2.5, 5 and 10 ng/ml) for 12 h, 24 h or 48 h with or without pretreatment with integrin-β1 blockers (GLPG0187) (2 µm, 5 μm, 10 µm) for 1 h. The cells were harvested for the following experiments.




2.8 Cell proliferation assay

Cells were detached from the 25 cm3 cell-culture flask with 0.25% trypsin-EDTA (1×) (25200-056, Gibco, Thermo Scientific), and they were counted and suspended at a density of 5×105/ml in KM culture medium. Then, cells were seeded onto 96-well plates at a density of 2000 cells/well for 24 h and subsequently incubated with KM culture medium containing various dilutions of TGF-β1 and integrin-β1 (0 ng/ml TGF-β1 + 0 µm GLPG0187, 5 ng/ml TGF-β1 + 0 µm GLPG0187, 5 ng/ml TGF-β1 + 2 µm GLPG0187, 5 ng/ml TGF-β1 + 5 µm GLPG0187, 5 ng/ml TGF-β1 + 10 µm GLPG0187) at 37°C in a 5% CO2 humidified atmosphere for 12, 24, 48 and 72 h. Following incubation for the indicated times, 10 µl Cell Counting Kit-8 (CCK-8) solution was added to each well and incubated for 2 h at 37°C with 5% CO2 to examine the effect of integrin-β1 on 16HBECs proliferation. Cell proliferation was determined by measuring the absorbance at 450 nm using a microplate spectrophotometer.




2.9 Reverse transcription−quantitative PCR

Total RNA in mouse lung tissues was extracted using an RNA Isolation Kit (RC101, Vazyme, Nanjing, China) according to the manufacturer’s instructions. First-strand cDNA was generated from 1 µg of total RNA using an RT SuperMix RT kit (R323, Vazyme, Nanjing, China) to prime the reverse transcription reaction according to the manufacturer’s protocol. Gene expression was determined by SYBR Real-Time PCR Master Mix (Q711, Vazyme, Biotechnology). The primer pairs were synthesized by Takara (Table 1). Target mRNA levels were determined using the quantification cycle (Cq) values normalized against the expression of GAPDH. Gene expression was calculated using the 2-ΔΔcq method (44).


Table 1 | Primer sequences for the target genes.






2.10 Western blot analysis

The tissue and cell proteins were extracted by using RIPA buffer, phenylmethanesulfonyl fluoride (PMSF), and phosphatase inhibitors. Protein concentration was determined with a protein assay kit (P0012; Beyotime Biotechnology, Shanghai, China) according to the protocol described previously (43). The samples were separated by 7.5-10% sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE), and the bands were electrotransferred to a 0.45 mm polyvinylidene fluoride (PVDF) membrane. After blocking with 5% skim milk, the membrane was incubated at 4°C overnight with rat monoclonal antibody for Sema7a (1:500, MAB2068, R&D Systems), rabbit monoclonal antibody for integrin-β1 (1:2,000, ab179471, Abcam), mouse monoclonal antibody for E-cadherin (1:1,000, ab231303, Abcam), rabbit monoclonal antibody for fibronectin (1:1,000, ab268020, Abcam), α-SMA (1:10,000, ab124964, Abcam), focal-adhesion kinase (FAK) (1:500, SAB4502495, Sigma), extracellular-signal-regulated kinase1/2 (ERK1/2) (1:20,000, M5670, Sigma), p-FAK (1:1000, ab81298, Abcam), and p-ERK1/2 (1:1000, SAB4301578, Sigma). The secondary antibody was incubated at room temperature for 1 h and washed with PBS three times. An enhanced chemiluminescence detection system was used to detect target proteins, with β-tubulin as the loading control. All data were analyzed by ImageJ Software (version 10.4, Tree Star Inc.).




2.11 Statistical analysis

All data are expressed as the means ± standard deviations (SD). The results were analyzed using GraphPad Prism 8 software. Pairwise comparisons were performed using Student’s t test, and comparisons among multiple groups were conducted using one-way analysis of variance. Values of P < 0.05 indicated statistical significance.





3 Results



3.1 Expression of Sema7a in serum was enhanced significantly in asthmatic patients

Previous studies have found that Sema7a is expressed on airway eosinophils and plays an important role in immunoglobulin-E (Ig-E)-mediated airway inflammation (45, 46). Therefore, we examined whether Sema7a expression in serum differs between allergic asthmatic individuals and healthy individuals. As shown in Figure 1B, the level of Sema7a in patients with asthma was significantly higher than that in healthy subjects (Figure 1B; P < 0.01). These findings suggest that Sema7a is likely implicated in the development of allergic asthma.




3.2 Expression of Sema7a and integrin-β1 in lung tissue was obviously increased in OVA-treated mice

Sema7a is preferentially expressed on activated T cells, eosinophils, and thymocytes (47–49). The Sema7a gene is moderately expressed in the heart, lung, and pancreas in mice. Sema7a can mediate macrophage and dendritic cell migration and tumor lymphatic metastasis through integrin-β1 receptors (50). We asked whether the expression status of Sema7a and integrin-β1 protein is different between PBS-treated mice and OVA-treated mice. To this aim, we established a chronic asthmatic mouse model. As shown in Figures 2A, D, Sema7a and integrin-β1 were both expressed in lung tissue in mice. Sema7a and integrin-β1 expression were significantly higher than those of the control group (Figures 2B, C, E, F; P < 0.01). Although Sema7a expression was observed in bronchial epithelial cells of both asthmatic and control mice, immunohistochemical analyses revealed that the expression of Sema7a in asthmatic epithelial cells was significantly higher than that in the control group (Figures 2G–I; P < 0.01). These findings indicate that Sema7a is likely involved in the pathogenesis of allergic asthma.




Figure 2 | Protein and mRNA expression in lung tissues of Sema7a and Integrin-β1 in each group. (A, B) The level of Sema7a protein in lung tissue of asthma group was higher than control group. (C) The level of Sema7a mRNA in lung tissue of asthma group was higher than control group. (D, E) The level of Integrin-β1 protein in lung tissue of asthma group was higher than control group. (F) The level of Integrin-β1 mRNA in lung tissue of asthma group was higher than control group. (G–I) Immunohistochemical analyses revealed that the expression of Sema7a in asthmatic epithelial cells was significantly higher than that in the control group. Data represent means ± SD.**P < 0.01.






3.3 AHR and AR were alleviated by Sema7a blockade in a chronic asthmatic model

AR is one of the key features of asthma and has an essential role in disease progression (51), which often correlates with the severity of clinical disease (52, 53). AR is regarded as an important factor contributing to AHR and irreversible airflow limitation (54–56). In the present study, the association between Sema7a and AHR and AR was subsequently probed. As illustrated in Figures 1G, H, there were no significant differences among the three groups of baseline airway responsiveness (at 0 mg/ml methacholine) (Figures 1G, H; P > 0.05). Stimulated by acetylcholine, R was significantly enhanced and C was decreased in the asthma group compared with the control group (Figures 1G, H; P < 0.01), while R was significantly decreased and C was enhanced in the anti-Sema7a group mice compared with the asthma group mice (Figures 1G, H; P < 0.01). In addition, the ELISA results showed that the levels of these inflammatory factor cytokines in serum were significantly decreased in anti-Sema7a group mice compared with the OVA-challenged group (Figures 1C–F; P < 0.05). At 200× objectives with H&E staining, the accumulation of airway inflammatory factors, turbulence of bronchial epithelial cells, stenosis of the bronchial cavity, and thickening of the airway wall were observed in OVA-challenged mice. All of the abovementioned pathological changes were alleviated by preadministration of anti-Sema7a, as shown in Figure 3. These findings clearly suggest that Sema7a and integrin-β1 play a role in the process of AR in a mouse model of allergic asthma.




Figure 3 | Histological examination of lung tissue was performed 24 h after the final OVA challenge. Lung tissues were fixed, sectioned at 5 um thickness, and stained with hematoxylin-eosin (HE), periodic acid-Schiff (PAS), and Masson stain. (A, B) Quantified results of airway wall thickness (Wat) analyzed by Image-Pro® Plus 6.0 software. (C, D) Quantified results of airway wall thickness (Wat) analyzed by Image-Pro® Plus 6.0 software. (E, F) Quantitative analysis of collagen deposition by Image-Pro® Plus 6.0 software. Data represent means ± SD. *P < 0.05, **P < 0.01.






3.4 Sema7a and integrin-β1 were induced by TGF-β1 in 16HBECs

The loss of airway epithelial integrity and EMT during AR contributes significantly to asthma pathogenesis (26, 29, 57). To elucidate whether the effects of Sema7a on AR were linked to EMT, 16HBECs were treated with 5 ng/ml TGF-β1, which markedly induced EMT in 16HBECs (Figures 4A, B) (58). A previous study reported that Sema7a and its receptor Integrin-β1 contributed to vascular endothelial cell injury and the pathophysiology of atherosclerosis (21, 22, 59). To determine the functional role of Integrin-β1 in the EMT of 16HBECs treated with TGF-β1, the protein expression levels of EMT-related proteins were analyzed using western blotting. As shown in Figures 4C–E, compared with the control group, TGF-β1 significantly upregulated the expression of Integrin-β1, α-SMA, and fibronectin but downregulated E-cadherin (P < 0.01). Therefore, TGF-β1-induced Sema7a and Integrin-β1 expression may play a critical role in promoting a mesenchymal phenotype.




Figure 4 | (A, B) 5ng/ml of TGF B 1 could induce obvious EMT changes in 16HBE cells. (C–E) TGF-β1 upregulated the expression of Integrin-β1, along with the upregulation of a-SMA and fibronectin, but downregulated E-cadherin compared with the control group; GLPG0187 significantly increased the expression of the Integrin-β1, E-cadherin and decreased that of the mesenchymal markers, fibronectin, a-SMA in a concentration-dependent manner. (F) GLPG0187 can reduce the 16HBE cells proliferation rate induced by TGF-β1. (G, H) TGF-B1 significantly upregulated the expression of the FAK, P-FAK, ERK and P-ERK, while the GLPG0187 can reduce the expression of the above signaling pathway indicators, **P < 0.01, #P>0.05.






3.5 TGF-β1-induced EMT could be reduced by GLPG0187 in 16HBECs

Integrins are heterodimeric receptors that serve to elicit a series of signal transduction events and sense the extracellular environment that participates in the control of cell cycle progression and apoptosis (α, β) (60). As a member of the integrin subfamily, Integrin-β1 is expressed on T lymphocytes, epithelial cells, and fibroblasts (61–63). The integrin-β1 blocking antibody GLPG0187 was used to detect the interaction between Sema7a and integrin-β1. 16HBECs were treated with different concentrations of GLPG0187 before TGF-β1 treatment to identify the function of Sem7a in EMT in asthma. As shown in Figures 4C, E, GLPG0187 significantly increased the expression of E-cadherin and decreased the expression of mesenchymal markers like fibronectin and α-SMA (P < 0.01). Additionally, CCK-8 was conducted and showed that proliferation in TGF-β1+ GLPG0187 cells was significantly lower (Figures 4F; P < 0.01). Taken together, these findings suggest that Sema7a may promote EMT through Integrin-β1 in 16HBECs.




3.6 Sema7a may aggravate EMT through the FAK/ERK1/2 signaling pathway in 16HBECs

FAK/ERK1/2 acts as a downstream signal pathway of the Sema7a-integrin-β1 axis, which mediates vascular endothelial dysfunction and tumor metastasis (21, 64). To further characterize the mechanism underlying the promotion of 16HBEC proliferation and migration by Sema7a, the expression levels of FAK, ERK, P-FAK and P-ERK1/2 were assessed using western blotting analysis. As shown in Figures 4G, H, GLPG0187 decreased phosphorylated FAK and ERK1/2 levels, suggesting that attenuation of FAK and the ERK1/2 pathway was caused by downregulation of cell surface integrin-β1 (P < 0.01). The molecular investigation indicates that Sema7A may promote TGF-β1-mediated EMT, cell migration and proliferation by activating Integrin-β1 and its downstream FAK and ERK1/2 signaling pathways.





4 Discussion

This work extends our current understanding of the mechanisms regulating EMT, provides new insights into the role of Sema7a cytokines in bronchial asthma with respect to AR, and strengthens the basis for the Sema7a-integrin-β1 axis in the treatment of human allergic asthmatic EMT and fibrotic diseases. First, we found that the levels of Sema7a in the serum of asthmatic patients were increased (Figure 1B). Second, Sema7a was overexpressed in airway and lung tissue in asthmatic mice and promoted airway EMT, which was blocked by an integrin receptor antagonist, GLPG0187. To the best of our knowledge, this is the first study to assess the effect of Sema7a on bronchial epithelial cells in chronic asthma. Finally, GLPG0187 alleviated chronic airway inflammation and AR mainly through the FAK and ERK signaling pathways.

Sema7a is a membrane−associated GPI−linked protein that is mainly expressed on the surface of eosinophils and can also be present in the form of secretion (46, 65, 66). Because eosinophils play an important role in the transmission of airway allergic diseases such as asthma, we hypothesize that Sema7a may be a critical cytokine in the development of allergic airway diseases in asthma (67). First, our study identified, for the first time, the expression of Sema7a in serum and found these to be enhanced in asthma patients (Figure 1B; P < 0.01). These results are consistent with those of Esnault et al. who found elevated Sema7a levels in asthma patients (45). Previous studies have shown that TGF-β1 is mainly produced by eosinophils accumulated in the peribronchial and perivascular lesions (68). Asthma is characterized by subepithelial fibrosis, and ample evidence exists that eosinophils have a significant pathologic role in promoting airways fibrosis. In a murine fibrosis model, TGF-β1 has been reported to induce the expression of Sema7a in the murine lung (69). One study showed that Sema7a expression is stimulated by TGF-β1 in the murine lung, with Sema7a being a critical regulator of tissue remodeling in TGF-β1-induced pulmonary fibrosis (70). Thus, we speculate that sema7a may promote chronic airway inflammation and AR in asthma. Gan et al. also supported our hypothesis and found that TGF-β1 stimulates fibrocyte accumulation via a Sema7a–dependent, integrin-β1–dependent pathway (65). Our research showed that Sema7a and its receptor integrin-β1 were overexpressed in lung tissue in OVA-treated mice (Figures 2A–F; P < 0.01); treatment with anti-Sema7a was effective in alleviating AR in the model of chronic asthma. This has been confirmed in the study of Nobuaki Mizutani and Takeshi Nabe (46), in which treatment with anti-sema7a antibody suppressed subepithelial fibrosis in the lungs of Ig-E-sensitized mice. These results suggest that Sema7a is involved in the development of AR by activating its receptor integrin-β1 in asthma.

Epithelium damage and deficiency have been reported to result in EMT, which is considered to be intricately involved in AR and is the main cause of fixed airflow limitations that occur during asthma attacks (26, 71). In contrast, inhibition of the EMT process can alleviate AR in asthma. The increased expression of Sema7a in epithelial cells is closely related to the severity of atherosclerosis (21), and Sema7a has been shown to not only exacerbate inflammation but also promote fibrosis that is associated with EMT (70, 72); in an animal model, the expression of Sema7a in lung tissue was dependent on TGF-β1 (73). The present study supported the findings of the above investigations: integrin-β1 was overexpressed in TGF-β1-stimulated 16HBECs (Figures 4C, D, P < 0.01); GLPG0187 reduced the expression of integrin-β1 and attenuated the HBEC proliferation and EMT changes induced by TGF-β1 (Figures 4C–E, P < 0.01). However, the TGF-β1 present in the fetal bovine serum used in the cell culture medium in Stephane Esnault and Elizabeth A. Kelly study does not appear to increase sema7a on eosinophils (74). The inconsistent results of the above studies may be due to the different cell lines. Furthermore, it has been reported that not only integrin-β1 but also Sema7a together with its receptor, plexin C1, regulates cell migration. For instance, the sema7a interaction with plexin C1 expressed on dendritic cells is known to impair their migration (75). However, the interaction between plexin C1 and Sema7a was not further studied in our study; whether Sema7a can inhibit cell migration or EMT by activating plexin C1 remains to be studied. In summary, our results further confirmed the role of the Sema7a-integrin-β1 signaling axis in AR and suggested that it promotes airway EMT and is involved in the pathogenesis of asthmatic AR. Epithelial fibrosis is also an important pathological feature of airway remodeling in asthma. Thus, Sema7a and its integrin-β1 receptor may be potential therapeutic targets for allergic asthma.

The molecular investigation indicated that Sema7a-integrin-β1 and its downstream FAK and ERK1/2 signaling pathways promote nonvascular endothelial growth factor (VEGF) A/vascular endothelial growth factor receptor (VEGFR) 2-mediated cell migration and angiogenesis (23), and FAK/ERK1/2 is involved in T-cell-mediated inflammatory responses (20). Previous studies have shown that Sema7a is not only related to the inflammatory immune response but also regulates axon growth via the mitogen-activated protein kinase (MAPK) signaling pathway (73, 76). ERK constitutes one branch of the MAPK pathway responsible for the invasion of cancer cells by primarily breaking down the extracellular matrix (ECM) (77). A study showed that blockage of integrin-β1 or inhibition of FAK, mitogen-activated protein kinase (MEK) 1/2, or NF-κB significantly reduced the expression of cell adhesion molecules and THP-1 monocyte adhesion in Sema7a-overexpressing human umbilical venous endothelial cells (21). In summary, Sema7a may be involved in asthma airway EMT through the FAK/ERK1/2 signaling pathway. To gain insight into the mechanisms underlying the observed effects of Sema7a, we examined several proteins in the TGF-β1/FAK/ERK/1/2 signaling pathway and identified whether GLPG0187 can affect the kinase activity of FAK and its downstream targets. We analyzed the phosphorylation levels of FAK and ERK1/2 by performing western blotting. Interestingly, the levels of phosphorylated FAK and phosphorylated ERK1/2 were decreased in GLPG0187-pretreated cells (Figures 4G, H, P < 0.01), suggesting the involvement of FAK/ERK1/2 phosphorylation in the early stage of AR activation.

In conclusion, the present study demonstrated that Sema7a may contribute to asthma AR pathology by affecting HBEC function and airway EMT. GLPG0187 significantly increased the expression of E-cadherin and decreased that of the mesenchymal markers fibronectin and α-SMA in a concentration-dependent manner. These findings may explain the underlying mechanisms of the loss of airway epithelial integrity in OVA-induced asthma by promoting the phosphorylation of FAK and ERK. Collectively, these findings may provide insight into the multifaceted role of Sema7a in chronic asthma. With further studies, Sema7a or integrin-β1 is expected to be used as an immunotherapeutic treatment target for asthma.

Epithelial fibrosis is also an important pathological feature of airway remodeling in asthma. Thus, Sema7a and its integrin-β1 receptor may be potential therapeutic targets for allergic asthma.
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Characteristic
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Female gender, N (%) 63 (49.6) 13 (35.1) 50 (55.6) <005 27 (55.1) 36 (46.2) 03651
Male gender, N (%) 64 (50.4) 24 (64.9) 40 (44.4) <005 22 (44.9) 42 (53.8) 03651
Age, median values (IQR), years 56.0 (45.0-64.0) | 590 (54.0-69.0) | 550 (43.0-63.3) <005 540 (45.0-630) = 565 (45.0-65.3) | 06326

Age of asthma onset, median values
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Duration of asth dian values (IQR),
uration of asthma, median values (IQR), 1, 5 (10300) | 100 (80-200) | 200(140-330) | <001 | 100(60-2L0) | 200 (140-333) | <0.001

years
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ACT score, median values (IQR) 14 (10-18) 16 (14-18) 13 (9-17) <001 15 (11-18) 14 (10-17) 02057
FEV,, mean values (SD), % predicted 76.56 (20.03) 77.75 (17.64) 76.07 (21.01) 06730 76.28 (17.41) 76.73 (21.58) 09038
FeNO, median values, (IQR), ppb 27.0 (180-37.5) | 200 (95-33.0) | 29.0 (20.0-40.0) 00675  29.0 (19.0-440) = 250 (160-35.0) = 03369
Blood eosinophils, median values, (IQR), 400.0 (210.0- 4100 (177.5- 399.0 (230.0- 48638 4150 (222.3- 399.0 (200.0- b
cells/uL 680.0) 780.0) 610.0) 734.8) 640.0)
Gastro-esophageal reflux disease, N (%) 56 (44.1) 15 (40.5) 41 (45.6) 06954 19 (38.8) 37 (47.4) 03640
Atopy, N (%) 90 (70.9) 0 (0.00) 90 (100) <0.0001 35 (71.4) 55 (70.5) > 0.9999
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SPT, skin prick test; CRSWNP, chronic rhinosinusitis with nasal polyps; IQR, interquartile range; SD, standard deviation; BMI, body mass index; ACT, asthma control test; FEV1, forced
expiratory volume in one second; FeNO, fractional exhaled nitric oxide.
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Alveolar macrophages APN KO mice APN suppresses high matrix metalloproteinases and TNF-o: (63)

Human lung macrophages LPS- and poly (I:C) infection APN inhibits infection-induced production of TNF-0, IL-6, CXCL1 and CXCL8 (64)
in vitro

Murine macrophage-like cells Cell line APN binds to AdipoR1 and inhibits the TLR-induced NF-kB activity (65)

RAW264

Lung regulatory T cells Obese mice challenged with Allergic inflammation reduces AdipoR1 expression (66)
ovalbumin

Human lung fibroblasts HELF | TGE-Bl-induced fibrosis in APN inhibits the production of TNF-c, IL-6, IL-1B and IL-18 (67)
vitro

Human lung fibroblasts WI-38 = Paraquat-induced fibrosis in APN increase AdipoR1 but not AdipoR2 (69)
vitro

Airway epithelial cells A549 Cell line APN induces release of IL-8, and IL-10 (26)

APN attenuates apoptosis and inhibits TNF-o and IL-1B by inhibiting NF-kB (70)

activity through AdipoR1

Endothelial cells APN KO mice with LPS Increased production of IL-6, E-selectin, and Nox2 is detected (53)
injection

APN, Adiponectin; AdipoR, adiponectin receptors; APN KO mice, Adiponectin-deficient mice; LPS, Lipopolysaccharide.
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Decreased-HbA1c Stable/increased-HbA1c

Characteristic Median % IQR Median % IQR

TNF-0i+ Only, BL+ PMA 20 (12,27) 19 (11, 28) 093
TNE-ct+ Only, BL+ TB300 0.011 (0, 0.027) 0.05 (0.012, 0.073) 0.03
TNF-0i+ Only, BL+ Unstim 0 (0, 0.02) 0.005 (0, 0.031) 023
TNF-0i+ Only, m12+ PMA 25 (18, 30) 23 (18, 32) 0.85
TNF-0i+ Only, m12+ TB300 0.008 (0, 0.015) 0.029 (0.005, 0.041) 0.01
TNEF-0:+ Only, m12+ Unstim 0.001 (0, 0.013) 0.011 (0, 0.03) 0.12

*%2 test for categorical variables; Kruskall-Wallis test for continuous variables. Continuous variables presented as “median (interquartile range)” percentages. Bold proportions/distributions are
significantly different (p<0.05). Bonferroni-corrected threshold for multiple testing is p=0.008.
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Decreased-HbA1c (n=46) Stable/increased-HbA1c (n=16)

Characteristic N % N %

Age, years** 335 (27, 43) 37 (31.5, 41.5) 0.53

Sex 031
Male ' 28 60.9 12 75
Female 18 39.1 4 25

HIV-Status 0.57
Negative 18 39.1 5 312
Positive 28 60.9 11 68.8

HIV-Positive, ART-Receipt 0.51
No 16/28 57.1 5/11 45.5
Yes 12/28 4.9 6/11 54.5

HbAlc at Baseline** 6 (5.7,6.2) 53 [ (5.1, 5.6)

HbAIlc at Follow-up** 55 (5.3,5.8) 55 (5.2,5.6)

*X? test for categorical variables; Kruskall-Wallis test for continuous variables **Continuous variables presented as “median (interquartile range)”
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Decreased HbA1c Stable/increased HbA1c

Marker Median fold change Median fold change IQR

IEN alpha 092 (076, 1.1) 097 (081, 1.1) 047
1L-10 1 1 (0.89, 1.3) 0.85 (076, 1) 0.04
1L-13 099 ‘ (0.77,1.2) 088 (083, 1.1) 035
L4 096 (081, 1.2) 092 (081,1.2) 094
CD62E (E-selectin) : 051 (0.32,0.94) 063 (034,0.98) 0.68
CD62P (P-selectin) ‘ 0.67 ‘ (045, 1.2) 15 (0.79,2.2) 0.01
GM-CSF ‘ 1 (0.89, 1.2) 088 (077, 0.98) 0.06
IFN gamma 093 (071, 1.1) 084 (0.7, 0.96) 03
IL1 alpha ‘ 089 (0.78, 1) 077 (067, 1.1) 03
IL1 beta 098 0.77,12) 095 (079, 1.2) 075
1L-12p70 088 (073, 1.1) 085 07, 1) 0.88
IL-17A (CTLA-8) 098 (075, 12) 086 (072,0.97) 0.14
1L-6 ‘ 093 (0.79, 1) 083 (0.72, 0.99) 052
IL-8 (CXCL8) 074 (047, 0.88) 077 (0.54,0.97) 054
1P-10 (CXCLI0) 027 (0.07, 0.64) 04 (0.18,0.71) 052
MCP1 (CCL2) L1 (083, 1.3) 13 (079, 1.7) 0.44
MIPI alpha (CCL3) ‘ 079 (0.67,1) 085 (076, 1.1) 033
MIPI beta (CCL4) 093 (0.69, 1.1) 096 (078, 1.1) 072
ICAM-1 082 (0.62,0.99) 089 (061, 1.1) 037
TNF alpha 1 (078, 1.1) 095 (0.89,0.61) 0.61

*X? test for categorical variables; Kruskall-Wallis test for continuous variables. Continuous variables presented as “median fold change (interquartile range)” percentages. Bold proportions/
distributions are significantly different (p<0.05). Bonferroni-corrected threshold for multiple testing is p=0.0025.
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otal 59 Non-survival
Numbers 27 32 /
Age 64.6 + 154 69.0 £ 12.0 023
APACHEII 14258 159 + 82 0.53
Gender, Female, n(%) 7(26) 16(50) 0.07
Etiology of ARDS, n(%)
Sepsis 5(23) 5(21) 0.99
Pneumonia 7(32) 14(58) 0.20
Aspiration 1(4) 0 049
Trauma 1(5) 1(3) 1.00
Others 11(41) 9(28) 0.58
Coexisting conditions, n(%)
Diabetes 6(7) 4(13) 0.50
Renal failure 8(30) 6(19) 0.55
Hepatic disease 3(11) 8(25) 0.18
Coronary artery disease 3(11) 3(9) 1.00
Cancer 1(4) 4(13) 035
COPD 1(4) 1(3) 1.00
The severity of ARDS, n(%)
Mild 7(30) 7(25)
Moderate 12(52) 14(50) 0.78
Severe 4(17) 7(25)
Pa02/Fi02 208.5 + 108.0 154.1 + 74.5 0.04*
PEEP, cmH,0 8.0£28 84 £35 0.68
CRP 127.0 +94.3 1329 +92.0 0.64
PCT 109 + 165 69+ 164 0.26
Cell counts, x10%/L
Leukocytes 144 + 8.0 139 £ 9.0 0.83
Neutrophils 11.8+78 156 + 16.8 0.30
Lymphocytes 37+58 11+16 0.03*
Outcomes of patients
Ventilator days 18.7 + 163 155+ 14.7 048
ICU stay, days 48.1 = 69.6 39.2 £ 46.6 0.59

Quantitative data are presented as mean + SD, Qualitative data are presented as number(percentage), P values obtained with Fisher’s two-tailed t test probability using survival (n = 27) and non-
survival (n = 32) patients; APACHEII acute physiology and chronic health evaluation; ARDS acute respiratory distress syndrome; COPD chronic obstructive pulmonary disease; PEEP positive
end-expiratory pressure; CRP C-reactive protein; PCT procalcitonin; ICU intensive care unit. * P value <0.05.
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